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Terpene trilactones from the ginkgo tree (Ginkgo biloba) are at least partly
responsible for the neuromodulatory effects of G. biloba extracts. The cover picture
shows a young ginkgo tree, with its characteristic fan-shaped leaves, growing out of a
human brain. Superimposed are the X-ray crystal structures of bilobalide and
ginkgolide B.
K. Strømgaard and K. Nakanishi discuss the current status of bilobalide and
ginkgolides in their Review on page 1640 ff., with a particular focus on chemical
and biological studies.
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Clockwise or counterclockwise? On the
molecular level this is determined by
kinetic control of the competing routes to
the new energetically minimized struc-
ture. Three recent examples show how
this can be achieved. The picture shows a
molecular rotor whose large macrocycle
contains three binding sites between
which the small macrocycle moves.
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Outsized nucleosides inside: A recent
report described the rational design of an
artificial DNA double helix (xDNA) with
increased diameter. The pairing system is
based on nucleobase analogues which
maintain the natural Watson–Crick bind-
ing sites but have extended aromatic
surfaces (see picture, view along DNA and
xDNA helices).

Heterogeneous catalysis requires nano-
sized solids to enable dynamical interac-
tions with substrates. Current techniques
give chemically complex materials with
poorly defined properties. An alternative
approach yields “nanocatalysts” in the
form of inorganic polymers whose build-
ing blocks are active sites with minimial
chemical complexity (the picture shows
nanoplatelets of MoO3 hydrate consisting
of corner-sharing octahedra).

Barking up the right tree : The pharmaco-
logical effects of extracts of Ginkgo biloba,
the ginkgo tree, are attributed to the
structurally unique components, the
ginkgolides (see structure, R=H or OH)
and bilobalide. The biosynthesis, synthe-
sis, structure–activity relationship studies,
and pharmacological effects of these
terpene trilactones are described.
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Specific coordination structures like those
shown are crucial for inducing reactive
events in the proton-assisted hydration of
ethylene in aqueous solution as well as in

the reverse reaction. An atomistic
description of the solvation of the reacting
species was possible in this ab initio
molecular dynamics study.

pH-sensitive gels : By using a cyclohexane-
based scaffold to which various amino
acid based substituents can be con-
nected, low-molecular-weight compounds
were obtained that can gelate water at very
low concentrations. Their modular design
(see picture: AA=amino acid(s),
X=hydrophilic substituent, dark pur-
ple=hydrophobic region, light purple=
hydrophilic region), allows tuning of the
thermally and pH-induced reversible gel-
to-sol transition of their gels.

Usurping the crown : A controlled intra-
molecular motion of the crown moiety
from around the Ni to the Cu center takes
place in a transition-metal hetero-dinu-
clear [2]catenane in response to an
applied potential (see picture).

The labeling of proteins in living cells with
fluorescent substituents is critical to the
study of cell biology. A ligand–receptor
approach based on the interaction
between dihydrofolate reductase (DHFR)
and methotrexate (Mtx) serves as a gen-
eral method for labeling proteins with
fluorescent or otherwise functional small
molecules in vivo (see figure).
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Double whammy : Effective and selective
killing of E. coli cells containing a specific
enzyme was achieved by using targeted
enzyme-responsive drug carriers (see
picture) that release free drugs in a
stringently controlled manner. The carrier
lowered the effective concentration of
drug needed to kill the bacteria. The
system could also be modified to deliver a
combination of two drugs.

High-yielding efficient routes to optically
active amino acid and 1,3-diamine deriv-
atives have been achieved by the catalytic
enantioselective addition of enamides to
imines using a chiral copper catalyst (see

scheme). This reaction demonstrates the
utility of enamides as nucleophiles. The
reaction mechanism and the structure of
the chiral catalyst are also discussed.

Solid supports lend stability: Skeletally
diverse alkaloid-like compounds were
obtained in only three steps from simple
starting materials through a strategy
based on dihydropyridine and dihydro-
isoquinoline intermediates supported on
macrobeads (see picture). The otherwise
unstable enamine double bond present in
the intermediates can undergo a variety of
transformations, including cycloaddi-
tions, selective reductions, and alkyl-
ations.

A recovery discovery : A simple pathway
for the synthesis of a-hydroxy and a-
amino carbonyl compounds with good
yields and high enantioselection is pro-
vided by the first heterogeneously cata-
lyzed enantioselective carbonyl-ene and

imino-ene reactions. The catalyst is a
bis(oxazoline)-modified CuH zeolite Y
(Cu-HY)system (see scheme;
Rox=CH3,H; Rbrg=Ph,C(CH3)3), which
can easily be recovered and reused.
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Let’s twist again : Reaction of a racemic
mixture of secochlorinato nickel(ii) with
cholesterol generates separable diastereo-
mers of a novel porphyrinic chromophore
containing a direct b-to-o-phenyl linkage.
Exchange of the cholesteryl side chain for
an ethyl group produces the enantiomeric
conformers of the ruffled macrocycle (see
picture).

Poly(methyl methacrylate)s of extremely
high molecular weights (>106) and
narrow molecular weight distributions
(M̄w/M̄n<1.2:1) were easily obtained by
living/controlled free-radical polymeriza-

tion under high hydrostatic pressure
(5 kbar; see scheme, AIBN=2,2’-azobis-
(isobutyronitrile)). This technique pro-
vides conditions amenable to industrial
scale-up.

Rapid ee determination : Enantioselective
alcohol dehydrogenases A and B were
used to oxidize chiral alcohols in a
sensitive, accurate, high-throughput
method (see scheme). The reaction rates
were determined by monitoring the for-
mation of NAD(P)H by UV spectroscopy.
The ee value was calculated from the
reaction rates and the kinetic constants of
the enzymes.

Competition is good: The reported “Pd”
homocoupling procedure is now a viable
alternative to the traditional Cu-mediated
reaction for the formation of diacetylenic
macrocycles. From the same starting

material, use of Cu(OAc)2 or
[PdCl2(dppe)]/I2 (dppe=1,2-bis(diphe-
nylphosphanyl)ethane) leads to selective
formation of either the bis[15]- or
bis[14]annulenes (see scheme).
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Three contiguous stereocenters, two of
which are quaternary carbon atoms, were
efficiently and stereoselectively con-

structed by a tandem semipinacol rear-
rangement/alkylation of a-epoxy alcohols
with RB(OH)2 (see scheme).

One little indium : Reactions of laser-
ablated indium atoms with pure hydrogen
give sharp IR absorptions corresponding
to InH intermediate species. Irradiation at
193 nm maximizes further reaction to give
the indane monomer InH3. Annealing
provides evidence for In2H6 and ultimately

Previous inverse crown amides have been
heterometallic compounds that contain a
mixture of alkali-metal ions (M+) and
magnesium cations. However, the first

homometallic (magnesium–magnesium’)
inverse crown is unveiled (see picture) by
exploiting the isovalent relationship
between M+ and (BuMg)+.

A mono- to di- and triphosphane trans-
formation occurs on treatment of
[Ir4(CO)9(PPh3)3] (1) with C60 to succes-
sively afford 2 and 3. The noninnocent,
multifunctional C60 ligand plays a crucial
role in transforming three PPh3 ligands
into a m3-PPh2(o-C6H4)P(o-C6H4)PPh(h1-o-
C6H4) triphosphane ligand by a series of
ortho-phosphanation and ortho-metala-
tion processes on the Ir4 cluster frame-
work.

the sharp absorption bands are replaced
with a broad IR band centered at
1460 cm�1 assigned to solid indane
(InH3)n [see Equation].

InH3 !
1
2
In2H6 !

1
n
ðInH3Þn
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Water soluble and stable : The treatment of
zirconyl nitrate with the KlYui tripodal
oxygen ligand in dilute nitric acid gives a
water-soluble tetranuclear hydroxo-
bridged ZrIV compound (depicted, C gray;
O red; P purple; Co blue; Zr green), which
reacts with a phosphodiester to give a ZrIV

phosphate cubane cluster.

Aromatic stacking and hydrophobic inter-
actions are the driving forces for the
reversible self-assembly of an amphiphilic
perylene derivative in water to form a
linear polymer (see schematic represen-
tation). The structure of the assemblies
has been elucidated by small-angle neu-
tron scattering, and the association
strength determined by NMR and fluo-
rescence spectroscopies.

2 into 1 will go : Multi-inclusion structures,
reminiscent of Russian Matrioshka dolls,
have been constructed in nonpolar
organic solvents from carbon nanorings
and a C60 molecule (see picture). A study
of these structures show there is a
substantial difference between the elec-
tronic properties of planar and curved
conjugated systems.

The relative and absolute configuration of
the cytotoxic myriaporones (e.g. 4) was
assigned by their total synthesis from
aldehyde 1. Key steps included aldol

reactions with chiral oxazolidinone 2 and
with Weinreb amide 3. TBS= tert-butyldi-
methylsilyl, PMB=p-methoxybenzyl.
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Two stereoselective aldol reactions, a
nitrile oxide cycloaddition, and a stereo-
selective late-stage epoxidation were key
steps in the total synthesis of myriapor-
ones 1, 3, and 4 (see scheme). The syn-
thesis allowed the unambiguous assign-
ment of stereogenic centers not previ-
ously assigned for these compounds.

Bioactive organometallic compounds:
Iron-containing nucleoside analogues,
which can be stereoselectively synthesized
in a few steps starting from simple
carbohydrates, cause tumor cells to
undergo apoptosis (programmed cell
death; see picture for the typical mor-
phological characteristics of BJAB tumor
cells after apoptosis).

Getting the picture: Citrate and other
intermediates of the citric acid cycle can
be imaged by time-resolved fluorescence
with a Eu3+ tetracycline complex as a
fluorescent probe (see picture). The time
resolution enables discrimination
between intermediates, and enzymatic
conversions are not needed.

Bringing two fascinating molecules
together : Bismalonate derivatives of the
Tr*ger base were used in the high-yielding
regio- and diastereoselective preparation
of bisadducts of C60 with trans-1, trans-2,
and trans-4 addition patterns (e.g. see
structure). Moreover, both enantiomers of
the inherently chiral trans-2 adduct were
prepared from enantiomerically pure
tethers.
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B. Trost Receives Arthur C. Cope
Award

The Arthur C. Cope Award of the
American Chemical Society (ACS),
awarded annually in recognition of out-
standing work in organic chemistry,
includes a research grant of
US$ 150000. Barry M. Trost (Stanford

University) is
the recipient of
the award for
2004, which will
be presented at
the ACS spring
meeting. The
award recog-
nizes Trost's
extensive contri-
butions to
organic chemis-
try in the areas

of asymmetric catalysis, total synthesis,
organometallic chemistry, and the syn-
thesis of complex molecules. During
his career he has completed syntheses
of natural products, such as juvenile hor-
mones and their analogues, and has also
broadened the scope of available syn-
thetic methods significantly, in part
through his work on sulfur chemistry
and palladium catalysis.[1a] He received
the Presidential Green Chemistry Chal-
lenge Award of the US Environmental
Protection Agency (EPA) in 1998 for
his concept of atom economy.[1b] In the
most recent of his numerous Communi-
cations in Angewandte Chemie he
reported on the dynamic kinetic asym-
metric transformation of vinyl epoxides
under palladium catalysis.[1c]

Trost studied at the University of
Pennsylvania in Philadelphia (USA)
and completed his PhD in 1965 on enol-
ate chemistry at the Massachusetts Insti-
tute of Technology under the guidance
of Herbert O. House. He then became
assistant professor and later full
professor at the University of
Wisconsin. In 1987 he moved to Stan-
ford University. He has received numer-
ous awards, including honorary doctor-
ates from the University of Lyon I
(France) and Technion in Haifa
(Israel). Trost is a member of the Edito-
rial Board of Chemistry—A European
Journal and the Academic Advisory
Board of Advanced Synthesis & Catal-
ysis.

S. J. Miller Receives Arthur C. Cope
Scholar Award

Arthur C. Cope Scholar Awards of the
ACS, which will be presented at the
autumn meeting, are accompanied by a
research grant of US$ 40000. This year
Scott J. Miller of
Boston College,
a private Jesuit
university in
Massachusetts
(USA), is one of
the recipients.
After complet-
ing his chemistry
studies at Har-
vard University
(USA) in 1994
with a PhD in
the research
group of David A. Evans, he undertook
postdoctoral research with Robert H.
Grubbs at the California Institute of
Technology in Pasadena.

Miller's research is focused on the
development of new methods for
organic synthesis. He makes use of the
architecture and design of biologically
relevant structures, such as peptides. In
two Communications in Angewandte
Chemie he reported on the asymmetric
addition of azides to unsaturated car-
bonyl compounds catalyzed by simple
peptide catalysts[2a] and on mechanistic
studies of peptide-based catalysts as
enzyme analogues.[2b]

Arthur C. Cope Senior Scholar
Award to G. Posner

Gary H. Posner will receive an
Arthur C. Cope Senior Scholar Award
at the ACS autumn meeting for his
diverse contributions to organic chemis-
try, and with it a research grant of
US$ 40000. Posner completed his PhD
in 1968 under the guidance of Elias J.
Corey (Nobel Prize in Chemistry 1990)
at Harvard University. After a postdoc-
toral year in the research group of Wil-
liam G. Dauben
in Berkeley
(CA, USA), he
took up a posi-
tion at Johns
Hopkins Univer-
sity in Baltimore
(MD, USA).

Early in his
career Posner
made significant
contributions to
organocopper
chemistry. He
later extended his work to the synthesis
of steroids and vitamin D3 analogues,[3a]

as well as malaria therapeutics based on
peroxides. Posner is active in the devel-
opment of new synthetic methods. He
recently reported a domino process in
Angewandte Chemie in which up to
five stereocenters can be constructed
simultaneously through titanium-pro-
moted addition reactions.[3b]

[1] a) B. M. Trost, Angew. Chem. 1989, 101,
1199; Angew. Chem. Int. Ed. Engl. 1989,
28, 1173; b) B. M. Trost, Angew. Chem.
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Horne, M. J. Woltering, Angew. Chem.
2003, 115, 6169; Angew. Chem. Int. Ed.
2003, 42, 5987.
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Miller, Angew. Chem. 2000, 112, 3781;
Angew. Chem. Int. Ed. 2000, 39, 3635;
b) M. M. Vasbinder, E. R. Jarvo, S. J.
Miller, Angew. Chem. 2001, 113, 2906;
Angew. Chem. Int. Ed. 2001, 40, 2824.

[3] a) G. H. Posner, M. Kahraman, Eur. J.
Org. Chem. 2003, 3889; Eur. J. Org.
Chem. 2003, 4937; b) M. C. CarreDo, M.
Ribagorda, G. H. Posner, Angew. Chem.
2002, 114, 2877; Angew. Chem. Int. Ed.
2002, 41, 2753.
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Molecular Machines

Chemistry in Motion—Unidirectional Rotating
Molecular Motors
Christian P. Mandl and Burkhard K�nig*

Keywords:
catenanes · isomerization · macrocycles ·
photochemistry

Molecules are in constant motion, if
not frozen around 0 K, but their Brow-
nian motion is random. Overcoming this
randomizing effect and generating di-
rectional motion at the molecular level
with artificial systems is still a challenge.
Research in this area is inspired by the
vision of transferring the concept of an
engine or a motor to the molecular
level.[1] That this is possible is illustrated
by the directional processes found in
nature:[2] cell division, translocation of
organelles, and membrane transport all
rely on directional movement, while
processes such as replication, transcrip-
tion, and translation require encoded
information sequences to be read and
copied in a directional manner.

Macroscopic engines and molecular
motors both convert chemical, electri-
cal, or light energy into mechanical
work, yet their mode of operation is
very different.[3] Because of their dimen-
sions molecular motors must operate at
energies only slightly higher than those
of the thermal bath surrounding them.[4]

They are actuated by Brownian motion
and the key to their function is to give a
direction to these undirected processes.
Chemistry's role is to select one direc-
tion from all possible movements by
lowering the energy profile of this direc-
tional movement compared to all the
others. This makes this movement hap-
pen preferentially.[5] Chemical or photo-

chemical steps fuel these selection proc-
esses.

Leigh et al.[6] recently reported a net
relative unidirectional circumrotation in
a mechanically interlocked molecular
rotor.[7] The [2]catenane system
(Scheme 1) consists of a larger macro-

cycle which contains three stations with
different binding affinities[8] for the
smaller macrocycle [Ka(A)>Ka(B)>
Ka(C)]. The stimuli-induced sequential
movement of the smaller ring along the
larger one goes through three photo-
chemical and thermal steps, which alter
the binding affinities of the stations. As
a result the small ring is switched
between the three different stations with
positional integrity from A to B to C to
A. However, the rotation in this system
is not unidirectional because the small
ring can move from A to B directly or
via station C.

A four-station [3]catenane over-
comes this problem (Scheme 2). Initially

the blue and purple small rings are
bound to stations A and B, respectively.
With long wavelength UV light irradi-
ation (process 1) A is converted into A’
with lower binding affinity for the small
blue ring, which becomes free to move.
The purple ring stays at the B station

blocking any clockwise
movement of the blue
ring, which has to move
counterclockwise to ar-
rive at station C, which
now has the highest bind-
ing affinity. Irradiation
with short wavelength
UV light (process 2)
transforms B into B’
breaking the hydrogen
bonds that hold the pur-
ple ring. The purple ring
moves counterclockwise
to station D, where it is
bound again. The clock-
wise direction is blocked
by the blue ring. White
light irradiation (pro-
cess 3) then resets the

system by switching A’ back to A and
B’ back to B, which makes the blue ring
move to B and the purple ring move to
A in a unidirectional manner. The blue
and the purple ring have exchanged
places by following each other halfway
around the large macrocycle. To com-
plete a full rotation steps 1 to 3 have to be
repeated. Each ring has then performed
one clockwise and three counterclock-
wise movements, which amounts to a net
relative unidirectional motion.[9]

Each step puts the system in a
nonequilibrium state, from where it
relaxes by Brownian motion into the
new global minimum. To make the
process directional, the kinetics of the

Scheme 1. Bidirectional sequential movement between three
different binding sites in a [2]catenane.
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different routes for reaching thermody-
namic equilibrium must be controlled so
as to favor only one. Two previously
reported unidirectional rotating molec-

ular motors, although structurally very
different, use the same principle. The
Feringa system[10,11] is based on a chiral
helical alkene, which displays unidirec-

tional rotation around the central C�C
double bond in four isomerization steps
induced by UV light and temperature
changes.[12] The chirality of the system is
needed to create the unidirectional
motion and, in addition, enables mon-
itoring of the process by CD spectros-
copy. A second generation of Feringa's
molecular motors (Scheme 3) has mean-
while been developed,[13, 14] allowing
faster and even continuous rotation as
well as the use of visible light.[15] Re-
markably, the presence of a single ster-
eogenic center in these systems is suffi-
cient to ensure unidirectional rotation.
The inclusion of the molecular motors in
a cholesteric liquid crystalline film
makes it possible to switch the film
color through irradiation,[16] leading to
observable macroscopic effects induced
by the dopant.[17]

The Kelly motor[18–20] rotates around
a triptycene/helicene bond and is chemi-
cally fueled[21] by phosgene. Three sub-
sequent reaction and hydrolysis steps are
needed to complete one third of a turn
(Scheme 4).[22] As published so far, the
system is incapable of undergoing a full
rotation. The direction of motion in the
molecular motors reported by Kelly and
co-workers and Feringa and co-workers
is determined by the configuration of the
substance. The catenanes described by
Leigh et al. are not chiral, which shows
that chirality is not a prerequisite for net
relative directional work with a rotating
machine at the molecular level.

Scheme 2. Stimuli-induced net unidirectional circumrotation in a four-station [3]catenane. The
overall process corresponds to a relative counterclockwise movement. See text for an explana-
tion of the individual steps.

Scheme 3. Unidirectionally rotating molecular motor developed by
Feringa et al. which is driven by visible light. Scheme 4. One-third rotation of Kelly's chemically fueled motor.
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Having achieved unidirectional mo-
tion with molecular motors, the ques-
tions immediately arise as to what work
they can do and what they can drive. The
transformation of circumrotation into
mechanical work is difficult. To achieve
macroscopic forces and effects, ordered
immobilization and coordination of ac-
tion seems necessary, independent of
the type of molecular motor. In this
regard artificial systems that show
stimulated linear motion[23] based on
polymers with molecular recognition
sites, as recently reported by Schneider
et al. ,[24] may be easier to use. We will
surely see more examples of receptor-
based molecular machines[25] with in-
creasing performance in the future, but
it is still a long way to their practical
application.

[1] a) V. Balzani, A. Credi, F. M. Raymo,
J. F. Stoddart, Angew. Chem. 2000, 112,
3484 – 3530; Angew. Chem. Int. Ed.
2000, 39, 3348 – 3391; b) V. Balzani, A.
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Ferringa), Wiley-VCH,Weinheim, 2001.
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Bigger DNA: New Double Helix with Expanded Size**
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Besides its immense biological impor-
tance, DNA is becoming an increasingly
interesting target for chemical modifi-
cations. These efforts are driven by
numerous motivations, which include
therapeutic approaches, functional in-
vestigations of enzymes, and new devi-
ces for nanotechnology.[1] In the past,
new designs of nucleobase scaffolds
were achieved by replacing one or more
of the natural base pairs by analogues
that have different hydrogen-bonding
patterns, are isosteric, but with reduced
hydrogen-bonding ability, are hydro-
phobic, or metal-ion binding.[2] All four
bases of DNA have never been replaced
by artificial scaffolds and it is not clear
whether this would be possible without
significant loss of its sequence-recogni-
tion and spontaneous self-assembly
properties.

Recently, Kool and co-workers de-
scribed a new system in which the
unmodified DNA backbone is main-
tained but two of its nucleobases are
replaced by extended analogues.[3] The
analogues were designed by fusing a
benzene ring between the Watson–
Crick-recognition sites and the connec-
tion of the nucleobase to the sugar
moiety. This insertion results in a 2.4 -
size-expansion and converts the bicyclic
purine A into the three-ring system xA
and the cyclic pyrimidine T into bicy-

clic xT. Since this transformation does
not affect the hydrogen-bonding sites
Kool et al. reasoned that artificial se-
quences containing these bases should
form a double helix when combined
with DNA containing complementary
nucleotide bases. The work was inspired
by work of Leonard et al. who used xA
to probe ATP-dependent enzymes three
decades ago.[4] From the modified bases
xA and xT Kool et al. synthesized the
nucleoside analogues dxA and dxT and

were able to incorporate them into
oligonucleotides and study their proper-
ties.

To elucidate whether the extended
analogues form Watson–Crick base
pairs in an unmodified-DNA environ-
ment Kool et al. investigated duplexes
containing single extended bases (xA or
xT) near the middle of a 12-base-pair
oligonucleotide (1, 2 in Figure 1). They
found that both analogues when paired
to the unmodified partner destabilize

the double helix relative to the
unmodified double helix.
Through investigation of nucleo-
base variations opposite the ex-
tended analogues it became ap-
parent that xA has a slight
pairing selectivity for T over
C,G, or A and that xT in 2 is
more unselective in pairing to
its partner in the opposite
strand of the duplex. These
observations indicate that the
DNA backbone is too rigid to
tolerate alterations, since signif-
icant distortion of the helical
conformation would be re-

Figure 1. Selected DNA and extended DNA (xDNA) constructs.[3] All xDNA structures were com-
pared with corresponding DNA structures containing exclusively natural building blocks. Con-
structs 1 and 2 exhibit decreased and 3–5 increased duplex stability when compared with the
structures made up of natural building blocks.
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quired to accommodate the extended
base analogues within a regular DNA
helix.

Kool et al. speculated that a helix
exclusively composed out of the extend-
ed nucleotides would circumvent the
geometric constraints dictated by the
regular DNA helix. Thus, a self-compli-
mentary oligonucleotide 3 was investi-
gated that formed a helix with an
expanded nucleotide in every single
base pair. They found that this xA resi-
due containing complex 3 is more stable
than the natural duplex by 5.8 kcal -
mol�1. To test the sequence generality
of the system several other duplexes
were investigated. Consistent with the
above results, increased stability was
found for double helixes with other
sequences but in which every base pair
included an extended base (4 and 5,
Figure 1). What is the origin of the
increased stability of the enlarged
xDNA helix? Kool et al. ascribe the
measured increase in pairing stability to
enhanced stacking of the enlarged aro-
matic systems. Stacking might occur
either within each strand or across the
strands. NMR spectroscopy investiga-
tions corroborated that a duplex system
with significant interstrand hydrogen
bonding is indeed formed in cases where
size-expanded analogues were used. A
self-complementary sequence was in-
vestigated and found to give rise to the
number of NMR resonance signals con-
sistent with a antiparallel duplex struc-
ture. Modeling studies provided insights
into the structural differences between
normal B-form DNA and xDNA (Fig-
ure 2).

Structural and thermodynamic in-
vestigations indicate only small confor-
mational changes in the DNA sugar–
phosphate backbone and suggest that
the larger diameter of the xDNA helix
results in a greater number of bases per

turn than in B-DNA. Additionally, size
extension might cause the minor and
major grooves of the xDNA-helix to be
wider than those of B-DNA.

The development of xDNA is an
outstanding and very elegant example
for a successful molecular design. The
report by Kool et al. points once again at
the great potential of nucleic acids as
suitable scaffolds for nanoscale engi-
neering.[1] The enlarged oligonucleoti-
des harbor features not found in natural
DNA: Owing to the incorporation of the
fluorescent monomers xA and xT the
nucleotides dxA and dxT are highly
fluorescent, as are the resulting oligo-
nucleotides. Thus, in xDNA all the base
pairs are fluorescent giving a polymer
with high fluorophore density. Kool
et al. speculate that this property of
xDNA combined with its increased
binding propensity might be particularly
useful for applications in detection and
diagnosis of DNA or RNA. For this
purpose as well as to complete the size-
extended genetic alphabet, the to-date
missing nucleobase surrogates xG and
xC are awaited. Their preparation might

enable further size-expansion, for exam-
ple, through construction of a helix
composed exclusively of size-extended
nucleotides. A further investigation
would be to see if DNA polymerases
process the extended analogues. As
noted by Kool recently,[5] these ana-
logues might be useful to test the
hypothesis of “active-site tightness” for
DNA polymerases. This model is pro-
posed as an explanation for enzyme
selectivity and its variation among sev-
eral DNA polymerases.[5] We await
fascinating progress along these lines in
near future.

[1] Reviews: a) A. DeMesmaeker, R. H@ner,
P. Martin, H. Moser, Acc. Chem. Res.
1995, 28, 366 – 374; b) Y. S. Sanghvi in
DNA and Aspects of Molecular Biology
(Ed.: E. T. Kool), Pergamon, Oxford,
2002, chap. 8; c) S. Verma, F. Eckstein,
Annu. Rev. Biochem. 1998, 67, 99 – 134;
d) L. W. McLaughlin, M. Wilson in DNA
and Aspects of Molecular Biology (Ed.:
E. T. Kool), Pergamon, Oxford, 2002,
chap. 7; e) N. C. Seeman, Nature 2003,
421, 427 – 431; f) C. M. Niemeyer, M.
Adler, Angew. Chem. 2002, 114, 3933 –
3937; Angew. Chem. Int. Ed. 2002, 41,
3779 – 3783; g) A. Marx, I. Detmer, J.
Gaster, D. Summerer, Synthesis 2004, 1 –
14.
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Chem. Res. 2002, 35, 936 – 943; c) H.-A.
Wagenknecht, Angew. Chem. 2003, 115,
3322 – 3324; Angew. Chem. Int. Ed. 2003,
42, 3204 – 3206.
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[5] E. T. Kool, Annu. Rev. Biochem. 2002, 71,
191 – 219.

Figure 2. Side view of 10-base-pair DNA and
modeled xDNA duplexes. Shown are the Con-
nolly surfaces with cavity depth-dependent col-
oring (blue shallow, green deep). The struc-
tures were generated with the SYBYL6.9
(TRIPOS) software package.
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1. Nanotechnology and Catalysis

Recognition of the special properties of objects smaller
than single crystals and larger than molecules is not new,
having originated in physics and material science. The
transition from the microelectronic to the nanoelectronic
regime was an important driving force that has boosted
interest in nanostructured objects, and has culminated in the
National Nanoinitiative (NNI) in the USA. Governmental
funding is now substantial worldwide[1] and enormous rates of
growth are still observed (Figure 1). According to the US
National Science Foundation, a similar level of expenditure to
that given by governments is also provided by private
industry. In 2002, 37 countries were operating nanoscience
initiatives.[2] Substantial research funding has created enor-
mous scientific activity, which is represented in the growth
curve of the relevant literature[3] presented in Figure 1b. At

present, one paper about nanoscience
is published, on average, every hour of
every day in the year.

In a recent review article,[4] catal-
ysis research was strongly linked to
nanoscience. The article stressed how
advances in analytical techniques al-

low the identification of the function of supported catalysts,
represented by excellent examples of nanostructured materi-
als in practical application. The review further points to the
essential role of novel and soon-to-be-developed synthestic

“Nanomania” has reached the area of heterogeneous catalysis.
Nanosized catalyst constituents are important for functions that
require structural control over several scales of dimension. Nano-
catalysis may be understood as a redefinition of catalyst synthesis:
multidimensional structural control is exerted by considering catalysts
as inorganic polymers rather than as close-packed crystals. Primary,
secondary, and tertiary structural hierarchies translate into molecular
building blocks and linkers, the defect structure of crystals, and particle
morphology. High-throughput techniques and in situ synthetic anal-
ysis are the tools required to arrive at better defined catalytic materials
that can fulfil the high expectations created by the incorporation of
catalysts into the “nano” research field.

Figure 1. a) Funding for nanoscience (in 103 $) from special nano-
science programs in the European Union (1), the USA (2), Japan (3),
the rest of the world (4), and the total sum (5); b) publication output
using the keywords “nanoscience” or “nanotechnology” (original pa-
pers ^; review papers *).
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techniques to even further exploit the knowledge gained from
the functional analysis of existing systems.

It has become customary to define nanoscience as “the
ability to control and manipulate objects of atomic dimen-
sions, that is, individual molecules”.[5] However, this also
describes the task of chemistry as a whole and thus does not
fully underline the interest into the expected developments
and breakthroughs that are attached to the studies of systems
in the “nanoworld”. In many applications the task for
nanoscience is to tailor the size of individual objects to the
needs of the physical phenomenon on which its function is
based. Besides pigments and quantum-dot structures, a
prominent example of such an application is in magnetism,
where it is highly desirable to use particles that are magneti-
cally separated from each other, and where the particle size is
such that each individual particle can be considered as an
elementary magnet.[6] The self-organization of nanoparticles
is a key issue of fabricating dimensionally hierarchical
materials from individual nanostructures (for example, stor-
age devices from elementary magnets). Controlling self-
organization requires control of the relation between parti-
cle–particle and particle–environment (substrate) interac-
tions.[7]

The interaction of polymers with solid surfaces, relevant
to applications such as bonding or gluing, is an example of a
multiscale phenomenon that is characterized by nanoscopic
effects. The function is controlled by the dynamic behavior of
the molecular units of the polymer which, as a strand on the
mesoscopic scale, is coupled with specific interactions of
functional groups of the polymer with the solid substrate. The
combination of theoretical tools at various descriptive levels
allows functional analysis of such systems on several scales of
length and time.[8]

The examples show that nanoscopic objects are hierarch-
ical structures providing functional properties through the
controlled assembly of molecular building blocks. The
absolute size of a nanoobject can thus deviate from the
nanometer regime. This is reflected in a definition found in
the documents of the EU commission: “Nanotechnology is
the manipulation, precision placement, measurement, mod-
eling, or manufacture of sub-100 nm scale matter”.[9] A
consequence of this definition is that objects in nanoscience
cannot be seen by conventional optical microscopy as they are
significantly smaller than the wavelength of visible light.

Catalysts, and the multitude of products prepared through
their use, are fundamental to modern life. Adequate food
supplies, clean air and water, and energy to fuel the mobile
society are immediate consequences of the intimate cooper-
ation of catalyst material science and chemical process
engineering.

2. Size Effects in Heterogeneous Catalysis

Technical catalysis has been concerned with small par-
ticles for a long time. The initial incentive to reduce the size of
the particles of active components was to maximize the
surface area exposed to the reactants, and thus minimize the
specific cost per function. Optimizing the usage of active
(precious) materials is a major aspect of catalyst optimization
and forms the basis of the statement that catalysis is the oldest
and largest application of nanotechnology.[4] In “nanocatal-
ysis” a peculiar situation occurs: the functional dimension of a
chemical bond in the substrate molecule has a typical length
of 0.2 nm, whereas the catalyst particle, with a diameter of
2–6 nm, is typically more than 10 times as large. The dimen-
sional mismatch between object and function poses the
question about the physical background of “nanocatalysis”.

Catalytic phenomena occur at several scales of length and
time (Figure 2). These phenomena arise from the intimate
interconnection of processes between the substrate and the
active sites of the catalyst with solid-state chemical processes,
which are brought about by the interaction of the whole
catalyst material with the reactants and products. The
interactions are controlled by the transport of matter and
energy[10] on the meso- to macroscopic scale in reactors
designed to perform the desired process. The combination of
surface-science model experiments and chemical kinetics has
shaped the image of the dynamic catalyst, whose function is
governed by the interplay of surface structure and gas-phase
chemical composition, which are locally and temporarily
dependent on the catalyst function.[11–14] Figure 2 shows that a
single “size” parameter cannot describe the function of a
catalyst, and its definition as “nano” by size is inappropriate
despite its frequent use in more recent literature.[15–20]

An important peculiarity of catalysis as part of nano-
science is the relevance of chemical reactivity for its function.
Reversible transformations of the nano-object “catalyst”
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between different structures characterize the function of a
catalyst whereas in most other applications of nano-objects
their reactivity is minimized to ensure stability. Nanoparticles
are larger than “clusters”, and are thus materials that show
properties at the interface between molecular and bulk
materials.[21] A significant fraction of the total number of
atoms in nanostructures are coordinatively undersaturated
(cus) with respect to the equilibrium bulk structure. If 20% of
the cus sites are considered at the as lower level of
significance, then objects of up to about 8000 atoms can be
considered as nano-objects with a size range of 5–10 nm
depending on the nature of the material.

The cus sites exhibit local electronic structures that are
decoupled from the band structure of the interior. Conse-
quently, an energy gap exists between the valence and
conduction bands with its width depending on the number
of valence electrons in the nano-object.[22] This size effect on
the integral electronic structure is significant for small clusters
with few atoms but the band gap vanishes at 300 K for objects
with about 300 atoms. As catalytic reactions occur usually at
elevated temperatures, the band-gap effect is of significant
influence only for very small objects[23] of about 1 nm in size.
Such objects are in a non-encapsulated form,[24,25] which are
not very stable under reaction conditions and tend to sinter.
Thus an average ground-state electronic structure modifica-
tion that is well known to exist in small clusters[23,26] is in most
cases not responsible for beneficial “nanoeffects” in catalysis.
In elegant single-particle experiments it was possible to
deduce that the presence of cus atoms affects the collective
excitation of the metallic electronic structure and that
localized electronic effects do exist beyond the average
ground states.[27]

The lack of metallic character for very small particles is
responsible for a deterioration in their catalytic function when
coupled to a metallic electronic structure. The relation
between size and function is thus nonlinear (volcano-shaped)
revealing a maximum at mean diameters of 3–6 nm. A
rigorously analyzed example is the shift between molecular
and dissociative adsorption of CO on Rh particles with
varying size and surface roughness.[28] Cus sites on rough

surface features as active centers have now been theoretically
identified in several cases.[29–32] The underlying principle of
volcano curves is the optimization between chemisorption
and the activation of a molecule, which is achieved by fine-
tuning the local electronic properties of the active site.[33] In
other cases a relation between size and function is observed
and represented by an exponential decay of the catalytic
efficiency with increasing size in the nanometer regime.[17,34–36]

In these cases the active material may exhibit a bulk
metastable non-equilibrium state under certain conditions,
such as for the cases of internally strained objects[37, 38] or
multiple twinned objects where the small size prevents
recrystallization into the form found at equilibrium.[39]

Several types of cus sites exist on all three-dimensional
nanoparticles; such examples are terrace sites, edge sites, and
kink sites, which are often summarized as “roughness”. The
relevance of this site distribution being controlled by the
morphology of the nanoparticle in determining the selectivity
of catalytic reactions was demonstrated in a model experi-
ment where the decomposition of methanol was investigated
by molecular beam studies and in situ vibrational spectros-
copy over a Pd catalyst.[40] Two competing reaction pathways
occur at different rates, namely, C�H bond cleavage leading
to CO2 at terrace sites, and C�O scission leading to elemental
carbon on step and edge sites. The experiment underpins the
statement concerning the impact of in situ analysis on the
understanding and thus the accountability of the nanostruc-
tural properties in catalysis.[4]

The core reason for the “nanoeffect” in many catalytic
applications is the ability of nanostructured matter to occur in
non-equilibrium modifications that are metastable under
reaction conditions. It has been suspected for a long
time[30,41,42] that cus sites generated by rough surfaces, stepped
surfaces, or occurring on objects with lattice strain should
represent the matrix containing, or even representing, the
active sites.[30,32,43,44]

Figure 3 displays some characteristic images of catalyti-
cally active nanostructures. On the mesoscale, non-equilibri-
um faceting of silver is stabilized by the incorporation of
oxygen in the metal lattice (Figure 3a).[45] Pd nanoparticles
possess a regular fcc bulk structure but exhibit lattice
expansions[46] and significant roughness effects at their
periphery,[47] where the gas–solid interface is located (Fig-
ure 3b). Cu nanoparticles can be obtained in metastable
multiple-twinned forms exhibiting a regular deviation from
the bulk lattice constant and particular terminations at the
triangular intersection of the decahedral or dodecahedral
polyhedra (Figure 3c).[48] All of the above exist under
catalytic conditions only because transformation into more
stable forms is kinetically hindered. The limited size and the
roughness of the surface of suitably prepared nanoparticles
affect the dynamics of surface rearrangements, which con-
stitutes the kinetic barrier for equilibration. Thus there is an
indirect link between particle size (which enables the
existence of geometric and electronic non-equilibrium struc-
tures) and the catalytic function, such that fine-tuned local
electronic properties are required that differentiate from
those of the equilibrated bulk surface.[49] The scenario is
further affected by the coupling of the metastability of a

Figure 2. A working catalyst must function on all dimensions of time
(vertical axis) and length (horizontal axis) simultaneously. Color code:
surface chemical processes (blue), transport processes (yellow), solid-
state processes (red). The area shaded green highlights the nano-
regime, which covers only a fraction of the size range possible for
heterogeneous catalysis.
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surface to not only the effects of finite size but also to the
interaction with the gas phase.[50] Different cus structures and
different particle morphologies do exist under different gas
phase compositions.[51–53]

3. Catalyst Synthesis: The Challenge

Catalysts are currently “prepared” rather than “synthe-
sized”. This means that empirical recipes are followed that do
not describe the kinetic boundary conditions of the reactions
performed. Each batch of material consequently must be
characterized for their functional properties, which cannot be
predicted. This situation is considerably different in homoge-
neous catalysis, where the catalysts have an important
advantage in that their synthetic precision allows the success-
ful application of the concept of ligand design as an efficient
tool for fine-tuning the catalytic properties in a defined and
rational way. It is barely possible to predefine properties in
heterogeneous catalysis and to synthesize the material using a
toolbox of reactions or finding a rational way for its
generation through retrosynthesis.[54] Knowledge concerning
constitution, existence ranges, and the reactivity of purely
inorganic synthons is poorly developed,[55] since the enormous
structural complexities that exist can be monitored only by a
small number of structure-sensitive analytical tools. The
reaction kinetics of molecular precursors in the most practical
aqueous systems at high solute concentrations is fast and
exhibits multiple pathways. Changing the reaction environ-
ment and using protective nonaqueous ligands can arrive at
model compounds and tentative reaction pathways, however,
they are only of limited use because of limited stability and

the necessity for active nanoparticles to expose their bare
surface.[56–58]

Controlling the high-temperature treatment of nanostruc-
tured systems (sometimes termed drying, calcination, or
activation) is even more problematic. These processes are
strongly structure-determining and occur under kinetic con-
trol.[59–61] A characteristic example is the “glow phenomenon”
in the preparation of the sulphated zirconia catalyst for
butane isomerization,[62] which operates at 400 K but requires
calcination to 773 K and accurate control of extrinsic
preparation parameters (batch size) in the furnace.

4. Nanocatalysis : A Vision

The principal requirements of nanoscience are the control
and determination of functional properties; these require-
ments are not met in present catalysis research. The
preparation and functional characterization of “nanocata-
lysts” is subject to wide variations of the relevant properties
and is far from being controlled.[18, 19,34,61] Mastering multiple
length scales in catalyst synthesis is even more poorly
developed with zeolites being a prominent exception, at least
in the mesoscopic size regime.[63–65]

The title question may be answered if the term “nano-
catalysis” is understood as describing a vision where one
might consider a catalyst to be a hierarchical system of basic
structural units (active sites) with defined assembling strat-
egies for multiple length scales. The resulting functional
materials are dynamic in nature, as a result of catalyst–
reactant and catalyst–reactor interactions. Nanocatalysis is
thus the science of the synthesis and in situ characterization of
supramolecular materials and the control of the kinetics of
their chemical transformations. It differs from traditional
catalysis since the materials are explicitly designed over
length scales larger than that of a single active site. In this way,
the knowledge gained from physical chemistry about the
multidimensionality of catalysts (Figure 2) is transformed into
a synthetic reality.

The role of in situ characterization in nanocatalysis is
distinct from the prevailing task of identifying active sites in a
given system. In the present context it is used to evaluate
synthetic strategies; it analyses the genesis of the catalyst and
ascertains its dynamic nature. Nanocatalysts require func-
tional characterization through kinetic experiments that
explore the parameter space of sustained operation for each
material individually, rather than evaluate whole libraries
under one given set of conditions. This is the present mode of
operation in empirical catalyst optimization. High-through-
put kinetic testing is potentially suitable,[66] provided that
instrumentation and testing routines allow for the exploration
of individual parameter spaces and are not just used to
maximize the throughput of samples.

5. Catalyst Production Today

The paradigm of catalyst development must be modified
to put the vision of nanocatalysis into operation. Presently, a

Figure 3. Complex morphologies of catalytic nanostructures: a) ele-
mental silver restructured in the partial oxidative dehydrogenation of
methanol to formaldehyde; b) Pd nanoparticles (prepared by gas con-
densation) supported on boron nitride; c) Cu nanoparticles prepared
by the gas condensation technique on carbon.
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diffuse knowledge exists about the basic functionality of
“active masses” in catalytic processes.[67] Development strat-
egies operate either at the macroscopic scale of optimization
of transport properties in the reactor–catalyst system, or on
the atomic level by increasing chemical complexity in the
form of additives and promoters. Multiple, usually cationic
additives are introduced to the basic active mass assuming
that their function is commensurate with the abundance of the
respective element. Such optimization results in a chemically
complex multiphase and multicomponent catalyst containing
support, main, and auxiliary phases that cooperate to provide
improved overall performance.[68–73] This paradigm was re-
cently perfected with the advent of high-throughput exper-
imentation and combinatorial search strategies for global
optimization of the chemical complexity.[66,74,75] The price to
be paid for such an approach is uncontrollable heterogeneity
on all length scales, since the compositional optimum is a mix
of phases and not a homogeneous material (Figure 4). The
challenge of uncontrolled complexity in heterogeneous
catalysis has been realized and several alternatives are being
investigated, but they exhibit significant limitations in applic-
ability and generality, thus explaining the still dominant role
of the more chemically complex systems.

6. Alternative Routes to Controlled Synthesis

One strategy to avoid heterogeneity is to prepare solid
catalysts with active sites that are part of their structural
motif.[76–78] Self-organization seems to allow control even at
the supramolecular scale.[46,79,80] In situ studies cast consider-

able doubt, however, on the allegation that these solids are
active in their as-prepared form; their surfacse seem to exhibit
differences from the crystalline bulk, and hence a detailed
understanding of their structural dynamics is required to
control the genesis and stability of the active sites.[81,82]

Another strategy is to reduce the size of the active site to a
very small number of atoms to prepare “single-site” catalysts,
which offer the chance to exactly control the active site and its
environment on the molecular scale.[23, 83] The strong struc-
tural response of such small entities to changes in the
electronic structure associated with the catalytic turnover
and the absence of a flexible support structure comparable to
that provided by the protein structure of enzymes[84] limits the
durability of such bio-inspired structures if they are active, or
prevents their catalytic activity if they are fixed too strongly to
the support. The fixation of the active sites into nanostruc-
tured compartments is an elegant way to circumvent stability
problems, but introduces the issues of accessibility and of
leaching,[85–89] which requires such systems to operate only
under relatively mild reaction conditions.

A rigorous solution of these problems is the application of
a combination of physical deposition and structuring techni-
ques (physical vapor deposition, PVD) that are commonly
used in nanoelectronics. This powerful and well developed
methodology allows structuring with geometric precision and
exact reproducibility at the 10-nm level. It is, however,
extremely limited in producing large-surface-area materials
and is thus merely suitable for producing model systems.[90–92]

In combination with microstructured reactors and in catalytic
applications that are not intended for the production of
materials (e.g., lab-on-a-chip sensors[93]) such techniques will,
however, be of great significance.

A variation of the PVD method is to utilize the self-
organization of layered structures on refractory substrates to
generate well defined and hierarchically controlled catalytic
surfaces. Such structures can be extended layers[94,95] or
supported systems[96,97] on well-defined substrates. These
systems have given a tremendous insight into the function
of complex catalytic systems but are still far from being
applicable. Figure 5 presents an example for the use of such
structures as a model system. Single-crystalline iron oxide
films with controlled nanoscopic features (that is, roughness,
point defects, and step structure) were prepared and used to
dehydrogenate ethylbenzene to styrene under the same
reaction conditions as applied in practical catalysis.[94,98] The
use of surface-science characterization tools established that
the steady-state reactivity is not due to the iron oxide but to a
carbon overlayer.[99] The binary oxide system, which contains
defect sites,[100] is much more reactive than the technical
catalyst even without the chemical complexity of promoters
and additives but cannot be stabilized under the reducing
conditions of the technical process.

The use of PVD processes as a basis for nanocatalysis is
limited in generating even moderate chemical complexity
(binary oxides with defined oxygen stoichiometry and/or -OH
groups) and in producing sufficient amounts of material.[101] A
strategy was thus developed incorporating features from the
approaches discussed so far to control by chemical means the
structural complexity and to minimize the application of

Figure 4. An attempt to prepare an antimony-doped molybdovanadate
catalyst by a precipitation method involving a decrease in the pH value
of the solution: a) SEM image; b) the X-ray distribution map for mo-
lybdenum (average content 64 % as MoO3); c) the X-ray distribution
map for vanadium (8% as V2O5); d) the X-ray distribution map for the
antimony dopant. Note the inhomogeniety in morphology and chemi-
cal composition.
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chemical complexity as an instrument for optimization. The
rational synthesis of bulk amounts of reactive precursors with
controlled mesoscopic structures and chemical reactivity has
been attempted, where the target materials are oxidic
catalysts for performing selective oxidation reactions. This
class of reactions presents particular challenges to the catalyst
with respect to structural stability, since dynamic processes
are involved in what are essentialy solid-state redox reac-
tions,[102, 103] which tend to segregate the chemically complex
systems not only into inactive constituents but into active but
nonselective components that destroy the initially formed
desired products in consecutive catalytic reactions. The model
case of using molybdenum oxides in binary and ternary forms
illustrates this strategy.[104, 105]

7. A Nanocatalyst for Selective Oxidation

The concept of added functionality through structural
complexity is universal in life science and has been adopted
widely in synthetic supramolecular chemistry. This approach
is, however, rarely applied in inorganic[54, 106,107] and practi-
cal[108] catalytic chemistry. From in situ studies it is known that
active sites in oxide catalysis constitute metastable defect
structures within the crystal structure of the precatalyst
matrix.[103,109–113] The present concept utilizes structural real-
izations of active sites[71, 105,114–117] as synthons.[55] For example,
the motif of the Mo5O14 crystal structure (Figure 6) can be

organized so that a catalyst with dynamic behavior is
obtained. Well-ordered three-dimensional networks should
be avoided,[55,107] as should rigid multicentered linkers. A bulk
amorphous matrix seems also unsuitable,[105,114] since the
structural stability of the synthons that result is insufficient.
Chains or layers of synthons liked by small bridging units
seem to produce a suitable secondary hierarchical structure.
The existence of compounds with the Mo36O112 structure that
realize the pentagonal bipyramidal molybdate synthon sup-
ports the feasibility of the concept.[118] The complex kepler-
ates containing the same synthon[107] indicate also the viability
of the concept but are unsuitable for sustained catalysis as
multiple linking prevents the essential dynamic response of
the system at moderate temperatures and leads (at the higher
temperatures required) to irreversible depolymerisation of
the supramolecular entities.

Figure 5. Preparation of an iron oxide catalyst by the physical vapor
deposition (PVD) of iron onto a Pt(111) surface followed by in situ oxi-
dation. a) STM image (20 L 20 nm) of the Fe2O3 surface showing an
identical periodicity as in the LEED pattern of this surface (b); c) sche-
matic representation showing atomic positions in the ideal iron-termi-
nated surface. Contrast variations in (a) indicate the presence of addi-
tional atoms that are not accounted for in (c). d) An image of the
Fe2O3 surface, which identifies a large number of steps. This prepara-
tion was achieved on a stepped Pt substrate crystal, and reveals the
flexibility of nanostructuring model systems; e) a chart showing the
conversion rate of styrene as function of stream time. Reaction condi-
tions: T=873 K, steam/ethylbenzene (10:1) at 50 mbar, with He as re-
mainder. The different conversion levels relate to structural changes of
the sample (followed by LEED and Auger spectroscopy (AES)). The ini-
tial Fe2O3 surface (with defects) exhibited an Fe:O ratio of 1:3.5, with
no carbon present. After 60 min on stream the surface was reduced to
Fe3O4 with an Fe:O ratio of 1:2.0 and a significant fraction of carbon
present as indicated by the C:Fe ratio of 5:1. After 150 min time on
stream a steady state is reached at about 15 % of the initial rate. The
catalyst is now pure carbon with no iron oxide being present. For
details see Refs. [98,99].

Figure 6. High-resolution TEM images of a metastable form of molyb-
denum trioxide hydrate. The basic structural unit, as identified by Ram-
an spectroscopy, is modeled in the inset: a) and b) show two prepara-
tions that are long-range-ordered and nanocrystalline, respectively; the
precipitation conditions control the degree long-range ordering. In
temperature-programmed experiments of a propene oxidation catalyst,
the surface shown in (a) is completely inactive up to its recrystalliza-
tion into orthorhombic MoO3, whereas that shown in (b) exhibits sig-
nificant activity below the phase transition temperature(543 K). For
details see Refs. [114–117].
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Catalytic tests revealed that for the novel binary MoxOy

system (formally a hydrate of MoO3) a mesoscopic hierarch-
ical ordering is required beyond the suitable linking of basic
structural units. The TEM images in Figure 6 provide an
impression of the nanostructured ordering that exists. Well-
ordered crystalline materials are catalytically inactive within
their temperature window of stability.[105, 117] Selective cata-
lytic activity is observed only if the solid is nanocrystalline on
an order of 10–100 unit cells of the synthons,[117] which
illustrates that the dynamic response of the solid is critical
at a length scale much larger than that of the interaction of the
substrate molecule and the active site (see also the TEM
image in the Table of Contents, which highlights the surface
roughness and the location of cus sites in nanoplatelets of
MoO3 hydrate consisting of corner-sharing octahedra). The
need for high structural flexibility is a heterogeneous parallel
to the recently documented complex dynamics of enzyme
catalysts,[119] which indicates that areas remote from the
binding site are relevant for catalytic action.

Figure 7 compares the catalytic activity of a nanostruc-
tured binary molybdenum oxide containing the synthon
shown in Figure 6 and a ternary single-phase Mo–V oxide in

use as a matrix for technical propene oxidation sys-
tems.[104,105,116,117] The results show that the binary oxide is as
effective as the ternary system. The complexity of additional
cations or promoters such as the Bi system[102] is apparently
not essential if the structure of a binary oxide can be
optimized according to the nanocatalyst principle.

The tools required to give structural control of real
structures (nanostructure) and particle morphology are the
kinetic boundary conditions of the initial solidification step.
Nucleation and growth processes and the incorporation of
residual water as ligands can be controlled in many ways.

Figure 8 indicates a selection of thermodynamic and kinetic
variables that affect the reactivity of solids when formed from
the solution phase; these variables are independent of each
other, and thus sequential optimization is not accessible.
Thermal treatments to remove volatile ligands are another
method of affecting the structure,[62] which to a lesser extent

than calcination procedures aims to control the average
oxygen stoichiometry and thus requires a level of heating such
that the lattice becomes mobile. Any desirable non-equili-
brium form of the catalyst is highly unlikely to survive this
process.

First attempts in nanocatalysis yielded an active catalyst of
minimum chemical complexity with only one cation that did
not require a high-temperature activation/calcination step to
become suitably nanostructured.[113] In order to arrive at this
result it was essential to investigate the solution-phase
chemistry of molybdates.[120–122] Precipitation conditions were
chosen such that the synthons coexisted with the linker units
in solution. The substantial analytical effort that was required
to find the region of coexistence of homonuclear building
blocks and linkers prevented systematic optimization with
respect to larger length scales, the connectivity of the
network, and the reactivity of the initial precipitate to give
different crystal sizes and shapes. Higher hierarchies of
structural control were successfully controlled in a more
simple co-precipitated copper–zinc oxide system.[123, 124] The
multidimensional structural definition may be achieved if the
system is under complete kinetic control in all fabrication
steps. Figure 8 illustrates clearly that this is not possible with a
sequential experimentation strategy, although it covers all
non-thermal synthesis steps.

The tools of high-throughput experimentation could allow
the investigation of such parameters, however, the now
customary methods of library synthesis that use minimum
quantities in poorly controlled reaction environments would
have to be discarded. Synthesis strategies using computer-

Figure 7. Catalytic activity of optimized, nanostructured binary MoO3

in its supramolecular hydrated form (c,[118] compared with a bench-
mark Mo–V oxide with a defect Mo5O14 structure (d), both used as
a matrix for technical catalysts.[117] The selective oxidation of propene
to acrolein was attempted as a temperature-programmed experiment
(TPRS; feed: 10% oxygen, 10% propene, balance He; 100 mlmin�1,
50 mg catalyst; composition analyzed with Ar as an internal standard;
samples were preactivated in synthetic air at 623 K). The yield for acro-
lein is compared under identical conditions; the acrolein yield at 713 K
in the TPRS relates to a stationary yield of 40% in the dry oxidation of
propene. The selectivity to CO2 is about half as large for the binary ox-
ide as for the ternary sample.

Figure 8. Schematic representation of the control variables for precipi-
tation reactions from (aqueous) solutions. The parameters are in three
groups: intrinsic, extrinsic and coupling. Of particular relevance are
the extrinsic parameters, since they depend on the experimental details
of each precipitation reactor and are hence difficult to reproduce.
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controlled robotic systems for large quantities of materials
would have to be combined with systematic investigations of
non-compositional preparation parameters. The parameters
investigated rarely include unit operations such as ageing,
solid–liquid separation, washing, drying, and calcination.[123]

Together with the systematic investigation of the intrinsic
synthesis parameters of temperature, composition, and con-
centration of the reactants, it would be possible to find
conditions for the co-precipitation of single-phase morpho-
logically well-defined solids, such as that which is achieved
today in the field of zeolite synthesis.[125,126] For such a
synthetic approach neither the experimentation strategies,
equipment, nor work flows exist at present.

8. Consequences

In conclusion, nanocatalysis is a new scientific area, if it is
considered as the rational building of materials from basic
structural units that are assembled on supramolecular length
scales to yield nanostructured inorganic polymers in small
crystals that provide large surface areas. The control of a
catalyst at supramolecular length scales and the orientation of
in situ characterization towards this aspect is broadening this
research area, where atomic-level knowledge that might lead
to a full definition of synthons is still desperately needed.[127]

The similarity of this approach to that of biocatalysis is
obvious. The degree of sophistication with which active sites
in enzymes are fine-tuned by linking them into the complex
network of an organic polymer made of chemically “simple”
basic structural units is much higher than one can hope to
achieve in purely inorganic systems. Catalysts in homoge-
neous catalysis, with their sophisticated ligand design, are
intermediate in the comparison of chemical complexity and
structural control.

Nanocataylsis requires a massive increase in understand-
ing the synthetic processes in inorganic chemistry. Adapted
in situ characterization methods and full chemical under-
standing of the “unattractive” environment of aqueous
solutions are missing scientific essentials in obtaining the
necessary fundamental insight. Chemical preparation path-
ways using aqueous methods are preferred as they provide
great synthetic variability and give access to bulk quantities of
active materials. The definition of structures for active sites or
synthons will be a limiting factor for progress in this field.
Besides the continuing insight into catalytic processes from
the aspect of chemical physics, the much increased perform-
ance of ab inito theory can, with its hierarchical methodology,
provide predictive clues for structures that may be worthwhile
candidates in for synthetic nanocatalysis. As the design of
nanocatalysts based on detailed synthetic understanding must
still be considered a long-term objective,[128] it is essential to
apply a suitably modified high-throughput experimentation
strategy that looks at the non-compositional parameter space
for achieving visible breakthroughs in catalysis science using
the “nanoconcept”. To achieve these break-
throughs,[4,20,87,129,130] a massive increase in funding is vital to
take nanocatalysis to a level where it is no longer considered
to be a “mock-up” or an alternative to “conventional”

catalysis, but rather where it is augmented by prinicples of
physical chemistry, chemical engineering, and supramolecular
inorganic chemistry, which may lead to the acquisition of the
supporting fundamental knowledge that will be required to
fully understand these processes.
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1. Introduction

Since the discovery of the ginkgolides and bilobalide,
termed terpene trilactones (TTLs), from Ginkgo biloba in
1932, the elucidation of their unique structures 35 years later,
and the discovery of their ability to antagonize the platelet-
activating factor receptor (PAFR) in 1985, TTLs have
attracted intense interest, which is reflected in the literature
related to G. biloba,[1,2] G. biloba extracts,[3] and TTLs.[4] Two
reviews on the chemistry and pharmacology of ginkgolides
have also been published, the latest in 1991,[5,6] hence this
Review focuses primarily on developments in the chemistry
and (neuro)biology of TTLs since 1991. This includes discov-
ery of a new and general biosynthetic route that originated
from biosynthetic studies of ginkgolides, total syntheses,
intriguing chemical reactivities, extensive structure–activity
relationship studies on the PAFR, recent findings that
ginkgolides halt b-amyloid formation, and the discovery of a
new target for ginkgolides.

1.1. The Ginkgo Tree

The Ginkgo tree (Ginkgo biloba L.; from Japanese
ginkyo, meaning silver apricot) or maidenhair tree
(Figure 1), is characterized by fan-shaped leaves and fleshy,
yellow, foul-smelling seeds, enclosing a silvery, edible inner
kernel. G. biloba is the only surviving member of a family of
trees, Ginkgoaceae, which appeared in the Jurassic period 170
million years ago, and for this reason is called the “living
fossil.” There is a gap of 100 million years between the current
and ancient tree in the fossil record but recent paleontological
findings of a fossil over 121 million years old have shown that
the tree has barely changed since the days of the dinosaurs.[7]

It is distinct from all other living plants and is often
categorized in its own division, Ginkgophyta, by botanical
taxonomists. G. biloba is believed to be the oldest living tree
species[8] and is capable of reaching ages in excess of one
thousand years.[9] Recent investigations have used this “living
fossil” to evaluate CO2 levels in prehistoric times.[10, 11]

G. biloba is dioecious, that is, the male and female
structures exist on separate trees, but the two structures can
only be distinguished after the tree is around 30 years old.
Ginkgo trees can grow over 35 meters high, with the main

[*] Prof. K. Strømgaard
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Ginkgo biloba, the ginkgo tree, is the oldest living tree, with a long
history of use in traditional Chinese medicine. In recent years, the leaf
extracts have been widely sold as phytomedicine in Europe and as a
dietary supplement worldwide. Effects of Ginkgo biloba extracts have
been postulated to include improvement of memory, increased blood
circulation, as well as beneficial effects to sufferers of Alzheimer's
disease. The most unique components of the extracts are the terpene
trilactones, that is, ginkgolides and bilobalide. These structurally
complex molecules have been attractive targets for total synthesis.
Terpene trilactones are believed to be partly responsible for the
neuromodulatory properties of Ginkgo biloba extracts, and several
biological effects of the terpene trilactones have been discovered in
recent years, making them attractive pharmacological tools that could
provide insight into the effects of Ginkgo biloba extracts.
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Figure 1. A Ginkgo biloba tree near Riverside Church, New York.
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stem up to 10 meters in girth. The tree is a resilient survivor in
polluted environments, growing where other trees find it
difficult, and is exceptionally resistant to attacks by fungi and
insects. More than 100 years ago, the Japanese botanist
Sakugoro Hirase reported the discovery of the motile sperm
of G. biloba, which in terms of evolutionary plant history
provided a critical connection between the life cycles of lower
and higher plants.

G. biloba was grown throughout China and Korea, and
was introduced into Japan about 800 years ago, then into
Europe around 1730, and to North America in 1784. The term
“Ginkgo” was first used by the German physician and
botanist Engelbert Kaempfer in 1712, but Linnaeus provided
the bionominal terminology “Ginkgo biloba” in 1771,
“biloba” meaning two-lobed (from Latin bi : double, loba :
lobes), referring to the fan-shaped leaves split in the middle
(Figure 2). The shape of the leaves inspired German poet,
scientist, botanist, and philosopher Johann Wolfgang von
Goethe (1749–1832) to write a poem called “Ginkgo biloba”
dedicated to his former lover Marianne von Willemer.[12] The

young Ginkgo leaf symbolizes Goethe's theme: the individual
and the pair as indistinguishable beings.

The earliest records on the use of G. biloba as medicine
dates back to the book of Liu Wen-Tai in 1505 A.D.[13] As
described in Chinese Materia Medica by Pen Tsao Ching
(1578),G. bilobawas used to treat aging members of the royal
court for senility. Although leaf preparations are the primary
source ofG. biloba today, it was the fruits that were described
in these ancient Chinese medical records. Today, Ginkgo nuts
(Figure 2) are used in Japanese and Chinese cuisine, either
grilled or boiled. Care must be taken as excessive intake of
these nuts can cause food poisoning, presumably due to their
content of 4-O-methylpyridoxine, which is a known convul-
sive agent through the inhibition of g-aminobutyric acid
(GABA) synthesis.[14, 15]

1.2. Ginkgo Biloba Extract

Leaf preparations of G. biloba were introduced to the
Western world around 1965 by the German company Dr.
Willmar Schwabe[13] under the trade name Tebonin. Later, the
Schwabe company established a collaboration with the
French company Beaufour-Ipsen, and together they devel-
oped a standardized the G. biloba extract, which they termed
EGb761[16] and is sold under trade names such as Tanakan,
REkan and Tebonin forte. Since then, a wealth of G. biloba
products have entered the market, and G. biloba extract is
now among the best-selling herbal medications worldwide. In
1998, Americans spent approximately 4 billion dollars on
botanical medicines, and G. biloba ranked first among herbal
medications. Today over 50 millionG. biloba trees are grown,
especially in China, France and South Carolina, USA, which
produce approximately 8000 tons of dried leaves each year.[17]

The G. biloba extract EGb 761 is obtained from dried
green leaves that are extracted with an acetone/water
mixture. This extract has been standardized to contain 6%
TTLs (3.1% ginkgolides and 2.9% bilobalide) and 24%
flavonoids.[13] The flavonoids are almost exclusively flavonol-
O-glycosides, a combination of the phenolic aglycones
quercetin, kaempferol, or isorhamnetin, with glucose or
rhamnose or both at different positions of the flavonol
moiety. Interestingly, although the bioavailability of flavo-
noids in G. biloba extract is controversial, it is generally
assumed that flavonoids do not penetrate the blood–brain
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Figure 2. Leaves and nuts from Ginkgo biloba.
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barrier (BBB), or at least not in sufficient quantities to exert
physiological effects on the central nervous system (CNS). On
the other hand, the bioavailability of ginkgolides and
bilobalide was 70–80% after an 80 mg dose of EGb 761,
with half-lives of 3–5 h.[18] EGb 761 contains several other
components, including proanthocyanidins (prodelphinidins)
and organic acids. Moreover, the content of ginkgolic acids
(anarcardic acids) in EGb 761 is limited to 5 ppm owing to the
allergenic properties of these compounds.[13]

EGb 761 remains the most widely used extract for
scientific investigations of the pharmacological effects of
G. biloba, and several recent reviews have described the
effects of the extract on the CNS.[18–22] The neuromodulatory
effects of EGb 761 include improvement of cognition, anti-
oxidant effects, increased cerebral blood flow and circulation,
modification of neurotransmission, and protection against
apoptosis.[18] In Germany, the G. biloba extract is used for
treatment of “disturbed performance in organic brain syn-
drome within the regimen of a therapeutic concept in cases of
dementia syndromes with the following principal symptoms:
memory deficits, disturbance in concentration, depressive
emotional condition, dizziness, tinnitus, and headache.”[23]

EGb 761 is among the most prescribed medications in
Germany and France for the treatment of dementia-related
symptoms.[24]

The most widely studied application of EGb 761 has been
in the potential treatment of Alzheimer's disease (AD).[25–27]

In two pivotal studies, a total of 549 AD patients were
evaluated for the effect of EGb 761.[28,29] In both studies,
EGb 761 significantly slowed the development of the cogni-
tive symptoms of dementia, and regression on certain data
points was delayed by 7.8 months, which is similar to the
currently available AD treatments, Aricept (donezepil,
9.5 months) and Exelon (rivastigmine, 5.5 months), both
acetylcholinesterase inhibitors. A recent follow-up study
showed that EGb 761 had a better effect in very mild to
mild cognitive impairment, rather than in severe dementia,
suggesting that EGb 761 stabilizes or delays the onset of
symptoms.[30] Aside from the above-mentioned clinical trials,
more than 40 clinical studies were performed with extracts of
G. biloba,[31–37] and virtually all trials reported positive results
regarding various aspects of cerebral insufficiency, although
with differing degrees of efficacy. The observed clinical effects
could be explained by recent findings that EGb 761 can
inhibit the formation of b-amyloid aggregation,[38–40] which is
believed to be highly important in the development of AD.[41]

Another study looked at the effect of EGb 761 on the
modulation of gene expression in the cortex and hippocampus
of mice, and found that several genes were affected, including
genes that are believed to be involved in AD.[42,43]

Recent studies on healthy adults using a computerized test
battery have shown beneficial effects of the G. biloba extract
on short-term memory;[44] similar results were reported in
three other studies.[45–47] However, a recent study on healthy
volunteers concluded that a 6-week treatment of 120 mg
EGb 761 per day did not enhance the performance of
memory or related cognitive functions.[48] This was also the
conclusion of a previous study, in which patients were treated
with EGb 761 for 30 days.[49] In contrast, a 23-patient pilot

study on the effects of EGb 761 on multiple sclerosis (MS)
demonstrated improvement of cognitive and functional
abilities in MS;[50] a dose of 240 mgday�1 of EGb 761
showed beneficial effects on attention, memory, and function-
ing after three months in patients with mild MS.

Therefore EGb 761 might be beneficial in relieving
symptoms of AD, although the reported effects are often
small. In light of the current lack of treatment for AD
patients,[41,51] EGb 761 could prove to be useful as an
alternative to the currently available treatments. On the
other hand, the postulated effects of EGb 761 in improving
memory functions in healthy people are still controversial and
not fully corroborated, despite numerous studies. Several
suggestions have been made, for example, that EGb 761-
induced changes in brain function may be associated with the
prevention of age-related decreases in serotonin binding[52] or
a2 adrenergic receptor density

[53] in cerebral membranes, but
these studies have not been sufficiently validated.

Very little is known about which components of EGb 761
are efficacious, and thus the molecular basis for the action of
G. biloba constituents on the CNS is poorly understood. The
major components of the extract are flavonoids and terpene
trilactones; the flavonoids are assumed not to penetrate the
BBB, whereas nothing is known about whether terpene
trilactones penetrate the BBB. However, it is generally
assumed that the lipophilic character of TTLs renders these
compounds permeable to the BBB, and therefore it appears
that TTLs are partially responsible for the effects ofG. biloba
extracts on the CNS.

2. Isolation and Structure Elucidation

2.1. Structure Elucidation

A large number of G. biloba natural products have been
identified, such as flavonoids and anarcardic acids, but the
TTLs, that is, ginkgolides and bilobalide,[54] are unique
constituents of G. biloba and are found exclusively in the
G. biloba tree. The ginkgolides are diterpenes with a cage
skeleton consisting of six five-membered rings: a spiro[4.4]-
nonane carbocyclic ring, three lactones, and a tetrahydrofuran
ring. Furthermore, they contain an unprecedented tert-butyl
group. The ginkgolides vary only in the number and positions
of their hydroxy groups (Figure 3). These compounds were
first isolated from the root bark of G. biloba in 1932 by

Figure 3. Structure of the five ginkgolides and bilobalide.
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Furukawa.[55] In 1967, Maruyama et al. succeeded in isolating
ginkgolides A (GA; 1), B (GB; 2), C (GC; 3), and M (GM; 5)
from the root bark and deduced their very unique structures
(Figure 3).[56–61] Independently, Okabe and co-workers deter-
mined the structures of GA (1), GB (2), and GC (3) from
leaves of G. Biloba by means of X-ray crystallography.[62,63]

Another ginkgolide, ginkgolide J (GJ; 4), was isolated from
the leaves ofG. biloba in 1987.[64] Interestingly, it appears that
GJ (4) is only found in the leaves, whereas GM (5) is found
only in the root bark.

An account of the studies leading to the structures of GA
(1), GB (2), GC (3), and GM (5) has been published
elsewhere;[65,66] however, a few highlights are worth mention-
ing. The structural studies byMaruyama et al. were facilitated
when a typhoon hit Sendai, Japan, and permission was
received to use the root bark from five felled trees (100 kg) in
1964. This gave, after extraction, chromatography, and frac-
tional recrystallization, 10 g each of GA (1) and GB (2), 20 g
GC (3), and 200 mg GM (5) (Figure 4).[56] Purification of
ginkgolides was seriously hampered by their remarkable

tendency to exhibit polymorphism and to formmixed crystals.
Satisfactory results were achieved only after 10–15 repeated
fractional crystallizations; the purity was checked by NMR
spectroscopic analysis or optical rotation. The complex, but
aesthetic structures depicted in Figure 3 were determined by
performing extensive chemical reactions and spectroscopic
studies on the native TTLs and approximately 70 deriva-
tives.[56–61]

The compound that played a key role in the structural
studies was the GA “triether” (in fact a tetraether, 7,
Scheme 1), which was obtained by reduction of GA (1) with
concomitant pyrolysis. The carbonyl groups of the three
lactones were selectively reduced, while leaving the ginkgo-
lide core untouched (Scheme 1).[57] The NMR spectra of
ginkgolides showed no connectivity in the proton systems,
which are disconnected by intervening quaternary and
carbonyl carbons atoms; however in the GA “triether” 7,
the three carbonyl groups are replaced by methylene units,
and thus could be submitted to exhaustive double and triple
decouplings. The assignments were corroborated by reduction

of GA (1) with LiAlD4 instead of LiAlH4. The studies also led
to the observation of what is now known as the nuclear
Overhauser effect (NOE), unknown at that time. Irradiation
of the singlet assigned to the tert-butyl group led to integrated
area enhancements of some protons related to the Over-
hauser effect known in electron spin resonance (ESR).[60,67] It
was during the course of these studies that Anet and Bourn
described the first observation of an NOE.[68]

The unique stability of the ginkgolide core was encoun-
tered when GA (1) was treated under alkali fusion conditions
(50% NaOH, 160 8C, 30 min). Loss of two carbon centers as
oxalic acid gave the hemiacetal bisnor-GA (8). Another
example of this stability was found when an ice-cooled
solution of GA (1) was treated with sodium dichromate in
concentrated sulfuric acid, which simply oxidized the hydroxy-
lactone to give oxolactone 9. The latter compound was a
source of confusion: The 1H NMR of 9 showed the familiar
nine-proton tert-butyl singlet, whereas signals from an a-
ketolactone were not observed in the UVor CD spectra. The
electronic data were measured with a sample left for some
time, and it turned out that during this period an unexpected
photocyclization of 9 to photodehydro-GA 10 (Scheme 1) had
taken place. Similarly, remeasurement of the 1H NMR
spectrum showed that the tert-butyl group had disappeared
and had been replaced by a geminal dimethyl group. These
unusual spectroscopic and photochemical properties of dehy-
dro-GA were subsequently clarified.[69,70]

The absolute configuration of ginkgolides was determined
based on the octant rule analysis of 7-oxo-GC 10-monomethyl
ether and another ketone derivative by Maruyama et al.[59]

Figure 4. Polymorphic crystals of ginkgolide C obtained by fractional
recrystallization (cm scale).

Scheme 1. Transformations of GA (1) used in the structure determina-
tion, demonstrating the remarkable stability of the ginkgolide skeleton.
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Okabe and co-workers treated GA (1) with p-bromobenzoyl
bromide to give prismatic crystals of 3-mono-p-bromoben-
zoate, which were submitted to crystallographic studies.[63]

Initially, there was a discrepancy in the reported structures of
GB (2) and GC (3) with respect to the relative stereo-
chemistry of the hydroxy group at C1, as Maruyama et al.
concluded that the hydroxy group was in the a configura-
tion,[59] whereas Okabe and co-workers suggested it to be in
the b configuration.[62] Detailed NMR spectroscopic studies[71]

and X-ray crystal structures of GB (2) and GC (3)[72,73]

confirmed the a configuration of 1-OH. Subsequent X-ray
crystal structures of GA (1), GB (2), and GC (3) revealed that
the overall structures of these molecules are remarkably
similar. However, there is a slight difference between the
conformation of GA (1) and those of GB (2) and GC (3),
owing to intramolecular hydrogen bonds in GB and GC,
primarily between 1-OH and 10-OH, but also between 1-OH
and 3-OH.[72,73] Recently, more-accurate X-ray crystal struc-
tures of GA (1), GC (3), and GJ (4) obtained at 120 K[74]

showed that the overall conclusions regarding the structure of
the ginkgolides were as previously reported.[72, 73]

A structure related to the ginkgolides, but with the
empirical formula C15H18O8 was isolated from the leaves of
G. biloba by Major.[8] A few years later Weinges and BLhr
reported that the same compound, which they named
bilobalide (BB, 6, Figure 3), also contained the characteristic
tert-butyl group, as well as a secondary and a tertiary hydroxy
group.[75] Through a collaborative effort by Major, Weinges,
Nakanishi and co-workers, the structure was determined in
1971, showing that, like the ginkgolides, it contained three
lactones and a tert-butyl group, but only one carbocycle.[76,77]

Bilobalide (6) is thus closely related to the ginkgolides and is
the most abundant TTL in the EGb 761 extract.Weinges et al.
obtained an X-ray crystal structure of BB (6) in 1987, which in
combination with CD studies, was used to confirm the
stereochemistry of the hydroxy groups.[78]

2.2. Isolation and Quantification

In the original reports describing the isolation and
structure elucidation of TTLs, several extractions of root
bark or leaves, followed by chromatography, and 10–15
rounds of fractional recrystallization were required to
obtain the individual TTLs in pure form. Subsequently,
considerable effort was invested to simplify the isolation
and quantification of TTLs, as recently reviewed by van
Beek.[79,80]

The first step in obtaining pure TTLs is extraction from
the leaves. In most cases, various water-containing solvent
systems such as water/acetone or water/methanol are used.
Apolar constituents are excluded, whereas all of the TTLs are
collected, including GB (2), which is only scarcely soluble in
water. Basic extractions should be avoided owing to the
instability of BB (6) in solutions with pH> 7.[80] Recently, an
improved extraction of TTLs that takes advantage of their
stability under a variety of conditions, such as oxidation and
heat, was developed.[81] During this process, the leaves are
boiled for 1 hour in dilute hydrogen peroxide, followed by

extraction with ethyl acetate to generate an off-white powder
with a TTL content of 60–70%.[81] The treatment with
hydrogen peroxide removes the constituents that lead to
extensive emulsions in the extraction steps, thus greatly
shortening the process.

With a crude mixture of TTLs in hand, a true challenge is
to separate the individual ginkgolides and bilobalide.
Whereas bilobalide is relatively easily separated from the
ginkgolides by using standard column chromatography, the
separation of the individual ginkgolides is far from trivial. Not
only do the ginkgolides differ only by one or two hydroxy
groups, but in some cases these hydroxy groups are involved
in hydrogen bonding (e.g. 1-OH and 10-OH, Figure 3), and
therefore do not significantly alter the overall polarity of the
molecule. A simple improvement in the separation was
reported by van Beek and Lelyveld in which the hydrogen
bonds are disrupted by using silica gel impregnated with
sodium acetate. This technique is coupled with preparative-
scale medium-pressure liquid chromatography (MPLC)[82]

and TLC detection of TTLs.[83] In the purification step, the
labile nature of BB (6) is also a concern, as it degrades on
alumina columns.[84] Quantitative 1H NMR spectroscopic
analysis was used as a convenient method to determine the
amount of TTLs in various preparations;[85] since the signals
for the 12-H of TTLs[86] are distinct and well-separated,
integration intensities of these signals are then compared to
that of maleic acid (MA; Figure 5).[87] This remains the best

method for determining the relative contents of various
ginkgolides, as well as the purity of the isolated ginkgolides.

TTLs lack common chromophores and therefore UV
detection is not suitable. Other detection methods, such as
refractive index (RI), evaporation light-scattering detection
(ELSD), and MS have been utilized. The first reported
separation and quantification of TTLs, however, involved
conventional HPLC/UV detection.[88] RI detection was suc-
cessfully applied later.[89, 90] Although UV detection is often
preferred[91] as it demonstrates better sensitivity than RI
detection, the selectivity is superior when using RI.[79] Several
recent reports describe LC/MS to separate and quantify TTL
content in variousG. biloba extracts, as well as in plasma after

Figure 5. Quantitative 1H NMR spectroscopic analysis is an efficient
and simple method to determine the amount of TTLs in a mixture.
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intake of G. biloba extract. The major difference in the
detection systems lies in the MS procedures used, which could
be electrospray ionization (ESI)[92] or atmospheric-pressure
chemical ionization (APCI).[93,94] Recently, LC/MS (ESI) was
used for analysis of commercial G. biloba products in which
large variations in the composition and concentration of TTLs
were observed.[95] As an alternative to MS, ELSD was also
successfully applied to quantify TTLs in G. biloba
extracts.[96, 97]

3. Biosynthesis

Because of their complex framework, it was not immedi-
ately clear to which structural category ginkgolides belong.
Biosynthetic studies with [2-14C]acetate and d,l-[2-
14C]mevalonate appeared to suggest that the overall terpe-
noid origin of ginkgolides involved the two conventional
precursors, dimethylallyl pyrophosphate (Scheme 2, DMAPP,
11) and isopentenyl pyrophosphate (IPP, 12).[98] Until
recently, DMAPP and IPP were thought to be biosynthesized
through the conventional mevalonate pathway, during which
three molecules of acetyl coenzyme A react and are reduced
to give mevalonic acid, which is then phosphorylated,
followed by elimination of phosphate and CO2 to give
DMAPP and IPP. However, recent biosynthetic studies led
to the surprising discovery of a non-mevalonate pathway. The
earlier mevalonate pathway described by Nakanishi and
Habaguchi[98] turned out to be a minor pathway for ginkgolide
biosynthesis.

Rohmer[99] used 13C NMR spectroscopy as the major tool
to show the surprising existence of an alternative path, the
non-mevalonate or deoxyxylolose phosphate pathway, in
which pyruvate (13) and glyceraldehyde 3-phosphate (14)
react to produce 2C-methyl-d-erythritol 2,4-cyclodiphosphate
(15), and ultimately DMAPP (11) and IPP (12)
(Scheme 2).[100,101] Independently, Arigoni and Schwarz[102]

studied the biosynthesis of ginkgolides with a G. biloba
embryo system and 13C-labeled glucose. They showed that
ginkgolides were biosynthesized through the non-mevalonate
pathway. These comprehensive biosynthetic studies led to the
discovery of a novel metabolic pathway for ginkgolides that
could be quite widespread. Initially, IPP and DMAPP react to
produce the universal diterpene precursor geranylgeranyl
pyrophopshate (GGPP, 16), which is converted into a tricyclic
intermediate, levopimaradiene. This leads to dehydroabie-
tane (17), which is transported from the plastids into the
cytoplasm. Compound 17 is then converted into the ginkgo-
lides through a complex series of reactions involving several
oxidation steps, probably with 18 as an intermediate
(Scheme 2).[102]

In another set of studies, 14C-labelled CO2 was incorpo-
rated into ginkgolides and bilobalide, and the chronology of
labeling indicated an in situ bioconversion of GA (1) into GC
(3). Similar studies suggested dehydroabietane (17) as a
biosynthetic precursor of TTLs.[103, 104] Labeling with [U-
14C]glucose indicated that all the biosynthetic steps to the
ginkgolides take place in the root, and the products are then
translocated to the leaves.[103] On the other hand, another
study by Carrier et al. monitored the incubation of [1-14C]IPP
into farnesyl pyrophosphate (FPP) and GGPP (16) and
correlated this with the presence of TTLs. It was concluded
that ginkgolides were synthesized in the aerial parts of the
plant.[105]

Recently, a cDNA that encodes G. biloba levopimara-
diene synthase, a diterpene synthase involved in ginkgolide
biosynthesis, was isolated and characterized.[106] G. biloba
levopimaradiene synthase is responsible for a multistep
reaction sequence that converts GGPP (16) into levopimar-
adiene,[106] a double-bond positional isomer of abietadiene
isolated from G. biloba seedlings.[104] The cloning and iso-
lation of this enzyme, together with cloning of other
biosynthetic genes, could provide a route for the large-scale
production of ginkgolides.

Scheme 2. Biosynthesis of ginkgolides through the non-mevalonate pathway.�P =PO3
2�.
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4. Synthetic Studies

Since the discovery of their complex structures in 1967,
TTLs have attracted great interest as targets for total
synthesis, an area pioneered by Corey (Figure 6). The

ginkgolide skeleton consists of six highly oxygenated rings,
10–12 stereogenic centers, and a unique tert-butyl group, thus
providing a formidable synthetic chal-
lenge. When GB (2) was shown to be a
potent antagonist of the platelet-activating
factor (PAF) receptor, a large number of
ginkgolide derivatives were prepared for
structure–activity relationship (SAR)
studies. Furthermore, numerous synthetic
studies involved approaches to radiola-
beled, acetylated, and glycosylated gink-
golides and ginkgolides with a rearranged
skeleton. NMR titration studies of gink-
golides were used to determine their pKa

values.

4.1. Total Syntheses
4.1.1. Bilobalide

In 1984 Corey and Kang reported the
first progress towards the total synthesis of
bilobalide (BB, 6, Figure 3). They descri-
bed a general approach to the synthesis of
polycyclic g-lactones, as illustrated with
the synthesis of dilactone 23 from ketoacid
19 (Scheme 3).[107] Corey and Su then

reported the total synthesis of bilobalide in 1987.[108] Bicyclic
ketone 25, which contains all the carbon atoms of bilobalide
was prepared by generating the dianion of 24 with lithium
diisopropylamide (LDA) and hexamethylphosphoramide
(HMPA), followed by treatment with phenyl 3-tert-butylpro-
piolate in a previously developed annulation reaction
(Scheme 4).[109] Reduction of 25 with sodium borohydride
afforded 26, which was converted into lactol 27 by ozonolysis
and reduction. This product was treated with p-toluenesul-
fonic acid (p-TsOH) to give 28, which in two steps was
converted into dialdehyde 29 by reduction with lithium
aluminum borohydride and subsequent Swern oxidation.
Treatment of 29 with dilute hydrochloric acid gave epimeric
lactols, which were oxidized with pyridinium dichromate
(PDC) to give 30. Exposure of 30 to aqueous potassium
hydroxide, THF, and ethanol led to a remarkably selective
replacement of the methoxy substituent with a hydroxy group,
followed by chlorination and elimination to give 31. The two

Figure 6. Ginkgo biloba leaves featured on the cover of Angewandte
Chemie, International Edition in English (Issue 5, 1991) containing the
Nobel lecture by E. J. Corey.

Scheme 3. A general method for the synthesis of polycyclic g-lactones.

Scheme 4. Total synthesis of BB (6) by Corey et al.
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double bonds in 31 were stereospecifically converted into
epoxides by treatment with peroxy-3,5-dinitrobenzoic acid to
give 32, which in a sequence of steps involving a selective
hydroxylation, acetylation, oxidations, and hydrolysis was
converted into trilactone 33 (Scheme 4). Deacetylation and
hydrogenolysis of the epoxide of 33would provide BB (6), but
this could not be achieved directly. Instead, 33 was deoxy-
genated, to yield anhydro bilobalide acetate (34), which was
identical to that previously described.[76] Dihydroxylation of
34 with osmium tetraoxide, followed by deoxygenation of 2-
OH gave bilobalide 6-acetate (35), which upon exposure to
3n HCl gave BB (6). Thus BB (6) was synthesized in 23 steps
from 24 (Scheme 4). A stereoselective route to BB (6) was
reported subsequently in which (+)-menthol was used as a
chiral auxiliary in an enone similar to 24.[110]

A few years later another total synthesis of BB (6) was
reported by Crimmins et al., which included two slightly
different routes to solve the problem.[111,112] In the first
approach, an intermediate from the Corey synthesis, com-
pound 32 (Scheme 4), was synthesized in 19 steps from 3-
furaldehyde by using Sharpless epoxidation, a stereoselective
intermolecular [2+2] reaction, and a regio-
selective Baeyer–Villiger oxidation as key
transformations, thus formally completing
the total synthesis of BB (6). In another
approach in which similar transformations
were used, the total synthesis of BB (6) was
accomplished in 17 steps, significantly short-
ening the synthesis (Scheme 5). In four
steps, 3-furaldehyde was converted into
aldehyde 36, which was treated with enol
ether 37 in a stereoselective aldol conden-
sation to give enone 38. Enol pivalate 39 was
converted into 40 in an intramolecular,
stereoselective [2+2] photocycloaddition,
with subsequent hydroxylation to provide
41. Cleavage of the cyclopentane ring, and
formation of acetal 42 was completed in
85% yield, followed by reduction of the
esters to give 43, which was oxidized to
furnish cyclobutanone 44. Treatment of 44

with m-chloroperbenzoic acid (MCPBA) in a regioselective
Baeyer–Villiger oxidation led to 45, which provided the basic
skeleton of BB (6). The total synthesis was completed by
treatment with the Jones reagent to give dilactone 45
(Scheme 5), followed by two more oxidations with dimethyl-
dioxirane and the Jones reagent.

4.1.2. Ginkgolides

The first attempt at a total synthesis of ginkgolides was
reported byWeinges et al. ,[113] who synthesized compound 48,
a spiro carbocycle ring system fused with a tetrahydrofuran
ring similar to the ABD ring system of ginkgolides, but
lacking the tert-butyl group (Scheme 6). The synthesis
involved the reaction of 6-hydroxyspiro[4.4]nonan-1-one
(47) in a three-step sequence involving a Grignard reaction,
reduction, and cyclization. In 1987, Vilhauer and Andersson
synthesized the CDE ring system (54, Scheme 6) of the
ginkgolide skeleton;[114] epoxide 49 was converted into
lactone 50 by treatment with dimethyl malonate, followed
by a Krapcho decarbomethoxylation and two consecutive

Scheme 5. Total synthesis of BB (6) by Crimmins et al. Pv=pivaloyl, TMS= trimethylsilyl, TBDMS= tert-butyldimethylsilyl, MCPBA=meta-chloro-
perbenzoic acid.

Scheme 6. Initial synthetic studies on ginkgolides.
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alkylations with benzyl bromide and tert-butyl bromoacetate
to give 51. Deprotection of the acid and subsequent reduction
of the lactone, cyclization, and cleavage of the benzyl
protecting group gave 52, which was unstable. Treatment
with p-TsOH and aqueous acid gave a hemiacetal that was
oxidized to 54 with PDC (Scheme 6).[114] Pattenden and co-
workers subsequently reported intramolecular radical cycli-
zation reactions as synthetic entries into the spiro- and linear-
fused lactone ring systems found in the ginkgolides.[115,116]

Later, DeLuca and Magnus synthesized a substituted spiro-
nonane skeleton, similar to that of the TTLs.[117]

Corey and co-workers completed the total syntheses of
both GA (1)[118] and GB (2)[119] in 1988. The classic total
synthesis of GB (2) has been extensively reviewed else-
where[120–122] and only the key transformations are highlighted
herein (Scheme 7). A spirocyclic ring system composed of
rings B and C of GB (2, Figure 3) was constructed from 2-(2,2-
dimethoxyethyl)-cyclopent-2-enone (55) by a 1,4-addition of
a tert-butyl cuprate reagent, followed by a Mukaiyama
condensation after treatment with 1,3,5-trioxane and titanium
chloride to give 56 (Scheme 7) using the tert-butyl moiety as a
directing group for the ring closure. A sequence of steps
involving a palladium-mediated Sonogashira coupling, an
intramolecular ketene–olefin [2+2] cycloaddition, and a
Baeyer–Villiger oxidation furnished intermediate 57, which
contains four of the six rings in GB (2). For the formation of
the tetrahydrofuran moiety, ring D, the reactivity of ring C
was modified by introduction of dithiane 58, and intra-
molecular etherification provided 59 in five steps. Oxidation
of ring A and elimination in ring C furnished 60, which was
selectively oxidized to provide an epoxyketone in ring A. This
was followed by an intermolecular aldol condensation and
lactonization with concomitant opening of the oxirane to give
61 with all six rings of GB (2) in place. The total synthesis was
completed by dihydroxylation of the double bond in ring C
and oxidation to GB (2, Scheme 7). Later, Corey and co-
workers suggested an enantioselective route to GB (2) by
synthesis of a key intermediate,[123] and various ginkgolide
derivatives were also synthesized.[124,125]

Recently, a novel synthesis of GB (2) was reported by
Crimmins and co-workers. Their first progress towards the
total synthesis of ginkgolides was described in 1989,[126] with
the development of an intramolecular cycloaddition reaction

that efficiently generated the multiple-ring skeleton of
ginkgolides (Scheme 8). The synthesis started from furan
enone 62, which is very similar to intermediate 39 (Scheme 5)

encountered in the synthesis of BB (6). Furan enone 62
underwent intramolecular photocycloaddition upon irradia-
tion at > 350 nm to give tetracyclic 63, analogous to rings A,
B, and C of GB (2), as a single diastereomer. Inversion of the
MOM-protected alcohol and formation of a bridging lactone
gave 64, and ring expansion of the cyclobutane into a
tetrahydrofuran system in six steps gave the desired 65
(Scheme 8), which is comparable to compound 60
(Scheme 7), but lacks crucial functional groups and the tert-
butyl group.[126]

In a recently completed total synthesis of GB (2,
Scheme 9), a photocycloaddition was again used as a key
transformation.[127, 128] First, 66 was treated with a zinc–copper
homoenolate to give 67, which was then subjected to
irradiation at 366 nm in hexanes, leading to 68 in high yield
and excellent diastereoselectivity, establishing two quaternary
centers and rings A, B, and C of GB (2) (Scheme 9). In three
steps, lactone ring F was generated by hydrolysis of the
triethylsilyl ether, mesylation of the resulting alcohol, and
treatment with pyridinium p-toluenesulfonic acid (PPTS) to
give 69 in 63% overall yield. X-ray crystallography of a single
crystal of 69 confirmed the proposed stereochemistry. Com-

pound 69 was converted into 70
over five steps. Cyclization to
form the THF ring by treatment
of 70 with LDA, followed by
exposure to camphorsulfonic
acid (CSA), gave 71. Treatment
of 71 with PPTS led to deme-
thoxylation in ring C. Subsequent
Sharpless epoxidation and addi-
tion of p-TsOH gave a precursor
described by Corey, compound
61 (Scheme 7). Two steps were
required to complete the total
synthesis of GB (2) from 61
(Scheme 9).

Scheme 7. Highlights of the total synthesis of GB (2) by Corey and co-workers.

Scheme 8. A photocycloaddition reaction developed and used in syn-
thetic studies on ginkgolides. MOM=methoxymethyl.
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4.2. Synthetic Modification of Parent Compounds

Besides the efforts directed at the total synthesis of
ginkgolides and bilobalide from readily available starting
materials, numerous synthetic modifications of the parent
compounds have been carried out. In particular, several
derivatives have been prepared for SAR studies at the PAFR
(see Section 5.1.2).

There has been some interest in converting GC (3) into
GB (2), the most potent ginkgolide PAFR antagonist, and two
approaches have been published. First, Weinges and Schick
described a four-step procedure in which the 1-OH group of
GC (3) was protected as a tert-butyldiphenylsilyl (TBDPS)
ether prior to treatment with phenyl chlorothionoformate to
give 74 (Scheme 10). This compound was then treated with
Bu3SnH and azobisisobutyronitrile (AIBN) in a Barton–
McCombie alcohol deoxygenation, and GB (2) was liberated
by removal of the silyl protecting group.[129] Similarly, Corey
et al. protected GC (3) as a benzyloxymethyl (BOM) ether at
10-OH (73, Scheme 10), and followed a similar path to form
GB (2).[130] A very convenient, two-step procedure was
described in a patent by Teng[131] in which GC (3) was treated
with triflic anhydride to yield exclusively 7-O-triflate-GC
(76), which was reduced with Bu4NBH4 to give GB (2)
(Scheme 10).

The different reactivities of the 1-, 7-, and 10-OH groups
of the ginkgolides are noteworthy: A bulky silyl group reacts

preferentially at 1-OH, whereas all benzyl reagents react at
10-OH and triflic anhydride reacts exclusively at 7-OH.
Similarly, it was recently shown that acetylation, which
generally takes place at 10-OH, takes place at 7-OH of GC
(3) under strongly acidic conditions.[132] Generally, 1- and 10-
OH are the most reactive OH groups owing to the hydrogen
bonding between the two and hence the relative ease of
formation of a delocalized alkoxy anion.[130,132] The increased
reactivity of 7-OH towards sulfur nucleophiles may be due to
the soft-atom nature of sulfur.

During the structural studies of ginkgolides and biloba-
lide, several analogues were synthesized, some of which were
mentioned in Section 2.1. Acetylated ginkgolides and biloba-
lide[76,77] were described, as well as the so-called iso-deriva-
tives, which stem from a translactonization of ring E in
ginkgolides (Figure 3). Recently, an X-ray crystal structure of
the iso-derivative 1,6,10-triacetate-isoGC (77, Scheme 11)
was obtained, and a mechanism for the formation of iso-
derivatives that includes opening of ring E, stabilization of the
intermediate by hydrogen bonding to 3-OH, and capture by
acetic anhydride was suggested (Scheme 11).[132] A similar
translactonization was described by Weinges et al. upon
acetylation of BB (6) and during the preparation of various
acyl derivatives of BB.[78]

Weinges et al. carried out numerous synthetic studies of
ginkgolides and bilobalide.[133–138] A recent study described an

Scheme 9. Total synthesis of GB (2) by Crimmins and co-workers. TES= triethylsilyl.

Scheme 10. Transformations of GC (3) into GB (2). BOM=benzyloxymethyl.
Scheme 11. Mechanism for translactonization of GC (2) to 1,6,10-tri-
acetate-isoGC (77).
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approach to the preparation of radiolabeled analogues of
ginkgolides, in this case [14C]GA, although the actual radio-
ligand was not synthesized.[139] GA (1) was partially degraded
as previously described,[135, 136,138] and this was followed by
incorporation of the lithium enolate of methyl propionate,
which could be [14C]-labeled, and subsequent ring closure to
give GA (1).[139]

When ginkgolides are tested in pharmacological assays it
is usually necessary to make a concentrated stock solution of
the compound in dimethyl sulfoxide (DMSO), owing to their
low solubility in water. DMSO may cause problems in certain
assay systems,[140] although such effects are not uniformly
observed.[141] To increase the water solubility of ginkgolides,
Weber and Vasella synthesized glycosylated ginkgolide ana-
logues.[142,143] Glycosidation was carried out by reaction of
ginkgolides with a glycosylidene-derived diazirine to give a
large number of glycosylated analogues. Intra- and intermo-
lecular bonds of these analogues, as well as the parent
ginkgolides, were studied by 1H NMR spectroscopic analy-
sis.[144]

Ginkgolides contain three lactones (rings C, E, and F,
Figure 3) and hence their structures in solution are highly
dependent on the pH value of the media in which they are
dissolved. Zekri et al. determined the ionization constants of
ginkgolides by 1H NMR titrations,[145] which showed that the
lactones start to open at around pH 7. At pH 8, the predom-
inant species (� 50%) is the form in which only ring F is open;
ring E is open to a lesser extent (� 20%). An increase in the
pH value to 10 opens both rings E and F (� 90%). Only
at pH 13 is the species with all the lactones open present
(� 40%), although about 60% is still in the form with only
rings E and F open.

5. Pharmacological Effects

In contrast to the wealth of studies on G. biloba extracts,
far fewer studies have looked at the effect of the individual
components of these extracts, in particular the flavonoids and
TTLs. Flavonoids and TTLs are believed to be responsible for
most of the pharmacological properties of G. biloba extracts,
and it has been suggested that synergistic effects might be of
importance. In any event, studying the effects of the
individual components of G. biloba extract is essential for
providing thorough scientific documentation of potential
therapeutic effects of G. biloba. A major concern is the
bioavailability of these components. It is assumed that the
bioavailability of flavonoids is very low,[21] whereas TTLs, in
particular GA (1) and GB (2), are nearly completely
bioavailable.[146–148] This further underscores the importance
of TTLs when looking into effects of G. biloba constituents.

5.1. Ginkgolides and the PAF Receptor

In 1985, it was discovered that ginkgolides, particularly
GB (2), are antagonists of the platelet-activating factor (PAF)
receptor.[149,150] This led to an extensive investigation into the
clinical applications of GB (BN52021) as a PAFR antago-

nist,[13] but, like all other antagonists of PAFR, GB (2) was
never registered as a drug, primarily due to lack of efficacy.
The clinical studies, however, showed that GB (2) was well-
tolerated and showed very few, if any, side effects. Today, the
most intensively studied activity of TTLs is that of the
interaction between GB (2) and the PAFR.

5.1.1. The PAF Receptor

The PAFR is a member of the G protein-coupled receptor
(GPCR) family and has been identified in a number of cells
and tissues, including those in the CNS. In mammalian brains,
maximal expression levels were found in the midbrain and
hippocampus, with lower levels in the olfactory bulb, frontal
cortex, and cerebellum.[151] PAF (1-O-alkyl-2-acetyl-sn-glyc-
ero-3-phosphocholine, 78, Figure 7), the native phospholipid
agonist of the PAFR, is a potent bioregulator that is involved

in the modulation of various CNS and peripheral proc-
esses.[152] PAFR antagonists have been suggested as treat-
ments for various inflammatory diseases, and were pursued by
several pharmaceutical companies as antiinflammatory
agents. To date, however, no PAFR antagonist has been
registered as a drug, but recent evidence indicates that a
combination of antibiotics and PAFR antagonists may be a
potential treatment of respiratory infections.[153]

PAF is involved in several events in the CNS, including
modulation of long-term potentiation (LTP),[154–157] increase
in intracellular Ca2+,[158] and immediate early gene expres-
sion.[159–161] In LTP, PAF is believed to act as a retrograde
messenger.[154] However, PAFR tests on knock-out mice led to
different observations: Shimizu and co-workers showed that
the PAFR is not required for LTP in the hippocampal CA1
region,[162] whereas Chen et al. showed that LTP was attenu-
ated in hippocampal dentate gyrus neurons.[163]

The mechanism by which the PAFR and PAFare involved
in the CNS is unclear,[164] but the PAFR was recently
suggested as a target for slowing the progression of neuro-

Figure 7. Structures of PAFR ligands.
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degenerative diseases[165] and is therefore an important target
in unraveling the neuromodulatory effects of TTLs.[166, 167]

5.1.2. SAR Studies of Ginkgolides

A remarkable feature of PAFR antagonists is their
structural diversity, ranging from WEB2086 (79) and pho-
mactin A (80) (Figure 7) to ginkgolides, all structurally very
different from PAF, but still competitive antagonists. Until
recently, SAR studies of ginkgolides on the PAFR focused on
derivatives of ginkgolide B (GB, 2), the most potent antag-
onist of the PAFR, and in all these cases, the derivatives were
evaluated for their ability to prevent PAF-induced aggrega-
tion of blood platelets (in rabbits).

In the initial description of the ability of ginkgolides to
inhibit the PAFR, it was shown that GB (2) was the most
potent TTL (IC50= 0.25 mm), GA (1) was slightly less potent,
and GC (3) was a very weak antagonist (Table 1).[149] A few
years later, methoxy and ethoxy analogues of GA (1), GB (2),
and GC (3) were prepared in which the alkyl groups were
introduced at C1 or C10 by reaction with diazoalkane to yield
mixtures of 1- and 10-substituted analogues, which were
separated by column chromatography.[168] Interestingly, 1- and
10-methoxy analogues of GB (2) were equipotent to GB (2),
whereas the corresponding ethoxy analogues were less
potent. The 10-substitued analogues of GA (1) were signifi-
cantly less potent than GA (1), whereas methyl analogues of
GC were more potent, and ethyl analogues were equipotent
to GC (3) (Table 1).

Corey et al. investigated various intermediates in the total
syntheses of GA (1) and[118] GB (2)[119] and found that the
lactone F (Figure 3) was not essential for activity and could be
replaced by other lipophilic groups,[169] whereas the unique
tert-butyl group was critical for activity.[125] Vilhauer and
Anderson synthesized 54 with the CDE ring system of

ginkgolides (Section 4.1.2, Scheme 6) and investigated its
ability to antagonize the PAFR.[114] This moiety of the
ginkgolide structure was found to be ineffective as a PAFR
antagonist, which provided important information about
structural requirements for PAFR inhibition by the ginkgo-
lides.

The most comprehensive SAR study on ginkgolides and
PAFR was performed by Park et al., who synthesized more
than 200 derivatives of GB (2), with particular focus on
aromatic substituents at 10-OH.[170] These derivatives were
generally synthesized by treatment of GB (2) with a base and
a benzyl halide derivative to provide, in most cases, selective
derivatization at 10-OH. Most of the 10-O-benzylated
derivatives were more potent than GB (2) (IC50= 0.258 mm),
for example, 10-(3,5-dimethyl-2-pyridinyl)-methoxy-GB
(IC50= 0.0245 mm) was tenfold more potent than GB (2).
The same group also investigated elimination products of GB
as well as derivatives bridged between 1- and 10-OH, but all
these analogues were much less potent than GB (2).[171] Hu
et al. used a slightly modified procedure to prepare GB (2)
derivatives, many of which were identical to those synthesized
by Park et al. Not surprisingly, they also obtained benzylated
GB derivatives that were more potent than GB (2).[172,173]

Later, Hu et al. prepared various degradation and elimination
products of GA (1) and GB (2) as well as amide derivatives
that lack rings C and D (Figure 3), but in all cases decreased
PAFR antagonism was observed.[174,175]

One goal of SAR studies is to put forward a pharmaco-
phore model that can elucidate the activities of synthesized
derivatives as well as predict the activity of novel derivatives.
A three-dimensional quantitative SAR (3D-QSAR) study[176]

was attempted for ginkgolides and the PAFR, using compa-
rative molecular field analysis (CoMFA) and 25 ginkgolide
analoues, mainly those synthesized by Corey et al.[118, 119,169] In
agreement with the SAR studies recently described, this
pharmacophore model predicted that substituents at 10-OH
of GB would improve activity. Moreover, a density functional
theory (DFT) calculation of the geometry of GB (2)
confirmed the X-ray crystal structure. The same calculation
was also used to predict certain IR stretching bands.[177]

Clarification of the interactions between ginkgolides and
PAFR at the molecular level can be carried out with
photolabeling techniques. Therefore, we recently prepared
photoactivatable derivatives of GB (2) and GC (3)[141] and
generated highly potent analogues with 4-(bromomethyl)-
benzophenone (81), trifluoromethyldiazirine (82), and tetra-
fluorophenyl azide (83) groups at the 10-OH position of GB
(Figure 8) as the most active (Ki= 90–150 nm). These deriv-
atives are promising tools for characterizing the PAFR–
ginkgolide interaction. This study also provided the first
evaluation of the interaction of ginkgolides with a cloned
PAFR by means of a radioligand-binding assay. In another
recent study, the effect of acetate derivatives of ginkgolides
was investigated which showed that acetylation generally
decreases the antagonistic effects at the PAFR,[132] thereby
suggesting that GB diazoacetates would likely not be useful
for photolabeling studies. Most recently, a study of the effect
of substitutions at the C7 of the ginkgolides showed that in
contrast to previous reports, very potent ginkgolide deriva-

Table 1: Pharmacological activity of methoxy and ethoxy analogues of GA
(1), GB (2), and GC (3).

Compounds R1 R2 R3 IC50 [mm]

GA (1) H H H 0.74
GB (2) OH H H 0.25
GC (3) OH H OH 7.1
10-Me-GA H CH3 H 13
10-Et-GA H CH3CH2 H 62
1-Me-GB OCH3 H H 0.66
10-Me-GB OH CH3 H 0.29
1-Et-GB OCH3CH2 H H 1.1
10-Et-GB OH CH3CH2 H 7.2
1-Me-GC OCH3 H OH 4.2
10-Me-GC OH CH3 OH 3.0
1-Et-GC OCH3CH2 H OH 8.5
10-Et-GC OH CH3CH2 OH 9.3
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tives could be prepared by introducing chlorine, for example,
7-chloro-GB (Ki= 110 nm) is eightfold more potent than GB
(2).[178]

The large number of ginkgolide derivatives that have been
prepared and tested for their ability to antagonize the PAFR
have led to a clearer understanding of the required structural
features (summarized in Figure 9). Further investigation is
required to determine the molecular structural interaction of
TTLs with the PAFR as well as the potential physiological
effects in the CNS functions.

5.2. Ginkgolides and Glycine Receptors

Until very recently, the only specific target for ginkgolides
has been the PAFR, whose importance to CNS function is not
clear. Therefore, the recent finding that GB (2) is a potent and
selective antagonist of glycine receptors (GlyRs)[179–181] pro-
vided the first indications as to how ginkgolides may exert
their effect in the CNS. The GlyRs are found primarily in the
spinal cord and brain stem, but also in higher brain regions
such as the hippocampus. They are, together with g-amino-
butyric acid receptors (GABAARs), the main inhibitory
receptors in the CNS.[182, 183] Both GlyRs and GABAARs are

ligand-gated ion channels that, together with nicotinic
acetylcholine (nACh) and serotonin (5-HT3) receptors, con-
stitute a superfamily of membrane receptors that mediate fast
chemical synaptic transmission in the CNS.[184] GlyRs share
several structural similarities with these receptors, including a
pentameric arrangement of subunits, each composed of four
transmembrane domains (M1–M4) and an extracellular N-
terminal 15-residue cysteine-loop motif.[185] Recently, there
has been a renewed interest in ligands for GlyRs, as
modulators of GlyR function could be used as muscle
relaxants, as well as sedative and analgesic agents.[186]

Electrophysiological studies showed that GB (2) antago-
nizes glycine receptors in neocortical slices[181] and hippo-
campal cells,[179] and that the inhibition is noncompetitive,
use-dependent, and probably voltage-dependent, thus sug-
gesting that GB (2) binds to the central pore of the ion
channel. It was also shown that GC (3) and GM (5) were
almost equipotent to GB (2), whereas GA (1) and GJ (4)
were significantly less potent,[180,181] suggesting an important
function of the 1-OH group present in GB (2), GC (3), and
GM (5), but absent in GA (1) and GJ (4). This assumption
was corroborated by molecular modeling studies which
showed a striking structural similarity between picrotoxinin,
an antagonist of both GABAARs and GlyRs, and ginkgo-
lides.[181] Thus, ginkgolides are highly useful pharmacological
tools for studying the function and properties of GlyRs.
However, the antagonism of inhibitory receptors might have
serious implications for people taking G. biloba extract (see
Section 5.5).

5.3. Ginkgolides and the Peripheral Benzodiazepine Receptor
(PBR)

Benzodiazepines are used clinically as anticonvulsants
and anxiolytics, effects that are mediated through binding to a
specific benzodiazepine site on GABAARs located in the
CNS. Benzodiazepines, however, also bind to receptors
located mainly in peripheral tissues and glial cells in the
brain. These receptors are called peripheral benzodiazepine
receptors (PBRs)[187,188] and are typically located on the outer
membranes of mitochondria. The function of PBRs is not
entirely clear, but they have been suggested to be involved in
steroidogenesis, cell proliferation, and stress and anxiety
disorders. The latter theory is supported by an increase in the
number of PBRs in specific brain regions in neurodegener-
ative disorders and after brain damage.[187]

Several studies have shown that ginkgolides, particularly
GA (1) and GB (2), can modulate PBRs. Initially it was
shown that the ligand-binding capacity of PBRs decreased
with decreasing protein and mRNA expression.[189] This led
the authors to suggest that the neuroprotective effects of GA
(1) and GB (2) could be explained by their effect on
glucocorticoid biosynthesis.[189, 190] Recent studies have
shown that the primary action of GB (2) is the inhibition of
PBR expression,[191] which is mediated through binding to a
transcription factor, and it has been suggested that GB (2)
regulates excess glucocorticoid formation through PBR-
controlled steroidogenesis.[192,193]

Figure 8. Photoactivatable analogues of ginkgolides.

Figure 9. Summary of the SAR studies on ginkgolides and the PAFR.
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5.4. Various Effects of the Ginkgolides

The interactions of ginkgolides with the PAFRs, GlyRs,
and PBRs described above are the best-characterized inter-
actions of ginkgolides with targets found in the CNS. Varying
effects of ginkgolides were observed in numerous assays with
different tissues and conditions. None of these studies
provided a clear-cut target for ginkgolides, but instead
introduced a vast number of different pharmacological effects
that may or may not be related to the targets described.

Several studies have indicated that ginkgolides protect
against various CNS incidents, such as ischemia and cerebro-
vascular and traumatic brain injury, as well as inflamma-
tion.[18] GB (2) is believed to interfere with postischemic
production of free oxygen radicals,[194] and it has been shown
that GA (1) and GB (2) decreases glutamate-induced damage
of neuronal[195] and hippocampal cells.[196] One study credited
GB (2) with protection against the decrease in hippocampal
Ca2+/calmodulin-dependent protein kinase II (CaMKII)
activity after cerebral ischemia.[197] This is interesting as
CaMKII is believed to be involved in LTP, and this could
provide an explanation for the neuromodulatory effects of
ginkgolides.

GA (1) and GB (2) were recently shown to reduce the
amount of potentially cytotoxic nitric oxide produced by
inducible nitric oxide synthase (iNOS),[198] an effect also
observed for BB (6). Similarly, ginkgolides were shown to
have cardioprotective effects, with GA (1) being the most
effective.[194, 199] To prove that this effect was not related to
PAFR antagonism, a GC (3) derivative with a tolyl group at 7-
OH was synthesized. This derivative showed improved
cardioprotective activity relative to GB (2) and GC (3),
while having no effect at the PAFR at 120 mm.[200] Finally, the
few clinical studies performed with GB (2) showed its effects
on peripheral events, such as efficacy against Gram-negative-
induced septic shock[201] and post-transplant renal failure,[202]

which is most likely to be due to the inhibition of the PAFR.

5.5. Bilobalide

Bilobalide (BB, 6) is the predominant TTL found in the
standardized G. biloba extract EGb 761. No specific target
has been identified for BB (6) and hence no SAR studies have
been carried out. As BB (6) is far more labile than the
ginkgolides, its chemistry is somewhat limited. To date, only
various acetylations of BB (6) have been carried out success-
fully.[75–78] Although no specific target has been established
and pursued, a wealth of pharmacological evidence indicates
that BB (6) might be a very important compound when
looking at the neuromodulatory properties of G. biloba
constituents.[203]

Several studies have indicated that BB (6) affects the
major neurotransmitters in the brain, namely glutamate and
g-aminobutyric acid (GABA). It was demonstrated that BB
(6) exhibits anticonvulsant activity against convulsions
induced by isoniazid, pentylenetetrazole, and 4-O-methylpyr-
oxidine.[204, 205] Later it was shown that this effect is most likely
mediated by increased GABA and glutamic acid decarbox-

ylase (GAD) levels in various areas of the mouse brain.[206,207]

Moreover, in rat hippocampal brain slices, BB (6) induced an
enhancement of excitability and attenuated the inhibitory
action of muscimol, a potent GABAAR agonist, thus indicat-
ing that BB (6) reduces GABA-related transmission,[208] a
finding that apparently seems to contradict previous findings
by the same group.

Recently, it was unequivocally shown that BB (6) is a
GABAAR antagonist. In neocortical rat brain slices, BB (6)
was a weak (IC50= 46 mm) noncompetitive antagonist,[181]

whereas it was more potent at recombinant a1b1g2L
GABAARs and showed some degree of competitive antago-
nism.[209] Since antagonists of GABAARs are known con-
vulsants, this could be a potential risk when taking G. biloba
extract. This risk was further substantiated by a study of two
epileptic patients, who had an increased frequency of seizures
when taking G. biloba extract; this increase was reversed
when the patients stopped taking the extract.[210] These results
indicate that people with a lower seizure threshold, such as
epileptic patients, should be cautious when taking G. biloba
extract.

In rat cortical brain slices under hypoxic/hypoglycemic
conditions, bilobalide significantly reduced glutamate release,
suggesting that the neuroprotective effects of BB (6) might be
mediated by reduced glutamate efflux and, thereby, excito-
toxicity.[211] It was also shown that BB (6) could reduce
potassium- and veratridine-induced release of excitatory
amino acids such as glutamate and aspartate, and block the
effect of a GABAuptake inhibitor, NO-711.[212] Weichel et al.
found that BB (6) inhibited N-methyl-d-aspartate (NMDA)-
induced phospholipid breakdown in rat hippocampus and
suggested an effect downstream of the NMDA receptor.[213]

However, it was recently found that BB (6) does not affect
NMDA-induced depolarizations, strongly suggesting that it
had no effect on the NMDA receptor.[212] Potential medicinal
applications of BB (6) have been described in patents,
including the use of BB (6) for the protection of neurons
from ischemia,[214] as an anticonvulsant,[215] and for the
treatment of tension and anxiety.[216]

Two other targets were also described for BB (6):
phospholipase A2 (PLA2) and mitochondrial respiration. BB
(6) inhibits brain PLA2 activity and hypoxia-induced increase
in choline influx[213,217,218] and also protects against hypoxia-
induced PLA2 activation.[219,220] Another study indicated a
neuroprotective effect by reduction of the brain infarct area
following ischemia.[221] A number of studies have revealed
that BB (6) is involved in mitochondrial respiration, espe-
cially under ischemic conditions.[222] BB (6) was also shown to
increase glucose transport under normoxic but not hypoxic
conditions, increase respiratory control of mitochondria, and
inhibit ATP consumption as a result of increased respiratory
efficiency.[223]

Finally, there is an indication that the effect of EGb 761 on
b-amyloid aggregation and potential protection against AD
might be, at least in part, mediated by BB (6).[39] However,
more studies are required to confirm this.
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6. Summary and Outlook

The bilobalide and ginkgolide structures have been
known for about 35 years, and since then a vast number of
chemical and biological studies have been carried out. The
total syntheses of these complex natural products rank among
the major accomplishments in natural products synthesis. The
first significant biological activity of ginkgolides was discov-
ered in 1985, when it was shown that they are potent
antagonists of the PAF receptor, thus providing a potential
treatment for PAF-related maladies. Ginkgolides and biloba-
lide were characterized in a wealth of different pharmaco-
logical assays, particularly the recent finding of their ability to
antagonize inhibitory receptors in the brain.

Within the last couple of years the literature on G. biloba
in general and terpene trilactones in particular has expanded
rapidly. As new biological targets are discovered and already-
existing targets are more thoroughly explored, a better
understanding of the ligand–receptor interaction at a molec-
ular structural level will provide new insight into the actions
of the unique constituents of the oldest living plant.
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Solvation structures play an important role in aqueous chemistry
involving protons. Subtle changes in the coordination of water
molecules to a reacting species can be crucial for initiating a reactive
event as is shown by van Erp and Meijer in a molecular simulation
study of the proton-assisted hydration of ethylene.
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Proton Transport

Proton-Assisted Ethylene Hydration in Aqueous
Solution**

Titus S. van Erp and Evert Jan Meijer*

Recent studies have revealed an accurate atomistic picture of
proton transport in bulk water, the prime prototype proton-
transport reaction. For example, femtosecond pump–probe
spectroscopy[1] of the OH stretch vibration in liquid water has
clarified the first stage of water deprotonation. Earlier, the
nature of the mechanism and dynamics of proton transfer in
bulk water has been addressed in a computational study using
ab initio molecular dynamics.[2, 3] In the present paper we go
beyond proton transport in bulk water and address the
fundamental chemical process of acid-catalyzed addition of
water to an alkene double bond. This serves as a primary
example of chemistry induced by exchange of protons in an
aqueous environment. Although the basic principles are well
established and part of undergraduate textbooks, the detailed
understanding of the mechanism and dynamics is still lacking.
For example, it has been a matter of long debate[4–7] whether
the acid-catalyzed hydration of alkenes is a sequential process
(AdE2) where the formation of a protonated alkene (carbo-
cation) precedes the nucleophilic attack by a water molecule,
or a concerted process (AdE3) where the protonation and
nucleophilic attack occur simultaneously.[8]

Here we report on an ab initio molecular dynamics
simulation study of proton-assisted hydration of ethylene in
aqueous solution. An alternative hydration mechanism,
involving an intermediate ethylene radical cation, has been
addressed in an earlier study,[9] which used the same computa-
tional approach as in this work. Simulations[10–12] were
performed of a system consisting of an excess proton in a
solution of one ethylene molecule and 32 water molecules.
The simulation cell is a periodically replicated cubic box with
a size corresponding to the density of a solution of ethylene in
water (1:32) under ambient conditions. The temperature is set
at T= 300 K and imposed with a Nos6–Hoover thermostat.
We should note that the size of the periodic cell in our study is
relatively small, allowing for incorporation of only a single full
ethylene/ethanol solvation shell. However, a recent study[13]

has shown that the despite the small system size the solvation
of ethylene and ethanol is reasonably well described.
As the rate of hydration is by far outside the timescale,

� 10 ps, accessible to ab initio molecular dynamics, the
reactive events are enforced by using the method of

constraints. Starting from an initial configuration consisting
of a hydronium–ethylene complex, a reactive event was
enforced by transferring a hydronium proton stepwise to an
ethylene carbon. The transfer was controlled by fixing the
asymmetric stretch coordinate q= rOH+�rH+C. Here, rOH+ is the
distance between the hydronium oxygen and the hydronium
proton, and rH+C the distance between the hydronium proton
and one of the ethylene carbons. The reverse reaction, that is,
the dehydration of ethanol, was also simulated.
The snapshots of four stages along the ethylene hydration

pathway shown in Figure 1 indicate that the enforced proton

transfer results in the formation of a protonated ethanol,
which rapidly donates its proton to the solution. Figure 2
shows the calculated force profile together with the associated
free-energy profile. The steepness of the force profile near the
maximum shows that the transition occurs in a narrow
window of the proton-transfer coordinate q. In this region
both the simulations along the hydration and the dehydration
pathway show a sudden jump and sign-reversal of the

Figure 1. Snapshots of representative configurations of ab initio molec-
ular dynamics simulations of the proton-assisted hydration of ethylene.
Molecules involved in the reaction are shown as ball-and-stick models.
Other molecules are represented with lines. White, red, and green indi-
cate hydrogen, oxygen, and carbon atoms, respectively. Dashed yellow
lines indicate hydrogen bonds. Edges of the periodically replicated
cubic simulation cell are in blue. q is the proton-transfer reaction coor-
dinate. a) q=�1.1 #, initial stage showing the hydronium–ethylene
complex. b) q=0.0 #, just before the transition state. The proton trans-
fer within the hydronium–ethylene complex is halfway between the
water oxygen and one of the ethylene carbon atoms. Ethylene is not
yet hydrated. c) q=0.11 #, just after the transition state. The proton
transfer has been accompanied by formation of a C�O bond between
the other ethylene carbon atom and a water molecule, thus converting
ethylene into a protonated ethanol. d) q=1.1 #. Proton transfer has
been completed. The proton (purple ball) has been released into solu-
tion.
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constraint force. This is accompanied by a formation or
cleavage of a C�O bond, as shown in Figure 3. This behavior
and the associated mismatch between the force profiles for
hydration and dehydration indicates the presence of hyste-
resis. It shows that the reaction mechanism also involves
structural rearrangements that are not accounted for by the

imposed proton-transfer reaction coordinate. Analysis
of the reactive events shows that the formation of the
C�O and C�H+ bonds occurs simultaneously, indicat-
ing that the reaction is an AdE3 addition. Consequently,
the reverse reaction, that is, the proton-assisted dehy-
dration of ethanol, is an E2 elimination reaction. The
calculated hydration activation energy of 23 kcalmol�1

is near the experimental values for the activation
barriers of the hydration of isobutene[14] (23 kcalmol�1)
and 2-methyl-2-butene[15] (19 kcalmol�1) in acidic sol-
ution.
Figures 2 and 3 show that the trajectory at q=

0.11 < along the hydration route and the trajectories
at q= 0.05 and 0.00 < along the dehydration route
exhibit reactive events with the force on the proton-
transfer coordinate changing sign and the C�O bond
either forming or breaking. First we consider the
trajectory for ethanol dehydration at q= 0.05 <. Just
before the C�O bond breaks at � 8 ps, the OH2 group
leaving the protonated ethanol is hydrogen-bonded to
three water molecules, with the C�O bond length
around 1.8 <. Figure 4b shows the configuration of the

protonated ethanol and its hydrogen-bonded water
molecules at that moment. In the first 8 ps of this

trajectory various configurations appeared that had a similar
C�O bond length but did not evolve into a dehydration
reaction. A typical example is shown in Figure 4a. The
distinction between this nonreactive configuration and the
reactive configuration at 8 ps is clear: the reactive configu-
ration shows the ethanol OH2 group threefold hydrogen-

Figure 2. Calculated constraint force and associated free-energy profile along
the reaction path of the acid-catalyzed interconversion of ethylene and etha-
nol. Results were obtained from trajectories of 5–10 ps with a prior equilibra-
tion of 1 ps. In the plot of the constraint force, the circles indicate the results
obtained for the ethylene-hydration pathway and the triangles are the results
for the ethanol-dehydration route. Open symbols indicate trajectories for
which the constraint force showed a significant sign-reversing change in the
direction of the arrow. The free-energy profile is obtained by integrating the
connecting line through the calculated constraint force points.[25] Here, the
first point of the hydration route (q=�1.6 #) is taken as reference.

Figure 3. Time evolution of the constraint force (top) and C�O bond length
[#] (bottom) in simulations of hydration (solid line) and dehydration (dashed
line) at reaction-coordinate values of q=0.11 and q=0.05, respectively. The
sudden significant sign-reversing change of the constraint force is accompa-
nied by C�O bond formation (hydration) and breaking (dehydration).

Figure 4. Nonreactive (a) and reactive (b) configurations for the dehy-
dration of protonated ethanol. Nonreactive (c) and reactive (d) config-
urations for the hydration of ethylene. The color codes are the same as
in Figure 1. Yellow balls denote Wannier function centers.[26] Numbers
indicate bond lengths [#]. Solvent molecules not directly involved in
the reaction are omitted for clarity.
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bonded, whereas in the nonreactive configuration the OH2
group is twofold hydrogen-bonded. Apparently, a threefold
coordination of the ethanol OH2 group is required for it to be
able to leave as a water molecule.
Next we consider the q= 0.11 < trajectory along the

hydration route. Just before the reactive event at � 2 ps, the
hydrating water molecule is coordinated by three water
molecules at a C�Odistance of 2.64 < and a C�H+ distance of
1.37 < (Figure 4d). We identified several configurations in
the short time before this reactive event with nearly the same
C�O and C�H+ distances that did not evolve directly into a
reactive event. Figure 4c shows a typical example of one of
these configurations. The distinction between the reactive and
nonreactive configuration is the angular arrangement of the
coordination of the hydrating water molecule: the reactive
configuration has a near-tetrahedral arrangement of the three
hydrogen-bonded water molecules and the ethylene carbon,
with COO angles in the range of 98–1188. In contrast, the
coordination in the nonreactive configuration deviates sig-
nificantly from the tetrahedral structure, with COO angles in
the range of 90–1498. To restore the favorable tetrahedral-like
arrangement between the water molecules, the hydrating
water molecule should move away from the ethylene and
consequently does not form a bond with the carbon. The
stable tetrahedral-like coordination allows the molecule to
remain in position near the ethylene and form a C�O bond.
The important role of the structure and relaxation of the

solvation shell found in our simulation of the proton-assisted
hydration of ethylene is reminiscent of the solvent reorgan-
ization reported for the hydration of an ethylene radical
cation.[9] . Obviously, given the rather different nature of a
radical and a protonated ethylene, the detailed geometries of
the solvation structures show quantitative differences. In
conclusion, our results point out that local solvation structures
are crucial in aqueous chemistry involving protons. Conse-
quently, the common computational approach of comple-
menting a quantum-chemical description of the reacting
species with a continuum model to incorporate the presence
of the solvent will fail to capture these effects. A proper
understanding of aqueous chemistry requires computational
and experimental studies to probe the reacting species and the
molecules of the nearest solvation shells on an atomistic level.
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Modular Hydrogelators

Responsive Cyclohexane-Based Low-Molecular-
Weight Hydrogelators with Modular Architecture

Kjeld J. C. van Bommel,* Cornelia van der Pol,
Inouk Muizebelt, Arianna Friggeri, Andr� Heeres,
Auke Meetsma, Ben L. Feringa, and Jan van Esch*

Hydrogels have been extensively studied because of their
intriguing properties and applications (e.g. foods, cosmetics,
biomedical uses), however, most of the systems reported to
date are based on polymers.[1] Hydrogels of low-molecular-
weight gelators (LMWGs)[2–4] are an attractive complement
or even alternative for such polymeric systems[5] as they
possess properties unattainable by polymeric gelators, the
most important of these being a very rapid response to
external stimuli, an inherent thermoreversibility owing to the
noncovalent nature of the aggregation process, and the low
molecular weight of the gelator, which facilitates a fast
clearance from the body after triggering the gel-to-sol
transition. As we envisage the use of LMWG systems in
pharmaceutical applications, we require responsive and bio-
compatible systems of which the gel properties can be easily
tuned. Low-molecular-weight hydrogelators reported to
date,[3,4] however, have a very limited potential as far as the
introduction of functional groups and the regulation of the gel
properties are concerned. Furthermore, the use of pH-
sensitive groups to bring about the gel-to-sol transition or to
effect the surface potential of gel fibers has hitherto been only
marginally addressed.[4] The challenge is to develop novel,
biocompatible hydrogelators in which functionalization and
tuning of the properties can be easily achieved. Herein we
report the rational design and synthesis of a novel family of
highly effective hydrogelators with a modular architecture
based on a 1,3,5-triamide cis,cis-cyclohexane core which
functions as a generic gelating scaffold.[6] To this scaffold
various amino acid based substituents were connected,
providing additional driving forces for gelation (i.e. hydrogen
bonding and hydrophobic interactions), thus allowing us to

influence the stability of the resultant thermoreversible
hydrogels. Additionally, the introduction of certain moieties
allows us to make these gels highly responsive to pH changes.
Remarkably, the degree of pH sensitivity was shown to
depend not only on the pKa of the compound, but also on the
strength of the intermolecular interactions. Preliminary
in vitro as well as in vivo experiments indicate that these
amino acid containing compounds are indeed biocompatible.

To be able to easily synthesize various hydrogelators with
properties that can be tuned at the molecular level, we
designed a structure possessing a modular architecture
(Figure 1). A 1,3,5-triamide cis,cis-cyclohexane core was

used as a generic gelating scaffold, because the parallel
orientation of the three hydrogen-bonding amide moieties
provides strong, self-complementary, and uniaxial intermo-
lecular interactions that are necessary to enforce 1D self-
assembly and hence allow gelation to occur.[7] We connected
biocompatible building blocks to the cyclohexane core,
namely l-amino acid moieties (AA). We selected hydro-
phobic amino acids for two reasons: first, to introduce
hydrophobic interactions as an additional aggregation force,
and second to shield the amides from water and thus facilitate
the formation of 1D intermolecularly hydrogen-bonded
stacks in a solvent that is strongly competitive for hydrogen
bonding. A similar combination of hydrophobic interactions
and hydrogen bonding is known to stabilize the secondary
structures of peptides.[8] The inherent C3 symmetry of the
resultant molecules allows tuning of the interfacial properties
of the gelators (by introducing different functional groups X)
without affecting the rudimentary aggregate structure and
hence the gelation capability.

Scheme 1 shows examples of new LMWGs (1–6) that
were prepared according to these design guidelines.[9] All
compounds were synthesized in 2–4 steps starting from
commercially available compounds by treating enantiomeri-
cally pure amino acids with cis,cis-1,3,5-cyclohexanetricar-
bonyl trichloride[7] (Scheme 1), followed in some cases by
deprotection of the carboxylic acid, or further functionaliza-
tion. Note that both convergent and divergent synthetic
routes could be used, for example, gelator 5 was synthesized

Figure 1. Schematic representation of the hydrogelator design. Light
gray regions=hydrophilic; dark gray regions=hydrophobic;
AA=amino acid(s); X=hydrophilic substituent.
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in good yields both by reaction of H-Met-His-OMe with the
cyclohexane triacid chloride, as well as by reaction of H-His-
OMe with compound 1.

Compounds 1–6 are excellent thermoreversible hydro-
gelators, andmany of them gelate water even at submillimolar
concentrations (Table 1). The concentration at which com-

pound 3 starts to gelate water (0.36 mm) is, to our knowledge,
the lowest concentration reported to date for any hydro-
gelator.[3k] In contrast, compounds 7 and 8, both lacking
hydrophobic substituents, are highly water-soluble and thus
not able to gelate water. This result clearly shows that
hydrophobic interactions, such as those provided by the
phenylalanine or methionine residues, are essential for these
structures to function as hydrogelators. In addition, intermo-
lecular hydrogen bonding between the amide moieties also
contributes to the stability of the gel fibers, as is evident from

the FT-IR spectra of the freeze-dried gels (xerogels) and solid
samples of the six gelators.[10] The NH signals were observed
in the range of ñ= 3320–3270 cm�1, whereas the signals
originating from the CO moieties all fell between ñ= 1680–
1630 cm�1, both ranges being characteristic for hydrogen-
bonded secondary amides.[11]

All gels displayed good stability over time, as no changes
were observed in over three months.[13] Investigation of the
hydrogels of 1–6 with transmission electron microscopy
(TEM, Figure 2) showed that all six compounds form
branched or entangled fibrous gel networks with fiber
thicknesses of 10–500 nm (Table 1), and fiber lengths of tens
of micrometers. The high aspect ratios of the gel fibers clearly
indicate that the intermolecular interactions between the
gelator molecules are highly anisotropic. Furthermore, the
low CGC values imply that the intermolecular interactions
are strong and thus most likely the result of the concurrent
action of both hydrogen-bonding and hydrophobic interac-
tions.

Scheme 1. Synthesis of the hydrogelators 1–6 and nongelators 7 and 8 ; for synthetic details see the Supporting Information. idem: all the com-
pounds 1–8 each have three identical side chains, for simplicity only one is shown for each compound.

Table 1: Critical gelation concentration CGC,[a] appearance of the hydro-
gels, and fiber thickness (TEM).

Gelator CGC wt% Appearance Fiber diameter
[mm] [nm]

1 0.98[b] 0.06 clear 20–300
2 0.97[b] 0.08 clear 20–120
3 0.36 0.033[c] clear 20–120
4 0.76 0.07[c] clear 50–350
5 11.75 1.25 turbid 10–500
6 4.72 0.42 turbid 10–500

[a] CGC is the lowest gelator concentration at which gelation is still
observed. [b] Determined in 1n HCl.[12] [c] Gelation at this concentration
took several hours.

Figure 2. Representative TEM images of hydrogels of LMWGs 1–6 :
a) a 0.1 wt% hydrogel of 3 (similar to gels of 1, 2, and 4); b) a
0.8 wt% gel of 6 (similar to a gel of 5). Scale bars correspond to
500 nm.
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Owing to the gelating nature of compounds 1–6, no
crystals suitable for X-ray crystallography could be obtained.
Fortunately, it was possible to grow good quality crystals of
the tyrosine analogue 9 (Figure 3a) from water. The X-ray
crystal structure shows that the molecules stack through the
formation of a triple chain of intermolecular hydrogen bonds,
with hydrogen-bond lengths ranging from 1.91 to 2.20 ?
(Figure 3c). In addition, the molecules all adopt a conforma-
tion in which the phenyl moieties fold inward, shielding the
amide moieties from the aqueous environment and thus
allowing hydrogen-bond formation to occur. The close
resemblance of 9 to the tris(amino acid) cyclohexane core
of the gelators makes it very likely that the gelators 1–6 adopt
a similar arrangement within the gel fibers. The X-ray crystal
structure of 9 also shows that the unit cell contains two
stacked molecules which are rotated by approximately 68with
respect to each other.[14] The individual stacks of molecules
pack in a hexagonal fashion, giving rise to hydrophobic areas
in which the phenyl rings come together (solid circle in
Figure 3b), and hydrophilic areas in which the carboxylic acid
residues as well as the water and HCl molecules enclosed in
the crystal can be found (dashed circle).[15]

An important feature of low-molecular-weight hydro-
gelators is the thermoreversible gel–sol phase transition,
which can conveniently be characterized by determining the
temperature at which the gels turn into solutions (Tgs).
Figure 4 clearly shows that increasing the concentration of a
gelator leads to higher Tgs values, a feature generally observed
for LMWGs. An interesting aspect of our gelators, however, is
the possibility to tune the gel properties at the molecular
level. Changing the nature of hydrophobic interactions
directly influences the Tgs values. Thus a comparison of the
Met-based gelators (Figure 4a) and Phe-based gelators
(Figure 4b) shows that the latter give higher Tgs values at
much lower concentrations, with gels of 2 and 4 exceeding the
upper experimental limit of 130 8C at concentrations just
above 2 mm. The occurrence of these high Tgs values already
at such low gelator concentrations shows the exceptional
thermal stability of our gels. Also changing the number of
hydrogen-bonding interactions affects the thermal stability of

the gels, as becomes clear by comparing compounds 3 and 4.
The Tgs values for gels of 4 are all at least 20 8C higher than
those for gels of 3 at the same concentration, as in 4 ester
groups have replaced the hydrogen-bonding amide moieties
that connect the ethylene glycol chains to the phenylalanine
residues in 3. As IR experiments showed that all amides of 4
were fully hydrogen bonded, it is likely that the second set of
amides present in 4 forms three additional chains of hydrogen
bonds in the molecular stacks present in the gels, resulting in
the observed increase in the thermal stability of the gels.

Figure 3. X-ray crystal structure of 9 (crystallized from K2HPO4/KH2PO4 buffer 0.1 m, pH 5.7); gray C, blue N, red O, white H, green Cl (HCl(aq) was
used in the final reaction step (i.e. hydrolysis of the trimethylester of 9)). a) Tyrosine-based nongelator 9, b) view along the a axis, showing the
packing of the individual stacks (arrow: disordered carbonyl, solid circle: hydrophobic area, dashed circle: hydrophilic area), c) side view of a
single stack, showing the intermolecular triple hydrogen bonding chain.

Figure 4. Tgs values for hydrogels of different concentrations of:
a) Met-based LMWGs 1 (*), 5 (~), and 6 (&); b) Phe-based LMWGs
2 (*), 3 (~), and 4 (&). Measurements were stopped at 130 8C.[16]
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The introduction of pH-sensitive groups onto the cyclo-
hexane-based gelating scaffold is another example of how we
can tune the gel properties at the molecular level, allowing
reversible switching from gel to sol through changes in the pH
value. Indeed the addition of base (e.g. 1n NaOH) to a
hydrogel of 1 or 2 resulted in the rapid and complete
dissolution of the gel, whereas the subsequent addition of acid
(e.g. 1n HCl) resulted in instantaneous reformation of the gel.
Conversely, hydrogels of 5 or 6 could be turned into solutions
and back into gels by the addition of first acid, and then base.
Reversible gelation behavior as observed for LMWGs 1, 2, 5,
and 6 is far from self-evident,[4] as several examples exist of
inherently pH-sensitive hydrogelators which do not display
pH reversible gelation.[3h,j] Figure 5 shows the pHgs (the pH

value at which gel-to-sol transition occurs) values that were
observed for different gelator concentrations for LMWGs 1
and 2. Met-containing gelator 1 has pHgs values (3.2 to 4.0)
that are significantly lower than those observed for Phe-Gly-
containing gelator 2 (3.2–4.0 vs. 4.3–5.8, in the concentration
range measured). These differences are remarkable because
the carboxylic acid moieties of both gelators are expected to
have almost identical pKa values (3.6–3.7).

[17] Assuming a pKa

value of 3.65 for 1, the concentrations of the different gelator
species g (i.e. gH3, [gH2]

� , [gH]2�, and g3�) present at different
pH values can be calculated.[18]

We took each point for gelator 1 in Figure 5a and
calculated the corresponding concentration of fully proton-
ated gelator (gH3). All the points (except for the one at the
lowest concentration) corresponded to a gH3 concentration of
0.9� 0.1 mm, a value that corresponds very well to the CGC
of 0.98 (see Table 1). Apparently, the onset of gelation of 1

corresponds with the gH3 concentration reaching the value of
the CGC. Therefore it is concluded that for 1 only neutral
species participate significantly in gelation, and a single
deprotonation step is enough to cause 1 to dissolve as [gH2]

� .
Similar calculations for 2, using the same assumed pKa value
of 3.65, show that dissolution of the gels takes place at pH
values at which the fully deprotonated g3� ion is the dominant
species present in solution. Apparently, a significant fraction
of the carboxylate moieties in the fibers of 2 is deprotonated
and hence the fibers become negatively charged, before
dissolution takes place at pHgs. This introduction of negative
charges at the fiber surface leads to an increase of the proton
concentration in the adjacent layer of counterions and thus to
a decrease of the pH value near the surface (pHs), with
respect to the observed (bulk) pH.[19] Because it is reasonable
to assume that in a first approximation the pKa of 2 in the
fibers is similar to that of 1, with substantial deprotonation
taking place at a pHs value of around 3.65, this means that the
gel-to-sol phase transition (pHgs) is shifted to higher (bulk)
pH values. Why should this effect occur for gelator 2 and not
for 1? The formation of interfacial charges as a result of the
deprotonation of carboxylate moieties introduces strong
repulsive electrostatic interactions within the aggregates,
which have to be compensated by attractive interactions for
the aggregates to survive (Figure 6). Apparently, in 1 these

attractive interactions are weaker than for 2. This finding
agrees very well with higher thermal stabilities observed for
gels of 2 with respect to gels of 1, and can be attributed to the
presence of additional amide groups and larger hydrophobic
amino acid residues in 2. Therefore, to tune the pH-sensitivity
profile of a gelator it is not necessary to change the ionizable
moieties to groups with a different pKa value, it is possible to
adapt the remainder of the structure, leading to different
intermolecular interactions, and thereby influencing the pHgs

of the gelator. For the basic hydrogelators 5 and 6 we found
that, similar to gelator 1, only the neutral species participate
significantly in gelation.[20]

In conclusion, by adopting a modular design for our
hydrogelators we have been able to develop a novel class of
cyclohexane–amino acid conjugates that act as excellent
gelators for water, and are capable of forming thermorever-
sible hydrogels at concentrations as low as 0.36 mm. Many of
these hydrogels displayed exceptional thermal stability even
at very low (< 2 mm) gelator concentrations. The properties
of the gels could be easily tuned by changing the nature of the

Figure 5. pHgs values for hydrogels of different concentrations of:
a) acidic gelators 1 (^) and 2 (&); b) basic gelators 5 (&) and 6 (^).

Figure 6. Schematic representation of a stack of gelator molecules.
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hydrophobic substituents or the number of hydrogen-bonding
moieties. Furthermore, by connecting pH-sensitive moieties
to the gelator scaffold, responsive gels were obtained that
could be reversibly switched from gel to sol by changes in pH
value as well as temperature.[22] The pH-dependent gelation
behavior of our LMWGs can not only be tuned by selecting
substituents with different pKa values, but also by changing
the strength of the intermolecular interactions in the gel
fibers. Preliminary in vitro experiments in which cells were
grown in gelated cell culture medium indicate that these kinds
of molecules are noncytotoxic. Initial in vivo tests showed
that rats in which gels were implanted subcutaneously,
displayed excellent health even after repeated administra-
tion.[21]
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Molecular Devices

An Electrochemically Controlled Molecular
Shuttle**

Bohdan Korybut-Daszkiewicz,*
Agnieszka Wiȩckowska, Renata Bilewicz,*
Sławomir Domagała, and Krzysztof Woźniak*

The design of molecular machines that form assemblies with
signal-triggered functions remains a challenging area of
research.[1–22] Rotaxanes that contain cyclodextrins, tetrathia-
fulvalene, porphyrins, or other macrocyclic movable units
have been described.[1–4,7–10] The motion between two termi-
nal “stations” in the molecule may result from changes of
oxidation state, and thus can be “switched on” by the
application of an appropriate potential or laser pulse.[11–15]

Catenanes, described by Stoddart and co-workers, almost
always contain paraquat as one of the components that has p-
acceptor properties.[5,16–19] As a result of p–p interactions, the
internal motion of the components may be detected; it can
also be switched on chemically owing to the presence of an
added species that interacts with one of the components.[20,21]

On the other hand, the change of oxidation state of the metal
cation component of the catenate induces the movement of
the interlocked ring, as demonstrated by Sauvage and co-
workers.[22]

Herein we present the first heterodinuclear bismacrocy-
clic transition-metal complex that exhibits potential-driven
intramolecular motion of the interlocked crown-ether unit.
Recently, we have demonstrated that the interlocking of the
dibenzocrown ether with homo-dinuclear bismacrocyclic
transition-metal complexes leads to increased stability of
the mixed-valence states, which was reflected in the higher

values of conproportionation constants.[23] The observed
effect was larger for the dinickel (d8–d8) than for the dicopper
(d9–d9) catenane. The interlocked crown ether unit adopts the
cis conformation in such a manner that one of its aromatic
rings is parallel to and between the two metal-coordinating
macrocyclic rings. Since both of the coordinated ions were
identical, the translocation of the crown-ether moiety from
one site to the other produces the same catenane arrange-
ment. However, the intertwining of dibenzo[24]crown-8 with
a heterodinuclear bismacrocyclic complex may lead to two
possible arrangements, in which the p-electron-rich benzene
rings are located in the vicinity of either the copper- or nickel-
complexing macrocycle, depending on the oxidation state of
the coordinated ions.

The development of appropriate physical methods useful
for monitoring the dynamics of supramolecular systems is
currently of great importance. Electrochemical methods are
especially convenient for monitoring subtle changes in redox
properties of electroactive centers, thus reflecting their inter-
or intramolecular interactions. Anelli and co-workers dem-
onstrated that bisparaquat cyclophane in [2]catenane is
reduced at more negative potentials when interlocked with
benzocrown molecules.[1] Electrochemically triggered molec-
ular movement was shown in the case of rotaxanes by
Stoddart and co-workers.[24,25] Molecular square schemes
illustrating the response of catenates—that is, changes of
the coordination geometry—to an electrochemical signal
were proposed by Sauvage and co-workers.[26]

Our aim was to synthesize a transition-metal heterodinu-
clear catenane that should allow a controlled translocation of
the crown unit back and forth between two different metal
centers in response to an external stimuli, specifically, a
potential applied to the electrode.

The synthetic strategy applied to obtain face-to-face
hetero-dinuclear bis-macrocyclic complexes (Scheme 1) was
different than that described previously for the homo-
dinuclear systems.[23] In the first step, the copper(ii) coordi-
nated macrocycle was functionalized with two pendant

Scheme 1. Synthesis of a heteronuclear [2]catenane.
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diamino linkers to give 2Cu,[27] which was then cyclized by
using the second macrocyclic unit that contained a coordi-
nated nickel(ii) ion (1Ni). In the presence of an excess of
dibenzo[24]crown-8, the hetero-dinuclear bis-macrocycle
(3CuNi) and catenane (4CuNi) were formed with 33% and
12% yields, respectively. The compounds were unambigu-
ously identified by ESI mass spectrometry and characterized
by spectroscopic and analytical methods (see Supporting
Information).

Compound 4CuNi crystallizes in the triclinic P1̄ space
group[28] with one molecule in the independent part of the unit
cell. The bis-macrocyclic ring is positively charged because of
the presence of NiII and CuII ions and the interlocked rings are
surrounded by four PF6

� anions. The crown ether and the
large bis-azamacrocyclic ring in 4CuNi form a sandwichlike
structure (Figure 1) in such a way that one of the crown ether

aromatic rings is located between the two metal-coordinated
macrocyclic rings. The second aromatic ring is located almost
parallel to the previous one outside the two linked macro-
cycles. Thus, the one aromatic ring of the crown ether is
interlocked between the two macrocycles, and one of the
macrocyclic rings is positioned between the two aromatic
rings of the crown ether. One of the crown polyether linkers is
disordered (see Figure 1), as are the solvent molecules and
counterions (see CIF for details). The macrocyclic fragments
with aminomethylidyne ends are linked with each other by
aliphatic chains that consist of seven carbon atoms each.
Therefore, the linked azamacrocyclic fragment of 4CuNi
forms a rectangular cavity with dimensions of 6.91 ?
(Cu···Ni) A 15.47 (C28···C35) ?. The metal–metal distance is
the shortest of the all three catenanes[23] (dicopper, dinickel,
and 4CuNi). The azamacrocyclic rings are evidently interact-
ing through the guest aromatic ring because the distance
between the metal ions is shorter than the distances between
exocyclic carbon atoms (Figure 1).

Electrochemical characteristics (peak potentials, Epa and
Epc, and formal potentials,Eo0

cv) of 3CuNi and 4CuNi are given
in Table 1. For the catenane, the NiII!NiIII oxidation peak

appears at a more positive potential and the reduction of
CuIII!CuII at a more negative potential than in the corre-
sponding bismacrocycle. The peaks are lower as the diffusion
coefficient of the larger catenane should be smaller than that
of the simple bis-macrocycle, but they are also wider, thus
reflecting some complications in the electrode process
compared to that of the bis-macrocycle. The noted differences
are not dependent on the concentration of the electroactive
species and, therefore, cannot be attributed to any higher-
order chemical reactions or adsorption effects. These features
result from the promoting effect of the crown activated by the
d8–d8 structure. As described previously, for the simple bis-
macrocycle, no intramolecular interactions are observed,
since the spacer separating the metal centers (7 CH2 units)
is too long. Only for shorter linkers (3 CH2 and 5 CH2 units)
could these interactions be detected.[27]

All electrochemical techniques, perhaps most clearly the
Osteryoung square-wave (OSW) voltammetry, revealed a
very interesting feature of these curves: a splitting of Ni
oxidation signals in the case of the catenane system (Figure 2
and Supporting Information). The peak at + 1.65 V corre-
sponds to the oxidation of the crown moiety in the catenane.
The extent of splitting of the Ni oxidation peaks at about
1.35 V is not a function of the concentration of the catenaneFigure 1. Conformation of 4CuNi cation with atomic displacement

parameters (ADPs) at the 50% probability level. H atoms omitted for
clarity.

Table 1: Redox characteristics of the compounds studied.[a]

Compound Epa [V] Epc [V] Eo0cv [V] Eo0cv [V]
CuII!
CuIII

NiII!
NiIII

CuIII!
CuII

NiIII!
NiII

CuII/
CuIII

NiII/
NiIII

3NiCu 1.081 1.351 1.008 1.281 1.045 1.316
4NiCu 1.077 1.389 0.998 1.285 1.038 1.337

[a] Epa and Epc are the anodic and cathodic peak potentials E
o0
cv

Figure 2. a) OSW voltammograms of 1 mm 4CuNi in 0.1m TBAHFP/
CH3CN recorded on a glassy carbon electrode (GCE), ñ=10 Hz,
ñ=50 Hz, ñ=100 Hz, ñ=200 Hz; b) OSW voltammograms of 1 mm

4CuNi in 0.1m TBAHFP/CH3CN recorded on a GCE, ñ=100 Hz at
298 and 257 K.
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but is a function of time and temperature. Such behaviour
may be understood by assuming that the two different NiII

centers (i.e., they have different local microenvironments)
have different populations, even though this happens within
the same molecule (Scheme 2).

The donor properties of the first group of NiII centers is
affected by the vicinity of the electron-rich crown ether
(Scheme 2a) while the other group is not (Scheme 2b). At
lower frequencies (Figure 2a), upon oxidation of CuII to CuIII,
the crown-ether unit has enough time to relocate from its
initial position close to the NiII center (Scheme 2a) towards
the more positively charged CuIII center (Scheme 2b). As a
result of this relocation, the NiII to NiIII oxidation process
appears at more positive potential, since it is free from the
influence of the p-electron rich crown ether. However, when
the timescale is decreased or the temperature is lowered, the
movement of the crown-ether unit is too slow and, in a
fraction of the molecules, the NiII cations remain weakly
interacting with the crown ether, thus giving rise to the
splitting of peaks. Hence, the decrease of temperature
(Figure 2b) leads to an increase in the development of the
negative peak corresponding to the oxidation of nickel
centers still surrounded by the crown ether. Therefore, the
“frozen” interconversion within the molecule can be clearly
shown at lower temperatures at which the movement of the
crown ether unit is slowed down. The most remarkable
feature of this new catenane is that each electrochemical step
triggers a rearrangement of the compound (Scheme 2). The
intramolecular movement upon the application of appropri-
ate potential is clearly seen in the normal-pulse (NP)
voltammetry experiment with different initial potentials
(Figure 3).

In this experiment, the potential between the pulse
application, Ei, is set at a chosen value for 2 seconds and
then 50 ms pulses of increasing amplitude are applied to the
electrode. When Ei is set to 0.7 V, no redox reaction can
proceed in these two seconds, and only during the pulse
application can some movement of the crown towards CuIII

center be triggered. A part of the NiII centers is then freed
from the crown influence. The formation of these two
different populations of the Ni centers results in the splitting
of waves, which is easier to distinguish when the curves are
differentiated (Figure 3a and Table 2). By varying the pulse
time, we can obtain the time constant of the observed motion
based on the ratio of oxidation wave currents, which is about
5.3 s�1.

At 1.15 V, CuIII is generated in the vicinity of the electrode
during the 2 s at Ei and induces a swing of the crown unit

towards the oxidized copper center (Scheme 2, position b,
Table 2). As shown in Figure 3c, the more positive NiII

oxidation peak (Ni center freed from the influence of the

Scheme 2. Schematic representation of electrochemically controlled intramolecular
motion.

Figure 3. NP voltammograms and their derivatives for 1 mm 4CuNi in
0.1m TBAHFP/CH3CN recorded on a GCE, tP=50 ms, tw=2 s. Ei :
a) 0.70, b) 1.50, c) 1.15 V.

Table 2: The dependence of half-wave potentials of the NP waves on the
potential applied to the electrode between the application of pulses (Ei).

[a]

Ei, direction of pulses Metal center E1/2 [V] E1/2 [V]
[b]

0.7 V Cu 1.062 1.063
Ni1

[c] 1.291
0.7!1.5 Ni2 1.430 1.419

1.15 V Cu 1.024 1.024
1.15!0.7

1.15 V Ni1
[c] [c]

1.15!1.5 Ni2 1.374 1.387

1.5 V Cu 1.007 1.006
Ni1 1.303 1.280

1.5!0.7 Ni2
[c] [c]

[a] 4CuNi [1 mm] in TBAHFP/CH3CN [0.1m] ; pulse time tP=50 ms, time
window between pulses tw=2 s. [b] Based on the derivatized NP curves.
Ei : potential during 2 s (tw) between application of pulses. [c] Signal
poorly resolved, E1/2 potential difficult to determine.
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crown ether) clearly dominates in the voltammogram. On the
other hand, when Ei is set to 1.5 V, both Ni

III and CuIII centers
are generated during the time between the application of
pulses. The crown ether is located close to the nickel center
again and the NiII/NiIII peak reappears at more negative
potential (Scheme 2c). The position of the CuIII reduction
signal depends on the length of the pulses. When longer pulses
are applied, the concentration of reduced NiII ions is higher at
the time when the current for CuIII reduction is probed. Hence
the fraction of molecules with the crown ether relocated
towards the Cu center is larger. These electrochemically
switched relocations reflect a shuttlelike behavior triggered
by the application of an appropriate potential. We would like
to point out here the unique ability of the Osteryoung square-
wave and reverse-pulse techniques to detect intramolecular
motion triggered by applied potential.

To our knowledge, this is the first example of the synthesis
of a transition-metal heterodinuclear catenane that reveals
translocation of the crown unit back and forth between two
different metal centers in response to an external stimulus—
an applied potential. By applying appropriate potentials
either copper or nickel centers (or both) are reversibly
oxidized to the higher (+ 3) oxidation state, which favors an
interaction of these centers with the p-electron-rich aromatic
system of the crown unit resulting in the relocation of the
crown towards the oxidized metal center. The nickel centers
affected by the catechol groups are oxidized more easily than
those that are not surrounded by the crown units. This
“frozen” interconversion within the molecule can be better
observed at lower temperature or shorter time scales. The
phenomenon of controlled intramolecular motion can poten-
tially be applied in molecular devices.

Experimental Section
The solvents and reagents used in these studies were reagent grade or
better. Acetonitrile was dried over P2O5 and distilled under argon.
6,13-Bis(metoxymethylidene)-1,4,8,11-tetrazacyclotetradeca-4,7,11,14-
tetraenenickel(ii) hexafluorophosphate (1Ni) and 6,13-bis(7’-ammo-
niumheptaneaminomethylidene)-1,4,8,11-tetrazacyclotetradeca-4,7,11,14-
tetraene copper(ii) hexafluorophosphate (2Cu) were synthesized
according to the previously published procedures.[23,27]

Preparation of 3CuNi and 4CuNi : Dibenzo-24-crown-8 (0.75 g,
1,7 mmol), copper 2Cu (0.50 g, 0,45 mmol) and nickel 1Ni macro-
cyclic complexes (0,285 g, 0.45 mmol) were dissolved in 100 cm3 of dry
acetonitrile that contained Et(iPr)2N (0.2 cm3) and stirred at room
temperature. After 4 h the solvent was removed by rotary evapo-
ration to give a dark-orange oil. The oil was then dissolved in
dichloromethane absorbed on the top of a 2A 25 cm neutral Al2O3

column. The column was washed with chloroform until all excessive
crown ether had been collected. An orange band that remained on the
top of column was then eluted with an acetonitrile solution that
contained NH4PF6 (1 g/100 mL). The collected orange eluate was
concentrated, diluted with water and absorbed on a SP Sephadex
C-25 column. The column was washed with a small amount of water/
acetonitrile (1:1), then with water, and finally eluted with 0.5m NaCl
solution. Two orange bands were collected and products precipitated
upon addition of NH4PF6. The precipitates were removed by
filtration, dissolved in acetonitrille that contained small amount of
NH4PF6 and diluted with ethanol and water. Products precipitated
upon slow evaporation of solvents were isolated by filtration and
washed with ethanol. The first fraction contained the catenane 4CuNi

(0.095 g, 12%) and the second the previously described bismacrocy-
clic complex 3CuNi[27] (0.200 g, 33%).

4CuNi : C62H92O8N12CuNi·(PF6)4·2H2O (1835.6): Elemental anal-
ysis (%) calcd C 39.8, H 5.1, N 9.0; found: C 40.1, H 5.3, N 9.0; IR
(nujol): ñ= 3370, 1660, 1621vs, 1590, 846vs, 559 cm�1; ESI MS(m/z):
313.9 [C62H92O8N12CuNi]

4+, 466.8 [C62H92O8N12CuNi·(PF6)]
3+, 772.4

[C62H92O8N12CuNi·(PF6)2]
2+.

Voltammetry: Linear scan, normal-pulse-and square-wave vol-
tammetry experiments were performed by using the Autolab
potentiostat (ECO Chemie, Netherlands) in three electrode arrange-
ment with a silver/silver chloride (Ag/AgCl) as the reference,
platinum foil as the counter and glassy carbon electrode (GCE,
BAS, 3 mm diameter) as the working electrode. The reference
electrode was separated from the working solution by an electrolytic
bridge filled with 0.1m tetrabutylammonium hexafluorphosphate
(TBAHFP)/CH3CN solution. The reference-electrode potential was
calibrated by using ferrocene oxidation in the same TBAHFP/CH3CN
solution. The acetonitrile containing 0.1m TBAHFP was used as the
supporting electrolyte solution. Argon was used to de-aerate the
solution and an argon atmosphere was maintained over the solution
during the experiments.

Supporting Information available: ESI mass spectra, cyclic and
OSW voltammograms for 4CuNi.
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Protein Labeling

Methotrexate Conjugates: A Molecular In Vivo
Protein Tag**

Lawrence W. Miller, Julia Sable, Philip Goelet,
Michael P. Sheetz, and Virginia W. Cornish*

Characterization of the distribution, fate, and intracellular
chemical environment of proteins inside living cells is critical
to the study of cell biology. Toward this end, green fluorescent
protein and its variants (GFPs) have been used most
prominently as markers or tags to monitor the localization
and fate of proteins in vivo. In this application, a gene that
encodes a GFP is fused to the gene that encodes a protein of
interest. The resulting gene fusion is expressed, and the cells
are examined by fluorescent microscopy.[1,2] A drawback to
GFPs, however, is that their spectral and structural character-
istics are interdependent.[3] Whereas mutagenesis has led to
the development of differently colored GFPs, including cyan,
green, yellow, and blue variants, and a red-emitting protein
dubbed DsRed has been cloned from Discosoma,[4–6] it has
been difficult to engineer GFP variants with well-resolved
absorption and emission spectra for multicolor co-localization
and fluorescent resonance energy transfer (FRET) applica-
tions, and in particular to obtain a well-behaved red variant. A
protein-bound fluorophore that has its fluorescent properties
uncoupled from its peptide sequence would allow greater
freedom in the design of in vivo protein labels.

We address the limitations of GFPs with a method to
specifically target cell-permeable small-molecule flurophores
to selected proteins in vivo. The method leverages the
noncovalent interaction between Escherischia coli dihydro-
folate reductase (DHFR) and fluorescently labeled metho-
trexate (Mtx-F*; Figure 1). To demonstrate this method, we
expressed DHFR-fusion proteins localized to either the
plasma membrane or the nucleus in Chinese hamster ovary
(CHO) cells and added TexasRed–methotrexate (Mtx–TR)
to the growth media. The Mtx–TR bound noncovalently to
DHFR and effectively labeled the localized fusion proteins.

The DHFR–Mtx protein-labeling method improves upon
previously reported strategies that rely on covalent or non-
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covalent labeling of fusion proteins with fluorescent
ligands.[7–13] Farinas and Verkman labeled a single-chain
antibody fusion with a fluorescein-conjugated hapten and
optically measured the pH value of Golgi bodies in vivo.[7] A
similar strategy to measure the pH values of organelles by
using a biotin–avidin interaction was reported by Wu et al.[8]

However, neither antibodies nor avidin make good receptors
for general intracellular protein labeling. Farinas and Verk-
man reported that their antibody did not express well in
cellular reducing environments, and avidin expresses as a 63-
kDa tetramer. Fluorescent biarsenical ligands (FlAsH) target
genetically encoded tetracysteine motifs (Cys-Cys-X-X-Cys-
Cys, where X is any amino acid except cysteine).[9, 10] It has
been found, however, that the FlAsH derivatives bind
nonspecifically to endogenous, cysteine-rich proteins.[11]

More recently, a modular system based on the covalent
labeling of O6-alkylguanine-DNA alkyltransferase (hAGT)
fusion proteins with fluorescently labeled O6-benzylguanine
derivatives (BG) was reported by Keppler et al.[12]

We chose DHFR and Mtx-F* as our protein–ligand label
because DHFR and Mtx bind one another with particularly
high affinity and because the interaction between the two has
been extensively characterized both biochemically and struc-
turally.[14–16] Mtx binds DHFR with subnanomolar affinity,[15]

and the rate constant (koff) for the dissociation of Mtx bound
to the E. coli DHFR in a ternary complex with NADPH has
been measured (10�4 s�1).[16] Based on this high binding
affinity and favorable kinetics, it is expected that Mtx
analogues should stoichiometrically label DHFR fusions
and, though noncovalent, the DHFR–Mtx complex should
have a reasonable half-life. Furthermore, Mtx has been shown
to inhibit the proteolytic degradation of DHFR.[17] Mtx can be
chemically modified without disrupting receptor binding by
adding modifications at the g-carboxylate position.[14,15] Thus,
it should be possible to chemically link Mtx to a wide variety
of fluorophores. Indeed, a number of methotrexate-conju-
gated fluorophores are commercially available (Molecular
Probes, Eugene, OR). Fluorescein methotrexate has been
used as a probe for the overexpression of DHFR in
methotrexate-resistant cell lines,[18, 19] and as a fluorescent
probe in protein-complementation assays.[20, 21] DHFR is a
monomeric, 18-kDa protein (by comparison, GFP is a 27-kDa
protein), and functional DHFR fusion proteins have been

used in a variety of biochemical applications, including a yeast
three-hybrid screen for protein–small molecule interac-
tions.[19–22] Given these characteristics, it should be possible
to express DHFR as a fusion to native proteins with little
likelihood of interference with native protein function.
Despite the commercial availability of fluorescent metho-
trexate analogues, and the well-characterized stoichiometric
labeling of intracellular DHFR with fluorescein methotrex-
ate, the DHFR–Mtx interaction has not yet been exploited as
a generic system for in vivo protein labeling.

To demonstrate the utility of DHFR–Mtx-F* as a protein
label, we used fluorescent microscopy to observe the labeling
of E. coli DHFR fusion proteins in mammalian cells with
TexasRed-conjugated Mtx (Mtx–TR). To avoid potential
background fluorescence or toxicity as a result of binding of
Mtx–TR to endogenous DHFR, we used a DHFR-deficient
CHO cell line in our studies.[23] We targeted the label to the
plasma membrane (PM) in CHO cells by expressing DHFR
with an N-terminal fusion of the 10-amino acid myristoyl-
ation/palmitoylation sequence from the protein lyn. This
signal sequence (MGCIKSKGKD) fused to the N-terminus
confers PM localization.[24] DHFR was also targeted to the
nucleus by encoding three copies of the nuclear localization
signal (NLS) of the simian virus 40 large T-antigen
(DPKKKRKV) at its N-terminus.[25] We expected to obtain
microscopic images of our modified CHO cells that revealed
characteristic PM or nuclear fluorescence upon labeling with
Mtx–TR.

To label PM-targeted DHFR in CHO cells, we modified a
mammalian expression vector, pECFP-N1-lyn, that had the
lyn PM-targeting sequence appended N-terminally to cyan
fluorescent protein (CFP).[24] We used standard molecular
biology techniques[26, 27] to replace the DNA that encodes the
CFP in pECFP-N1-lyn with DNA that encodes the E. coli
DHFR, yielding pLM1208. Replacement of the PM-targeting
sequence DNA with DNA that encodes three copies of the
NLS yielded plasmid pLM1264. We transiently transfected
DHFR-deficient CHO cells grown on 22-mm2 coverslips with
pLM1208 or pLM1264. Approximately 24 h after transfec-
tion, growth media that contained Mtx–TR (2 mm) was added
to the cells. After approximately 20 h of incubation with Mtx–
TR, the cells were washed twice with PBS, mounted in media
without Mtx–TR, and imaged using a scanning confocal
microscope.

Fluorescent microscopy of CHO cells transfected with
pECFP-N1-lyn that encodes the CFP control verified PM
targeting due to the N-terminal signal sequence (Figure 2a).
Microscopic images of CHO cells transfected with pLM1208
that encode the DHFR tag and labeled with Mtx–TR
revealed a similar pattern of illumination consistent with
PM fluorescence (Figure 2b). Cells labeled with Mtx–TR
initially showed a high background fluorescence that dimin-
ished as unbound Mtx–TR leaked from the cells into the
media. After about 20 min, distinct PM labeling with low
background fluorescence was visible. The red fluorescence of
the PM-targeted DHFR–Mtx–TR complex was clearly visible
up to at least 1 h after removal of the small molecule.
Microscopy of cells transfected with pLM1264 showed a
distinct nuclear fluorescence (Figure 2c). Control experi-

Figure 1. Schematic representation of the DHFR–Mtx protein-tagging
system. A Mtx-conjugated fluorophore or other label (shown here,
TexasRed) noncovalently binds DHFR, which is expressed in vivo as a
fusion to the tagged protein of interest.
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ments established that the red fluorescent signal was depend-
ent on the specific labeling of PM-targeted or nucleus-
targeted DHFR with Mtx–TR. Incubation of CHO cells
transiently expressing PM-targeted DHFR with media con-
taining a fivefold excess ofMtx relative toMtx–TR resulted in
no PM labeling (Figure 2d). Similarly treated cells expressing
nucleus-targeted DHFR as well as cells that were not
transfected and incubated in media containing Mtx–Tr
(2 mm) showed no localized fluorescence (data not shown).
These results suggest that Mtx outcompetes Mtx–TR for
binding to eDHFR, further indicating that the red fluorescent
signal we observed was due to Mtx–TR binding to the DHFR
portion of the fusion protein. Results similar to those shown
in Figure 2 were observed when fluorescein-conjugated Mtx
was used to label localized DHFR (data not shown).

We next sought to determine whether Mtx–TR could be
used to label E. coli DHFR fusion proteins in non-DHFR-
deficient mammalian cells, despite the possibility of toxicity
or background fluorescence as a result of binding of Mtx–TR
to endogenous DHFR. To demonstrate labeling in wild-type
(DHFR +/+) cells, we transfected NIH 3T3 fibroblasts with
pLM1208 (encoding PM-targeted E. coli DHFR) and pre-
pared them for microscopy under similar conditions as for
DHFR�/� CHO cells. To mitigate any potential toxic effects
of Mtx–TR, we supplemented the growth media with
thymidine (30 mm). We imaged the cells using a microscope

capable of either epifluorescent illumination or total internal
reflection (TIRF) illumination. Epifluorescence (Figure 3a)
cannot distinguish between Mtx–TR bound to endogenous
DHFR in the cytosol and Mtx–TR bound to PM-localized

E. coli DHFR. However, when using TIRF illumination, it
was possible to selectively excite and view the Mtx–TR-
labeled, PM-localized E. coli DHFR (Figure 3b). In TIRF
illumination mode, an evanescent wave is used to excite
fluorophores within approximately 100–200 nm of the cover-
slip surface.[28] This mode effectively limits excitation to
fluorophores localized to the basal plasma membrane of cells
grown on coverslips. These results show firstly, that wild-type
cells tolerate exposure to Mtx–TR, and secondly, that the
Mtx–DHFRmethod is viable for the labeling and detection of
PM-localized proteins by microscopic methods that optically
eliminate background interference as a result of binding of
Mtx conjugates to endogenous DHFR. Using RNA interfer-
ence methods to knock out native DHFR expression,[29] it
should be possible to label and detect E. coli DHFR fusion
proteins localized to any subcellular compartment in wild-
type mammalian cells.

The commercial availability of TexasRed–methotrexate
makes the DHFR–Mtx protein-labeling method immediately

Figure 2. Noncovalent labeling of localized E. coli DHFR in DHFR-defi-
cient CHO cells. Confocal micrographs show fluorescence in left
column, differential image contrast (DIC) images in right column:
a) PM fluorescence in cells transiently expressing cyan fluorescent pro-
tein fused to PM-targeting sequence (excitation: 457 nm). b) DHFR-
deficient CHO cells transiently expressing PM-targeted DHFR. Cells
were incubated in media containing Mtx–TR (2 mm) for 20 h, washed
with PBS, mounted in media without Mtx–TR, and imaged. c) Cells
expressing nucleus-targeted DHFR, treated as in b). d) CHO cells tran-
siently expressing PM-targeted DHFR that were incubated in media
containing Mtx–TR (2 mm) and Mtx (10 mm). Excess Mtx binds availa-
ble DHFR, preventing PM labeling with Mtx–TR. For images b–d, exci-
tation was carried out at 565 nm.

Figure 3. TIRF microscopy eliminates background fluorescence result-
ing from Mtx–TR binding to endogenous, cytosolic DHFR in wild-type
cells. NIH 3T3 fibroblast cells were transfected with DNA encoding
PM-targeted E. coli DHFR. a) Epifluorescence micrograph reveals fluo-
rescence of Mtx–TR bound to native, cytosolic DHFR and/or PM-local-
ized E. coli DHFR. b) TIRF micrograph of the same cells shows only
fluorescence of Mtx–TR bound to PM-localized E. coli DHFR in cells
expressing the fusion protein (on the right-hand side of the image).
Background fluorescence in cells not expressing PM-targeted DHFR is
effectively excluded. c) Plot of fluorescence intensity (arbitrary units)
vs. pixel value along the white line shown in images a) and b). The
blue line is epifluorescence intensity (image a), and the red line is the
value of TIRF fluorescence intensity (image b). d) DIC micrographs of
the cells.
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useful to cell biologists as an alternative to the problematic
DsRed fluorescent protein. The real strength of this
approach, however, is that the chemical functionality is
uncoupled from the labeling mechanism. Therefore, fluores-
cent conjugates other than TexasRed could be employed, as
well as other tags such as photoaffinity labels, NMR-active
nuclei, or PET tags. Currently, we are engineering Mtx
analogues that bind to DHFR variants, but not wild-type
DHFR. This should allow labeling in non-DHFR-deficient
cell lines and differential labeling of several proteins in the
same cell. This approach is well-precedented in the develop-
ment of modified chemical dimerizers of FKBP (FK506-
binding protein).[30] Given the ease with which fluorescent
Mtx analogues can be prepared and the efficient site-specific
labeling of a DHFR fusion protein described herein, we
anticipate that DHFR–Mtx-F* complexes will find broad use
as protein labels in biochemical and cell biological applica-
tions.
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Enzyme-Responsive Drug Carriers

Targeted Enzyme-Responsive Drug Carriers:
Studies on the Delivery of a Combination of
Drugs**

Myung-Ryul Lee, Kyung-Hwa Baek, Hui Juan Jin,
Yong-Gyu Jung, and Injae Shin*

A wide variety of new synthetic compounds have been
screened for chemotherapeutic applications. However, many
drug candidates exhibit poor membrane permeability and/or
severe side effects caused by their lack of selectivity. These
problems can often be overcome by using highly specific
chemotherapeutic agents. On the other hand, considerable
efforts have been devoted to the creation of delivery systems
targeting infected cells (or malignant tumors); these systems
improve membrane permeability, therapeutic efficacy, and
selectivity.[1] In a recent effort aimed at designing novel
systems that release free drugs in a stringently controlled
fashion, we have synthesized and characterized carrier–drug
conjugates connected by linkers that are only cleaved by an
enzyme present in the infected cells. In addition, we have
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developed a new molecular system to deliver a combination
of drugs to the target cells.

As shown in Scheme 1, 4-hydroxymandelic acid was used
as the framework for constructing the enzyme-responsive

linkers 1.[2,3] Since the enzyme substrate portion in 1 is
attached to the 4-hydroxy group of the mandelate core, the
enzymatic cleavage processes should not be hindered by
either the carrier or drug moieties attached at the para
position. Enzymatic cleavage of the substrate portion in the
infected cells will result in spontaneous release of the free
drug by a 1,6-elimination process. The quinone methide
intermediate 2 formed by this process will rapidly react with a
nucleophile (for example, water) to generate 3. Diverse drugs
(or physical probes) containing OH, CO2H, and NH2 moieties
can be coupled to the a-hydroxy group of the mandelate core
through ether, ester, and carbamate linkages, respectively.
Polymer, peptide, and dendrimer carriers can be coupled to
the linker through amide bonds.[4]

To demonstrate the potential of this targeted enzyme-
responsive drug-delivery system we synthesized carrier–
small-molecule conjugates 4a–c and 5, which contain a
phenylacetic acid residue as the substrate for cleavage by
bacterial penicillin G amidase (PGA)[5] and a TAT peptide as
the peptide carrier. TAT peptides are one of a number of
protein-transduction domains that have received considera-
ble attention as efficient delivery systems recently.[4a] These
carriers mediate intracellular uptake of small molecules and
macromolecules in a receptor-independent manner.[4a] We
selected the TAT peptide as the carrier because of its facile
preparation by solid-phase synthesis and its biodegradability,
which will be desirable following drug release.

The synthetic pathways for preparation of the conjugates
containing one (4a, nalidixic acid; 4b, 6-aminoquinoline; 4c,
chlorambucil) or two (5, nalidixic acid and 6-aminoquinoline)
small-molecule agents are illustrated in Schemes 2 and 3.
After protection of the carboxylic acid in 4-hydroxymandelic
acid (6) with an allyl group, selective phenylacetylation of the
phenolic hydroxy group and subsequent coupling of nalidixic
acid, 6-aminoquinoline, or chlorambucil (Ra–c moieties,
respectively) to the a-hydroxy group gave 7a–c (Scheme 2).

Nalidixic acid is an inhibitor of DNA gyrase,[6] and chlor-
ambucil is an antitumor agent known to cross-link DNA
strands.[7] 6-Aminoquinoline has an emission maximum at
370 nm in its conjugated form and at 550 nm in its free state.
Thus, conjugates 4b and 5 bearing 6-aminoquinoline were
prepared to probe the enzymatic cleavage in cells.[8]

After removal of the allyl group in 7a–c and condensation
of the exposed acid with tert-butyl-6-aminohexanoate fol-
lowed by deprotection of the tert-butyl group, the resulting
acids were converted into the pentafluorophenyl esters (8a–c)
for facile coupling with the TAT peptide in the next step.
Finally, conjugates 4a–c were obtained by the coupling of 8a–
c with peptide1 (YGRKKRRQRRR), which was prepared on
the solid support by the 9-fluorenylmethoxycarbonyl/tBu
strategy, and cleavage from the solid support.[9]

Conjugate 5 containing two small molecules (nalidixic
acid and 6-aminoquinoline) was prepared for the study of the
delivery of a combination of drugs into target cells
(Scheme 3). Compound 8a was coupled to the N-terminal
amino group of peptide2 (YGRKKRRQRRRC), which has
cysteine at the C terminus, on a solid support. After cleavage
of conjugate 10 from the solid support, the thiol group of the
cysteine residue in 10 was chemoselectively coupled to 9b,
which was prepared from condensation of 8b and 2-(2-
pyridyldithio)ethylamine, to produce 5.[9] This coupling
method was highly efficient for the synthesis of the conjugate
containing two different molecules.

Scheme 1. General structure of carrier–drug conjugates linked by 4-
hydroxymandelic acid. The pathway for enzyme-initiated release of free
drugs is depicted.

Scheme 2. Synthesis of conjugates 4. Reagents: a) Cs2CO3, allyl bro-
mide; b) phenylacetyl chloride, DIEA; c) a : nalidixic acid, EDC, DMAP;
b : COCl2, 6-aminoquinoline; c : chlorambucil, EDC, DMAP;
d) [Pd(PPh3)4] , AcOH, NMA; e) tert-butyl-6-aminohexanoate, EDC,
DMAP; f) TFA; g) pentafluorophenol, EDC. DIEA=diisopropylethyl-
amine, DMAP=4-dimethylaminopyridine, EDC=3-(3-dimethylamino-
propyl)-1-ethylcarbodiimide, NMA=N-methylalanine, Pfp=penta-
fluorophenyl, TFA= trifluoroacetic acid, TES= triethylsilane.
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Initial examination of the enzyme-promoted release of
drugs or physical probes from these conjugates was per-
formed by analyzing mixtures of 4a–c incubated with PGA
from Escherichia coli in sodium phosphate buffer (pH 7.4) at
37 8C for 30 min. HPLC analysis of each mixture after
incubation revealed the presence of nalidixic acid, 6-amino-
quinoline, or chloroambucil along with phenylacetic acid and
substances that were judged by mass spectrometry to be the
products of water addition to the quinone methide inter-
mediates and cyclized products resulting from intramolecular
reactions of the quinone methide with lysine or arginine side
chains present in the TAT peptide (Figure 1a). Importantly,
these compounds were not produced when the conjugates
were incubated in PGA-free solutions.

The antibacterial properties of 4a were then investigated
by determining the minimum inhibitory concentrations
(MICs) of 4a and nalidixic acid against an E. coli HB101
strain transformed with a PGA gene.[9,10] The conjugate 4a
exhibited an MIC value about 70 times lower (1.9 mm) than
that of free nalidixic acid (138 mm). Many cationic peptides
have been known to have antimicrobial activities.[11] There-
fore, we tested the antibacterial activity of the TAT peptide
and found that it did not exhibit antibacterial activity up to a
concentration of 657 mm. We also examined the possible
synergistic effect of the TAT peptide and nalidixic acid on
antibacterial activity. It was found that the MIC value of
nalidixic acid was not altered by the addition of this peptide at
a concentration of 140 mm. Therefore, the better therapeutic
efficacy of 4a relative to free nalidixic acid resulted from its

direct conjugation to the TAT peptide, not from a
combined antibacterial effect. Importantly, 4a did not
display an antibacterial effect (up to a concentration of
15.2 mm) on E. coli without a PGA gene. This demon-
strated that release of the free drug from the conjugate
was controlled by intracellular enzymes.

The release of small molecules by intracellular
enzymes was also examined by using the fluorescent
probe-containing conjugate 4b. For this purpose,
fluorescence microscopy was employed to analyze the
incubation mixtures of 4b (7.6 mm) and E. coli HB101
with and without a PGA gene. It was revealed that
PGA-expressing cells exhibited green fluorescence
when incubated with 4b for 20 min, whereas the
characteristic green fluorescence of 6-aminoquinoline
was not observed in E. coli cells without a PGA gene.
To show that the release process is cell selective, 4bwas
incubated with a mixture of E. coli cells with and
without the PGA gene (Figure 2a and b). The obser-
vation that 6-aminoquinoline fluorescence was seen
only in cells with the PGA gene clearly demonstrates
that the developed delivery system was cell selective.

We then compared the rate of bacterial cell death
with 4a and nalidixic acid by counting colony-forming
units (CFUs) after a certain time of exposure to the
compounds (Figure 3).[12] Conjugate 4a killed PGA-
containing bacteria more rapidly than free nalidixic
acid did at concentrations of 3.8 and 276 mm, respec-
tively (2 multiples of the MICs of 4a and nalidixic acid,
respectively). However, E. coli cells that did not

Scheme 3. Synthesis of conjugate 5. DMF=N,N-dimethylformamide,
NEM=N-ethylmorpholine.

Figure 1. HPLC chromatogram of the incubation mixtures of a) 4a or
b) 5 with PGA. a) A=a water-quenched product ([M+1]: m/z=1822);
B=a cyclized product ([M+1]: m/z=1804); C=phenylacetic acid;
D=nalidixic acid. b) A=6-aminoquinoline; B=a monocyclized
product ([M+1]: m/z=2245); C=a dicyclized product ([M+1]:
m/z=2227); D=nalidixic acid.
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contain a PGA gene grew at a similar rate in the presence of
3.8 mm 4a as they did in the control experiment.

For over a decade, combination therapies have been
exploited to improve therapeutic efficiency and/or to diminish
the toxicity of drugs.[13] Although a variety of drug-delivery
systems have been developed, these have rarely been
designed to deliver drug combinations. We examined the
enzyme-promoted release properties of conjugate 5, which
contained two different compounds. HPLC analysis of a
mixture of 5 incubated with PGA for 30 min showed that
nalidixic acid and 6-aminoquinoline were produced along
with mono- and dicyclized products (Figure 1b). This obser-
vation indicates that the conjugate underwent efficient
enzyme-responsive release of a combination of compounds.

To further investigate the possibility that two drugs could
be delivered into cells, the same conjugate 5 (3.8 mm) was
incubated withE. coli possessing the PGA gene. Fluorescence
microscopy images of cells after incubation for 20 min showed
that 6-aminoquinoline was released (Figure 2c). In addition,
the bacterial cells were nearly completely killed by 5 after
incubation for 8 h. These results clearly indicated that the
designed systems were capable of delivering a combination of
drugs to target cells.

In conclusion, we have developed an efficient enzyme-
responsive drug-delivery system. In the studies described

above, we have shown that the newly designed drug–carrier
conjugates effectively and selectively kill only those E. coli
cells containing a specific enzyme (for example, PGA). We
also demonstrated that the carrier lowered the effective
concentration of drug needed to kill the bacteria. Further-
more, we observed that two different compounds (a drug and
a fluorescent probe) were released from a bisconjugate by an
intracellular enzyme. This approach could be used for
targeted combination therapy. The general method developed
in this work may be useful for targeting virus-infected cells by
using carrier–antivirus-drug conjugates connected by linkers
that are viral-enzyme labile; malignant tumors with genes
encoding specific enzymes could be induced to release free
anticancer drugs from conjugates.[14]
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Figure 2. Images of the incubation mixture of 4b and E. coli HB101
cells with and without the PGA gene: a) normal microsopic image,
b) fluorescence image, c) fluorescence image of the incubation mixture
of 5 and E. coli HB101 cells with the PGA gene.

Figure 3. Rate of cell death caused by 4a and nalidixic acid. &: E. coli
containing a PGA gene in the absence of active compounds; !: E. coli
lacking a PGA gene in the presence of 3.8 mm 4a ; *: E. coli containing
a PGA gene in the presence of 276 mm nalidixic acid; ~: E. coli contain-
ing a PGA gene in the presence of 3.8 mm 4a.
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Enantioselective Synthesis

Copper(ii)-Catalyzed Highly Enantioselective
Addition of Enamides to Imines: The Use of
Enamides as Nucleophiles in Asymmetric
Catalysis**

Ryosuke Matsubara, Yoshitaka Nakamura, and
Shū Kobayashi*

Enamides are potentially useful and atom-economical nucle-
ophiles that contain amide or carbamate moieties after
nucleophilic additions. While enamides can be easily pre-
pared,[1] handled, and stored at room temperature, their use in
organic synthesis is limited.[2] To the best of our knowledge,
there have been no reports of using enamides as nucleophiles
in asymmetric catalysis. We describe here the first example of
the enantioselective addition of enamides to imines using a
chiral copper catalyst.

Initially, we examined the reaction of enamide 2a with
imine 1a[3,4] in the presence of a chiral copper catalyst
(10 mol%) prepared from Cu(OTf)2 and chiral diamine 3a
(Scheme 1).[4b,c] The addition reaction proceeded smoothly in

dichloromethane at 0 8C for 15 min to afford b-aminoimine
4aa. The yield (83%) and enantioselectivity (85%) were
determined after conversion of 4aa to b-amino ketone 5aa by
treatment with acid (HBr in EtOH/H2O).[5] Enamides 2b, 2c,
and 2d were also investigated in the reaction. The highest
ee value (93%) was obtained with 2d. Interestingly, enamines
2e and 2 f reacted with 1a under the same reaction conditions
to afford 5aa in high yields, but no asymmetric induction was
observed.

The results obtained employing other imines and enam-
ides are summarized in Table 1. Several imines, including an

N-carbamate-protected imine,[6] were treated with 2d in the
presence of the chiral copper catalyst (10 mol%) to afford the
corresponding adducts in high yields with high enantiomeric
excesses. It was also observed that the reaction proceeded
efficiently when 5 mol% of the catalyst was employed.
Enamides with aromatic substituents were as successful as
substrates as those with alkyl substituents. The use of chiral
diamine 3b instead of 3a was also effective. All the reactions
proceeded smoothly at 0 8C over 15 minutes, and high yields
and high levels of enantioselectivity were attained with a wide
range of substrates. We also conducted the reaction of (E)-
and (Z)-2-methyl-substituted enamides (E)-2 l and (Z)-2 l[7]

with imine 1a in the presence of the chiral copper catalyst
(10 mol%) in dichloromethane at 0 8C for 30 min (Scheme 2).
Enamide (E)-2 l was treated with 1a to give the adduct in a
high yield with good syn selectivity (syn adduct: 94% ee).
However, the reaction of (Z)-2 l with 1a also gave the
syn adduct as the major product, but the yield and diastereo-
and enantioselectivities were lower. It is noted that syn-

Scheme 1. The copper-catalyzed enantiomeric addition of an enamide
2 with an imine 1 to yield a b-aminoimine 4, which on treatment with
acid produces a b-amino ketone 5. Boc= tert-butoxycarbonyl, Bn=ben-
zyl, OTf= trifluoromethanesulfonate.

Table 1: Enantioselective addition of enamides to imines.

Entry Imine Enamide Yield [%][a] ee [%][b]

1 1a 2d 94(91)[c] 93(93)[c]

2[d] 1a 2d 92 93
3 1b 2d 72 94
4 1c 2d 89 91
5[e] 1d 2d 78 87
6 1a 2g 97 90
7 1b 2g 76 92
8 1a 2h 89 90
9 1a 2 i 93 91
10 1a 2 j 83 88
11 1b 2 j 76 91
12 1c 2k 84 83
13[d] 1c 2k 81 84

[a] Yield of isolated product. [b] Determination by high-performance
liquid chromatographic analysis. Details are given in the Supporting
Information. [c] Cu(OTf)2 (10 mol%) and 3a (10 mol%). [d] Diamine 3b
was employed instead of 3a. [e] Diamine 3c was employed instead of 3a.
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adducts were obtained preferentially in both reactions in
which the (E)- and (Z)-enamides were used.

A characteristic of addition reactions of enamides with
imines is the formation of a b-aminoimine 4 as an end
product. Although b-aminoimines are readily converted into
b-amino ketones 5 after treatment with acid, the treatment of
1a with 2d, LiAlH(OtBu)3, and LiI[8] in the same pot afforded
a 1,3-diamine product 6 in an 87% yield with good
diastereoselectivity (Scheme 2, syn :anti= 14:86; no epimeri-
zation was observed during the transformation). Diamine 6
was further transformed into lactam 7 in high yield
(Scheme 3). Thus, these enantioselective reactions provide
new routes to optically active 1,3-diamine derivatives, which
are versatile chiral building blocks for the synthesis of natural
products, drugs, ligands, etc.[9]

A plausible mechanism of this reaction may include an
aza-ene-type pathway via an acyclic transition state.[10]

Preliminary kinetic studies using FT-IR spectroscopic analysis
suggest direct formation of b-aminoimine 4 from imine 1.[11]

In addition, N-methyl-substituted enamide 2m did not react
with 1a under the standard reaction conditions. The stereo-
selectivities observed for the reactions of (E)-2 l and (Z)-2 l
with 1a support the proposed acyclic transition states being
formed during the reaction pathway. The catalyst was
prepared by treating Cu(OTf)2 with chiral diamine 3a in
CH2Cl2 to give a green color, and then adding water to form
the dimeric copper species 8 (blue color). The X-ray structure
of 8 is shown in Figure 1.[12,13] The coordination mode of 8 and
that of the Cu(ClO4)2·diamine complex[4c] may help ration-
alize the reaction stereoselectivity. In addition, while 8 was
found to be a less-effective catalyst for the addition of
enamide 2d to imine 1a,[14] a blue-colored solution of 8 in
CH2Cl2 turned green when 8 was treated with two equivalents
of trifluoromethanesulfonic acid. Compounds 1a and 2dwere

added to this green solution and the mixture stirred at 0 8C for
15 min to afford the adduct 5aa in a yield of 90% and 82% ee.

In summary, we have developed highly enantioselective
reactions of enamides with imines using a chiral copper
catalyst. This is the first example of the use of enamides as
nucleophiles in asymmetric catalysis. The use of enamides has
advantages over that of other nucleophilic enolate equiva-
lents, such as silicon and tin enolates, enamines, etc., from an
atom-economical point of view. From a synthetic standpoint,
functional groups bearing nitrogen atoms have been success-
fully introduced by using enamides as nucleophiles, and
efficient ways to optically active amino acid and 1,3-diamine
derivatives have been developed. Further investigations into
applying this reaction to preparing biologically interesting
compounds, studying the reaction mechanism, and elucidat-
ing the structure of the chiral copper catalyst are in progress.
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Diversity-Oriented Synthesis

Synthetic Strategy toward Skeletal Diversity via
Solid-Supported, Otherwise Unstable Reactive
Intermediates**

Steven J. Taylor, Alexander M. Taylor, and
Stuart L. Schreiber*

Herein we report a new diversity-oriented synthetic pathway
to skeletally diverse alkaloid-like compounds from simple,
readily available starting materials. The synthetic strategy
involves the generation and isolation of reactive, otherwise
unstable dihydropyridines and dihydroisoquinolines on a
solid support. A variety of reactions can be performed with
the enamine double bond present in the isolated reactive
intermediates, thus leading to skeletally diverse alkaloid-like
products.

Small molecules used in chemical genetic[1] screens can be
synthesized with guidance from compounds known to have
biological activity[2a] or with the desire to distribute the
products in chemical descriptor space. In the latter case, it
may be advantageous to maximize the representation of
different functional groups and conformations in a screen,
since in most cases the nature of the small-molecule–target
interaction can not be foreseen.[2b,c] Whereas complex mole-
cules with many distinct appendages can be synthesized
efficiently by using complexity-generating reactions[3] and
appending processes,[4] there have been limited examples of
synthetic pathways that yield products with a high degree of
skeletal diversity.[5] Herein we report a three-step diversity-
oriented synthetic pathway (Figure 1) based on reactive
dihydroisoquinoline and dihydropyridine intermediates,
which undergo a variety of transformations to generate
skeletally diverse alkaloid-like compounds.

We anticipated that the enamine moiety contained in
dihydropyridines and dihydroisoquinolines could be targeted
selectively to undergo a variety of transformations known to
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occur with electron-rich olefins.[6] To test this hypothesis, we
generated dihydropyridine and dihydroisoquinoline inter-
mediates on macrobeads (silicon-functionalized 500–600-mm
polystyrene components of a one-bead/one-stock solution
technology platform).[7] By standard procedures,[8] 7-hydroxy-
isoquinoline was attached covalently to the macrobeads to
generate the heterocycle 2 (Figure 2). Subsequent alkylation

of 2 with 2-bromobenzyl bromide provided the iminium salt 3
quantitatively. The addition of vinylmagnesium bromide to 3
then provided the dihydroisoquinoline 4 with 100% con-
version based upon magic angle spinning (MAS) 1H NMR
spectroscopy. In an analogous set of transformations, the
corresponding dihydropyridine 5 was generated in similar
yield and purity from 3-(4-pyridyl)propan-1-ol (see Support-
ing Information for details).[9]

Dihydropyridines and dihydroisoquinolines have been
reported to be unstable even when stored under seemingly
inert conditions.[10] Our initial experiments with test com-
pounds similar to 4 in solution mirrored published results, and
we observed extensive degradation of the compounds. How-
ever, attached to the solid support the dihydropyridines and
dihydroisoquinolines proved to be more stable. They showed

no degradation even after 1 month at room temperature. A
comparison experiment validated these observations
(Figure 3). When the dihydroisoquinoline analogous to 4
(derived from isoquinoline, 2-bromobenzyl bromide, and
vinylmagnesium bromide) was stored frozen in benzene at
0 8C or neat at 0 8C, impurities were observed immediately
and increased in quantity over time, whereas 4 (the dihy-

droisoquinoline on solid support) showed no degra-
dation after 1 month of storage at room temperature.
The integrity of this enamine is critical to the
synthesis of more complex skeletons, since it serves
as a reactive handle for cycloadditions, alkylations,
and reductions.

With the dihydropyridine 5 and dihydroisoquino-
line 4 in hand we then examined a variety of
reactions known to occur with similar functional
groups in solution.[11] Selective reduction of the
enamine occurred when either 4 or 5 was exposed
to Na(CN)BH3 in CF3CH2OH/CH2Cl2, thus provid-
ing the corresponding reduced compounds 6 and
11a/b (Table 1, entries 1 and 6).[12] The treatment of 4
with benzohydroximinoyl chloride provided the 6,5-
fused cycloadduct 7 as a single diastereomer
(Table 1, entry 2).[13] When treated with an elec-
tron-deficient azide, 4 and 5 underwent [3+2] cyclo-

addition followed by loss of nitrogen to yield compounds 8
and 12 (Table 1, entries 3 and 7).[14] When the enamines were
exposed to dimethyl acetylenedicarboxylate (DMDA) they
underwent [2+2] cycloaddition followed by ring expansion to
generate the eight-membered heterocycles 9 and 13 (Table 1,
entries 4 and 8).[15] The conjugated amide 10 was produced
upon exposure of 4 to 4-fluorophenyl isocyanate (Table 1,
entry 5).[16] The electron-rich diene 5 underwent a Diels–
Alder reaction with N-benzylmaleimide to provide the
bridged bicyclic compound 14 as a single diastereomer
(Table 1, entry 9).[17]

For a qualitative assessment of the overall topography of
the molecules listed in Table 1 and Figure 2, a low-energy
conformation was calculated for each compound.[18] An
overlay of the isoquinoline-derived minimized skeletons at

Figure 1. Outline of the diversity-oriented synthetic strategy. A three-step reaction sequence involving isolatable enamine intermediates allows the
generation of skeletally diverse alkaloid-like compounds. An overlay of the calculated electron-density map (blue represents high electron density)
onto the MM2 minimized geometry of the dihydroisoquinoline intermediate shows the electron-rich enamine double bond that is used as a
handle for diversification reactions. Alk=alkyl, Nu=nucleophile.

Figure 2. Solid-phase synthesis of the dihydroisoquinoline and dihydropyridine reactive
intermediates. Yields based upon weight of compound after cleavage from the solid sup-
port with HF·pyridine. Conversion based upon magic angle spinning 1H NMR spectro-
scopic analysis and comparison with the corresponding enamines synthesized in solution.
Tf= trifluoromethanesulfonyl.
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the three atoms shared by all of the molecules (the nitrogen
atom and two sp2-hybridized carbon atoms of the heterocyclic
core) gives a clear picture of the skeletal diversity provided by
the three-step synthetic pathway (Figure 4). The overlaid
skeletons suggest that the molecules synthesized by this
pathway will display chemical information in three dimen-

sions differentially, thereby increasing the number of poten-
tial small-molecule–biological-target interactions.

The synthetic strategy presented herein enables the
synthesis of skeletally diverse alkaloid-like compounds in
only three steps. Key to the synthesis is the generation and
isolation of reactive dihydropyridines and dihydroisoquino-
lines, which are useful substrates for a variety of skeleton-
determining transformations. This synthetic sequence leads to
twelve distinct skeletons, all of which contain a hydroxy
group, which is important for the microarray technology used
in protein-binding assays,[19] and all with high purity (80%
purity on average by LC–MS). The modularity of the
synthetic pathway allows for the efficient incorporation of
building blocks at a number of key sites on the skeletons.
Efforts are currently underway to develop a library of
alkaloid-like compounds through this synthetic pathway.

Received: December 5, 2003 [Z53466]
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Figure 3. Comparison of the stability of enamine intermediates in solution versus attached to the solid support. a) Photographs of the dihydroiso-
quinoline analogous to 4, stored neat at 0 8C or frozen in [D6]benzene (50 mg/0.40 mL) at 0 8C; b) 1H NMR of the same dihydroisoquinoline
stored either neat at 0 8C or frozen in [D6]benzene (50 mg/0.40 mL) at 0 8C; c) MAS 1H NMR spectrum of the enamine 4 after 30 days at room
temperature on the solid support.

Figure 4. The AM1 minimized-energy conformations of the isoquino-
line-based skeletons were calculated, and their structures were aligned
with respect to the three common atoms. The overlay provides a visu-
alization of the skeletal diversity of the products of the three-step syn-
thetic pathway.
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Table 1: Skeletal-diversification reactions.

Entry Enamine Reagents Product[a] Yield [%][b] Purity [%][c]

1[d] 4
Na(CN)BH3

CF3CH2OH
69 75

2[e] 4 65 58

3[f ] 4 60 81

4[g] 4 69 84

5[h] 4 66 60

6[d] 5
Na(CN)BH3

CF3CH2OH
55 85

7[f ] 5 50 85

8[g] 5 53 88

9[i] 5 54 93

[a] Product following cleavage from the solid support. [b] Yield over two steps based upon weight of
compound after cleavage from the solid support with HF·pyridine. [c] Purity determined by LC–MS (214
and 254 nm, and total ion current) as a percentage of the total peak area (see Supporting Information for
details). [d] Na(CN)BH3: 5 equivalents, room temperature, 16 h. [e] Oxime chloride: 5 equivalents,
triethylamine (TEA): 10 equivalents, room temperature, 16 h. Longer reaction times lead to
bis(cycloadduct) formation in 82% yield with 75% purity. [f ] Azide: 10 equivalents, room temperature,
5 h. [g] DMDA: 10 equivalents, room temperature, 16 h. [h] Isocyanate: 20 equivalents, 90 8C, 5 h.
[i] Maleimide: 10 equivalents, toluene, 50 8C, 16 h, isolated as a single diastereomer.
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Immobilized Catalysts

Heterogeneous Enantioselective Catalyzed
Carbonyl- and Imino-Ene Reactions using
Copper Bis(Oxazoline) Zeolite Y**

Neil A. Caplan, Frederick E. Hancock,
Philip C. Bulman Page, and Graham J. Hutchings*

The current high demand in the pharmaceuticals industry for
efficient and economical routes to enantiomerically pure a-
hydroxy and a-amino carbonyl compounds has focused
interest on carbonyl-ene and imino-ene reactions as a
potential source of these compounds.[1] Homogeneously
catalyzed carbonyl-ene reactions have been reported using a
chiral methyl–aluminum–binaphthol complex,[2] but the scope
of this catalyst was very limited. Subsequently, the scope of

the reaction was widened to the use of 1,1-disubstituted
alkenes with titanium–binol (binol= 2,2'-dihydroxy-1,1'-
binaphthyl) homogeneous catalysts.[3] Recently, interest has
focused on the use of soluble copper(ii) bis(oxazoline)
complexes as catalysts for the reaction of a range of glyoxylate
and pyruvate esters and substituted alkenes to generate a-
hydroxy carbonyl compounds in high yields and with high
ee values.[4a] In contrast, there is only a single example of a
homogeneously catalyzed imino-ene reaction involving
copper binap (binap= [1,1’-binaphthalene]-2,2’-diylbis(di-
phenylphospane)) complexes.[5] These catalysts and processes
remain, however, limited in their economic efficiency because
of the inability to recover the catalysts from the reaction
medium. Previously, bis(oxazoline) bound to soluble poly-
(ethylene glycol) has been used to generate a recyclable catalyst
which is recovered by precipitation at the end of each reaction
cycle, but the enantioselection decreased with each reuse.[6]

Herein, we present the first heterogeneously catalyzed,
efficient enantioselective carbonyl- and imino-ene reactions
using a readily recyclable catalyst. Our approach to designing
highly enantioselective heterogeneous catalysts uses electro-
static immobilization of cations within zeolites and mesopo-
rous materials. Previously, we have shown that heterogeneous
catalysts for the enantioselective aziridination of alkenes, with
ee� 95%, can be designed on this basis.[7] In addition, we
have shown that the copper bis(oxazoline) complex, when
constrained within the zeolite structure,[8] gives substantially
higher enantioselection than the homogeneous catalysts.[7,9]

Similar effects have been noted for other immobilized
catalysts.[10] We have now found that bis(oxazoline)-modified
CuH zeolite Y catalysts are extremely effective catalysts for
asymmetric carbonyl- and imino-ene reactions and, further-
more, these catalysts can be readily recovered and reused
without loss of catalyst performance.

The reaction of ethyl glyoxylate with a range of alkenes
has been investigated using the immobilized copper–zeolite Y
(Cu-HY) bis(oxazoline) catalyst and the results are shown in
Table 1. In the absence of the bis(oxazoline), negligible
reaction was observed. The results show that the reactions
proceed with good yields and, in many cases, high enantio-
selection. Interestingly, the use of (S,S)-2 as the ligand with a-
methylstyrene leads to significantly higher ee value (93%)
than the use of (S,S)-1 (77%). Even removal of the methyl
groups on the bridging carbon atom, that is, using (S,S)-3 gives
a higher ee value under the same conditions. This result shows
that, by further fine tuning of the ligand, improved enantio-
selection can be expected. Of particular note is the reaction of
2-methylhept-2-ene using (R,R)-1 which gave a major and
minor product in a molar ratio of 3.2:1 (ca. 76:24) The anti :syn
diastereoselectivity of the major product was 5:1 (i.e. ca.
83:17). However, the observation of reaction with this
substrate, albeit with a low yield, shows the advantages of
using the heterogeneous catalysts, since previous studies[4b]

have shown that enantioselective reactions with 1,2-disubsti-
tuted alkenes are not catalytic with the homogeneous copper
bis(oxazoline) complex catalysts.

The scope of the reactions using the immobilized catalyst
was extended and the reaction of a-methylstyrene with
methyl pyruvate was investigated (Scheme 1). These results,
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along with those in Table 1, show that the heterogeneous
copper catalysts are active for the carbonyl-ene reactions
across a range of alkene substrates and carbonyl compounds.
The scope was further extended to imino-ene reactions
(Table 1). The results demonstrate that both a-carboxyl
imine (ethyl-N-benzhydryliminoethanoate) and alkylimine
(N-benzyl isovalerimine) compounds readily react with a-
methylstyrene giving high yields and enantioselectivity with

the immobilized copper catalyst. Previous studies involving
homogeneous catalysts[5] have used imine compounds that
have an electron-withdrawing substituent, usually a carbonyl
or carboxyl group, adjacent to the imine carbon atom to
enhance its reactivity. Our preliminary study using N-benzyl
isovalerimine shows that these groups are not necessary with
the immobilized heterogeneous catalyst.

The reaction of the immobilized copper–bis(oxazoline)
zeolite Y catalyst was compared with a homogeneous copper
catalyst, Cu(OTf)2 in the presence of the bis(oxazoline),
under comparable conditions (Table 2). Although the homo-
geneous catalyst gave a higher yield, the ee values observed
for a-methyl styrene and methylene cyclohexane were com-
parable for the two catalysts. However, the ee values observed
with the heterogeneous catalyst for methylene cyclopentane

Table 1: Enantioselective carbonyl-ene reactions catalyzed by bis(oxazoline) Cu-HY.

Bis(oxazoline) Alkene Enophile Product T Yield ee config.
[h] [%] [%]

(S,S)-1 a-methylstyrene 20 85 77 S

(S,S)-1 methylene cyclohexane 100 65 94 S

(S,S)-1 methylene cyclopentane 100 71 93 S

(R,R)-1 2-methylheptene 150 69 72 R

(R,R)-1 2-methylhept-2-ene 150 23 77 R

(S,S)-2 a-methylstyrene 12 87 93 R

(S,S)-3 a-methylstyrene 12 91 85 R

(R,R)-1 a-methylstyrene 20 66 80 R

(S,S)-1 a-methylstyrene 10 87 90 R

(S,S)-2 a-methylstyrene 5 83 92 R

Scheme 1. Cu-HY= Immobilized copper–zeolite Y catalyst.

Communications

1686 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 1685 –1688

http://www.angewandte.org


was significantly higher than that observed with the homoge-
neous catalyst. This is considered to be due to the confine-
ment of the heterogeneous catalyst within the zeolite pores,
and we have also observed this in our previous studies on
aziridination.[7]

Following the reaction of methyl pyruvate and a-methyl-
styrene (Scheme 1), the catalyst was recovered, dried, and
reused giving the same results. The aqueous phase from the
crude-product washing step was analyzed, and it was deter-
mined that only approximately 1% of the copper added with
the heterogeneous catalyst leached, under the reaction
conditions, into the reaction mixture. Further experiments
showed that this level of copper was not an active homoge-
neous catalyst for the carbonyl- and imino-ene reactions.
Hence, the copper–bis(oxazoline) zeolite Y catalyst is acting
as a heterogeneous catalyst. A further series of experiments
were carried out to demonstrate the facile reuse of this
immobilized catalyst (Table 3). A large scale reaction of ethyl
glyoxylate with a-methylstyrene was carried out (Entry 1,
Table 3). Following the reaction, the catalyst was isolated by
filtration and pretreated according to three different methods
(Table 3). The pretreated, used catalyst was then used for
subsequent reactions with either ethyl glyoxylate or methyl
pyruvate. Our initial experiments were based on simply
recovering the catalyst by filtration and vacuum drying before
reusing (Entry 2, Table 3). Although the catalyst could be
reused, the yield increased while the ee value decreased. This
effect was due to product being retained from the initial

reaction (Entry 1, Table 3) which
was then washed out into the reac-
tion mixture during the subsequent
reaction. For this reason, subse-
quent experiments on catalyst
reuse involved a washing procedure
(Entries 3–5, Table 3) to ensure
product was not retained in the
reused catalyst. The results show
that, following washing, even with-
out the further addition of bis(ox-
azoline), the washed, reused cata-
lysts give comparable yields and
ee values to those expected from a
fresh catalyst (Entries 3–5, Table 3).
In addition, it is possible to use the

catalyst for different reactions in successive experiments
(Entries 1, 3–5, Table 3), which fully demonstrates the
flexibility of the heterogeneous catalyst. If the reused catalyst
is retreated with bis(oxazoline) prior to use, then improved
enantioselection is observed (experiment 6, Table 3), but such
a retreatment is not considered essential.

We have previously shown, using detailed EPR spectros-
copy,[8] that the bis(oxazoline) chelates to the copper within
the supercages of the zeolite to form a square-planar complex.
In the present study, we consider this is the active site for the
catalyzed reaction, since the experiments reported clearly
demonstrate the material is acting as a heterogeneous catalyst.

In conclusion, we have demonstrated the first heteroge-
neously catalyzed, enantioselective carbonyl-ene and imino-
ene reactions, which provide a simple pathway for the
synthesis of a-hydroxy and a-amino carbonyl compounds
with good yields and high enantioselection.

Experimental Section
Cu-exchanged zeolite Y was prepared by ion-exchange of zeolite HY
(50 g) with a solution of copper(ii) acetate (7.85 g, 39.3 mmol in
deionized water (150 mL)) for 16 h at 20 8C with periodic adjustment
of the pH value to 7.5. The material was recovered by filtration, dried
(110 8C), and calcined (550 8C). Using inductively coupled plasma
(ICP) analysis, the zeolite was found to contain 3.1 wt% Cu.

Heterogeneous catalyzed carbonyl-ene reactions using ethyl
glyoxylate: The Cu-exchanged zeolite Y (0.360 g, 0.15 mmol Cu)
was dried in a Schlenk flask under high vacuum (150 8C, 2 h) and then
cooled (20 8C). CH2Cl2 (5.0 mL) and the bis(oxazoline) (0.025 g,
0.075 mmol) were added to the dried catalyst by syringe. Filtration at
this point yielded an air stable catalyst with the same performance as
that prepared and used in situ, this material was stable when stored in
air at room temperature for up to 6 months. The suspension was
stirred for 3 h at 20 8C and then alkene (0.149 mmol) and ethyl
glyoxylate solution in toluene (1.02 g, 80% solution in toluene,
7.47 mmol) were added by syringe. The reaction mixture was stirred
at 20 8C and the reaction was monitored periodically by thin-layer
chromatography (TLC). After the reaction, the catalyst was sepa-
rated by filtration and the product was purified by flash column
chromatography.

Homogeneously catalyzed carbonyl-ene reactions: Copper(ii)
triflate (Cu(OTf)2, 0.054 g, 0.15 mmol) and bis(oxazoline) (0.056 g,
0.15 mmol) were added to a dry Schlenk flask under argon and
CH2Cl2 (5 mL) was added by syringe. The solution was stirred for 3 h
at 20 8C and then alkene (1.90 mmol) and ethyl glyoxylate (1.17 g,

Table 2: Comparison of the immobilized catalyst (Cu-HY) with the homogeneous catalyst for the
carbonyl-ene reaction.

Bis-oxazoline Alkene Enophile Catalyst Product T Yield ee config.
[h] [%] [%]

(R,R)-1 a-methyl-
styrene

Cu-HY 20 66 80 R

(R,R)-1 Cu(OTf)2 20 94 66 R

(S,S)-1 methylene
cyclohexane

Cu-HY 100 65 94 S

(S,S)-1 Cu(OTf)2 100 92 99 S

(S,S)-1 methylene
cyclopentane

Cu-HY 100 71 93 S

(S,S)-1 Cu(OTf)2 100 94 57 S

Table 3: Reuse of the heterogeneous catalyst.[a]

Entry Reuse Pretreatment[a] Carbonyl com-
pound

Yield
[%]

ee config.
[%]

1 – – ethyl glyoxylate 66 80 R
2 2nd

use
(a) ethyl glyoxylate 85 65 R

3 2nd
use

(b) methyl pyruvate 85 83 R

4 3rd
use

(b) methyl pyruvate 91 89 R

5 4th
use

(b) ethyl glyoxylate 89 82 R

6 2nd
use

(c) methyl pyruvate 79 80 R

[a] See Experimental Section for method definition.
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80% solution in toluene, 9.51 mmol) were added by syringe. The
reaction mixture was stirred at 20 8C and the reaction was monitored
periodically by TLC. After the reaction, the product was purified by
flash chromatography.

Imino-ene reactions: Cu-exchanged zeolite Y (0.423 g, 0.17 mmol
Cu) was dried in a Schlenk flask under high vacuum (150 8C, 2 h) and
then cooled (20 8C). CH2Cl2 (5.0 mL) and bis(oxazoline) (0.025 g,
0.075 mmol) were added to the dried catalyst by syringe. The
suspension was stirred for 3 h at 20 8C and then a-methylstyrene
(194 mL,149 mmol) and the imino(ethyl-N-benzhydryliminoethan-
oate (1.2 mmol)), or N-benzyl isovalerimine (2.55 mmol) were
added by syringe. The reaction mixture was stirred at 20 8C and
monitored periodically by TLC. After complete reaction, the catalyst
was separated by filtration. The crude product was purified by flash
column chromatography.

Large scale reuse experiment: Vacuum-dried Cu-exchanged
zeolite Y (3.1 wt% Cu, 1.44 g, 0.60 mmol Cu) pretreated with
(R,R)-1 (0.10 g, 0.40 mmol) was treated with ethyl glyoxylate
(4.08 g, 29.88 mmol) and a-methylstyrene (0.708 g, 5.95 mmol) for
20 h at 20 8C in CH2Cl2 (20 mL). The catalyst was separated by
filtration and the product recovered and purified by flash column
chromatography. Subsequent reactions of the used catalyst were
carried out at a quarter of this scale. Prior to reuse, the catalyst was
pretreated according to one of the following methods:
a) vacuum drying only (60 8C, 12 h; 150 8C, 3 h);
b) washed with ethylacetate (5 A 5 mL) before vacuum drying and

repeating the whole procedure twice more;
c) washed and dried as in method (b), calcined (550 8C, 6 h), and

retreated with (R,R)-1 (0.025 g, 0.075 mmol).

The ee value was determined using chiral HPLC using a Daicel
Chiralkpak OD column and yields of isolated products are reported.

The IUPAC name for 1,3-oxazoline is 4,5-dihydro-1,3-oxazole
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Chirality

Enantiomeric Resolution of a Ruffled
Porphyrinoid**

Heather W. Daniell and Christian Br�ckner*

Porphyrins have been utilized as platforms for molecular-
recognition systems, including examples for chiral substrate
recognition.[1] Chiral porphyrins were also used in the
enantiocontrol of metalloporphyrin-catalyzed transforma-
tions.[2] The synthesis of chiral porphyrins has mainly been
through modification of the porphyrin periphery with chiral
side chains or by utilizing the chirality of certain atropisomers
of ortho-phenyl-substituted meso-tetraarylporphyrins, and
chiral resolution was accomplished in some cases.[3] Alter-
native methods employ chirality transfer from chiral sub-
strates to nonchiral porphyrins.[4,5]

We have reported the NiII complexes of porphyrinic
chromophores in which one of the pyrrolic building blocks of
a porphyrin was formally replaced by a morpholine unit
(Scheme 1A).[6,7] The acid-catalyzed reaction of secochlorin
bisaldehyde 1 with EtOH resulted in the formation of the
morpholinochlorin chromophore 2, which further converted
into double acetal 3. The chromophores of secochlorin 1 and
morpholinochlorin 3 possess near-identical nickel (ii)-induced
ruffled conformations of idealized C2-symmetry (Scheme 1B
and C).[8]

In addition to the helicity of the ruffled chromophore, the
sp3 ring-carbon atoms in 3 are also stereogenic centers. Thus,
six possible stereoisomers of 3 are theoretically possible.[9]

However, only two isomers are observed. Cooperative action
of steric and stereo-electronic effects limit the number of
isomers formed: the NiII-induced twist in secochlorin 1 aligns
themeso-aryl groups “anti” to each other with respect to their
deviation from the chromophore plane, and aligns the two
aldehyde functional groups to lie on top and parallel to each
other and parallel to the chromophore plane (Scheme 1B).
This alignment then directs the attack of the nucleophile on
the prochiral aldehyde center to occur from one of the two
homotopic exo sides (Scheme 1B). Stereoelectronic effects
favor the anti-configuration of the alkoxy and hydroxy groups
in the ring-closed hemiacetal 2 and of the two alkoxy groups
in acetal 3. This anti-configuration is also the sterically
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favored orientation of the alkoxy substituents. As a result, the
stereochemistry of the two sp3-hybridized carbon centers are
fixed to be homochiral and unique with respect to the chirality
of the screw axis of the chromophore. Thus, only two
enantiomeric forms of 3 are observed and morpholinochlorin
3 crystallizes as a racemic pair ((R)-3/(S)-3) in an achiral
space group.[6,8] Moreover, electrochemical experiments
inferred that the conformation of the morpholinochlorins is
locked.[7] This, in turn, suggests that the chiral resolution of a
racemic mixture of (R)-3/(S)-3 should be possible.

We report herein, for the first time, that the enantiomeric
resolution of chiral conformers of morpholinochlorin chro-
mophores is possible. In the course of this work, we
discovered a novel chiral morpholinochlorin-derived chro-
mophore incorporating an o-phenyl-to-b-position linkage.

HCl-catalyzed reaction of brown 1 with (+)-cholesterol
((+)-Chol) yielded two major green products which, based on
their identical mass spectra, were assigned the composition
C71H74N4O3Ni, as expected for the diastereomeric hemiace-
tals (R)-2-(+)-Chol and (S)-2-(+)-Chol (Scheme 2).[10] These
products were, however, not stable and converted quantita-
tively into two green compounds, 4(+ 443)-Chol and 4(�443)-
Chol.[11] The products could be isolated by preparative thin
layer chromatography (DRf= 0.05) in 30% yields.[10] Their
mass spectra were identical and corresponded to the compo-
sition C71H72N4O2Ni, that is, not to the expected bis(choles-
teroxy)-substituted product. Instead, the mass indicated the
formation of a product derived from 2-Chol by loss of H2O.
The UV/Vis spectra of 4(+ 443)-Chol and 4(�443)-Chol are
identical and significantly bathochromically shifted compared
to the spectrum of [morpholinochlorinato]nickel 3 (Fig-
ure 1a).[11]

The 1H and 13C NMR spectra of these compounds
(400 MHz, [D6]benzene, 25 8C) confirmed the presence of a

cholesteroxy group, indicated the pres-
ence of a non-symmetrically pyrrole-
modified porphyrin (observation of six
non-equivalent b-protons, 3J= 4.8 Hz),
and the formation of the morpholine
moiety (diagnostic singlet at d= 6.72 and
5.40 ppm for the hydrogen atoms attached
to the sp3-hybridized carbon centers). An
H,H-COSY spectrum allowed the identi-
fication of a spin system characteristic of
one unsymmetrically 1,2-disubstituted
phenyl group (doublet at d= 8.10 ppm,
3J= 7.4 Hz, coupled into a multiplet, d=
7.75–7.25 ppm, which is coupled to a
multiplet at d= 7.16–7.13 ppm, which
itself is coupled to a doublet, d=

7.01 ppm, 3J= 7.5 Hz, all 1H). This motif
is characteristic of an o-phenyl-to-b-link-
age.[12]

Thus, the spectroscopic data are con-
sistent with the formation of the
novel chromophores 4(+ 443)-Chol and

Scheme 2. Reaction conditions: a) cholesterol, benzene, HCl vapors;
b) CHCl3, EtOH, HCl vapor. The “+ ” and “�” in the structures indi-
cate the ruffled conformation, that is, the relative position of the
carbon atoms with respect to the mean plane of the macrocycle.

Scheme 1. A) Preparation of (R)-3/(S)-3. Reaction Conditions: a) CHCl3/EtOH, [H+] .[6] B) Ball-
and-stick representation of (R)-1 along the idealized N�Ni�N bond axis indicated in (A); the
arrow indicates the likely exo-attack of a nucleophile on the prochiral carbonyl center. C) Ball-
and-stick representation of the enantiomeric forms of morpholinochlorin 3, together with a
stylized representation of the twisted chiral chromophore, viewed along the idealized N�Ni�
N bond axis indicated in (A). Models are based on X-ray crystal data.[6] Distal phenyl groups
and all the hydrogen atoms attached to the phenyl groups and the porphyrin framework are
removed for clarity.
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4(-443)-Chol in which the ortho-position of one meso-phenyl
group is fused to a (former) b-pyrrole carbon atom. This
linking presumably causes a (near)-planar arrangement of the
phenyl ring with the porphyrinic chromophore. The resulting
extension of the p conjugation rationalizes the bathochromi-
cally shifted UV/Vis spectrum of 4 (Figure 1a).[12]

A stepwise mechanism rationalizes the formation of
4(+ 443)-Chol and 4(�443)-Chol. Nucleophilic attack of the
cholesterol from the exo-side generates the two diastereo-
meric hemiacetals (R)-2-Chol and (S)-2-Chol. Perceivably,
the steric bulk of the cholesterol side chain prevents the
approach of a second cholesterol unit and, instead, facilitates
an intramolecular electrophilic aromatic substitution of the
adjacent ortho-phenyl position by the carbocation formed by
acid-induced dehydroxylation of (R)-2-Chol or (S)-2-Chol.
Although the trans-arrangement of the linkage to the phenyl
ring and the alkoxy substituent can be rationalized on steric
and stereo-electronic grounds, it could not be shown
directly.[13]

Most significantly, the CD spectra of the two diastereom-
ers 4(+ 443)-Chol and 4(�443)-Chol are mirror images of
each other, demonstrating the successful separation of the
two enantiomeric chromophores (Figure 1b).[14] The isolation
of a combined fraction of 4(+ 443)-Chol and 4(�443)-Chol
yields a diastereomeric mixture which shows no CD signal.
This result suggests that cholesterol reacts indiscriminately
with both pre-formed enantiomers of 1, and does not induce
any chirality.

Acid-catalyzed exchange of the cholesteroxy groups for
ethoxy groups proceeds smoothly. Thus, the diastereomers
4(+ 443)-Chol and 4(�443)-Chol are each converted by
stirring in acidified CHCl3/EtOH into the corresponding
enantiomeric pair 4(+ 442)-Et and 4(�442)-Et (Scheme 2).
The NMR signature of the products and the expected mass
spectra, which correspond to the composition C46H32N4O2Ni,
indicate that no other framework change had taken place.[10]

As expected, the enantiomers of 4(+ 442)-Et and 4(�442)-Et
show the same CD spectra but with opposite signs (Figure 2).
We have not been able to assign the absolute conformations

of the chromophores.[15] However, the diastereomer of
4(+ 443)-Chol with a positive Cotton effect at 443 nm also
generates the enantiomer of 4(+ 442)-Et with a positive
Cotton effect of identical magnitude at 442 nm. This result
shows that no inversion or partial racemization of the
chromophore takes place in the alkoxy exchange reaction.
The CD spectra did not degrade over an extended time
(months), which indicates the conformational rigidity of the
macrocycles. The alkoxy exchange performed on a diaster-
eomeric mixture of 4(+ 443)-Chol and 4(�443)-Chol gener-
ates a racemic mixture of 4(+ 442)-Et and 4(�442)-Et which
shows a flat-line CD signal but has otherwise identical
spectral properties to the enantiomerically pure fractions.[10]

In conclusion, we have shown that the chiral resolution of
enantiomeric conformers is possible in case of the NiII

complexes of morpholinochlorins in which the conformers
are rigidly locked. The resolved conformers of 4-Et may
become a valuable element in chiral recognition studies
utilizing the large chiral p-system. This NiII d8 system is,
however, ill suited for studies involving coordination to the
central metal because NiII porphyrins have only weak binding
capabilities for axial ligands.[16] Parallel to our earlier findings,
the replacement of NiII proved unsuccessful without destruc-
tion of the macrocycle.[6] We are currently testing the
application of the synthetic methods disclosed herein to
free-base and other metalloporphyrin systems.[17]
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Living Polymerization

HP-RAFT: A Free-Radical Polymerization
Technique for Obtaining Living Polymers of
Ultrahigh Molecular Weights**

Javid Rzayev and Jacques Penelle*

Synthetic methods based on living polymerizations have
become indispensable tools for modern polymer chemists. By
minimizing the influence of termination and chain transfer
over the final outcome of the polymerization, they provide
the only reasonable route to polymers with narrow molecular
weight distributions and controlled end groups, and to most of
the nonlinear polymer architectures such as block, star, cyclic,
and other macromolecules with controlled branching pat-
terns.[1–5] By making possible the design of polymers with
tailored properties, these methods have contributed signifi-
cantly to the development of nanostructured polymeric
materials whose dimensions are controlled by the size of the
macromolecules involved in the structuration process.[5,6]

The many fundamental accomplishments and myriad of
papers published every year on the synthesis, properties, and
use of polymers prepared by living polymerization techniques
contrast heavily with the industrial impact, which thus far has
been quite modest, largely due to the high costs associated
with the required reaction conditions. Living polymerizations
demand that a propagation proceeds hundred of times in
sequence without the interference of any side reaction leading
to termination or chain transfer. Such a selectivity is hardly a
hallmark of organic chemistry, and only a handful of polymer-
izations have been successfully optimized to the required
level.[1,5]

Living/controlled free-radical polymerization techniques
were supposed to overcome this technical limitation by
allowing experimental conditions to be used that are less
stringent and costly than those based on organometallic or
ionic species, a goal that has largely been achieved by now.[7]

Free-radical polymerizations have their own limitations,
though; being very slow, they do not provide a good route
to polymers of high degrees of polymerization, the polymer-
izations in this case requiring theoretical reaction times of
several weeks to several years depending on the targeted
degree of polymerization.[8]

Herein, we report a simple, practical methodology to
overcome the above limitation. We demonstrate, using
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methyl methacrylate (MMA) polymerization as an example,
that polymers with very high molecular weights can be
obtained under simple experimental conditions that are fully
compatible with current industrial polymerization processes.
The methodology uses known living/controlled free-radical-
polymerization procedures, and overcomes their inherent
limitations under normal conditions by using very high
hydrostatic pressures, in the 1–10 kbar range (1 kbar=
987 atm= 14504 psi). The main purpose of using high pres-
sures is to increase the propagation rate coefficient of the
polymerization kp by several orders of magnitude and to
benefit from the overall activation volumes of �16 to
�21 cm3mol�1 reported in the literature.[9] Under these
experimental conditions, polymerizations can become rea-
sonably fast, with reaction times of less than a few hours even
when the amount of propagating free-radicals has to be
maintained very low to maintain the living/controlled char-
acter of the reaction. Although theoretically expandable to
most living/controlled free-radical-polymerization techniques
described in the literature, the present study uses RAFT
conditions to control the livingness. A mechanistic scheme
summarizing the key steps in a RAFT polymerization is
provided in Scheme 1. Further information on the scope,
limitations, and mechanism of RAFT-type reactions is
available in the literature.[10–13]

In experiments 1–8 (Table 1), MMAwas polymerized in a
high-pressure reactor at 5 or 9 kbar at 65 8C in the presence of
cyanoisopropyl dithiobenzoate (1) as the RAFT agent and
2,2’-azobis(isobutyronitrile) (AIBN, 2) as the free-radical
initiator (Scheme 2). The results of a control experiment at
ambient pressure (10�3 kbar) is also summarized in Table 1
(expt 9). Although bulk polymerization is possible, solvents
such as toluene and methyl ethyl ketone (MEK) were used to
avert very high viscosities and prevent the mixture reaching
the gel point at low conversions. Polymers were characterized

by gel-permeation chromatography (GPC) coupled to a
multi-angle laser light-scattering (MALLS) detection unit to
prevent problems associated with instrumental broadening.

The NMR spectra of the synthesized PMMA indicated
that the polymers have 72% syndiotactic dyads, close to the
tacticity obtained by free-radical polymerization at ambient
pressure. This observation is consistent with previous reports
that had indicated a very small dependence of PMMA
tacticity on polymerization pressures.[14]

As shown in Table 1, polymers of very high molecular
weights (up to 1.25 million) and very low polydispersities (M̄w/
M̄n < 1.2, see also Figure 1; M̄w is the weight-average molar

mass, M̄n is the number-average molar mass) can be obtained
under high pressure after reasonably short reaction times

(< 9 h). The highest molecular weight of
1.25 million does not correspond to an
upper limit, but to our inability to reliably
measure the molecular weight distributions
of PMMA samples of higher molecular
weight based on the equipment currently
available to us. In contrast, results obtained
at ambient pressure (expt 9) indicate a
dramatic loss of control in the polymer-
ization in addition to a much lower reac-
tivity.

The degrees of polymerization reported
in this communication are the highest ever
obtained for a living/controlled free-radical
polymerization, leading to a linear polymer.

Scheme 1. Mechanism of RAFT polymerization.

Table 1: RAFT polymerization of MMA under high-pressure conditions.[a]

Expt Solvent [M]o :[1]o :[2]o T [h] Conv. [%] M̄n,th[ >10
�3][b] M̄n,GPC [ >10

�3][c] M̄w/M̄n
[c]

1 MEK 2000:1:0.1 2 61 122 114[d] 1.15[d]

2 MEK 2000:1:0.1 5 >99 200 202 1.04
197[d] 1.15[d]

3[e] MEK 2000:1:0.1 2 >99 200 150[d] 1.61[d]

4 MEK 5000:1:0.1 9 >99 500 485 1.03
5 toluene 12000:1:0.2 1 9 108 164 1.20
6 toluene 12000:1:0.2 2 30 360 367 1.03
7 toluene 12000:1:0.2 4 72 864 838 1.05
8 toluene 12000:1:0.2 7 >99 1200 1250 1.03
9[f ] toluene 12000:1:0.2 51 40 480 284 1.38

[a] P=5 kbar (except for expts 3 and 9), T=65 8C, [MMA]=4.67m. [b] Calculated from the monomer-to-
1 ratio. [c] Measured by GPC-MALLS. [d] Measured by GPC relative to PMMA standards. [e] P=9 kbar.
[f ] P=1 atm=10�3 kbar.

Scheme 2. Living polymerization of MMA.

Figure 1. GPC chromatograms of a commercial PMMA standard (top
curve, M̄n=1.3>106, PDI=1.03) and a PMMA sample synthesized in
this study by HP-RAFT polymerization (bottom curve, M̄n=1.25>106,
PDI=1.03). The sharper slope observed on the left side of each peak
was independently demonstrated not to result from the exclusion limit
of the system.
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Results for living/controlled free-radical polymerizations
published in the literature have consistently led to a practical
upper limit of about 2 A 103 for the degree of polymer-
ization.[7, 15,16] From a preparative viewpoint, it is interesting to
note that the polymerization can be driven to completion
without loss of control over the molecular weights.

The observed linear increase in molecular weight and
decrease in polydispersities with conversion (Figure 2) are

consistent with a living/controlled mechanism. An analysis of
the kinetic data reveals that the polymerization does not
follow the expected first-order kinetics with respect to
monomer concentration over the entire conversion range.
The rate of polymerization increases significantly with
increasing conversion (Figure 3), a behavior probably related

to a progressive viscosity buildup in the reactor. This
behavior, although unusual, is nevertheless highly beneficial
from a preparative standpoint as polymers with high molec-
ular weights can be obtained in much shorter times than
expected based on strict first-order kinetics. Extrapolation of
the initial kinetic features to higher conversions shows that
49 h would have been necessary to reach 99% conversion
while the polymerization was actually complete in only 7 h.

The polymerizations were carried out in the presence of
inert diluents (50 vol%) to provide enough mobility to the
reactive polymer chains up to high conversions. Excellent

results were obtained with either MEK and toluene when
medium-high molecular weights were targeted (< 0.5 A 106).
When higher molecular weights were needed and very low
amounts of the RAFT agent and initiator had to be used,
toluene provided far better results (entries 5–8 in Table 1).
This is probably due to some impurities present in MEK at
low concentrations, such as peroxides, since MMAwas found
to polymerize in regularly purified MEK even in the absence
of any added AIBN, while no such polymerization could be
observed when MEK was passed through an alumina column
to remove peroxidic impurities.

The exact influence of several parameters on HP-RAFT
polymerizations is currently under investigation, but it is
already clear that the use of higher pressure is not always
helpful. As an example, polymerization at 9 instead of 5 kbar
(expt 3 in Table 1) resulted in a higher polydispersity index.
The origin of this effect is unclear and might result from a
decreased chain-transfer constant to the RAFTagent or from
the fact the gel point is reached, but these and other
findings[17, 18] clearly suggest that experimental conditions
have to be carefully optimized and that simple extrapolation
based on conditions reported for ambient pressure polymer-
ization is not feasible.

The reactors needed to obtain the high pressures reported
in this study are rarely found in research laboratories, but are
easily accessible in industry. In addition, recent progress in
food science in which multiliter high-pressure reactors of the
type used in this study are currently used to eliminate bacteria
from food according to the high-pressure equivalent of
pasteurization, should increasingly make the purchase of
such pieces of equipment attractive to synthetic chemists.[19,20]

In summary, we have demonstrated that PMMA polymers
of extremely high molecular weights and narrow molecular-
weight distributions can be easily obtained by using living/
controlled free-radical polymerization techniques at high
pressures. Although extrapolation to other monomers that
have already been reported to undergo living polymerizations
under free-radical conditions at ambient pressure will require
additional work, the present HP-RAFT and associated
techniques should ultimately allow a much larger range of
molecular weights to become accessible for monodisperse
vinyl polymers, and provide an easy route to advanced
polymeric materials whose ultimate properties (e.g., optical,
mechanical, nanoporosity) critically depend upon the molec-
ular weight of at least one component.[21–23]

Experimental Section
Polymerizations were carried out in 2 mL teflon ampoules in a high-
pressure microreactor purchased from the High Pressure Research
Center of the Polish Academy of Sciences. The reactor includes a
hydraulic press model LCP20 and a pressure reaction vessel equipped
with a temperature controller. The RAFT agent 1 was synthesized
according to a procedure reported in the literature.[11] All other
chemicals were purchased from Aldrich. MMA was distilled before
use and AIBN recrystallized in methanol; all other reagents were
used as received. The initial solution was deoxygenated by bubbling
with nitrogen for 20–30 minutes prior to polymerization. Polymers
were precipitated in methanol. Yields were determined gravimetri-
cally.

Figure 2. Dependence of molecular weights (& M̄n,GPC; a theoretical
curve) and polydispersities (~) on conversion for RAFT polymerization
of MMA at 5 kbar (T=65 8C, [MMA]=4.67 molL�1 in toluene,
[MMA]:[1]:[2]=12000:1:0.2).

Figure 3. Evolution of monomer conversion (conv.) with time (t)
for RAFT polymerization of MMA at 5 kbar (T=65 8C, [MMA]=
4.67 molL�1 in toluene, [MMA]:[1]:[2]=12000:1:0.2).
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Molecular weights of the polymers were determined by Polymer
Laboratories PL-220 high temperature GPC system equipped with
two PL MIXED-A columns, Wyatt MiniDawn (620 nm diode laser)
light scattering detector and refractive index detector. Measurements
were performed at 135 8C in 1,2,4-trichlorobenzene with a flow rate of
1.0 mLmin�1. PMMA standards of very high molecular weights were
used to estimate the influence of the second virial coefficient on
the scattering signal, and recalibrate the light-scattering detec-
tors accordingly. Polymers with medium-high molecular weights
(< 300000) were characterized by GPC in THF using 13 mono-
disperse PMMA commercial standards as calibrants (2 A MIXED-D
and 1A 50 E columns, 25 8C, 1.0 mLmin�1). 1H NMR spectra were
recorded on a 300 MHz Bruker DPX 300 spectrometer.
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Alkyne Homocoupling

Let the Best Ring Win: Selective Macrocycle
Formation through Pd-Catalyzed or Cu-Mediated
Alkyne Homocoupling**

Jeremiah A. Marsden, Jeremie J. Miller, and
Michael M. Haley*

In memory of Virgil Boekelheide

There is considerable interest in highly conjugated organic
molecules such as phenylacetylenes and dehydroannulenes
for potential applications in next generation electronic and
photonic devices.[1] Such extended p-conjugated systems
functionalized with electron donor and/or acceptor groups
encompass a significant field of current research.[2] In our
ongoing studies with dehydrobenzoannulenes (DBAs),[3] we
have produced macrocycles with a variety of ring topologies,
symmetries, and sizes,[4] as well as unique substitutions of
donor, acceptor, and neutral groups.[5] The final ring closure
for these systems and many other macrocycles containing
diacetylene units typically proceeds by Cu-mediated oxida-
tive homocoupling of terminal alkynes.[3,6, 7] There are often
problems associated with this type of cyclization, however,
such as low yields, formation of oligomeric by-products, and
use of pyridine as (co)solvent. Homocoupling of terminal
alkynes has recently been reported by using Pd catalysts.[8]

Under conditions typically used for Sonogashira cross-cou-
pling reactions[9] (Pd catalyst, CuI, base), addition of a
suitable oxidant and exclusion of an organic electrophile
produce high yields of homocoupled alkynes. A similar
procedure has very recently been applied to macrocycle
synthesis; however, the reported yields were low.[10] We have
now modified this chemistry for macrocycle formation with
excellent results. Furthermore, we have discovered a surpris-
ing differentiation between Cu-mediated and Pd-catalyzed
cyclizations for ring size and geometry, which leads to
selective formation of bisDBAs 1 and 2, respectively, both
of which originate from octayne 3 (Scheme 1).

We[11] and others[12] have encountered difficulties using the
standard Cu-mediated cyclization for the formation of
diacetylenic macrocycles. Yields can often vary wildly for a
given ring size,[5a,11] as well as a simultaneous occurrence of
intra- and intermolecular homocoupling reactions.[12] A
greatly overlooked consideration when performing this
reaction is the geometry in the Cu-containing intermediate

[*] J. A. Marsden, J. J. Miller, Prof. Dr. M. M. Haley
Department of Chemistry and
Materials Science Institute
University of Oregon
Eugene, OR 97403-1253 (USA)
Fax: (+1)541-346-0487
E-mail: haley@oregon.uoregon.edu

[**] This work was supported by the National Science Foundation (CHE-
0104854). J.A.M. acknowledges the NSF for an IGERT fellowship.
J.J.M. acknowledges the UO Ronald E. McNair Scholars Program for
a summer research fellowship.

Communications

1694 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/anie.200353043 Angew. Chem. Int. Ed. 2004, 43, 1694 –1697



prior to “reductive elimination”. Although still subject to
interpretation and debate, the most reasonable and most
accepted mechanistic picture involves a dimeric CuI acetylide
(A, Scheme 2) arranged in a pseudo-trans configuration.[13]

Formation of this pseudo-trans geometry in the intermediate
species is likely to be difficult for certain systems that would
need to adopt a highly strained configuration for homocou-
pling to occur, and thus could lead to low product yields and
large amounts of oligomeric/polymeric by-products, as we
found in the synthesis of dehydrobenzo[14]annulene 4 (see
below). We have discovered that through use of an oxidative
Pd-catalyzed route, control of the geometry of the metal
bis(s-acetylide) intermediate is possible by the selection of an
appropriate ligand. For systems in which cis over trans
configuration in the intermediate is favored, such as DBA 4,
Pd catalysts with cis-bidentate ligands (B, Scheme 2) give us
much higher yields for macrocycle formation. Conversely, if a
trans configuration of the terminal alkynes in the annulene
precursor is favorable, such as for DBA 5, Cu-mediated routes
provide superior results.

This selectivity is demonstrated in the syntheses of DBAs
4 and 5 (Scheme 3), which are key pieces in later bisannulene
assemblies. Precursor 6was constructed by Sonogashira cross-
coupling of diyne 7a[5a,14] to 1,2-dibromo-4,5-diiodoben-

zene,[15] thus providing an ortho substitution of the alkynes
on the central ring. Protiodesilylation of the triisopropylsilyl
groups by Bu4NF and MeOH followed by slow injection of
this precursor into a pyridine solution of Cu(OAc)2 furnished
DBA 4 in a low yield (24%) along with large amounts of
oligomeric/polymeric by-products. Other Cu species and
variations of this procedure failed to notably affect yields.
We surmised that these poor yields were most likely due to
difficulties in the formation of intermediate A. Based on
simple molecular modeling calculations,[16] the geometry and
sterics of our system should instead favor a cis orientation of
the terminal alkynes to a metal center, which is the preferred
geometry in the reductive-elimination step of a Sonogashira
reaction.[9,17] This geometry was enforced about the metal
center by use of cis-bidentate ligated [PdCl2(dppe)] (dppe=
1,2-bis(diphenylphosphanyl)ethane), which resulted in a
dramatic increase in the yield of cyclization (76%). Our
best results were obtained with a slow injection of desilylated

Scheme 1. Retrosynthesis of 1 and 2 from 3.

Scheme 2. Proposed metal–acetylide intermediates in Cu-mediated (A)
and Pd-catalyzed (B) diacetylene-forming reactions.

Scheme 3. Reagents and conditions: a) 1,2-dibromo-4,5-diiodobenzene
or 1,5-dibromo-2,4-diiodobenzene, [Pd(PPh3)4] , CuI, iPr2NH, THF,
45 8C; b) Bu4NF, MeOH, THF; then “Cu”, pyridine, 60 8C; c) Bu4NF,
MeOH, THF; then “Pd”, CuI, I2, iPr2NH, THF, 50 8C.
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polyyne 6 into the Pd/Cu solution to minimize cyclooligomer-
ization and by facilitating reoxidation of the Pd catalyst with
I2 and leaving the flask open to air. It is also noteworthy that
heating to 50 8C was required for product formation, while no
reaction occurred below this temperature. Slightly lower
yields for the cyclization of 4were also obtained with other Pd
catalysts, while the best yields were seen with [PdCl2(dppe)].
In contrast to precursor 6, the meta-fused phenylacetylene 8,
constructed by a similar manner from 1,5-dibromo-2,4-
diiodobenzene,[18] gave very good yields of the [15]annulene
5 by using the Cu/pyridine cyclization (80%), while Pd routes
resulted in lower yields (12–24%) owing to the increased
distance and the poor alignment of the terminal alkynes as
required in B. Interestingly, intermolecular dimer formation
was competitive in the latter Pd-catalyzed reactions, which
suggests that this might be a viable alternative intermolecular
homocoupling procedure for macrocycle formation where
similar Cu-mediated reactions had previously failed or
worked poorly.[12]

To further study the selectivity differences between Pd
and Cu cyclizations, polyyne 9awas constructed by a four-fold
cross-coupling of diyne 7a to 1,2,4,5-tetraiodobenzene[19]

(Scheme 4). In this unique system, there is a possibility of
formation of either bis[15]annulene 1a by cyclization across
the meta-fused diynes or bis[14]annulene 2a by ortho fused
cyclization. We first tested the cyclization of 9a by using the
classical Glaser method and isolated only one annulenic
product in 70% yield. Since we observed that meta fusion of

the diynes tends to favor the trans orientation and thus Cu-
mediated cyclizations, we hypothesized that this product was
bis[15]DBA 1a. Next, we cyclized 9a by a Pd-mediated route
by using [PdCl2(PPh3)2] and observed formation of the same
material in 43% yield along with 19% of another annulene,
most likely bis[14]DBA 2a. As expected, cyclization with
[PdCl2(dppe)] gave exclusively this second product in a
respectable 84% yield, with no observation of the annulene
formed by the Cu/pyridine route, hence providing complete
selectivity between the two DBA products. This method was
also successfully extended to the decyl-substituted bisDBAs
1b and 2b, which were selectively synthesized in moderate
yields.

As structural isomers, bisannulenes 1 and 2 have very
similar spectral data making specific identification difficult,
although one key difference was observed in their proton
NMR spectra. The singlet for the two protons on central
benzene of the annulene from the Cu-mediated route
displayed a large downfield shift upon cyclization (1a : d=
8.42 ppm, 1b : d= 8.49 ppm) while a lesser shift (2a : d=

8.24 ppm, 2b : d= 8.38 ppm) was seen for the same singlet
from the DBA acquired by Pd-catalyzed cyclization. Molec-
ular modeling calculations[16] showed that the intraannular
protons of the bis[15]DBA were closer to the alkyne groups
than the analogous protons on the bis[14]DBA. Therefore, an
increased anisotropic deshielding effect from the triple bonds
would make the central protons of 1 more downfield shifted
than those of 2. Similar differences between NMR spectral
data were also observed for 4 and 5 and have been reported
with other [14]- and [15]annulenes.[12f,20]

To further prove that our structural assignments of 1 and 2
were correct, we have definitively synthesized 1a for spectral
comparison by cyclizing one ring at a time (Scheme 5). This

route allowed no possibility for formation of 14-membered
rings. Dibromo-mono[15]annulene 5 was the ideal starting
point for the synthesis, to which two equivalents of diyne 7a
were attached providing precursor 10. Deprotection and Cu-
mediated cyclization of the second ring gave bis[15]annulene
1a whose spectral data were an exact match with those of the
material made by Cu-mediated cyclization of polyyne 9.

Cyclization of phenylacetylene macrocycles by oxidative
Pd-catalyzed coupling is proving to be a reliable alternative or
complementary reaction to Cu-mediated cyclization. The Pd
route displays benefits over the Cu/pyridine procedure such

Scheme 4. Reagents and conditions: a) 1,2,4,5-tetraiodobenzene,
Pd(PPh3)4, CuI, iPr2NH, THF, 40 8C; b) Bu4NF, MeOH, THF; then
Cu(OAc)2, pyridine, 60 8C; c) Bu4NF, MeOH, THF; then [PdCl2(PPh3)2],
CuI, I2, iPr2NH, THF, 50 8C; d) Bu4NF, MeOH, THF; then
[PdCl2(dppe)], CuI, I2, iPr2NH, THF, 50 8C. Dec=decyl.

Scheme 5. Reagents and conditions: a) 7a, [Pd(PPh3)4] , CuI, iPr2NH,
THF, 80 8C; b) Bu4NF, MeOH, THF; then Cu(OAc)2, pyridine, 60 8C.
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as catalytic use of the metal species (while the Cu-mediated
route typically requires over 20 equivalents), solvents such as
THF and Et3N are used, which are easily removed and more
benign than pyridine, and yields are higher for many macro-
cycles. However, the versatility of the Pd catalyst is probably
the most important advantage. A variety of different ligands
can be attached to the Pd center to facilitate the shape and
geometry of the alkyne species such as trans versus cis
configuration or even chiral ligands for further enhancement
of the selectivity. We are currently employing this method-
ology for the construction of donor/acceptor functionalized
systems as well annulenes of other ring shapes and sizes. We
continue to obtain excellent selectivity and will report this
work in due course.

Received: October 8, 2003 [Z53043]
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Chiral Chemistry

High-Throughput Measurement of the
Enantiomeric Excess of Chiral Alcohols by
Using Two Enzymes**

Zhi Li,* Lukas B�tikofer, and Bernard Witholt

Dedicated to Professor Karl Schl�gl
on the occasion of his 80th birthday

The development of enantioselective catalytic processes has
attracted increasing attention as a result of the importance of
enantiomerically pure organic compounds in pharmaceutical,
agricultural, and fine chemical syntheses.[1] Attempts to
discover new enantioselective catalysts have recently focused
on the screening of libraries of chemical catalysts[2] created by
combinatorial synthesis, and enzymes and enzyme mutants[3,4]

generated by molecular biotechnology techniques such as the
error-prone polymerase chain reaction and gene shuffling.[5]

Since the catalyst libraries are huge, analysis of the catalyst
enantioselectivity is the bottleneck in such approaches. Many
methods have been developed for high-throughput enantio-
selectivity analysis.[6] The enantioselectivity factor E for
kinetic resolution can be estimated quickly by measuring
separately the reaction rates of the R and S enantiomers of
the substrate.[7] This technique can also be applied to the
reversible asymmetric reaction of a prochiral substrate by
examining separately the reverse reactions of the R and S
products.[7d] On the other hand, high-throughput analysis of
the product enantiomeric excess (ee) can be used for the
evaluation of the catalyst enantioselectivity in asymmetric
transformations. The product ee can be determined by GC-
GC on a column with a chiral stationary phase,[8a] HPLC with
CD/UV,[8b,c] or by using optical rotation/refractive index (OR/
RIU) detection[8c] , chirally modified capillary electrophore-
sis,[8d] electrospray ionization tandem MS,[8e] colour indicators
based on doped liquid crystals,[8f] or competitive enzyme
immunoassays.[8g] The concept developed by Schoofs and
Horeau[9a] allows the ee value of the product to be established
by exploiting kinetic resolution effects and using mass-tagged
or fluorescence-tagged pseudo-enantiomeric mixtures of
acylating agents, with mass spectrometry (MS)[9b, c] or fluo-
rescence[9d] detection. Elegant approaches for determination
of the ee values also include the use of isotopically labeled
pseudo-enantiomeric or pseudo-meso substrates and MS[10a,b]

or NMR detection.[10c,d] When the product concentration is
known, the ee value of the product can be determined by
using an enzyme to catalyze a further reaction that can be

followed by UV spectroscopy[11a] or infrared thermogra-
phy.[11b] In the former method, known as EMDee (enzymatic
method for determining enantiomeric excess), an enantio-
specific alcohol dehydrogenase is used to oxidize one
enantiomer of an alcohol at a known concentration, the
oxidation rate is determined by following the formation of
NAD(P)H (NAD, nicotinamide-adenine dinucleotide), and
the ee value of the alcohol is calculated by referring to a
standard curve of rate versus the ee value established at the
same alcohol concentration. This method is high-throughput
and sensitive and has been successfully used to determine the
ee value of the alcohol generated from a chemical catalysis in
which 100% conversion is achieved. However, the general
application of such a method in high-throughput screening of
enantioselective catalysts is rather limited since conversion is
often below 100%, which means that the product concen-
tration must be determined by another high-throughput
method before analysis of the ee value. Herein, we describe
a method for determining the ee value based on the new
concept of using two enantioselective enzymes to modify the
product. This method allows the determination of the ee value
of the product independent of concentration. In contrast to
the concept of Schoofs and Horeau, which applies to pseudo-
enantiomeric mixtures of reagents in one reaction, our
analysis of the ee value involves two separate enzymatic
reactions. Our method allows sensitive, accurate, high-
throughput measurement of the enantiomeric excess of a
chiral alcohol. In addition, the alcohol concentration can be
estimated within the same process.

Chiral alcohols 4 were used as model compounds to
demonstrate the principle of our approach. These alcohols
represent an important class of intermediates for the synthesis
of pharmaceuticals and fine chemicals[1] and can be prepared
by various enantioselective catalytic transformations, such as
biohydroxylation of hydrocarbons 1, chemical or enzymatic
reduction of ketones 2, or enzymatic hydrolysis of esters 3 (or
the reverse reaction, namely formation of an ester;
Scheme 1). To analyze the ee value of 4, enantioselective
NAD(P)+-dependent alcohol dehydrogenases A and B were
each used to oxidize alcohol 4. The reaction rates for
enzyme A (va) and enzyme B (vb) were determined by
following the formation of NAD(P)H through its absorption
at 340 nm. The enantiomers of chiral alcohols are generally
competing substrates for enantioselective alcohol dehydro-
genases so the reaction rates va and vb can be expressed by
Equations (1) and (2):[12]

va ¼
Va

max;SK
a
m;R ½S� þ Va

max;RK
a
m;S ½R�

Ka
m;R ½S� þKa

m;S ½R� þKa
m;SK

a
m;R

ð1Þ

vb ¼
Vb

max;S K
b
m;R ½S� þ Vb

max;RK
b
m;S ½R�

Kb
m;R ½S� þKb

m;S ½R� þKb
m;S K

b
m;R

ð2Þ

Vmax is the maximum reaction velocity,Km is the Michaelis
constant, a and b refer to the two enzymes, and S and R refer
to the alcohol enantiomers. Equations (1) and (2) lead to
Equations (3) and (4):
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The ee value can thus be calculated by using Equation (5):
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If two enantiospecific alcohol dehydrogenases are used,
Equation (5) can be simplified. Suppose enzyme A specifi-
cally oxidizes (R)-4 and enzyme B specifically oxidizes (S)-4.
In this case, Va

max;S= 0, Ka
m;S=Ka

I, V
b
max;R= 0, Kb

m;R=Kb
I , where

KI is the inhibition constant (see the Experimental Section).
Therefore,
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The kinetic constants Va
max;R, V

a
max;S, K

a
m;R, K

a
m;S,

Vb
max;R, V

b
max;S, K

b
m;R, K

b
m;S, K

a
I, and Kb

I can be quickly
established by separate oxidation of (R)-4, (S)-4,
and mixtures of (R)- and (S)-4 in known ratios
with enzymes A and B, respectively. We used an
enzyme preparation with a constant concentra-
tion to establish the kinetic constants and analyze
unknown samples. The ee values could then be
calculated by applying Equation (5) or (6). The
use ofVmax is advantageous because this approach
does not require accurate determination of the
enzyme concentration in each experiment.

To illustrate this method, three commercially
available enzymes were used for the oxidations:

the alcohol dehydrogenases from Lacto-
bacillus kefir (LKADH),[13a] Thermo-
anaerobium brockii (TBADH, a thermo-
stable enzyme),[13b] and Rhodococcus
erythropolis (READH).[13c] These
enzymes are relatively stable and their
stock solutions, when kept at 4 8C, can be
used for analysis for at least 10 h without
loss of activity. LKADH and TBADH
were used for the oxidation of 4a,
whereas LKADH and READH were
used for the oxidation of the alcohols
4b and 4c. Bioconversions were per-
formed with a 200-mL solution containing
buffer, substrate, NAD(P)+, and enzyme
in a deep well microtiter plate and the
UVabsorption at 340 nm of the produced

NAD(P)H was measured for 5 min. The kinetic data for the
enzyme-catalyzed oxidation of (S)-4 and (R)-4 were estab-
lished for each enzyme in separate experiments and are
summarized in Table 1.

The measurement of the ee value of 4a is a typical
example of an analysis using two enantioselective but not
enantiospecific enzymes. In total, 54 samples with 37 different
ee values and 22 different concentrations (0.4–3.5 mm) were
analyzed in a microtiter plate by treatment with LKADH and
TBADH, respectively. The results are shown in Figure 1, in
which each point represents the average of two independent
measurements. Figure 1a is a plot of the measured versus
actual ee values. In every case (from �100% to 100% ee) but
one (0% ee), the measured value falls within 9% ee of the
true value. The analysis of the ee values is independent of
sample concentration; nearly the same ee values were
measured for samples with identical actual ee values but
different concentrations.

The concentrations (C= [R]+ [S]) of alcohol 4a were also
calculated from the results of the same experiments by using
Equations (3) and (4). As shown in Figure 1b, the measured
concentrations corresponded well to the actual concentra-

Scheme 1. Synthetic routes to alcohols 4 and catalysis of the oxidation of these alcohols with
alcohol dehydrogenases A and B.

Table 1: Kinetic data for the oxidation of enantiopure secondary alcohols 4a–c catalyzed by
alcohol dehydrogenases LKADH, TBADH, and READH.

Substrate Enzyme[a] Enzyme conc. NADP+ NAD+ Km KI Vmax

[mgmL�1] [UmL�1][b] [mm] [mm] [mm] [mm] [mmmin�1]

(R)-4a LKADH 0.10 1.0 365 19
(S)-4a LKADH 0.10 1.0 663 5.4
(R)-4a TBADH 0.015 1.0 900 37
(S)-4a TBADH 0.015 1.0 1250 30
(R)-4b LKADH 0.10 1.0 2600 20
(S)-4b LKADH 0.10 1.0 – 3070 0
(R)-4b READH 0.036 2.0 – 400 0
(S)-4b READH 0.036 2.0 792 18
(R)-4c LKADH 0.050 1.0 136 14
(S)-4c LKADH 0.050 1.0 – 360 0
(R)-4c READH 0.036 2.0 – 2630 0
(S)-4c READH 0.036 2.0 326 27

[a] The enzymatic assays were carried out in tris(hydroxymethyl)aminomethane buffer (50 mm,
pH 7.5) at 25 8C for LKADH and in potassium phosphate buffer (50 mm, pH 8.5) at 40 8C and
25 8C for TBADH and READH, respectively. [b] The specific activity U refers to the reduction of p-
chloroacetophenone.
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tions from 0.4 to 2.0 mm, but large errors were observed at
higher concentrations. The measured oxidation rate may not
be very accurate when the concentration of 4a is much higher
than the value of Km. According to Equations (3)–(5), small
errors in va and vb create much bigger errors in the
concentration than in the ee value. Nevertheless, such con-
centration measurements could still be useful for qualitative
estimates of the extent of conversion for catalyst screening. In
the case of a high product concentration, the sample could be
diluted several fold for analysis.

As a representative example of the use of two enantio-
specific alcohol dehydrogenases for analysis of the ee value,
an experiment was carried out with LKADH and READH.
We tested 64 samples of 4b with 35 different ee values and 29
different concentrations (0.4–10 mm), as well as 83 samples of
4c with 51 different ee values and 33 different concentrations

(0.2–5.0 mm). Figure 2 shows plots of the measured ee values
versus the actual values for 4b and 4c. For 4b, each point
represents the average of three independent measurements
and demonstrates the accuracy of the method: 60 of the 64
measured values show an error of less than 5% ee of the true

value, and the other four values have errors of 5–7% ee. For
4c, only one measurement was made at each ee value. Of the
83 measured ee values, 79 are within 10% ee of the true value,
and four results have an error of 10–12% ee.

Our method for the fast determination of the enantio-
meric excess of secondary alcohols by using two alcohol
dehydrogenases has several distinctive features: 1) The ee can
be determined with satisfactory accuracy, independent of the
concentration. 2) The enzymes do not have to be specific to,
or highly active towards the alcohol. A large number of
alcohol dehydrogenases with broad substrate ranges are now
available and it is thus easy to find appropriate alcohol

Figure 1. a) Plot of the actual ee values of 4a versus those measured
by using two enantioselective alcohol dehydrogenases, LKADH and
TBADH. b) Plot of the actual concentrations (c) of 4a versus those
measured by using two enantioselective alcohol dehydrogenases,
LKADH and TBADH.

Figure 2. Plots of the actual ee values of 4b (a) and 4c (b) versus the
ee values measured by using two enantiospecific alcohol dehydrogen-
ases, LKADH and READH.
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dehydrogenases for analysis of the ee value of a given alcohol.
3) The analysis method is very sensitive. The technique can be
used to determine the ee value of a sample with a concen-
tration as low as 200 mm and is therefore particularly useful for
biocatalyst screening, where product concentration is often
low. 4) The analysis is performed with UV spectroscopy; no
special instrument is required. 5) Experiments are performed
in a 96-well microtiter plate, which allows analysis of the
ee values of 48 samples within 5 min. Given a preparation
time of 5 min, about 288 samples can be analyzed in an hour,
which is a high enough throughput for most practical
applications. 6) The method can be extended to measure the
ee values of other types of compounds. Two enzymes of
another type may be applied, coupled with detection by UV
spectroscopy, MS, or even HPLC or GC for short analysis
times. 7) The method also provides the possibility to measure
concentration. For high concentrations, samples may be
diluted and then analyzed, which makes the method useful
for screening catalyst activities.

Further investigations will focus on the application of this
method to the discovery of enantioselective biological and/or
chemical catalysts. The scope and possible limitations of the
method will also be explored.

Experimental Section
Enzymes: LKADHwas obtained from Fluka as a lyophilized powder
with an activity of 0.4 Umg�1 for the reduction of acetophenone.
TBADHwas purchased fromAldrich as a lyophilized powder with an
activity of 4.7 Umg�1 for the oxidation of 2-propanol. READH was
obtained from Juelich Fine Chemicals as a solution with an activity of
144 UmL�1 for the reduction of p-chloroacetophenone. The enzyme
stock solutions were freshly prepared each day, kept in aqueous
buffer at 4 8C, and used for measurement of the kinetic data and for
the analysis of the ee value.

General procedure for measurement of the ee value: A mixture
of buffer, alcohol 4, NAD(P)+, and enzyme with a total volume of
200 mL was pipetted into individual deep wells in a microtiter plate
and the absorption of the produced NAD(P)H at 340 nm was
measured for 5 minutes at 25 or 40 8C on a Spectra Max Plus
photometer with an optical density resolution of 0.001. Data points
were recorded every 12 s, which gave 26 points for every measure-
ment. The absorption data were used to calculate the NAD(P)H
concentration from a previously established standard curve. The
initial reaction velocity was calculated by linear regression as the
slope of a plot of [NAD(P)H] versus time.

The kinetic constants were quickly obtained by oxidizing (R)-4,
(S)-4, and mixtures of the enantiomers at various concentrations by
treatment with a single enzyme on a microtiter plate. The average
velocities calculated from three measurements and the alcohol
concentrations were used as input for the program Enzfit, which
was used to calculate the values of Km and Vmax. To determine the
inhibition constant KI, Lineweaver–Burk (L-B) plots of v�1 versus
[S]�1 were generated for various inhibitor concentrations. A graph of
the slopes of the L–B plots versus the inhibitor concentration was
created. The value of KI was determined by dividing the intercept by
the slope of this plot.

To measure the ee value, samples containing the two enantiomers
in various ratios and at a range of concentrations were prepared in
microtiter plates and separately oxidized with each of two enzymes.
The oxidation velocities were measured and used, together with

kinetic data, to calculate the ee values from Equation (5) or (6). The
measured ee values were plotted against the actual values.
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Stereoselective Synthesis

A Tandem Semipinacol Rearrangement/
Alkylation of a-Epoxy Alcohols: An Efficient
and Stereoselective Approach to Multifunctional
1,3-Diols**

Xiang-Dong Hu, Chun-An Fan, Fu-Min Zhang, and
Yong Qiang Tu*

Multifunctional 1,3-diols with an allyl or a propargyl group
and three consecutive stereocenters, two of which are
quaternary carbon atoms, form a class of important building
blocks that is required for the synthesis of many biologically
significant molecules, such as sieboldine A,[1] furaquinocins,[2]

and ingenol.[3] The stereoselective construction of the quater-
nary carbon centers, in particular, has received considerable
attention .[4] However, efficient construction of adjacent
multiple stereocenters with two quaternary carbon atoms is
still a challenging area of study.[5] During the past several
years, our studies on tandem reactions of a-heterocyclopro-
pane alcohols have resulted in the stereoselective construc-
tion of 2-quaternary 1,3-diheteroatom units by tandem
rearrangement/reduction reactions of a-heterocyclopropane
alcohols.[6] However, the tandem rearrangement/alkylation
reactions of these alcohols, which would present an approach
to the construction of more synthetically important and
versatile 1,3-diheteroatom units, has not been accessed to
date. Recently, we successfully developed a novel tandem
reaction of a-epoxy alcohols with RB(OH)2 (R= allyl and
allenyl). The synthetically important features of this sequence
include the following: 1) smooth completion of the two
different chemical transformations—the stereospecific
boron-promoted semipinacol rearrangement of the a-epoxy
alcohol and the subsequent allylation or propargylation of the
intermediate b-hydroxy ketone; 2) diastereoselective con-
struction of the three consecutive stereogenic centers, two of
which are quaternary, with one allyl or propargyl group;
3) pivotal dual roles of RB(OH)2: lewis acidity and alkylating
ability; it is generally assumed to act as an alkylating
reagent,[7] and to our knowledge, no report on the dual
nature of the RB(OH)2 has been published previously; 4) the
relative stereochemistry of C1 in the 1,3-diol product 2/2’,
which is independent of the relative configuration of C1 in the
substrate 1, can be tuned by the substituent R4 on 1.
Consequently, this tandem transformation would offer exten-
sive application in organic synthesis. Herein, we present the
results of our investigation and its synthetic application.

We initially studied the tandem reaction of a-epoxy
alcohols with allylboronic acid (RB(OH)2, R= allyl). The a-
epoxy alcohol substrates 1 were prepared in racemic forms by
epoxidation of the corresponding allylic alcohols with m-
chloroperbenzoic acid (mCPBA) or tBuO2H/[VO(acac)2]
(acac= acetylacetonoate) according to literature proce-
dures.[8] A solution of the substrate 1 (1.0 equiv) and the
freshly prepared allylboronic acid[9] (1.2 equiv) in Cl(CH2)2Cl
was stirred at ambient temperature in an argon atmosphere
for 6–18 h, during which time a diastereoselective tandem
semipinacol rearrangement/allylation proceeded smoothly to
generate the 1-allyl-1,3-diols 2 and/or 2’ in good yields
(Scheme 1). Solvent effects were also observed in this
reaction. For example, the reaction proceeded readily in

Scheme 1. The tandem semipinacol rearrangement/allylation of a-
epoxy alcohols 1. a) allylboronic acid, Cl(CH2)2Cl, room temperature
(RT).
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Cl(CH2)2Cl, CH2Cl2, or toluene, but slowed down in Et2O, and
could not even be initiated in protic solvents such as EtOH.

As shown in Table 1, various substrates proved to be
suitable for this procedure; the migrating group R2 could be

aryl or alkyl, thus demonstrating its broad scope of applica-
tion. 1H NMR NOE experiments on the acetonide of the 1,3-
diols 2a indicated that when R3 and R4 formed a linker or R4

was an alkyl group (entries 1–6), the two adjacent stereo-
centers C2 and C3 had a trans relative configuration (namely,
C2�R2 was trans to C3�OH) and the C1�OH group had
predominantly the a configuration.[10] This stereochemistry
was derived from the highly stereospecific boron-promoted
semipinacol rearrangement as well as the subsequent diaster-
eoselective intramolecular allylation. Notably, a mixture of
two C1 epimers in the substrates 1 (entries 1, 3, 7, and 8), such
as is present in 1a and 1c, generated one diastereoisomeric
product 2a and 2 c, respectively, which indicated that the
migration of R2 from C1 to C2 was highly stereoselective
irrespective of the relative configuration of C1 in 1. In the
spirocyclic systems examined (entries 4–6 of Table 1), cis,-
trans-spirocyclo-1,3-diols 2d–2 f were obtained as the major
products, whose relative configuration was further deter-
mined unambiguously by the X-ray crystallographic analysis
of 2 f.[11] The relative stereochemistry of the minor products
was determined by 1H NMR NOE experiments of the
benzylidene acetal of 2 d’.[10]

When the substrate possessed nonlinked R3 and
R4 groups, and R4 was hydrogen, an interesting inversion of
the configuration was found on C1�OH. For example in
entries 7 and 8, the major product 2’ was obtained in good
yield with a C1�OH group in a b configuration.[10] It is notable
that for entry 8, when the migrating group R2 was the
favorable Ph group, the completely reversed C1 stereochem-
istry of 2h’ was observed. This tunable stereoselectivity
arising from the structure of the substrate, to our knowledge,

was first observed in the tandem reactions of a-epoxy
alcohols. We also found that the nature of the migrating
group R2 in the substrates had a significant influence on this
tandem reaction. For example, when R2 was n-butyl (nBu) or

benzyl (Bn), the expected rear-
rangement/allylation could not
readily take place.

The above-mentioned multi-
functional 1,3-diols may be the
key building blocks for the syn-
thesis of some significant bioactive
terpenic natural products with pol-
ycyclic rings and polyquaternary
centers, such as pentalenene,[12] 5-
oxosilphiperfol-6-ene,[13] subergor-
gic acid,[14] isocomene,[15] crinipel-
line A,[16] and others, which are still
attracting considerable attention
from synthetic chemists. As an
example here, we have constructed
the unusual tricyclo[6.3.0.0] struc-
tural motif 5 from the multifunc-
tional 1,3-diol 2d (Scheme 2) in an
overall yield of 50% by just two
steps (PDC oxidation and the ster-
eocontrolled cyclization under
SmI2)

[17] wherein the diastereose-
lectivity demonstrated was in

accordance with the transition state 4 from the previously
proposed mechanism for the SmI2-mediated cyclization.[17a]

This tricyclic skeleton 5 would act as the key and general
intermediate for the synthesis of the above natural products if
suitable substrates were used.

To further expand the scope of this tandem reaction we
considered the use of the more versatile propargylic sys-
tems.[18] Further investigation was, therefore, aimed at the
tandem reaction of a-epoxy alcohols with allenylboronic acid
(RB(OH)2, R= allenyl),[19] and the cyclic substrates (1a, 1 f,,
and 1k R4= alkyl) and the acyclic one (1h, R4=H) were
subjected to the reaction sequence. The 1-progargyl-2-qua-
ternary-1,3-diols were obtained in moderate yields. From
Table 2 (entries 1–3) it can be seen that the diastereoselec-
tivity exhibited in the construction of the three adjacent
stereocenters in this reaction is the same as that of entries 1–6
in Table 1, which was further confirmed by 1H NMR NOE
experiments of the acetonide of 3a.[10] Partial reversion of the
C1 stereochemistry was also observed (entry 4 of Table 2).

On the basis of the above experimental results and the
process of semipinacol rearrangement/alkylation of a-epoxy

Table 1: Tandem semipinacol rearrangement/allylation of a-epoxy alcohols 1 with allylboronic acid.

Entry Substrate Erythro:threo[a] Major product 2 :2’[b] Yield [%][c]

1 1a : m=1, R1=Me, R2=Ph 70:30 2a >99:<1 75
2 1b : m=0, R1, R2=Ph 2b >99:<1 81
3 1c : m=0, R1=Me, R2=2-thienyl 88:12 2c >99:<1 69

4 1d: m=0, n=0 2d 71:29 >99
5 1e : m=1, n=0 2e 85:15 80
6 1 f : m=1, n=1 2 f >99:<1 91

7 1g: R1=Me, R2=cyclopropyl 78:22 2g’ 31:69 71
8 1h : R1=Me, R2=Ph 69:31 2h’ <1:>99 61

[a] The ratio of two C1 epimers in substrate 1; see ref. [8]. [b] The ratios were determined by 1H NMR
spectroscopy. [c] Yield of the isolated product.

Scheme 2. Synthesis of 5. a) PDC, CH2Cl2 and b) SmI2, HMPA, tBuOH,
THF, 50% over two steps. PDC=pyridinium dichromate.
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alcohols, the mechanism for the generation of the stereo-
chemistry of the three contiguous stereocenters could be
explained (Scheme 3). In the first stage, the Lewis acidic
boron center readily promoted the semipinacol rearrange-
ment through coordination with the epoxy oxygen atom.
Cleavage of the activated C2�O bond of the epoxide then
occurred concomitantly with the stereospecific 1,2-migration
of R2 in a transition-state geometry resembling an SN2

process. In this step, the relative stereo-
chemistry of the C2 and C3 centers in the
final 1,3-diol products was perfectly con-
trolled. On the basis of the distinct depend-
ence of the C1 stereochemistry upon the
substrate structure, particularly on the
nature of R4 in 1, the chelated bicyclic
transition states 9/10 for allylation and 11/12
for progargylation were proposed, where 9/
11 and 10/12 resulted from the boron-
coordinated b-hydroxy ketones 7 and 8,
respectively. When the substituent R4 was
CH2, it could be seen that the steric
hindrance between the axial alkyl R4 and
the axial allyl or propargyl groups, respec-
tively, clearly existed in 10 and 12, and the
subsequent allylation or progargylation
process in this tandem reaction occurred
by means of the favorable intermediates 9
or 11 to yield the final 1,3-diol products with
C1�OH group with an a configuration
(entries 1–6 of Table 1 and entries 1–3 of
Table 2). However, when R4 was hydrogen,
the unfavorable steric effect of R4 did not
exist in 10 and 12, which resulted in the
inverse stereochemistry at C1. In the case of
entry 7 of Table 1 (R4=H, R2= cyclopro-
panyl), the bulky R2 group was cis to the
allyl group in the transition state 9, and diols

2g’ was obtained as the major product with a C1�OH group
with a b configuration via the more favorable transition state
10. Complete inversion of the C1 stereochemistry was
observed in entry 8 of Table 1 (R4=H, R2=Ph), possibly
not only because of the favorable anti configuration between
the bulky R2 (R2=Ph) and allyl groups in 10, but also because
of the preferred conformation of the axial phenyl group.[20]

In conclusion, we have successfully developed a novel
tandem semipinacol rearrangement/alkyl-
ation of a-epoxy alcohols. This reaction has
proved to be a general, efficient and short
method for construction of multifunctional
1,3-diols with three adjacent stereocenters,
two of which are quaternary carbon atoms.
We believe that this tandem reaction will
find extensive application in the synthesis
of important complex organic compounds,
especially those with polycycles and multi-
ple stereocenters.

Experimental Section
General procedure for the tandem reaction of a-
epoxy alcohol with allylboronic acid or allenyl-
boronic acid (Table 1, entry 1): A solution of
allylboronic acid (103.2 mg, 1.2 mmol) in dry 1,2-
dichloroethane (20 mL) was added to a solution
of 1a (218 mg, 1 mmol) in dry 1,2-dichloroethane
(20 mL) at room temperature in an argon atmos-
phere. The reaction mixture was stirred at room
temperature to ensure completion of the reac-

Table 2: Tandem reaction of a-epoxy alcohols 1 promoted by allenylboronic acid.

Entry Substrate Erythro:threo[a] Major product 3 :3’[b] Yield [%][c] T

1 70:30 >99:<1 55 70 h

2 >99:<1 40 78 h

3 >99:<1 74 65 h

4 69:31 1:1 48 4 days

[a] The ratio of two C1 epimers in substrate 1; see ref. [8]. [b] The ratios were determined by 1H NMR
spectroscopy. [c] Yield of the isolated product.

Scheme 3. Proposed mechanism of the tandem semipinacol rearrangement/alkylation reaction of
a-epoxy alcohols.
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tion. The 1,2-dichloroethane was removed under reduced pressure
and the residue dissolved in diethyl ether (30 mL) before oxidizing
with NaOH(2N)/H2O2(30%). The aqueous layer was added to
saturated brine (20 mL) and then extracted with ethyl acetate (5 F
30 mL). The combined organic extracts were dried over anhydrous
Na2SO4. Evaporation of the solvent and purification of the crude
product by column chromatography on silica gel (petroleum/ethyl
acetate 35/1!15/1) afforded 2a/2a’ (195 mg, 0.75 mmol, 75%).

5 : A solution of 2d (100 mg, 0.5 mmol) in dichloromethane was
mixed with a solution of pyridinium dichromate (207 mg, 1.1 mmol)
in dichloromethane with stirring at room temperature. Reaction was
completed in 1 h and quenched with Et2O. The mixture was filtered
quickly through a short column of basic Al2O3, washed with saturated
brine, and dried over anhydrous Na2SO4. The product was labile to
column chromatography, so the 5-exo-cyclization was performed
directly on the crude product by using literature procedures.[17a] The
solvent was removed under reduced pressure. A solution of the
residue and tBuOH (741 mg, 1 mmol) in tetrahydrofuran (THF)
(20 mL) was added dropwise to the deep purple solution of SmI2

[21]

(0.1m in THF, 15 mL, 1.5 mmol) and hexamethylphosphoramide
(HMPA; 1.97 g, 11 mmol) in THF. Reaction was completed in 10 min
and was quenched with saturated NaHCO3. The aqueous phase was
extracted with ethyl acetate (4 F 30 mL). The combined organic
extracts were dried over anhydrous Na2SO4. Evaporation of the
solvent and purification of the crude product by column chromatog-
raphy on silica gel (petroleum/ethyl acetate 35/1) afforded 5 (49 mg,
0.25 mmol, 50% over two steps).
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Matrix Isolation

Infrared Spectra of Indium Hydrides in Solid
Hydrogen and of Solid Indane**

Lester Andrews* and Xuefeng Wang

The inherent weakness of the In�H bond might be useful for
the design of precursors for chemical vapor deposition (CVD)
to make indium-containing semiconductor devices. A few
interesting indium hydride complexes have been prepared
from InH3NMe3 and LiInH4

[1–3] but the primary indium
hydride, indane (InH3), has endured a controversial existence.
Claims for the early preparation of solid indane by Wiberg
et al.[4] could not be reproduced.[5] Mass spectroscopic inves-
tigation[6] of the comparative stabilities of AlH3, GaH3, and
InH3 also casts doubt on the stability of (InH3)n. Reviews
continue to state that indane has not yet materialized[7] and
theoretical calculations suggest that solid indane lacks room-
temperature stability.[8] However, bridging In�H�In bonds
formed on indium-rich InP semiconductor surfaces are stable
at room temperature.[9]

There is spectroscopic evidence for the intermediate InH,
InH2, and InH3 molecules.

[10–14] Recently Mitzel concluded
that the next question remaining to be answered concerns the
possible isolation of InH3.

[15] In contrast, thalium hydride
(TlH) has only been investigated in the gas phase,[10] and there
is no experimental evidence to date for TlH2 and TlH3.
We recently reported the preparation of dialane using the

reaction of laser-ablated aluminum with pure H2 during
condensation at 3.5 K.[16] The reaction first formed AlH, UV
photolysis and annealing in solid hydrogen then gave AlH3
and Al2H6. After evaporation of the H2 matrix host, a solid
alane film remained on the CsI window until removed by
cleaning at room temperature. This film exhibited broad IR
absorptions at 1720 and 720 cm�1, which are almost identical
to the 1760 and 680 cm�1 bands reported for solid (AlH3)n
samples containing only bridging Al�H�Al linkages.[16–19] We
report herein the first successful preparation of solid (InH3)n
using this new cryogenic method, and its spectroscopic
characterization as being isostructural to solid (AlH3)n. This
work refutes the Wiberg claim[4] for the synthesis of (InH3)n.
The laser-ablation experiment in conjunction with pure

hydrogen as a matrix at 3.5 K has been described else-
where.[16,17,20] Clearly the ablation laser energy must be
limited or the heat load from material and radiation directed
to the cold window will prevent the deposition of solid
hydrogen.

Indium (99.99%) was melted into a steel cup and the soild
indium sample was rotated to minimize local heating of the
target. A series of infrared spectra were recorded after matrix
sample preparation to form indium-hydride intermediate
species in a solid-hydrogen matrix at 3.5 K, and after various
subsequent treatments (Figure 1). Analogous experiments
with D2 give the spectra shown in Figure 2.

Infrared spectra after 193 nm irradiation, Figure 1b and
Figure 2b, show the pronounced growth of new strong bands
at 1393.4 and 997.7 cm�1,respectively, which are between the
gas phase (1424.8 and 1023.5 cm�1)[10–12] and solid argon

Figure 1. Infrared spectra in the 1900–1000 cm�1 region for laser-
ablated indium codeposited with normal isotopic hydrogen at 3.5 K.
a) Pure H2 and In deposited, b) after 193 nm irradiation for 3 min,
c) after 193 nm irradiation for 58 min (total), d) after annealing to
6.2 K, e) after annealing to 8 K and removing the H2 matrix host,
f) spectrum recorded at 70–100 K, and g) spectrum recorded at
180–200 K.

Figure 2. Infrared spectra in the 1400–700 cm�1 region for laser-
ablated indium codeposited with deuterium at 3.5 K. a) Pure D2 and In
deposited, b) after 193 nm irradiation for 20 min, c) after 193 nm irra-
diation for 40 min (total), d) after annealing to 9.0 K, e) spectrum
recorded at 30–60 K after removal of the D2 matrix host, f) spectrum
recorded at 110–130 K, and g) spectrum recorded at 200–220 K.[*] Prof. Dr. L. Andrews, Dr. X. Wang
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University of Virginia
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(1387.4 and 995.9 cm�1)[13] fundamentals for InH and InD,
respectively. The weaker 1628.9/1563.3 cm�1 and 1175.4/
1126.3 cm�1 band pairs are assigned to InH2 and InD2,
respectively, as these bands are 13–15 cm�1 higher the
corresponding bands documented in argon matrix.[13] Con-
tinued irradiation at 193 nm, Figure 1c and Figure 2c, max-
imizes the intensity of new absorptions at 1760.9 and
1266.2 cm�1 (Table 1) which are assigned to InH3 and InD3
in solid H2 and solid D2, respectively, as they appear at slightly
higher wavenumbers than the 1754.5 and 1261.2 cm�1 argon-
matrix bands[13] .

Annealing the H2 sample to 6.2 K increases the InH2
absorptions and sharpens the InH band with little effect on
the InH3 absorption (Figure 3). Further annealing to higher
temperatures was carried out to search for the possible
formation of In2H6: A neon “overcoat” enabled the solid H2
to be annealed above 7 K. The InH3 monomer decreases and
the weak absorptions at 1820, 1803, 1297, and 1059 cm�1

increase on annealing in the 7–8 K range. These absorptions,
labeled DI for diindane, increase together on annealing to
7.2 K (Figure 3d) and are joined by others in the lower region
at 718, 535 and 526 cm�1 (not shown) These absorptions are
destroyed by 193 nm radiation, and regenerated in part by

further annealing to 7.0 K (not shown). Similar behavior was
found for deuterium:Weak new bands were observed at 1297,
1291, 943, and 767 cm�1 on annealing to 9–12 K.
The spectrum after removing the H2 matrix host shows

that the sharp InH3 product absorptions are replaced by a
broad (300 cm�1 full-width at half-maximum) band centered
at 1460� 20 cm�1 (Figure 1e). Similar behavior is observed
for In and D2: the strong InD3 band at 1266.2 cm

�1 is replaced
by a broad (200 cm�1 full-width at half-maximum) band
centered at 1060� 20 cm�1 (Figure 2e). Spectra were
recorded for both samples continuously as they warmed to
room temperature. The broad 1460 cm�1 band in H2 experi-
ments is observed in spectra recorded at 30–60 K and up to
160 K, is decreased in the 160–180 K range, and is absent
above 180 K (Figure 1g). The broad 1060 cm�1 band in
spectra with D2 at 30–60 K (Figure 2e) remains in the spectra
recorded up to 180–200 K and is absent above 200 K
(Figure 2g). Indium metal is deposited on the window at
room temperature.
Electronically excited indium hydride is formed very

efficiently in these experiments by activation with 193 nm
excitation[21] of In in an endothermic (46 kcalmol�1)[10]

Equation (1). This electronically excited InH* reacts straight-
away with the hydrogen matrix cage to form InH3 [Eq. (2)].

InþH2 193nm���!InH* þH ð1Þ

InH* þH2 ! InH3 ð2Þ

The In2H2 (In2D2) product is detected at 979.6
(709.9) cm�1, which is slightly higher than the recently
reported argon-matrix counterparts,[22] as expected. Anneal-
ing to 6.5 K (Figure 3c) triples the intensity of the 979.6 cm�1

In2H2 band and sharpens the InH absorption. Further
annealing to 7.2 K increases In2H2 at the expense of InH
and decreases InH2 and InH3, while the above seven bands
increase in intensity. Higher polymers of InH with In�H�In
linkages should absorb near In2H2 (or to lower wavenumber).
Hence, the broad 1460 and 1060 cm�1 bands can be assigned
to absorptions of solid (InH3)n and (InD3)n (Figure 1 and 2).
The positions of the broad bands in the In/H2 and In/D2

spectra define a H/D ratio 1460/1060= 1.377 appropriate for
an In�H stretching vibration (InH1,2,3 intermediates exhibit
H/D ratios ranging from 1.386 to 1.394). Solid alane exhibits a
broad band (AlH3)n/(InH3)n ratio (1720/1460= 1.18), which is
comparable to the Al/In frequency ratios in solid hydrogen
for the MH (1.16), MH2 (1.12, 1.15), and MH3 (1.07)
molecules (M=metal), and for the calculated parallel ring-
stretching mode (b3u) frequency ratio for M2H6 molecules
(1483/1280= 1.16). This result demonstrates that the broad
bands in (AlH3)n and (InH3)n are due to fundamental Al�H�
Al and In�H�In stretching vibrational modes, respectively,
and implies that network solid (AlH3)n and (InH3)n have
similar structures although a different coordination environ-
ment of In cannot be excluded on this basis.
Solid gallane has an oligomer structure with both terminal

and bridging Ga�H bonds.[23] The chemistry of Al, Ga, and In
is influenced by a d-orbital contraction for Ga, which makes
Ga atoms smaller and more electronegative. In contrast Al

Table 1: Infrared absorptions [cm�1] observed for indium and thallium
hydrides in solid hydrogen or deuterium at 3.5 K.

In, H2 In, D2 Tl, H2 Tl, D2 Hydride

1760.9 1266.2 1748.4 1254.6 MH3

1628.9 1175.4 1520.0 1098.8 MH2

1563.3 1126.3 1390.2 1007.5 MH2

1407.7 1011.6 MH site
1393.4 997.7 1311 940 MH
979.6 709.9 909.7 652.9 M2H2

1460.0[a] 1060.0[a] –[b] –[b] (MH3)n

[a] Broad bands appeared after warming above 7(10) K to remove H2(D2)
and disappeared above 200–210 K. [b] Not observed for Tl.

Figure 3. Infrared spectra in the 1840–1740 and 1340–940 cm�1

regions for laser-ablated indium co-deposited with hydrogen at 3.5 K.
a) Pure H2 and In deposited, b) after 193 nm irradiation for 15 min,
c) after annealing to 6.2 K, and d) after annealing to 7.2 K.
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and In are more electropositive, and better Lewis acids, and
stabilize the sixfold coordination network[18] with M�H�M
bridge bonds in solid (AlH3)n and in solid (InH3)n.
We also find evidence for In2H6 molecules: This dimer is

produced during the later stages of the annealing at 6–8 K
before the solid film is formed, which suggests a small barrier
to dimerization. Although the amount of In2H2 also increases
on annealing by dimerization reaction (2InH!In2H2), the
further addition of 2H2 to form In2H6 probably requires
substantial activation energy. The indane dimerization reac-
tion (2InH3!In2H6) is calculated to be exothermic by only
1 kcalmol�1.[8] The new 1820, 1803, 1297, 1059, 718, 535, and
526 cm�1 absorptions are appropriate for dibridged In2H6
based on comparisons with recent MP2 calculations[8]

(Table 2) and the spectrum of Al2H6 in solid hydrogen.
[16,17]

The two terminal In-H2 modes at 1820 and 1803 cm
�1 are

higher than for InH3, as calculated and observed, and as found
for the aluminum analogs. The two In-H-In bridging modes at
1297 and 1059 cm�1 are 35 cm�1 above and 30 cm�1 below the

calculated values, and of course below the observed values for
Al2H6.
Similar experiments with laser-ablated thallium and

hydrogen (deuterium) give weak bands at 1311 (940) cm�1,
which increased on ultraviolet irradiation and are slightly
lower than gas-phase TlH (TlD) fundamentals[10] of 1345.3
(963.7) cm�1 and are due to diatomic thallium hydride
molecules in solid H2 (D2). Weak absorptions are observed
at 1520.0 (1098.8) and at 1390.2 (1007.5) cm�1 for the TlH2
(TlD2) dihydrides and at 1748.4 (1254.6) cm

�1 for the TlH3
(TlD3) trihydrides (see Table1). Our TlH3 frequency is in
excellent agreement with the MP2 prediction.[8] Thallium
hydride spectra are illustrated in Figure 4. In addition we
observe weak absorptions for the Tl2H2 (Tl2D2) dimers at
909.7 (652.9) cm�1, in spite of the fact that Tl2H2 was not
predicted to be stable.[8] Our TlH3 band absorbance is much
less intense than that observed for InH3, which in turn is
expected to be much less than that observed for GaH3 and
AlH3.

[16,17,24,25] Evaporation of the H2 (D2) matrix gave no
evidence of broad absorption bands in the 1500–700 cm�1

region that might be due to solid thallium hydride. Our failure
to observe (TlH3)n at low temperature is due to the inherent
instability of the TlIII hydride, which is also manifested in a

low yield of TlH3.
[8,25] Finally, this result casts

doubt on the claimed synthesis of
(TlH3)n.

[26,27]
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Inverse Crowns

Synthesis and Crystal Structure of [{nBuMg(m-
TMP)}2] and of a Homometallic Inverse Crown
in Tetranuclear [{nBuMg2[m-N(H)Dipp]2(m3-
OnBu)}2]**

Eva Hevia, Alan R. Kennedy, Robert E. Mulvey,* and
Susan Weatherstone

Although the first substantial studies of organomagnesium
amides “RMgN(R1)(R2)” took place in the 1960s through the
pioneering work of Coates et al. ,[1] their impact on synthesis
since then has been almost invisible in comparison to that of
Grignard reagents or lithium organoamides. However, recent
communications by Eaton and co-workers thrusting “BuMg-
NiPr2” into the limelight as a new Brønsted base for
regioselective deprotonation of cyclopropane and cyclobu-
tane carboxamides[2,3] could mark a watershed in the appre-
ciation and utilization of these hitherto largely friendless
organometallics. “BuMgNiPr2” is now sold commercially in
the form of a THF solution by the chemical company Aldrich,
but not as a single, well-defined compound as it contains a
mixture of n-butyl and sec-butyl components.[4] For the

complete picture, it should be noted that predating the
paper by Eaton et al., “nBuMgNiPr2” was found to exhibit
high Cram selectivity as it adds to a-chiral 2-phenylpropanal
to form the nBu-substituted alcohol,[5] while “nBuMgNiPr2”
and “sBuMgNiPr2” are mentioned in a patent[6] to be useful in
the manufacture of catalysts employed in the polymerization
of rubber, although no details are presented. It struck us that
there was an urgent need for fundamental development of
this impoverished class of compound, a point reinforced by
three recent reports[7,8] of the use of specialized chiral
organomagnesium amides in enantioselective methodology.
Thus, we begin this process here by describing a novel
synthetic strategy to alkylmagnesium amides, illustrated by
the synthesis of a new, potentially exciting reagent based on
the classical secondary amide ligand TMP, (2,2,6,6-tetrame-
thylpiperidide, (Me)2CCH2CH2CH2C(Me)2N

�). The applica-
tion of this strategy to a primary-amide system unexpectedly
produced a remarkable trianionic (alkoxo-alkyl-amido)mag-
nesium complex. Discussion focuses on how this latter
complex is best viewed from the perspective of earlier work
on mixed-metal amide inverse crowns[9] as the first homo-
metallic (magnesium–magnesium’) inverse crown.

Seeking to synthesize new alkylmagnesium amides with
classical utility ligands, we were surprised to learn that
“nBuMgTMP” (a “magnesium hybrid” of the important
commercial lithium reagents nBuLi and LiTMP) had hitherto
not been prepared in its own right though it may have “passed
by” during the twofold amination of dibutylmagnesium
(MgBu2) on the way to bis(amido) Mg(TMP)2.

[10] Our
alternative approach of treating the Grignard reagent
nBuMgCl with NaTMP in ether solution readily produces
the target compound [{nBuMg(m-TMP)}2], 1, in an isolable,
pure crystalline, single-alkyl form, ideal for employment in
subsequent synthetic applications. The outstanding aspect of
this method is the cleavage of the ether–Mg dative bonds of
the starting Grignard reagent to leave 1with wholly ether-free
Mg centers (thus giving 1 an immediate advantage over
Grignard reagents, as its solution chemistry is not limited to
donor solvents such as ethers or amines). Though no
precedent exists for this method of preparing alkylmagnesium
amides that involves a Grignard reagent, sodium amide, and
ether, Veith et al. reported the reaction of MeMgCl in ether
solution with the dilithium disilazide Li2L (L= (tBuN)(Me)-
Si(NtBu)2Si(Me)(NtBu)) to afford L(MgMe)2,

[11] while
Coates noted ether desolvation in forming [iPrMgN(iPr)2]

[1]

by the standard route of hemiamination of the bis(alkyl)
(iPr)2Mg. With a view to future deprotonation/magnesiation
utility, it is noteworthy that 1 does not carry hydrogen atoms
on its amido a-C atoms: hence reduction side reactions of the
Meerwein–Ponndorff–Verley type[12] cannot compete as they
can do with bases that contain N(iPr)2. The molecular
structure of 1 (Figure 1)[13] has bridging TMP and terminal
nBu ligands surrounding the Mg center in a non-centro-
symmetric, dimeric (MgN)2 planar-ring arrangement. Wide
exocyclic NMgC(Bu) bond angles (mean value 132.69o) mark
the highly distorted trigonal-planar primary coordination
sphere of the Mg center. The most interesting feature is the
presence of secondary contacts from eachMg atom to twoMe
substituents on different TMP ligands (mean length to C
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Department of Pure and Applied Chemistry
University of Strathclyde
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atom, 2.817 F; compare with 2.128 F for primary Mg�C
bonds). These weaker interactions are accompanied by a
severe twisting of the hexagonal TMP rings from their
characteristic chair shape. Enveloped by this set of three
primary (C, NH 2) and two secondary (CH 2)atoms, the Mg
coordination spheres have no space available for additional
ligands, hence the desolvation process observed during the
preparation of 1 must be sterically driven.

Replacing NaTMP by the primary amide NaN(H)Dipp
(Dipp= 2,6-diisopropylphenyl) in Equation (1) fortuitously

nBuMgClþNaTMPhexane=ether
������!nBuMgTMPþNaCl ð1Þ

first led us to synthesize the novel trianionic complex
[{nBuMg2[m-N(H)Dipp]2(m3-OnBu)}2], 2.

Compound 2 crystallized preferentially in low yield from
the reaction of impure nBuMgCl in ether solution with a
hydrocarbon suspension of NaN(H)Dipp. The presence of the
adventitious alkoxo ligand was traced unequivocally to the
starting Grignard reagent through a combination of Wittig–
Harborth double titrations[14] and 1H/13C NMR spectra.[15]

Interpreting 2 as a composite of the amide-alkoxide nBu-
MgOnBu and the bis(amide) Mg[N(H)Dipp]2, we then
reprepared it rationally in a much improved yield by mixing
together MgBu2, Mg[N(H)Dipp]2 and nBuOH in a 1:1:1
stoichiometry. The molecular structure of 2 (Figure 2 and
Figure 3)[16] bears a close resemblance to that of alkoxide-
encapsulated inverse crowns, most pertinently the sodium–
magnesium-based complex [Na2Mg2(m-NiPr2)4(m3-OnBu)2],

[17]

3. In 2, an octagonal {(MgNMg’N)2} cationic ring, m3-capped
top and bottom by butoxo O atoms, is chair-shaped with the
Mg2 atoms displaced on either side of the plane defined by
NMg1N···NMg1N. The angle between the NMg2N chair back
and this plane is 100.51(13). These features are shared by 3
(the corresponding interplane angle is 154.648) with the

significant distinction that the butyl-carrying Mg2 sites are
occupied by Na atoms free of exosubstituents. Noting that
(MgBu)+ is isovalent with Na+, we regard 2 as an isovalent
analogue of 3 and thus may be considered the first homo-
metallic inverse crown. The structures are sterically compat-
ible because the extra steric hindrance created by the
introduction of the exo-Bu substituents in 2 is offset by the
reduced steric bulk of the amide (i.e., in switching from a

Figure 1. Molecular structure of 1 with hydrogen atoms omitted for
clarity. Selected dimensions [> and 8]: Mg(1)-C(19) 2.126(4), Mg(1)-
N(1) 2.121(4), Mg(1)-N(2) 2.117(4), Mg(1)-C(7) 2.773(5), Mg(1)-C(18)
2.792(5), Mg(2)-C(23) 2.130(4), Mg(2)-N(1) 2.130(4), Mg(2)-N(2)
2.122(4), Mg(2)-C(16) 2.843(5), Mg(2)-C(9) 2.860(5), N(2)-Mg(1)-N(1)
94.50(14), N(2)-Mg(1)-C(19) 132.15(18), N(1)-Mg(1)-C(19) 133.02(18),
Mg(1)-N(1)-Mg(2) 85.56(15), N(2)-Mg(2)-C(23) 131.72(17), N(2)-
Mg(2)-N(1) 94.08(14), C(23)-Mg(2)-N(1) 133.98(17), Mg(1)-N(2)-
Mg(2) 85.85(14).

Figure 2. Molecular structure of 2 without carbon-attached hydrogen
atoms and disorder components. Selected dimensions [> and 8] .
Mg(1)-N(1) 2.041(3), Mg(1)-O(1) 2.037(3), Mg(1)-N(2)a 2.037(3),
Mg(1)-O(1)a 2.068(2), Mg(2)-N(1) 2.168(4), Mg(2)-C(29) 2.109(5),
Mg(2)-O(1) 2.121(3), N(2)a-Mg(1)-O(1) 100.17(13), N(2)a-Mg(1)-N(1)
166.77(14), O(1)-Mg(1)-N(1) 90.86(13), N(2)a-Mg(1)-O(1)a 90.29(12),
O(1)-Mg(1)-O(1)a 87.55(10), O(2)-Mg(2)-N(1) 85.24(11), N(2)-Mg(2)-
N(1) 104.46(15), C(29)-Mg(2)-N(1) 121.06(17), O(1)-Mg(2)-N(2)
85.44(11), C(29)-Mg(2)-N(2) 123.03(17), C(29)a-Mg(2)-O(1)
127.58(17), Mg(1)-O(1)-Mg(1)a 92.45(10), Mg(1)-O(1)-Mg(2)
92.42(10).

Figure 3. Alternative view of 2 highlighting the elongated chair-shape
of the {MgNMgNMgNMgN} core.
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secondary to a primary type). These amido H atoms (and
concomitantly the aryl substituents) lie transoid to each other
along the N1Mg1N2a chair edge and across the chair seat (on
N1 and N1a).

With respect to the future, 1 is now readily available in a
convenient crystalline form for use/exploration by synthetic
chemists; the method used to synthesize it merits more
investigation as it may apply generally to ether-free organo-
magnesium amides with sterically demanding substituents,
and this first demonstration of the isovalent relationship in
inverse crown chemistry expands yet further the opportuni-
ties for development within this intriguing class of com-
pounds.

Experimental Section
Preparation of [{nBuMg(m-TMP)}2] (1): NaBu (10 mmol, 0.8 g) was
suspended in hexane (20 mL) to which TMPH (10 mmol, 1.7 mL) was
added. The resulting pale yellow suspension was stirred at room
temperature for two hours. BuMgCl (10 mmol, 5 mL of a 2m solution
in ether) was then added. The reaction mixture was stirred at ambient
temperature overnight. This resulted in the formation of a white
suspension in an orange solution. The solid was removed by filtering
the mixture through celite. The filtrate was reduced in volume
in vacuo, then placed in the freezer at �28 8C. Overnight this solution
deposited a crop of colorless crystals. Yield (first batch): 0.57 g, 26%.
Satisfactory elemental analyses (C, H, N) were obtained. 1H NMR
(400.16 MHz, [D6]benzene solution; 25 8C): d= 1.91 (m, 2H, TMP),
1.72 (m, 2H, CH2, Bu), 1.51 (m, 4H, TMP), 1.32 (m, 2H, CH2, Bu),
1.29 (s, 12H, CH3, TMP), 1.29 (t, 3H, CH3, Bu), 0.05 ppm (m, 2H,Mg-
CHH’, Bu). 13C{H}NMR (100.61 MHz, [D6]benzene solution; 25 8C):
d= 53.41 (CMe2, TMP), 39.05(CH2, TMP), 36.10 (CH3, TMP), 33.20
(CH2, Bu), 32.63 (CH2, Bu), 17.86 (CH2, TMP), 15.03 (CH3, Bu),
13.04 ppm (MgCH2, Bu).

Preparation of [{nBuMg2[m-N(H)Dipp]2(m-OnBu)}2] (2): MgBu2

(10 mmol, 10 mL of a 1m solution in heptane) was added to a
suspension of Mg(NHDipp)2 in heptane (prepared in situ by the
reaction of MgBu2 (10 mmol) and NH2Dipp (20 mmol)). To the
resulting colorless solution nBuOH (10 mmol, 0.9 mL) was added.
The solution was stirred for 30 minutes and concentrated by removing
some solvent in vacuo. Freezer cooling of the remaining solution at
�28 8C produced a crop of colorless crystals of 2. Yield (first batch):
1.8 g, 35%. Compound 2 was also obtained serendipitously in the
reaction of BuMgCl with Na(NHDipp), in this case the yield was only
2%. Satisfactory elemental analyses (C, H, N) were obtained.
1H NMR (400.16 MHz, [D6]benzene solution; 25 8C): d= 7.07 (m,
2H, Ar, Dipp), 6.91 (m, 2H, Ar, Dipp), 6.85 (m, 2H, Ar, Dipp), 4.35
(m, 2H, OCHH’CH2), 3.30 (septet, 2H, CHMeMe’, Dipp), 3.19 (s,
broad, 2H, NH), 3.03 (septet, 2H, CHMeMe’, Dipp), 2.16 (m, 2H,
OCHH’CH2), 1.42–1.34 (overlapping m’s, 18H, CH3, Dipp), 1.21 (m,
2H, CH2, Bu), 1.01 (t, 3H, CH3, Bu), 0.92–0.84 (overlapping m’s, 7H,
CH3, Dipp and 2CH2, Bu's), 0.66 (t, 3H, CH3, Bu), 0.26 ppm (m, 2H,

MgCHH’CH2).
13C{H}NMR (100.61 MHz, [D6]benzene solution;

25 8C): d= 146.13, 135.47, 134.37, 124.18, 123.97, 120.00 (Ar, Dipp),
67.39 (OCHH’),37.78 (OCHH’CH2), 31.87, 31.73 (CHMeMe’, Dipp),
30.24, 29.75 (CH2's, Bu's), 24.78, 24.54, 24.15, 23.59 (CH3's, Dipp),
19.95 (CH2, Bu),14.83, 14.46 (CH3's, Bu's), 7.61 ppm (MgCH2, Bu).
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Phosphane Ligands

Novel [60]Fullerene-Assisted ortho-
Phosphanation on a Tetrairidium Butterfly
Framework**

Bo Keun Park, M. Arzu Miah, Gaehang Lee,
Youn-Jaung Cho, Kwangyeol Lee, Sangwoo Park,
Moon-Gun Choi, and Joon T. Park*

The extensive use of [60]fullerene, the most abundant
member of the fullerene family, as a ligand in organometallic
chemistry has been attributed to its pivotal role in material
science owing to its unique electronic, optical, and magnetic
properties.[1] In particular, the interaction of a carbon cluster
such as C60 with metal clusters has been a topic of great
interest in exohedral metallofullerene chemistry,[2] because
C60–metal cluster complexes have a direct analogy to carbon
nanotubes decorated with metal nanoparticles.[3] Further-
more, they exhibit very strong electronic communication
between C60 and metal-cluster centers that can be fine-tuned
by ligands attached to the metal atoms.[2a] As part of our
studies on the chemistry of C60–metal cluster complexes, we

examined the reaction between the phosphane-substituted
iridium carbonyl cluster [Ir4(CO)9(PPh3)3] (1)[4] and C60. We
demonstrated a new behavior of C60 as a noninnocent ligand,
stemming from its multifunctionality, for the chemical trans-
formation of ligands on the cluster surface. Here we report a
novel C60-induced formation of a P-(C)n-P-(C)n-P moiety by a
series of ortho-phosphanation and ortho-metalation reactions
of phosphanes on a tetrairidium butterfly framework
(Scheme 1).

Heating a mixture of 1 and 2 equiv of C60 in refluxing
chlorobenzene (CB) for 2 h afforded [Ir4(CO)6{m3-PPh2(o-
C6H4)P(o-C6H4)PPh(h1-o-C6H4)}(m3-h

2 :h2:h2-C60)] (3) in mod-
erate yield (36%). Thermolysis of 1 in refluxing CB gave
[Ir4(CO)8{m-PPh2(o-C6H4)PPh}{m3-PPh2(h

1:h2-o-C6H4)}] (2) in
64% yield. Reaction of 2 with C60 in refluxing CB produced 3
in 41% yield, that is, 2 is indeed the reaction intermediate for
the final product 3 (see Scheme 1 and Experimental Section).
The formulas of 2 and 3 were established by microanalytical
data and molecular-ion isotope multiplets at m/z 1624 for 2
and 2210 for 3 in the positive-ion FAB mass spectra.

The molecular structures of 2 and 3 are shown in Figures 1
and 2, respectively. Both complexes exhibit a butterfly
geometry of four iridium atoms, in which the two wings are
nearly perpendicular to each other, as was observed in
previously reported wingtip-bridged Ir4 butterfly complexes.[5]

The P1 atom bearing two phenyl groups in 2 is coordinated to
the Ir4 center, and the two wingtip Ir atoms are almost
symmetrically bridged by the P2 atom. An o-phenylene group
bridges the P1 and P2 atoms in the bidentate diphosphane
moiety Ph2P(o-C6H4)PPh, which in turn forms a five-mem-
bered metallacyclic P1-C301-C306-P2-Ir4 moiety on the
cluster. Another interesting structural feature of 2 is the
presence of a m3-PPh2(h

1:h2-o-C6H4) ligand (a five-electron
donor), which is coordinated through P3 to the Ir3 atom by an
Ir�C(phenylene) s bond to the Ir2 center, and by an h2

interaction of the o-C6H4 ring to the Ir1 atom. A similar
bonding mode was previously observed in [(m-H)-

Scheme 1. a) 2 equiv C60, ClC6H5, 132 8C, 3 h, 36%; b) ClC6H5, 132 8C,
40 min, 64%; c) 2 equiv C60, ClC6H5, 132 8C, 3 h, 41%.
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Os3(CO)8{m3-PPhMe(h1:h2-C6H4)}]
[6] and [(m-H)Ru3(CO)8-

{m3-PPh(h1:h2-C6H4)(h-C5H4)Fe(h-C5H4PPh2)}].
[7] In 3, the

P1 atom bearing two phenyl groups is coordinated to the
Ir4 atom, and the P2 atom bridges the two wingtip Ir1 and Ir4
atoms similarly to 2. The phenyl group on the P2 atom has
been ortho-phosphanated by the P3 atom, and a phenyl group
on the P3 center underwent ortho-metalation to form five-
membered Ir1-P2-C401-C406-P3 and Ir1-Ir2-C502-C501-P3
metallacycles, respectively. Overall, the three PPh3 ligands in
1 are converted to a triphosphane ligand Ph2P(o-C6H4)P(o-
C6H4)PPh(h1-o-C6H4) in 3. The C�C bonds in the m3-h

2 :h2:h2-
C60 ligand alternate in length, with an average long distance of
1.49(1) and an average short distance of 1.43(1) ?. This face-
capping C60 bonding mode is well documented for a variety of
cluster frameworks.[2a]

A plausible reaction mechanism for 1!2!3 is proposed
in Scheme 2. The first step is an ortho-phosphanation in 1 to
form intermediate A. ortho-Metalation of a phenyl group on

the P3 atom in A results in rupture of the Ir1�Ir4 bond to
form the hydrido butterfly intermediate B (62 valence
electrons). Binuclear reductive elimination of C6H6 and the
loss of a carbonyl ligand in B induces coordination of the P2
atom to the Ir4 center and p coordination of the ortho-
metalated phenyl ring to form an h1:h2-o-C6H4 moiety in 2.
The next step is cleavage of the Ir3�P3 bond and subsequent
coordination of h2-C60 to produce intermediate C. Another
ortho-phosphanation reaction in C takes place to form a
triphosphane moiety, and the p interaction in the h1:h2-o-C6H4

ligand is replaced by coordination of the P3 atom to the Ir1
center to give intermediate D. The final product 3 is produced
by the loss of two carbonyl ligands and face-capping of the C60

ligand in the m3-h
2:h2:h2 fashion.

Scheme 2. a) �C6H6; b) ortho-metalation of a phenyl group on P3;
c) �C6H6, �CO; d) +C60; e) �C6H6; f) �2CO.

Figure 1. Molecular structure with atomic labeling scheme for 2.
Selected bond lengths [H] and angles [8]: Ir1�Ir2 2.6953(6), Ir1�Ir3
2.7170(7), Ir2�Ir3 2.6689(6), Ir2�Ir4 2.7409(6), Ir3�Ir4 2.8054(6), Ir1�
C701 2.55(1), Ir1�C706 2.41(1), Ir2�C706 2.08(1); Ir1-Ir2-Ir4 88.20(2),
Ir1-Ir3-Ir4 86.46(2).

Figure 2. Molecular structure with atomic labeling scheme for 3.
Selected bond lengths [H] and angles [8]: Ir1�Ir2 2.7598(8), Ir1�Ir3
2.7827(8), Ir2�Ir3 2.8059(7), Ir2�Ir4 2.7401(9), Ir3�Ir4 2.8094(7), Ir2�
C502 2.089(8); Ir1-Ir2-Ir4 85.02(1), Ir1-Ir3-Ir4 83.30(2).

Angewandte
Chemie

1713Angew. Chem. Int. Ed. 2004, 43, 1712 –1714 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


In the transformation 1!2!3, three PPh3 ligands are
converted to the diphosphane m2-Ph2P(o-C6H4)PPh and in
turn to the triphosphane m3-PPh2(o-C6H4)P(o-C6H4)PPh(h1-o-
C6H4) on the Ir4 cluster framework by successive ortho-
phosphanation and ortho-metalation processes, as described
in Scheme 2. Synthesis of phosphane ligands with P-(C)n-P
and P-(C)n-P-(C)n-P donor sequences is of special interest,
because of their ability to bridge metal–metal bonds and thus
to stabilize oligometallic or metal cluster complexes. Such
phosphane ligands have usually been prepared by tedious
multistep organic synthesis.[8] We have now demonstrated that
facile ortho-phosphanation and ortho-metalation can take
place on an Ir4 framework and, more importantly, the
multifunctional C60 ligand can assist the ortho-phosphanation
step, as in the conversion of 2 to 3. To the best of our
knowledge, this is the first example not only of facile ortho-
phosphanation on transition metals but also of the C60

molecule acting as a noninnocent ligand that assists unusual
phosphane-transformation reactions.

We are currently investigating the detailed mechanistic
pathways of 1!2!3 and trying to develop facile synthetic
methods for multifunctional phosphanes from coupling
reactions of phosphanes on Ir4 carbonyl clusters in the
presence of C60 and dihydrogen.

Experimental Section
Details on the synthesis as well as a full spectroscopic characterization
of 2 and 3 and the conversion of 2 to 3 are given in the Supporting
Information. X-ray structural data were collected on a CCD
diffractometer with MoKa radiation (l= 0.71073 ?) using w scans.
CCDC-221530 (2) and CCDC-221531 (3) 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, Cam-
bridge CB21EZ, UK; fax: (+ 44)1223-336-033; or deposit@ccdc.cam.
ac.uk).

2 : Elemental analysis (%) calcd for C50H33Ir4O8P3: C 36.99, H
2.05; found: C 36.76, H 2.19; IR (C6H12): ñ(CO)= 2062 (w), 2049 (s),
2029 (vs), 2011 (vs), 1993 (vs), 1956 (m), 1946 cm�1 (m); 1H NMR
(400 MHz, CDCl3, 298 K): d= 8.44 (dd, 1H, JPH= 8.0 Hz, JPH=

2.5 Hz), 7.89 (m, 1H), 7.63 (m, 4H), 7.46–6.88 (m, 24H), 6.62 (m,
2H), 6.51 ppm (t, 1H, JPH= 7.6 Hz) (all C6H5+C6H4);

13C NMR
(100 MHz, CDCl3, 298 K): d= 186.8 (s, 1CO), 185.7 (s, 1CO), 179.6 (s,
1CO), 176.4 (s, 1CO), 166.4(s, 1CO), 165.7 (s, 1CO), 165.5 (d, 1CO,
2JCP= 3.5 Hz), 163.7 (d, 1CO, 2JCP= 4 Hz), 153.2–124.3 (42C, C6H5+

C6H4);
31P{H} NMR (122 MHz, CDCl3, 298 K): d= 24.2 (d, 1P, 3JPP=

22.1 Hz), 16.4 (s, 1P), �42.9 (d, 1P, 3JPP= 22.1 Hz); MS (FAB+): m/z :
1624 [M+].

X-ray crystal data for 2 : Orange crystals were obtained by slow
diffusion of methanol into a solution of 2 in CH2Cl2 at room
temperature. The crystal used for data collection contained no solvent
molecules (C50H33P3O8Ir4, Mr= 1623.47): triclinic, space group P1̄,
Z= 2, 1calcd= 2.256 gcm�3, a= 11.087(1), b= 11.472(1), c=
21.576(2) ?, a= 91.925(2), b= 101.719(2), g= 116.070(1)8, V=
2390.1(4) ?3. The structure was solved by direct methods and refined
by full-matrix least-squares analysis to give R= 0.0576 and Rw=
0.1476 (based on F2) for 586 parameters and 10924 unique reflections
with I> 2s(I) and 1.95<q< 28.028. Data was collected at T=

293(2) K.
3: Elemental analysis (%) calcd for C102H27Ir4O6P3: C 55.43, H

1.23; found: C 55.64, H 1.42. IR (CH2Cl2): ñ(CO)= 2045 (vs), 2016
(vs), 1998 (s), 1985 (sh), 1970 cm�1 (m); 1H NMR (400 MHz, CDCl3,

298 K): d= 7.14–8.07 (m, 24H); 6.78–6.93 ppm (m, 3H) (all C6H5+

C6H4);
13C NMR (100 MHz, C6D4Cl2, 298 K): d= 188.4 (d, 1CO, JPC=

2.5 Hz), 187.3 (d, 1CO, JPC= 3.2 Hz), 179.9 (s, 1CO), 173.3 (t, 1CO,
JPC= 3.9 Hz), 172.4 (d, 1CO, JPC= 12.2 Hz), 161.2 (dd, 1CO, JPC=
51.2 Hz, JPC= 5.5 Hz), 158.9–143.6 (54C, C60 sp2 region), 79.1 (d, 1C,
JPC= 6.3 Hz, C60 sp3 p-bonded C) 68.0 (t, 1C, JPC= 4.9 Hz, C60 sp3 p-
bonded C), 64.1 (d, 1C, JPC= 2.4 Hz, C60 sp3 p-bonded C), 62.7 (s, 1C,
C60 sp3 p-bonded C), 61.2 (d, 1C, JPC= 4.5 Hz, C60 sp3 p-bonded C),
60.6 ppm (dd, 1C, JPC= 13.8 Hz, JPC= 2.3 Hz, C60 sp3 p-bonded C);
31P{H} NMR (122 MHz, CS2/ext. CD2Cl2, 298 K): d= 31.2 (d, 1P,
3JPP= 12.8 Hz), �16.3 (dd, 1P, 3JPP= 12.8 Hz, 3JPP= 4.0 Hz),
�21.5 ppm (d, 1P, 3JPP= 4.0 Hz); MS (FAB+): m/z : 2210 [M+].

X-ray crystal data for 3 : Greenish black crystals were obtained by
slow diffusion of heptane into a solution of 3 in CS2 at room
temperature. The crystal used for data collection contained four
molecules of CS2 (C102H27P3O6Ir4·4CS2, Mr= 2210.09): monoclinic,
space group P21/c, Z= 4, 1calcd= 2.141 gcm�3, a= 17.472(5), b=
20.071(6), c= 22.639(6) ?, b= 100.739(5)8, V= 7800(4) ?3

. The struc-
ture was solved by direct methods and refined by full-matrix least-
squares analysis to give R= 0.0422 and Rw= 0.0859 (based on F2) for
1144 parameters and 14530 unique reflections with I> 2s(I) and
1.69<q< 25.528. Data was collected at T= 293(2) K.
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Cluster Compounds

A Water-Soluble Tetranuclear ZrIV Compound
Supported by the Kl�ui Tripodal Ligand: A Model
of ZrIV in Aqueous Media**

Qian-Feng Zhang, Tony C. H. Lam, Eddie Y. Y. Chan,
Samuel M. F. Lo, Ian D. Williams, and Wa-Hung
Leung*

The aqueous chemistry of metal ions[1] is of significance owing
to its relevance to metal-catalyzed organic reactions in water
and the important roles of metal ions in biological systems.[2]

We are particularly interested in the ZrIV(aq) species that was
found to be capable of hydrolyzing both activated and non-
activated phosphodiesters in weakly acidic solutions with
efficiency similar to that of CeIV.[3] The ZrIV-based hydrolysis
of phosphodiesters is potentially useful in molecular biology
because unlike CeIV, ZrIV is not redox active. In addition, the
hydrolysis chemistry of ZrIV is relevant to aqueous nuclear-
fuel processing of tetravalent ions of the heavier metals.[4] In
acidic solutions, depending upon pH and concentration, ZrIV

is known to exist in the forms of hydroxo-bridged trinuclear,
tetranuclear, and octanuclear species.

[1,4] The tetranuclear
core [Zr4(OH)8(H2O)16]

8+ 1 (Scheme 1) has been character-

ized spectroscopically in solutions[5] and observed in the solid-
state structure of ZrOCl2·8H2O.

[6] To better understand the
chemistry of ZrIV in water, we seek to synthesize models of
ZrIV(aq) based on the Kl3ui tripodal oxygen ligand [CpCo{-
P(O)(OR)2}3]

� (denoted as LOR
� , R= alkyl or aryl)

(Scheme 2).[7] [(LOR)ZrCl3] and [(LOR)2Zr]
2+ were synthesized

by treating NaLOR (R=Et, Ph) with [CpZrCl3] and ZrCl4, in

non-aqueous media.[8] Previously, we demonstrated that in
aqueous solutions, the zirconyl species could be trapped by
LOEt

�and the resulting ZrIV–LOEt species reacted with HBF4 to
give [LOEtZrF3].

[9] Herein, we report on the crystal structure of
a water-soluble tetranuclear ZrIV-LOEt compound isolated
from the reaction of zirconyl nitrate with NaLOEt in water, and
its reactions with phosphodiesters.

Treatment of a solution of zirconyl nitrate (ca. 1.0 mm) in
dilute HNO3 (pH 2.1) with 1 equivalent of NaLOEt gave a
yellow solution, from which amixture (ca. 1:1) of
[(LOEt)4Zr4(m3-O)2(m-OH)4(H2O)2][NO3]4 2 and

[(LOEt)2Zr(NO3)][NO3] 3 were isolated (Scheme 3). At
lower pH (< 1), the same reaction yielded a mixture (ca.
2:3) of 3 and [LOEtZr(NO3)3] 4. A pure sample of 3 was
obtained in good yield by treating zirconyl nitrate with excess
NaLOEt in dilute HNO3. The tetranuclear core of 2 is stable in
both aqueous (at pH between 1 and 6, see below) and non-
aqueous solutions, as evidenced by NMR spectroscopy and
ESI mass spectrometry. The 1H NMR spectrum of 2 exhibits
two resonance signals for the Cp protons, consistent with its
solid-state structure (see below). Compounds 2–4 could be
identified by 31P NMR spectroscopy (in [D6]acetone: d=

121.3, 120.9, and 123.8 ppm; in D2O, d= 121.9, 127.0, and
124.0 ppm]. In aqueous solutions at pH> 2, 4 hydrolyzed
cleanly to give 2 according to 31P NMR spectroscopy. As the
pH of the resulting solution was gradually lowered to about 1,
the 31P resonance attributable to 4 started to appear, thus
demonstrating the interconversion between mononuclear and

Scheme 1. Structure of 1.

Scheme 2. Structure of [CpCo{P(O)(OR)2}3]
� (LOR

�).

Scheme 3. Syntheses of 2–5.
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tetranuclear Zr–LOEt species in acidic solutions. However, a
further decrease in pH resulted in precipitation of 4, which
has a low solubility in the HNO3 solution.

The solid-state structures of 2–4 have been established by
X-ray crystallography.[10, 11] The Zr4 core in 2 (Figure 1) is
similar to that in 1 except that it contains both 7- and 8-
coordinated Zr centers and two m3-oxo ligands. The core
structure of 2 can be described as bowl-shaped (Figure 1b)
consisting of a {Zr2(m3-O)2} diamond base that contains 7-
coordinated Zr centers linked to two 8-coordinated Zr centers
through m3-oxo and m-hydroxo bridges. The average Zr�m-OH
and Zr�OH2 bond lengths of 2.140(7) and 2.207(7) G,
respectively, are comparable to those in 1[6] but longer than
the Zr�m3-O bond length (2.088(7) G). It seems reasonable to

assume that the m3-oxo bridges in 2 were formed by
condensation of hydroxo bridges in 1 present in the zirconyl
nitrate solution. The cation in mononuclear 3 consists of an 8-
coordinated Zr center, two fac-k3-LOEt

� and one k2-NO3
�

ligand with an average Zr�O(NO3) bond length of
2.363(4) G. Similar mononuclear ZrIV bis-tripodal complexes
have been previously reported.[8] The Zr atom in 4 is 9-
coordinated containing one fac-k3-LOEt

� and three unsym-
metrically bonded k2-NO3

� ligands with average longer and
shorter Zr�O(NO3) distances of 2.361(2) and 2.277(2) G,
respectively.[11]

The similarity of the core structure in 2 and 1 led us to
investigate the reaction of 2 with the phosphodiester (4-
NO2C6H4O)2P(O)OH (BNPP), which is commonly used to
probe the activity of metal ions towards phosphodiester
hydrolysis.[4] The reaction between 2 and BNPP was moni-
tored by NMR spectroscopy. The addition of BNPP to 2 in
D2O–[D6]acetone (1:3) led to formation of an intermediate
(31P NMR d=�19 ppm), presumably a BNPP adduct of 2.
Gradually, the intensity of the signal at d=�19 ppm
(31P NMR) dropped and signals due to a new Zr phosphate
compound, 5, (31P NMR d=�23.7, 122.8 ppm) appeared as
well as those of 4-nitrophenol in the 1H NMR spectrum. The
hydrolysis of BNPP was completed in about 2.5 h, and 5 was
isolated as the major zirconium product. Compound 4 reacted
with Ph2P(O)OH to yield 5 and phenol, but no evidence of a
reaction between 4 and (MeO)2P(O)OH was found. Com-

pound 5 was identified as the cubane cluster [(LOEt)4Zr4(m3-
PO3)4] by X-ray diffraction (Figure 2).[10] Although ZrIV

phosphates synthesized hydrothermally are well docu-
mented,[12] to our knowledge, 5 is the first structurally
characterized ZrIV phosphate cubane cluster compound.[13]

The core of 5 is made up of four Zr and four P atoms at the
corners of a cube, with the O atoms roughly located at the
middle of the edges. The volume of the cavity of the cage is

Figure 1. Molecular structure of [(LOEt)4Zr4(m3-O)2(m-OH)4(H2O)2]
4+ in

2 : a) top view; b) side view. Selected bond lengths [G]: Zr-O(LOEt)
2.122(8)–2.175(7), Zr-OH2 2.211(7)–2.203(7), Zr-m-OH 2.097(6)–
2.157(7), Zr-m3-O 2.077(7)–2.096(7).

Figure 2. Molecular structure of [(LOEt)4Zr4(m3-PO3)4] 5. Selected bond
lengths [G]: Zr-O(LOEt) 2.109(9)–2.165(9), Zr-O(PO4) 1.957(9)–2.040(9).
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about 41 G3. The average Zr�O(phosphate) distance in 5 of
2.071(6) G is comparable to those determined by powder
diffraction (2.084(3) G).[14] To gain further insight into the
mechanism of formation of 5, the reaction between zirconyl
nitrate and Na3PO4 was studied. Treatment of a about 1 mm

solution of zirconyl nitrate in dilute HNO3 with 0.5 equivalent
of Na3PO4 led to the isolation of the trinuclear cluster

compound [(LOEt)3Zr3(m3-O)(m-OH)3(m3-PO4)][NO3], 6
(Scheme 4), which was characterized by single-crystal X-ray
diffraction studies.[10] The cationic fragment in 6 consists of a

[(LOEtZr)3(m-OH)3]
6+ core that is capped by one m3-O

2� and
one m3-PO4

3� ligand (Figure 3). Therefore, it seems likely that
the BNPP first coordinates to ZrIV and is then hydrolyzed to
give PO4

3�, which replaces the oxo and hydroxo ligands in 2
successively until the cubane cluster 5 is formed at the
reaction ended. A preliminary result showed that [(LOEt)2-
Ce(NO3)2] prepared from [NH4]2[Ce(NO3)6] and NaLOEt is
not capable of hydrolyzing BNPP. Treatment of [(LOEt)2-
Ce(NO3)2] with BNPP gave a structurally characterized bis-
BNPP adduct [(LOEt)2Ce{OP(O)(OC6H4NO2--4)2}2].

[11]

In conclusion, we have developed a new model for Zr4+ in
water based on a water-soluble tetranuclear ZrIV–LOEt com-
pound that can hydrolyze BNPP to give 4-nitrophenol and a
ZrIV phosphate cubane cluster. pH-dependent interconver-

sion between monomeric and tetrameric LOEtZr
IV species in

aqueous media has been demonstrated. This modeling study
offers an opportunity to better understand some reactions of
ZrIV in water that are otherwise difficult to follow by
spectroscopic means. The investigation of structures and
reactivities of polynuclear hydroxo/oxo-bridged LOEtZr com-
plexes in aqueous and non-aqueous media provides new
insight into the complex aqueous chemistry of Group 4 metal
ions.

Experimental Section
2: A mixture of zirconyl nitrate (0.674 mL of a 3.5 wt% solution in
HNO3, Aldrich, 0.102 mmol) and NaLOEt (51 mg, 0.092 mmol) in
water (12 mL) was stirred at room temperature for 30 min and
filtered. The filtrate was extracted with CH2Cl2 (2 L 10 mL) and dried
with anhydrous Na2SO4. The solvent was removed in vacuo to give a
yellow solid (yield: 65%). 1H NMR spectroscopy indicated that the
crude product contained a mixture (ca. 1:1) of 2 and 3 that could be
separated by fractional recrystallization. Single crystals of 2 were
grown from acetone/hexane. 1H NMR (300 MHz, [D6]acetone, 25 8C,
TMS): d= 1.46 (t, 3J(H,H)= 7 Hz, 72H; CH3), 4.28–4.38 (m, 48H;
OCH2), 5.41 (s, 10H; Cp), 5.46 ppm (s, 10H; Cp). 31P{1H} NMR
(121.5 MHz, [D6]acetone, 25 8C, H3PO4): d= 121.3 ppm (m). Ele-
mental analysis (%) calcd for C68H148N4Co4O56P12Zr4: C 28.3, H 5.16,
N 1.94; found: C 28.6, H 5.41, N 1.69. MS (ESI): m/z 866.9721
([M�2H2O�4NO3�3H]3+).

5 : BNPP (15 mg, 0.11 mmol) was added to a solution of 2 (35 mg,
0.043 mmol) in a mixture of acetone/water (3:1, 12 mL) and the
solution was stirred at room temperature overnight. The volatile
fractions were removed under vacuum, and the residue extracted into
CH2Cl2. The solvent was removed under vacuum and the residue
washed with water (3 L 2 mL) to give a yellow solid (yield: 80%).
Recrystallization from acetone/hexane afforded X-ray quality yellow
blocks. 1H NMR (300 MHz, [D6]acetone, 25 8C, TMS): d= 1.40 (t,
3J(H,H)= 6.9 Hz, 72H; CH3), 4.35 (m, 48H; OCH2), 5.35 ppm (s,
20H; Cp) and resonance signals due to co-crystallized 4-nitrophenol
and BNPP. 31P{1H} NMR (121.5 MHz, [D6]acetone, 25 8C, H3PO4):
d=�23.7 (m, PO4), 122.8 ppm (m).
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Reversible Self-Assembly in Water

Aqueous Supramolecular Polymer Formed from
an Amphiphilic Perylene Derivative**

Alix Arnaud, Jo
l Belleney, Fran�ois Bou�,
Laurent Bouteiller,* G�raldine Carrot, and
V�ronique Wintgens

Supramolecular polymers are reversible one-dimensional
assemblies that are formed by dynamic noncovalent inter-
molecular interactions.[1] With the exception of biological
systems, such self-assemblies are mostly formed in organic
and nonpolar solvents and rely on hydrogen-bonding or
metal–ligand interactions. Interesting material properties
have been demonstrated in the case of specific monomers,
such as ureidopyrimidones[2] and bisureas,[3] which can self-
organize in very long chains. These materials combine the
properties of conventional polymers with reversibility and
responsiveness. It is a challenging objective to expand this
innovative theme to aqueous media. The main drawback of
relying on hydrogen bonds is their limited strength in polar
solvents, particularly in water; therefore, other noncovalent
interactions should be considered for aqueous media. So far,
only a few synthetic supramolecular polymers have been
prepared in water, and most have relied on aromatic and/or
hydrophobic interactions.[4–7] Moreover, their syntheses are
not well-suited for large-scale preparation and their proper-
ties as materials (such as rheology) have never been reported.
We thus designed amphiphilic perylene derivative 1 which
contains a large hydrophobic aromatic core surrounded by
four hydrophilic arms and which can be prepared on a large
scale by an easy synthetic route with facile purification
(Scheme 1). Such a design should provide a one-dimensional
assembly in water through intermolecular p-stacking and/or
hydrophobic interactions. The four hydrophilic arms are
expected to hinder the possible aggregation of such assem-
blies and to ensure their water solubility. Herein, we detail the
synthesis and the characterization of the supramolecular
polymer formed by the association of monomer 1 in water.
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The hydrophobic aromatic core is derived from 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCA, Scheme 1), and
treatment with an excess of (methoxyethoxy)ethyl iodide and
(methoxyethoxy)ethanol, as adapted from a literature

method,[8] affords 1 as an orange wax (47% yield, not
optimized). Extensive molecular analysis is in full agreement
with the structure shown (see the Supporting Information).

Compound 1 does not aggregate in chloroform, as
concluded from the concentration independence of the
absorption and fluorescence spectra (data not shown). How-
ever, in more polar solvents, such as ethanol and water, the
UV spectra are shifted and their resolution decline with the
polarity of the solvent (Figure 1). This phenomenon is

maximized in water, as expected. Figure 2 illustrates there is
a clear dependence of the fluorescence spectra obtained in
water on the concentration: the band at 480 nm, which can be
assigned to the free monomer, disappears and a broader red-

shifted band appears when the concentra-
tion is increased. These results indicate that
self-assembly of 1 occurs in water.

A 1H NMR spectroscopic analysis is in
total agreement with these observations.
Spectra of compound 1 (at 10�2 molL�1) are
well-resolved in deuterated DMSO and
chloroform; however, an upfield shift and
a large broadening of the aromatic signals
are observed at the same concentration in
deuterated methanol. This phenomenon is
probably related to self-association through
aromatic stacking. The effect is even more
pronounced in water as demonstrated in the
NMR spectra obtained of 1 at increasing
concentrations in deuterated water (see the
Supporting Information). The inner protons
(b) are most affected by the self-association:
their chemical shifts vary from db=

7.76 ppm at 1.4 B 10�6m to 5.81 ppm at
5.0 B 10�2m (Figure 3).

The relative viscosity of aqueous solu-
tions also increases with increasing concen-
tration of 1 (see the Supporting Informa-
tion). This observation agrees with a typical
polymeric behavior of 1 in water on a
macroscopic scale.

Compound 1 was designed to self-
assemble in water in one-dimensional col-

umns by p-p cofacial overlap and hydrophobic interactions.
This model had already been proposed but not proved for the
self-association of similar perylene derivatives in chloro-
form.[9] We studied solutions of 1 in deuterated water at 25 8C
using small-angle neutron scattering (SANS) to demonstrate
that the expected monomolecular column structure forms in
water. Figure 4 shows the product of the intensity I and the

Scheme 1. Synthesis and association of 1. a) CH3C6H4SO2Cl/NaOH/water/THF, 0–5 8C,
96%; b) NaI/acetone, RT, 73%; c) K2CO3, 70 8C, 47%. Ts= toluene-4-sulfonyl.

Figure 1. Normalized UV/Vis spectra of solutions of 1 (10�4m) in sev-
eral solvents. The arrows indicate the direction of change with increas-
ing solvent polarity (c : chloroform, ~: ethanol, *: water).

Figure 2. Fluorescence spectra of 1 in water, at 25 8C (c : 4L10�7m,

*: 10�5m, +: 10�4m, ^: 10�2m). Excitation wavelength: 425 nm. The
arrows indicate the direction of change with increasing concentration.
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scattering vector q versus q for three concentrations in a log–
log plot. The insert shows that the scattered intensity is
proportional to the concentration for the three concentrations
studied. Therefore, it is reasonable to assume that no
interobject interactions occur: the signal is proportional to
the signal of one single object in this q range. The qI product
at intermediate scattering vectors is constant and illustrates
there is a q�1 dependence; this feature is a well-known
characteristic of rodlike objects. However, the qI product
increases when q tends towards zero, thus showing there is a
stronger dependence of q on I. This result is attributed to the
formation of larger additional aggregates.

A model of infinite rigid rods with circular cross-sections
and a uniform scattering length density profile was used to
describe the results.[10] Fitting the scattering curves to
Equations (1) and (2) provides the characteristics of the
fibrillar objects:

I ¼ pc
q
Db2 ML

�

2
J1ðq rÞ
q r

�2

ð1Þ

ðq IÞq!0 ¼ ðq IÞ0 exp
�

� r
2 q2

4

�

ð2Þ

c is the rod concentration (gcm�3), ML is the mass per unit
length of the rod (gD�1), Db is its specific contrast (that is, the
difference in the density of the scattering length between 1
and the solvent D2O), r is the radius of the cross-section, and
J1 is the Bessel function of the first kind.

Figure 4 shows satisfying fits for q� 0.01 D, thus estab-
lishing there is a constant rod diameter (2 r= 24 D) over this
concentration range. A 24-D diameter corresponds to the
largest dimension of compound 1 (29 D, estimated with
Chem3D software), which confirms that the rod is a one-
dimensional assembly of stacked molecules of 1, that is, a
supramolecular polymer of monomer 1 in water.

A model involving an infinite number of equilibria
(Scheme 1) can be used to describe the formation of long
supramolecular chains. It is reasonable to suppose that the
association constant is not influenced by the length of
oligomers larger than dimers.[11] The concentration of the
free monomer (M1) can be numerically calculated from the
mass balance equation [Eq. (3)]:

co ¼M1

�

1þK2

K

�

1
ð1�KM1Þ2

�1
��

ð3Þ

where co is the total concentration and K2 and K are the
dimerization and multimerization constants, respectively.
These association constants were determined by NMR and
fluorescence spectroscopy.

The upfield shift of the aromatic protons was monitored
over a wide concentration range by 1H NMR spectroscopy
(co= 10�6–10�1m, Figure 3). In the stacking model we assign
f1 (d1), fe (de), and fi (di) as the mole fractions (and the chemical
shifts) of free monomer, molecules at the ends of the stack,
and molecules within a stack, respectively. Moreover, we
assume that de= (d1+ di)/2.

[11] The observed chemical shift is
then given by Equation (4):

d ¼ f1 d1 þ fe ðd1 þ diÞ=2þ fi ðdiÞ ð4Þ

According to the two-constant model, and after some
mathematical manipulations, we can derive Equation (5):

d ¼M1

co
d1 þ 2

K2 M
2
1

co ð1�KM1Þ2
ðd1 þ diÞ

2
þ K2 KM3

1

co ð1�KM1Þ2
di ð5Þ

In addition, we monitored the intensity of the band at
480 nm (normalized by the concentration, I480) by fluores-
cence spectroscopy and determined the fraction of free
monomer present in highly dilute solutions (co= 10�8–
10�5m) by using Equation (6).

f1 ¼ I480=Io ð6Þ

Figure 3. 1H NMR chemical shifts of 1 in D2O at 25 8C versus concen-
tration. *: aromatic protons a ; L : aromatic protons b (see Scheme 1).
Curves were calculated according to Equation (5), with the values of
the association constants reported in Table 1 and db

1=9.27 ppm,
db
i =5.76 ppm, da

1=8.19 ppm, and da
i =6.47 ppm.

Figure 4. SANS data for solutions of compound 1 in D2O at 0.5% (*),
1% (+), and 2% (&) at 25 8C. Curves were fitted according to Equa-
tion (1). Insert: I/c versus q for the three concentrations.
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Io is the normalized fluorescence intensity of the monomer
(see the Supporting Information for more details).

We then fitted the experimental chemical shifts (d) of the
aromatic protons and the experimental values of f1 (deter-
mined by fluorescence measurements) with Equations (5)
and (6), respectively. The six adjustable parameters were K2,
K, da

1, d
a
i , d

b
1, and db

i . The satisfactory fitting curves are shown
in Figures 3 and 5, with the determined constants listed in
Table 1.

The large K2 value illustrates the importance of the
hydrophobicity of 1. Unfortunately, the low K/K2 value
demonstrates an anticooperative association process: oligo-
merization is disfavored over dimerization. This anticooper-
ativity could be the result of electronic effects and/or the
steric bulk of the hydrophilic side chains. The association
constant between two oligomers (K2/K2= 105 Lmol�1) can be
considered as the most relevant parameter for the strength of
the association.[12] Knowledge of the association constants
makes it possible to compute the degree of polymerization of
the supramolecular polymer versus concentration (see the
Supporting Information). For example, the number average
degree of polymerization (DPn) at a concentration of 20 gL�1

is DPn= 60. This significant, but modest, value is in agreement
with the viscosity measured (see Supporting Information).

In summary, we have described the facile synthesis of an
amphiphilic monomer and its ability to self-associate. Inves-
tigations of both the structure and the strength of these
assemblies have shown that the design of the monomer is
well-suited for self-association in polar and protic solvents,

especially in water. These assemblies are long monomolecular
wires, that is, aqueous supramolecular polymers. However,
the association exhibits an anticooperative feature, which
unfortunately limits the material properties of the resulting
polymer at present. Therefore, improving the association
strength is the next stage.

Experimental Section
Synthesis: see the Supporting Information.

Self-assembly: Measurements of the self-association were
recorded on a Bruker ARX 500 MHz instrument, and very dilute
solutions (10�5m and 10�6m) were analyzed on a Varian 600 MHz
Innova spectrometer with a cryoprobe. UV/Vis spectra were recorded
on a Varian Cary 1G spectrometer and fluorescence measurements
were carried out on a LSM Aminco 8100 fluorimeter (LRP, Thiais,
France). SANS experiments were performed on PACE and PAXY
instruments at the LLB (Saclay, France).
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Figure 5. Fraction of free monomer 1 (f1) versus concentration in water
at 25 8C. The experimental fluorescence (^) and NMR (*) data were
fitted simultaneously with a two-constant model (c). The values of
the constants are reported in Table 1.

Table 1: Characteristics of association of monomer 1 in water at room
temperature.

K2
[a] K[a] K/K2

[b] K2/K2
[c]

6(�1.5)L106 8(�1)L105 0.13�0.03 1(�0.1)L105

[a] Dimerization (K2) and multimerization (K) constants in Lmol�1.
[b] Measure of the cooperativity along the supramolecular chain.
[c] Association constant between oligomers in Lmol�1.[12]
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Carbon Inclusion Compounds

Onion-Type Complexation Based on Carbon
Nanorings and a Buckminsterfullerene**

Takeshi Kawase,* Kenji Tanaka, Nami Shiono,
Yohko Seirai, and Masaji Oda*

The construction of onion-type structures, reminiscent of
Russian Matrioshka dolls, is a fascinating subject in supra-
molecular chemistry.[1, 2] Although several double-inclusion
complexes composed of two host molecules and a metal ion
have been described,[3] no examples of double-inclusion
complexes composed of three synthetic molecules have
been realized to date. Electron microscopy images have
proved the existence of various layered carbon networks with
curled and closed structures, such as carbon nanotubes[4] and
Bucky onions.[5] The spontaneous formation of such new
carbon materials with onion-type structures suggests that host
molecules with curved conjugated systems would be promis-
ing components for the formation of the novel supramolec-
ular structures.[6] Here we report onion-type supramolecular
structures based on carbon nanorings and a C60 core in
nonpolar organic solvents.
Recently we reported the synthesis of cyclic [6]- to

[9]paraphenyleneacetylenes ([6]- to [9]CPPA) 1–4. These
compounds have smooth belt-shaped structures similar to a
cut piece of carbon nanotube, and thus may be termed
“carbon nanorings”.[7] Moreover, we have found that
[6]CPPA (1) with a 1.32-nm diameter forms unusually stable
inclusion complexes with fullerenes (Figure 1).[8,9] A theoret-
ical calculation predicts that [9]CPPA (4) composed of nine
para-phenyleneacetylene units has a 0.67-nm larger diameter
(1.98 nm) than that of 1. When the van der Waals distance
between sp2 hybridized carbon atoms are taken into account
(0.34 nm), 4 is almost perfect complementarity to 1.
The carbon nanoring 4[7] and its tribenzo derivative 6[10]

were prepared as mixtures with 1 and 5, respectively, by the
reported procedure.[7, 11] These carbon nanorings can be
separated by gel permeation chromatography. We found
during the purification that the complexes 4�1 and 6�5
precipitated as yellow solids from a hexane-dichloromethane
or benzene solution of the compounds. Both solids are
reasonably soluble in chloroform (CHCl3) and dichloro-
methane (CH2Cl2), but poorly soluble in benzene and other

solvents. The stoichiometry of these complexes was proved to
be 1:1 based on the integration of 1H NMR spectra recorded
in CDCl3. Moreover, the chemical shifts of the protons of each
compound in the mixtures resonated at higher magnetic fields
than those of the pure forms, and varied according to the
concentration and ratio of the compounds (Figure 2). The

signals of 5 became broadened below 0 8C, while those of 6
broadened at �608. The complex 6�5 exists as an equilibrium
mixture of stereoisomers, and the interconversion, probably
by rotation of the aromatic rings, occurs slower than the NMR
time scale below these temperatures. These results clearly
indicate that inclusion complexes are formed in chloroform
solutions. On the other hand, the NMR spectrum of a mixture
of [6]-, [7]-, and [8]CPPAs (1–3) exhibits little spectral
changes from their original ones, thus indicating the impor-
tance of complementarity in the complexation.

Figure 1. Molecular structures: a) 4�1�C60, b) CPPAs: 1: n=1, 2 :
n=2, 3 : n=3, 4 : n=4, c) 5 : n=0, 6 : n=1.

Figure 2. 1H NMR spectra of a) 5, c) 6, and b) their 1:1 complex in
CDCl3 at 30 8C. * represents the signals of 5 and & represents the
signals of 6.
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It was regrettable that the precise Ka values of the
complex 4�1 were undeterminable except at �60 8C (340�
45 Lmol�1) because of the relatively low solubility and low
Ka values.

[12] However, titration experiments with 6�5 in
which the variation of the chemical shifts of 6 was monitored
enabled the Ka values to be determined at various temper-
atures (Table 1). The larger Ka values of 6�5 compared

to those of 4�1 result from the increase in the contact area.
The thermodynamic parameters are calculated from the
Ka values. The negative enthalpy and entropy values (DH=

�4.5 kcalmol�1, DS=�2.4 calmol�1K�1) indicate that sub-
stantial attractive forces would drive the host–guest complex-
ation.
No phenylacetylene macrocycles without electron-with-

drawing substituents on their aromatic rings have so far
shown such aggregation in nonpolar solvents.[13] The reason
for this is that p-p stacking interactions between planar
aromatic hydrocarbons causes an electrostatically repulsive
force.[14,15] The present results thus show there are substantial
differences in the electronic properties between planar and
curved conjugated systems. Recent theoretical studies have
predicted that the anisotropic distribution of p electrons
causes a substantial segregation of electrostatic charge
between concave and convex p surfaces.[16–21] The electro-
statically attractive forces as well as dispersion forces would
be operative between curved conjugated systems. The drastic

decrease in the association constants from the fullerene
complexes to the nanoring complexes can be attributed to the
decrease in the curvature of the corresponding p systems.
The exceptionally high stability of the complexes formed

between the carbon nanorings and C60 suggests that there is a
high probability that double-inclusion complexes (onion-type
supramolecular structures) would form. The 1H NMR spectra
of 6�5 in the presence of excess C60 showed that the signals of
5 and 6 broadened at higher temperatures (5 at about 30 8C
and 6 at 0 8C) than those in the absence of C60 (Figure 3a),
which clearly indicates the formation of the onion-type
complex 6�5�C60. The presence of a C60 molecule in the
cavity of 5 would restrict the interconversion between the
stereoisomers (Figure 3b). Regrettably, the determination of
the Ka values by titration experiments of 6 with 5�C60 by
NMR spectroscopy failed because of the extensive broad-
ening of all the signals as the amount of the complex
increased. Similar titration experiments of 4 with 1�C60 at
�60 8C enabled the Ka value of 4�(1�C60) to be successfully
determined as 410� 80 Lmol�1, if it is assumed that 1
complexes nearly perfectly with C60 under the reaction
conditions.[9] Thus, the Ka value of 4�(1�C60) is almost
identical to that of 4�1 and suggests that the complexation
of a fullerene has little effect on the electronic and structual
properties of the host 1.
The attractive interactions would also play an important

role in the spontaneous formation of fullerene peapods[22] and
other new materials based on carbon nanotubes.[23] Further
experimental and theoretical studies on these complexes and
related substances will deepen the understanding on the novel
nature of fullerenes and other curved p-electron systems.
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Table 1: Association constants (Ka)
[a] of 6�5 at various temperatures.[b]

T [8C] Ka

30 470�80
0 1180�140

�30 3100�200
�60 11000�1400

[a] Lmol�1. [b] In CDCl3.

Figure 3. a) Temperature-dependent 1H NMR spectra of 5 and 6 (1:1) in the presence of excess C60 in CDCl3. b) A molecular structure of the
6�5�C60 complex. The complex should exist as an equilibrium mixture of stereoisomers.
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(C�C, w), 1512 cm�1 (C=C,s); 1H NMR (270 MHz, CDCl3): d=
7.45 (AA’BB’, JAB= 8.4 Hz, 12H), 7.52 (AA’BB’, JAB= 8.4 Hz,
12H), 7.62 (m, naphthyl, 6H), 7.64 (s, 6H), 8.38 ppm (m,
naphthyl, 6H); 13C NMR (100 MHz, CDCl3): d= 93.11, 94.28,
98.08, 122.02, 123.59, 123.72, 126.55, 127.34, 129.83, 131.39
(overlap), 132.99 ppm: UV (cyclohexane): lmax [nm] (log e)=
246 (5.05), 385(5.31), 419(4.94); fluorescence (cyclohexane):
lmax [nm]= 446, 475.

[11] T. Kawase, K. Tanaka, Y. Seirai, N. Shiono, M. Oda, Angew.
Chem. 2003, 115, 5755 – 5758; Angew. Chem. Int. Ed. 2003, 42,
5597 – 5600.

[12] K. Hirose, J. Inclusion Phenom. Macrocyclic Chem. 2001, 39,
193 – 209.

[13] Y. Tobe, N. Utsumi, K. Kawabata, A. Nagano, K. Adachi, S.
Araki, M. Sonoda, K. Hirose, K. Naemura, J. Am. Chem. Soc.
2002, 124, 5350 – 5364; D. Zhao, J. S. Moore, Chem. Commun.
2003, 807 – 818, and references therein.

[14] M. Nishio, M. Hirota, Y. Umezawa, The CH/p Interaction.
Evidence, Nature and Consequences, Wiley-VCH, New York,
1998.

[15] C. A. Hunter, K. R. Lawson, J. Perkins, C. J. Urch, J. Chem. Soc.
Perkin Trans. 2 2001, 651 – 669.

[16] M. Kamieth, F.-G. KlGrner, F. Diederich, Angew. Chem. 1998,
110, 3497 – 3500; Angew. Chem. Int. Ed. 1998, 37, 3303 – 3306;

[17] L. T. Scott, H. E. Bronstein, D. V. Preda, R. B. M. Ansems, M. S.
Bratcher, S. Hagen, Pure Appl. Chem. 1999, 71, 209 – 219.

[18] K. K. Baldridge, J. S. Siegel, J. Am. Chem. Soc. 1999, 121, 5332 –
5333.

[19] E. A. Meyer, R. K. Castellano, F. Diederich, Angew. Chem.
2003, 115, 1244 – 1287; Angew. Chem. Int. Ed. 2003, 42, 1210 –
1250.

[20] F.-G. KlGrner, J. Panitzky, D. Preda, L. T. Scott, J. Molec. Mod.
2000, 6, 318 – 327.

[21] H. Suezawa, T. Yoshida, S. Ishihara, Y. Umezawa, M. Nishio,
CrystEngComm 2003, 5(93), 514 – 518.

[22] B. W. Smith, M. Monthioux, D. E. Luzzi, Nature 1998, 396, 323.
[23] J. Sloan, A. I. Kirkland, J. L. Hutchison, M. L. H. Green, Chem.

Commun. 2002, 1319 – 1332.

Communications

1724 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 1722 –1724

http://www.angewandte.org


Natural Products Synthesis

Total Synthesis of Natural Myriaporones

Marta P�rez, Carlos del Pozo, Fernando Reyes,
Alberto Rodr�guez, Andr�s Francesch,
Antonio M. Echavarren,* and Carmen Cuevas*

Myriaporones 1–4 (1–4, respectively) are a new class of
cytotoxic marine polyketide-derived compounds that exhibit
significant cytotoxic activity against L1210 cells. These com-
pounds 1–4 were isolated by Rinehart and co-workers in 1995
from the bryozoan Myriapora truncata.[1] The most active
constituents, 3 and 4, were isolated as a mixture of cyclic and
open-chain isomers. The myriaporones are structurally
related to the C10–C23 region of the macrocycles tedanolide
(5)[2] and deoxytedanolide (6),[3,4] although the configuration
at C5 of 1 and 2 and at C5 and C6 of 3 and 4 were not
unequivocally determined. Additionally, the absolute config-
uration of the myriaporones was unknown. The functionality
that flanks the C7 carbonyl group confers significant lability
to the myriaporones, which makes these densely functional-
ized structures challenging synthetic targets.

Taylor et al. described progress toward the preparation of
myriaporone 1 (1) by a strategy based on an homoallenylbo-
ration and a nitrile oxide cycloaddition.[5] Furthermore,
Yonemitsu and co-workers reported the synthesis of
advanced intermediates from d-glucose.[6] On the other
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hand, several syntheses of the C10–C23 region of 5 and 6 have
been described[4,7–9] as part of synthetic efforts directed
towards the total synthesis of the macrolides. However, a
total synthesis of any member of the myriaporone family has
not yet been described. Herein we report the total synthesis of
myriaporones 1, 3–4, which allowed the confirmation of their
structure and the determination of the absolute configuration.

Our retrosynthetic approach to the myriaporones is
outlined in Scheme 1, and was based on the assumption that
the configurations of C5 and C6 were identical to those of
tedanolide (5). We planned to introduce the ethyl side chain
and the Z alkene fromWeinreb amide 7, itself available by an
aldol reaction of 8 with acetamide 9. For the key stereo-
selective C�C formation, we relied on an Evans aldol
reaction[10] between aldehyde 10 and chiral oxazolidinone
11.[11] To avoid epimerization, as well as retro-aldol and

elimination reactions, oxidation to the keto group at C7 was
postponed until the final steps of the synthesis.

Aldehyde 10 was prepared from 12, readily available in
nine steps from methyl (S)-(+)-3-hydroxy-2-methylpropio-
nate by the procedure described by Roush and Lane.[7]

Protection of the primary alcohol of 12 as the TBS ether
and oxidative cleavage of the olefin furnished aldehyde 10
(Scheme 2). Reaction of the boron enolate of chiral crotonate

imide (R)-11[11] with 10 furnished aldol 13 with excellent
stereoselectivity (> 99:1).[10] Although the secondary alcohol

generated in the aldol reaction will ulti-
mately be oxidized to a ketone, we found that
the aldol product with the opposite config-
uration at C7 (myriaporone numbering)
rearranged quantitatively under acidic con-
ditions to the corresponding tetrahydrofuran
derivative through an intramolecular epox-
ide-opening reaction. Reduction of the acyl
oxazolidinone with LiBH4

[12] gave 14, whose
primary alcohol group was protected as a
TBS ether. Oxidative cleavage of the termi-
nal double bond provided 8, the central core
of the myriaporones, in good overall yield
(41% from 12, six steps).

Although pure aldehyde 8 can be stored
at � 30 8C for several months, an intramo-
lecular epoxide-opening reaction[13] occurs
quantitatively under acidic conditions at
room temperature to give tetrahydrofuran
15 (Scheme 3). A similar cyclization of 14,
followed by the formation of the p-methoxy-
benzylidene derivative, gave tetrahydrofuran

Scheme 1. Retrosynthetic analysis for the synthesis of myriaporone 4 (4). TBS= tert-butyl-
dimethylsilyl, PMB=p-methoxybenzyl.

Scheme 2. a) TBSCl, imidazole, CH2Cl2, 23 8C, 90%; b) O3, CH2Cl2; Ph3P, �78 8C,
70%; c) (R)-11, nBu2BOTf, Et3N, CH2Cl2, �78 8C; 10, CH2Cl2, �30 8C, 90%;
d) LiBH4, THF/H2O, 0!23 8C; H2O2, Et2O, 0 8C, 95%; e) TBSCl, imidazole,
CH2Cl2, 23 8C, 92%; f) O3, CH2Cl2; Ph3P, �78 8C, 82%. Tf= trifluoromethane-
sulfonyl.
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16. Analysis of 1H–1H coupling constants
and NOESY correlations of 16 allowed the
assignment of the configurations of C8–C12
of 8. A relative anti configuration at C6–C7
was determined from the small value of
the coupling constant (JH6,H7= 1.2 Hz)
observed in acetonide 17, prepared from
14 (Scheme 3).

For the next stage, the aldol reaction
between aldehyde 8 and Weinreb acet-
amide 9 proceed readily in the presence of
LDA as base to give 18a and 18b[14] in good
yield but low stereoselectivity (1:2.5),
which were chromatographically separated
(Scheme 4). The use of lithium hexame-
thyldisilazide provided 18a and 18b in a 1:3
ratio, whereas the sodium or potassium
enolates of 9 furnished almost exclusively
anti-18b. The latter could be partially
recycled to 18a by oxidation of the secon-
dary alcohol with Dess–Martin periodi-
nane[15] followed by reduction of the result-
ing ketone with NaBH4 in MeOH to afford
18a and 18b in a 1:1 ratio (62% yield, two
steps).

Selective protection of the less-hin-
dered secondary alcohol of 18a with
TBSOTf and lutidine, followed by oxida-
tion of the alcohol at C7 with DMP and
oxidative removal of the PMB group gave
19 (Scheme 4). Based on literature prece-
dent,[4,5] the Z olefin was constructed by
oxidation with DMP followed by Wittig
ethylidenation of the resulting aldehyde to
give 20. Chemoselective addition of ethyl-
magnesium bromide to the Weinreb amide
of 20 afforded ethyl ketone 21[16] in sat-
isfactory yield on a gram scale. Deprotec-
tion of the silyl ethers of 21 with TBAF led
to decomposition. However, the use of

TBAF and HOAc in THF led to the selective removal of
three of the protecting groups to give a mixture of 22 and 23 in
good yield. Global deprotection of 21 with TBAF and HOAc
in DMF gave myriaporones 3,4 (1:1). The myriaporones 3,4
in CD3OD were identical in all respects (1H and 13C NMR,
HRMS, HPLC, and TLC) to an authentic sample, which
allowed the assignment of their relative configurations as
those shown. The cytotoxic activity of synthetic and natural
myriaporones 3–4 was found to be the same. The myriapor-
ones 3–4 undergo partial dehydration on silica gel. Accord-
ingly, acetylation (Ac2O, Et3N, CHCl3) of the crude dehy-
dration products obtained after column chromatography gave
1 (30% yield over two steps).

The C5 epimers 24–25 of 3–4were also prepared from 18b
by the same reaction sequence.[17] Similarly, the aldol reaction
of 10 and the boron enolate of imide (S)-11 led to the series
with the non-natural configuration at C6 or C5–C6

Scheme 3. a) Acid-catalyzed cyclization of epoxyaldehyde 8. b) Derivatives 16
and 17 prepared from alcohol 14 for the determination of the relative
configurations. The arrows indicate NOE correlations.

Scheme 4. a) 9 + LDA, THF, �78 8C, 91%, 18a,b (1:2.5); b) TBSOTf, 2,6-lutidine, CH2Cl2,
0 8C, 81%; c) DMP, CH2Cl2, 23 8C; d) DDQ, THF/H2O, 23 8C, 51%, two steps; e) DMP,
CH2Cl2, 23 8C; f) Ph3PCH2CH3Br, KtBuO, toluene, �78 8C, 60%, two steps; g) EtMgBr, THF,
23 8C, 68%; h) TBAF, HOAc, DMF, 23 8C, 35%; i) TBAF, HOAc, THF, 23 8C, 80%. LDA=
lithium diisopropylamide; DMP=Dess–Martin periodinane; DDQ=2,3-dichloro-5,6-
dicyano-1,4-benzoquinone; TBAF= tetra-n-butylammonium fluoride.
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(Scheme 5, 26–29).[17,18] The NMR spectra of compounds 24–
29 were clearly distinct from those of the natural myriapor-
ones 3–4.

In summary, the total synthesis of the myriaporones 1, 3,
and 4 (1, 3–4) was based on two consecutive aldol reactions.[19]

The ethyl ketone was introduced in a straightforward manner
by the addition of an ethyl Grignard reagent to the highly
functionalized Weinreb amide 20 bearing keto and epoxide
functions. The simplicity of this approach is promising for the
preparation of new derivatives from this key intermediate.
Additionally, this route allows the synthesis of a variety of
stereoisomers of 1, 3–4 and other derivatives for further
biological testing. This work allowed the unambiguous
determination of the relative and absolute configurations of
these cytotoxic compounds to be those shown in formulae 1,
3–4.
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Natural Products Synthesis

Total Synthesis and Stereochemical Assignment of
Myriaporones 1, 3, and 4**

Kristen N. Fleming and Richard E. Taylor*

The natural products tedanolide (1a) and 13-deoxytedanolide
(1b), which were isolated by Schmitz et al.[1] and Fusetani

et al. ,[2] respectively, exhibit picomolar activity against a range
of cancer cell lines. Their biological activity coupled with their
scarcity has prompted considerable synthetic attention.[3] Our
interest in these compounds stems from the isolation of a
related class of natural products, the myriaporones (2a–d),
reported by Rinehart et al. in 1995.[4, 5] The myriaporones are
nearly identical structurally to the C10–C23 portion of
tedanolide (1a); it is therefore possible that these two classes
of compounds share the same biological receptor and have
similar modes of action. As a result of their limited
availability, the biology of both classes remains a mystery.

Therefore, our goal is to provide material to facilitate such
studies and, herein, we report the total synthesis of myriapor-
ones 1, 3, and 4 (2a,c,d) and the unambiguous assignment of
their previously undetermined stereogenic configurations at
C5 and C6.

Recently, we reported the completion of the carbon
skeleton of myriaporone 1 (2a) through a stereoselective
homoallenylboration and a nitrile oxide cycloaddition.[5a]

Construction of myriaporone 4 (2d) began with known
alcohol 3[3c] (Scheme 1). Oxidation with IBX[6] was followed

by an Evans aldol[7] reaction to set the C8 and C9 stereo-
centers in high yield and excellent diastereoselectivity. During
the course of that work, incorporation of the epoxide at an
early stage limited the scope of reaction conditions that
subsequent intermediates could withstand and ultimately
prevented completion of the total synthesis. Since then, Loh
and Feng[3g] and Smith III et al.[3k] reported highly selective
late-stage epoxidations in their efforts toward tedanolide.
With these results as precedence, our focus switched to the
incorporation of this particularly sensitive functional group in
the penultimate step of the synthesis.

Scheme 1. Synthesis of C5-epimeric isoxazolines 9a and 9b. Reagents
and conditions: a) IBX, 95%; b) Bu2BOTf, Et3N, 93%; c) TBSOTf,
85%; d) LiBH4; e) TBSCl, 89% (two steps); f) OsO4, NMO, 95%;
g) NaIO4, 84%; h) Bu2BOTf, Et3N, 99%; i) LiBH4; j) TBSCl, 92% (two
steps); k) PrNO2, PhNCO, 64%; l) DDQ, 88%; m) IBX; n) Ph3P=
CHCH3, 63% (two steps). IBX=o-iodoxybenzoic acid; Tf= trifluorome-
thanesulfonyl; TBS= tert-butyldimethylsilyl; NMO=N-methylmorpho-
line-N-oxide; DDQ=2,3-dichloro-5,6-dicyano-1,4-benzoquinone.[*] K. N. Fleming, Prof. R. E. Taylor
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The aldol product 4was converted efficiently into bis(TBS
ether) 5 by protection, reductive cleavage of the chiral
auxiliary, and a second protection step. Oxidative cleavage of
the terminal olefin was followed by a second Evans aldol
reaction to form the C6–C7 bond and to provide 6 in nearly
quantitative yield. The appropriate oxazolidinone was chosen
to generate theR configuration at C6, an assumption based on
the corresponding stereogenic center C14 in tedanolide (1a).
Once again, the chiral auxiliary was removed reductively and
the primary hydroxy was protected with TBSCl to provide
compound 7 in excellent yield for the 10-step conversion from
3. Regioselective nitrile oxide cycloaddition led to the
formation of isoxazoline 8 as an inseparable mixture of
diastereomers at C5.[8] The lack of selectivity of this reaction
was desired because of the uncertain relative stereochemical
configuration of the target molecule. Removal of the PMB
protecting group was followed by oxidation to the aldehyde
and olefination to give 9a and 9b. Upon installation of the
C13–C14 cis double bond, the two diastereomers were easily
separated by column chromatography and each taken on
independently. The configuration of the C5 stereogenic center
of each diastereomer was assigned upon completion of the
synthesis (see below).

The less-polar diastereomer 9a was converted into
myriaporones 3 and 4 (2c,d) by the sequence outlined in
Scheme 2. Dess–Martin periodinane[9] was used to oxidize the
secondary hydroxy group to the corresponding ketone.
Subsequent global silyl deprotection and reprotection pro-
vided 10a. Reduction of the isoxazoline group with Mo(CO)6
successfully unmasked the b-hydroxyketone[10] and set the
stage for the key epoxidation reaction. It was necessary to use
slightly less than one equivalent of MCPBA and to maintain
the reaction temperature at � 50 8C to prevent overoxidation.
Under the optimized conditions, only the desired epoxide (as
a single diastereomer) and unreacted starting material were
obtained. The final step, deprotection of the primary hydroxy
groups with TAS-F,[11] resulted in the formation of the desired
product, myriaporone 4 (2d) as an equilibrium mixture with

myriaporone 3 (2c). The 1H NMR spectrum of the final
deprotected product from diastereomer 9a was identical to
that of an authentic sample of the natural product (see
Supporting Information) and showed the presence of an
equilibrating mixture of myriaporones 3 and 4. Diastereomer
9b was converted into 5-epi-myriaporone 4 (2d) by an
identical sequence (full details included in the Supporting
Information).

The stereochemical configuration at C5 was determined
by 1H NMR spectroscopic analysis of myriaporone 3 (2c).
Vicinal coupling constants account for the fact that C5-OH
and 6-H are both axial (Figure 1). Thus we have unambigu-

ously determined the stereochemistry of the myriaporone
class of polyketides to correspond identically to the stereo-
chemical pattern of the macrolide tedanolide (1a).

The use of acetate protecting groups instead of TBS ethers
led to an unexpected reaction (Scheme 3). An attemptedmild
deprotection of 12a, prepared from diasteromer 9a, induced
selective elimination to form myriaporone 1 (2a). In fact, this

elimination is quite facile and 12a proved difficult to
handle upon preparation. The propensity for this group
to eliminate suggests that the compound designated
myriaporone 1 (2a) may actually be a product of
isolation rather than a direct product of polyketide
biosynthesis. Not surprisingly, the C5 stereogenic
center of 2a was determined to have the identical
configuration to that of the corresponding center in
myriaporones 3 and 4 (2c,d).

An important phase of this research has been
completed. The efficiency of the synthetic route
presented herein has enabled the preparation of
significant quantities of these interesting marine natu-
ral products as well as analogues.[12] Studies currently
underway will seek to identify the biological receptor
and mode of action of the myriaporones. Furthermore,
modified routes may provide access to compounds
more closely related to tedanolide.

Received: November 18, 2003 [Z53348]

Scheme 2. Completion of the synthesis of myriaporones 3 and 4. Reagents
and conditions: a) DMP, 98%; b) HF·Et3N, 83%; c) TBSCl, 81%; d) Mo(CO)6,
65%; e) MCPBA, 62%; f) TAS-F, 70%. DMP=Dess–Martin periodinane;
MCPBA=m-chloroperoxybenzoic acid; TAS-F= tris(dimethylamino)sulfur (tri-
methylsilyl)difluoride.

Figure 1. 1H NMR spectroscopic analysis of myriaporone 3 (C1–C7) for
the assignment of the relative stereochemistry of C5 and C6.

Scheme 3. Selective elimination for the synthesis of myriaporone 1.
Reagents and conditions: a) KCN, 66%.
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Antitumor Agents

Iron-Containing Nucleoside Analogues with
Pronounced Apoptosis-Inducing Activity**

Daniel Schlawe, Andr� Majdalani, Juraj Velcicky,
Erik Heßler, Thomas Wieder,* Aram Prokop,* and
Hans-G$nther Schmalz*

We have previously demonstrated that h4-butadiene-Fe(CO)3

complexes of type 1 undergo highly selective substitution
reactions at the acetal center via Fe(CO)3-stabilized cationic
intermediates of type 2.[1] As an example, the SnCl4-catalyzed
reaction of complex 1 (R=H) with a silylated uracil
derivative[2] afforded the nucleoside analog 3 with greater
95% diastereoselectivity in high yield (Scheme 1).

Encouraged by the high efficiency of this transformation
and the growing importance of bio-organometallic chemis-
try,[3] we felt challenged to apply this methodology to the
stereoselective synthesis of iron-containing nucleoside ana-
logs of type 4 or 5 (NB=nucleobase) also possessing a 5’-
CH2OR’ substituent. Such compounds could exhibit useful
biological activities, since nucleoside analogs in general have
a great pharmacological potential (e.g. as anti-viral and anti-
tumoral drugs)[4] and transition-metal carbonyl complexes
offer some unique new opportunities for drug development.[5]

Herein, we disclose the discovery of new iron-containing
nucleoside analogs, which surprisingly exhibit strong apopto-
sis-inducing properties.[6] The synthesis of complexes 10 and
12 (Scheme 2) as precursors for nucleoside analogs of type 4

started with commercial a-methylglucopyranoside (6), which
was first converted into the aldehyde 7 by silylation of the
primary hydroxyl group (TDS= thexyldimethylsilyl), Mitsu-
nobu epoxide formation, and subsequent LiBr-induced rear-
rangement/ring contraction.[7] Complexation of the dienes 8
and 9, obtained from 7 by Wittig olefination, with [Fe2(CO)9]
in refluxing Et2O proceeded with significant diastereoselec-
tivity[8] to preferentially give the endo-complexes 10 and 12,
respectively. While chromatographic separation of the mix-
tures (10/11 and 12/13) was possible only by preparative
HPLC, the corresponding primary alcohols, obtained by

Scheme 1. Diastereoselective nucleoside formation via an iron-stabi-
lized cationic intermediate.

Scheme 2. a) TDSCl, pyridine, RT, 16 h (98%); b) DEAD, PPh3, ben-
zene, 80 8C, 4 h (81%); c) LiBr, tetramethylurea, toluene, reflux, 2.5 h
(68%) d) H2C=PPh3, THF, �78 8C !RT (86%); or Ph3P=C(H)CO2Et,
THF, reflux, 1 h (95%); e) [Fe2(CO)9] Et2O, reflux, 18 h (for R=H,
72%, 10 :11=3.3:1) or 3 h (for R=CO2Et, 77%, 12 :13=4.3:1);
DEAD=diethylazodicarboxylate.
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tetrabutylammonium fluoride (TBAF) induced desilylation,
were readily separable by simple flash chromatography and
could be resilylated in high yield.[9]

For the synthesis of nucleoside analogs of type 5, complex
19 was synthesized starting from commercially available
ribonolactone 14 (Scheme 3). Selective trityl protection of the

primary hydroxy group, formation of the enol triflate 15, and
subsequent Stille coupling with tributylvinylstannane
afforded diene 16 in 50 % total yield.[10] Complexation of 16
proved to be more difficult than that of dienes 8 or 9. Best
results were obtained on treatment of 16 with four equiva-
lents of [Fe2(CO)9] in ethyl acetate, slowly heating the mixture
from ambient to reflux temperature. The resulting 1.4:1
mixture of complexes 17 and 18 was easily separated by flash
chromatography.[9] Conversion of 17 into 19 proceeded
smoothly through DIBAH reduction, acidic methanolysis,
and silylation.

The synthesis of nucleoside analogs of type 4 and 5 was
accomplished (in analogy to Scheme 1) by treating complexes
10, 12, and 19 with silylated nucleobases (Figure 1) under
Vorbr?ggen-type conditions (Table 1).[2,11] In the case of
uracile (U), 5-bromouracile (BrU) and thymine (T), an
excess of SnCl4 was used as a Lewis acid to give the desired
N1-substituted products. In contrast, TMSOTf (instead of
SnCl4) had to be used for cytosine (C) to avoid formation of
the regioisomeric N4-substituted products.[12]

Starting from complexes 10 and 12 gave the naturally
configured nucleosides 4 together with varying amounts of
their epimeric counterparts (epi-4).[13] Remarkably, complex
19 reacted with complete diastereoselectivity under the same
conditions to yield exclusively nucleoside analogs of type 5 in

high yield (Figure 2). The introduction of adenine as a
nucleobase was achieved in a two step sequence starting
from 19 using the silylated reagents ClP* or BzA* (see
Figure 1). From the resulting products (5e and 5 f, respec-
tively) the adenosine derivative 5g was then obtained in good
yield by ammonolysis (Table 1).

For comparison purposes in the biological assays (see
below), the iron-free nucleoside 20 was prepared by oxidative
decomplexation of 4g with trimethylamine-N-oxide
(TMANO). Also, the desilylated cytosine derivative 4h was
obtained from 4g by reaction with TBAF (Scheme 4).

Scheme 3. a) TrCl, pyridine, 55 8C, 16 h (67%); b) Tf2O, pyridine,
CH2Cl2, �78 8C!�15 8C, 2 h (85%); c) Bu3SnCH=CH2, 3.5 mol%
Ph3As, 0.5 mol% [Pd2(dba)3], LiCl, THF, RT, 2 h (87%); d) [Fe2(CO)9]
EtOAc, RT!reflux over 4 h (69%, 17:18=1.4:1); then chromatogra-
phy; e) DIBAH, toluene, �78 8C, 2 h (92%); f) HC(OMe)3, cat. TsOH,
MeOH, RT, 5 h (99%); g) TDSCl, imidazol, CH2Cl2, RT, 16 h (96%);
TrCl= tritylchloride, Tf2O= trifluoro methanesulfonic anhydride,
dba=1,5-diphenyl-1,4-pentadiene-3-one, DIBAH=didsobutylalumi-
numhydride, TsOH=4-methyl benzenesulfonic acid

Figure 1. Silylated nucleobases (NB*) used for the synthesis of iron-
containing nucleoside analogs (see Figure 2 and Table 1); TMS= tri-
methyl silane.

Table 1: Synthesis of iron-containing nucleoside analogs and some
cytotoxicity data.

Starting
material

NB* Conditions[a] Product Yield [%][b] d.r.[c] LD90 [mM][d]

10 U* A 4a 79 5.6:1 n.d.
10 T* A 4b 82 1.6:1 n.d.
10 C* B 4c 96 2.3:1 30
12 U* A 4d 84 6.6:1 n.d.
12 T* A 4e 81 2.4:1 >100
12 BrU* A 4 f 72 4.5:1 >100
12 C* B 4g 83 3.6:1 20
19 U* B 5a 76 >50:1 >100
19 T* B 5b 75 >50:1 �100
19 BrU* B 5c 60 >50:1 �100
19 C* B 5d 84 >50:1 �30
19 ClP* B 5e 79 >50:1 n.d.
19 BzA* B 5 f 23 >50:1 n.d.
5e – C 5g 56 – n.d.
5 f – D 5g 78 – n.d.
4g – E 4h 37 – >100
4g – F 21 74 – >100

[a] Reaction conditions: A) 3.0–5.0 equivalents NB* (see Figure 2) in
refluxing CH2Cl2, 3.0–5.5 equivalent SnCl4 as 1m solution in heptane
added over 2 h by perfusion, then H2O; B) 4 equivalents NB*, 6 equiv-
alents TMSOTf, CH2Cl2, RT, 2–8 h, then H2O; C) 1 atm. NH3, DMAP,
dioxane/MeOH (20:1), RT, 3 weeks; D) 7m NH3 in MeOH, RT, 20 h;
E) 1.5 equivalents TBAF, H2O, THF, RT, 3 h; F) 6 equivalents TMANO,
toluene, RT, 1.5 h. [b] Yields of isolated separated epimers. [c] Diastereo-
meric ratio (4/epi-4 or 5/epi-5, respectively), [d] Cytotoxicity of the
products as measured by LDH release of cultivated BJAB mock cells
48 h after treatment (n.d.=not determined). Owing to the steep increase
of the biological activity beyond a certain threshold concentration, LD90

values are given instead of LD50.
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While preliminary tests for anti-HIV activity gave only
disappointing results,[14] some of the iron-containing nucleo-
side analogs exhibit pronounced cytotoxic activities against
tumor cells (Table 1). While both regioisomer series (4 and 5)
show activity, a significant influence of the nucleobase was
observed, the cytosine derivatives 4c, 4g, and 5d (Figure 2)
being the most potent compounds. Decomplexation of 4g to
20 led to a sharp drop of activity, which indicates the essential

role of the metal–carbonyl fragment for the biological
function. However, any general (unspecific) activity of the
diene–Fe(CO)3 unit could be excluded because the close
analogs 4e, 4 f, and 5a, as well as the iron-containing
precursor compounds of type 10 and 12 did not exhibit any
activity. Also the desilylated product 4h (derived from 4g)
was found to be inactive.

In further experiments we were able to show that the
cytotoxic effect of the active compounds results from the
induction of apoptosis. This process, the programmed cell
death, which is one the most fundamental processes in cell
biology,[15] has become a key concept in modern cancer
therapy.[16]

The first evidence that iron-containing nucleosides can
induce apoptosis came from the observation of typical
morphological changes[15] (blebbing) after treatment of cul-
tured tumor cells (BJAB cells)[17] with compound 4g
(Figure 3).

Figure 2. Various iron-containing nucleoside analogues prepared (see Table 1).

Scheme 4. Reagents and conditions: a) TMANO, toluene, 0 8C!RT
(74%); b) TBAF, H20, THF, RT, 3 h (37%).

Figure 3. Treatment of cultured BJAB tumor cells (left) with 4g
(20 mmolL�1) leads to the induction of apoptosis after 24 h (right) as
indicated by typical morphological changes (blebbing).
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As well as inducing apoptosis, many cytostatic substances
cause (undesired) concentration-dependent membrane-
damage leading to cell death by necrosis. By determination
of lactate dehydrogenase (LDH) release into the culture
medium we could show that 4g does not significantly reduce
the viability of BJAB cells after 4 h of incubation at
concentrations � 100 mm (Figure 4a). This result indicates

that such a necrosis-like, lytic mechanism is not responsible
for the cytotoxicity of compound 4g. In contrast, 4g very
potently induces DNA fragmentation after 48 h of treatment
in up to 80 % of the cells. Apoptosis induction was concen-
tration-dependent (EC50 of 30 mm ; Figure 4b).

We also tested the antileukemic potency of the new
nucleosides. Compound 4g very efficiently induced apoptosis
in an ex vivo DNA-fragmentation assay using primary,
leukemic lymphoblasts of patients suffering from childhood
acute lymphoblastic leukemia (ALL).[20]

In conclusion, we have shown that iron-containing nucleo-
side analogs of type 4 and 5 are easily prepared and represent
a new class of cytostatic, apoptosis-inducing agents. Current
investigations are focusing on the mechanism of action
(including the specific role of the metal carbonyl group) and
the development of compounds with improved pharmaco-
logical properties.
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Citric Acid Cycle

Fluorescent Imaging of Citrate and Other
Intermediates in the Citric Acid Cycle**

Zhihong Lin, Meng Wu, Michael Sch�ferling, and
Otto S. Wolfbeis*

Citrate is an important intermediate in the citric acid cycle,[1]

which is the central metabolic hub in the cell for harvesting
chemical energy and building many biomolecules. Citrate is a
chelating agent that assists in the elimination of heavy-metal
ions (which are taken up and biotransformed by bacteria),[2] it
is used as an anticoagulant[3] to prevent blood clotting, and it
is an additive in the food and pharmaceutical industry.[4] In
addition, the concentration of citrate in urine can be
diagnostic for certain diseases.[5]

Fluorescent imaging is a powerful means for visualizing
the distribution of species in a sample, but is it possible only if
one the following prerequisites is met: 1) If the species of
interest has a fluorescence of its own (such as NADH, many
flavins, and porphyrins);[6] 2) if the species of interest can be
rendered fluorescent by attaching a label;[7] or 3) if probes are
available for the species of interest (e.g. pH, oxygen concen-
tration).[8] Unfortunately, citrate and the other intermediates
in the citric acid cycle do not have significant physical and
chemical properties suitable for direct determination, so that
for detection they must be transformed by enzymes into
“visible products” or recognized by synthetic receptors.[9] The
development of a sensitive fluorescent probe (sensor) for
citrate would be an elegant alternative.

We report here on a europium(iii) complex that serves as a
fluorescence sensor for citrate. The visualization of citrate and
other intermediates in the citric acid cycle is based on the
finding that the weakly fluorescent europium(iii) tetracycline
complex (EuTc) reversibly associates with citrate to form the
strongly fluorescent europium–tetracycline–citrate complex
(EuTc-Cit). Both EuTc and EuTc-Cit have the typical merits
of europium complexes,[10] namely, a large Stokes' shift (~
210 nm), a linelike emission band, a decay time in the ms
range, and an excitation wavelength that is compatible with
the blue diode laser (405 nm). In addition, it is simple to
prepare and photostable both in solution and in the solid
state.

The fluorescence properties of EuTc have been described
previously,[11] including its application for the detection of
hydrogen peroxide.[12] The absorbance of EuTc-Cit peaks at
l= 381 to 408 nm, similar to that of EuTc.[13] In contrast, the

fluorescence intensity of the 615-nm band of EuTc-Cit is 22
times stronger than that of EuTc. The linelike main emission
band of EuTc-Cit is due to the 5D0!7F2 electronic transition.
Side bands are found at l= 580, 590, 651, and 697 nm.

The stoichiometry of EuTc-Cit is 1:1:2 (Eu:Tc:Cit) as
determined by both the continuous variation (Job's) method
and the mole-ratio method,[14] and is thus similar to that of
other tetracycline/metal ion complexes.[11a, 15] Citrate, a poly-
dentate ligand, can chelate the Eu3+ ion through the oxygen
atoms of the carboxy and hydroxy groups.[15a,b] It is assumed
that citrate displaces water molecules that occupy the eight to
nine coordination sites of the Eu3+ ion and quench its
fluorescence. We estimated the dissociation constants of the
(EuTc)(citrate)2 system based on Benesi–Hildebrand-type
equations[16] and obtained pKd values in the range of 4.2–4.9.

Fluorescence quantum yields (QYs) were determined[17]

to be 0.4% for EuTc and increased to 3.2% for EuTc-Cit
(Table 1). This indicates that the total quantum yield does not

increase as much as the intensity of the emission at l=

615 nm. All the Eu3+ complexes have long fluorescence
decay times (Table 1). The decay profile data can be fitted to a
three-component model, in which the average decay times are
83 ms for EuTc-Cit and 44 ms for EuTc. This large difference in
average decay times was exploited in the time-resolved
detection and imaging methods described here.

Unlike Tc, EuTc, and other ternary tetracycline com-
plexes whose emission is sensitive to pH,[11b,12a] the fluores-
cence of the EuTc-Cit system is pH-independent between
pH 7.4 and 9.2. The best results were obtained with
10 mmolL�1 HEPES buffer at pH 8.0. We also studied
possible interferences by about 40 common cations, anions,
gases, and some biomolecules occurring in biological fluids.
Most of them affect the emission of EuTc-Cit by < 10%.
However, Ni2+, Co2+, Cu2+, phosphate, and ATP do interfere
when their concentrations exceed 16 (Ni, Co), 2 (Cu), 280
(phosphate), and 8 (ATP) mmolL�1. The interference by
phosphate is particularly annoying since phosphate is present
in many biofluids and is often used as a buffer.

It is noted that hydrogen peroxide, which is the analyte in
fluorescence studies with the EuTc (3:1) complex,[11] does not
notably affect the fluorescence of EuTc-Cit. This can be
explained by the much weaker coordinating ability of H2O2 to
Eu3+ and the different stoichiometry of the EuTc-Cit system.

Table 1: Average luminescence decay times tav [ms] and quantum yields
QY of EuTc-L complexes.[a]

Ligand L tav QY[b] Ligand L tav QY[b]

EuTc 44 0.004 EuTc succinate 38 0.004
EuTc citrate 83 0.032 EuTc fumarate 63 0.005
EuTc isocitrate 66 0.007 EuTc malate 77 0.008
EuTc ketoglutarate 37 0.004 EuTc oxalacetate 56 0.014

[a] L is the respective intermediate in the citric acid cycle, which is here
the ligand in the EuIII complex. EuTc: 50 mmolL�1, L: 150 mmolL�1. It
should be noted that at this concentration of ligands L, EuTc is fully
complexes by citrate only, but not by the other ligands. [b] Quantum yield
relative to that of ruthenium(ii) tris(2,2’-dipyridyl) dichloride hexahy-
drate.[17]
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By using time-resolved detection (using a lag time of
100 ms), we could detect citrate in a concentration range
between 1.6 G 10�7 and 5.6 G 10�5 molL�1, with a detection
limit (3s/slope) as low as 6.0 G 10�8 molL�1.[18] The long decay
time of the EuTc-Cit system facilitates not only gated optical
sensing of citrate but also imaging.[19] Among the methods
known to be useful for fluorescence imaging, we have
preferably applied fluorescence lifetime imaging
(FLIM)[8b–c,12b] since it has advantages in terms of signal
generation and suppression of artifacts such as local inhomo-
geneities. Specifically, we employed rapid lifetime imaging
(RLI)[20] to obtain the images shown in Figure 1a. The steady-

state (intensity-based) images in Figure 1b are included for
comparison. The latter, in contrast to RLI, display substantial
heterogeneity due to fluctuations of the light source and light
scattering.

We also studied other intermediates in the citric acid
cycle—isocitrate, a-ketoglutarate, succinate, fumarate, l-
malate, and oxaloacetate. The large differences in fluores-
cence intensity on addition of EuTc is apparent in Figure 2a.
These intermediates can act as polydentate ligands similar to
citrate and form ternary complexes with EuTc.[15a] As a-
ketoglutarate and succinate cannot effectively coordinate
with Eu3+, significant fluorescence enhancement was not
expected nor indeed observed.

The fluorescence decay profiles and the quantum yields of
these complexes are summarized in Table 1. Furthermore, by
choosing different lag times for “gated” detections, we could
detect different intermediates in different time windows.
Gating obviously can be used to fine-tune between selectivity
and sensitivity. However, on increasing the gating time from 0
to 100 ms, the normalized intensity [defined as (F�Fo)/Fo] of
all species except a-ketoglutarate is increased (Figure 2b).
On increasing the gating time to 250 ms, the signal of
oxaloacetate is almost completely suppressed and that of
citrate is reduced by 40%, while the signal intensities of
isocitrate, fumarate, and malate are much less affected.
Obviously, l-malate and oxaloacetate, and citrate and iso-

citrate can be nicely discerned by means of different delay
times.

It should be emphasized that this scheme does not require
enzymes or multienzyme systems. However, in assays for
other intermediates in the citric acid cycles, the samples
should not contain citrate. The application, specificity, and
reversibility of the EuTc-Cit system can be best exemplified
by the stepwise EuTc-based visualization of oxaloacetate, l-
malate, and fumarate, which are formed in the enzymatic
reactions (1)—(3). In these reactions CL stands for citrate

citrate CL
�!oxaloacetateþ acetate ð1Þ

oxaloacetateþNADHþHþ
MDH
��! ��l-malateþNADþ ð2Þ

l-malate FM
�!fumarateþH2O ð3Þ

lyase, MDH for malic dehydrogenase, and FM for fumar-
ase.[21]

Figure 3 depicts the resulting stepwise changes in the
fluorescence of the EuTc system. The fluorescence of a blank
solution, composed of EuTc and NADH only, is stable over
time. After addition of citrate, fluorescence increases due to

Figure 1. Fluorescence imaging of citrate in a 96-well microtiter plate
with EuTc as the fluorescent probe. a) Rapid lifetime imaging of
increasing concentrations of citrate. b) Intensity-based fluorescence
images of increasing concentrations of citrate. The concentration of
EuTc is 50 mmolL�1 throughout, citrate concentrations (from left to
right) are 0, 0.16, 0.4, 1.0, 1.6, 4.0, 10.0, 16.0, 20.0, 40.0, 60.0 and
80.0 mmolL�1.

Figure 2. a) Two-dimensional fluorescence images of intermediates of
the citric acid cycle; b) relative fluorescence intensities of the EuTc-L
complexes at different lag times. EuTc: 50 mmolL�1, L (citrate, isoci-
trate, a-ketoglutarate, succinate, fumarate, l-malate, and oxaloacetate):
150 mmolL�1. Fo and F are the fluorescence intensities of EuTc and the
EuTc-L complex, respectively.
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formation of the EuTc-Cit complex. Then, CL, MDH, and
FM were added consecutively. The signal intensity decreases
stepwise, thereby indicating the complete consumption of
citrate and formation of EuTc-oxaloacetate, EuTc-malate,
and EuTc-fumarate, respectively, complexes with different
fluorescence intensities. This experiment clearly shows that
EuTc-Cit is formed in a reversible manner and that EuTc can
be used to probe the sequence of reactions.

In conclusion, we have demonstrated both the direct
sensing and the time-resolved imaging of citrate and other
intermediates in the citric acid cycle. The EuTc has great
potential as a fluorescent probe for monitoring citrate-based
bioprocesses in vitro and in vivo.
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(100 to 180 ms, and 200 to 240 ms). Data processing such as the
rotation and crop of images, subtraction of dark images from the
raw images, and the ratioing of images were performed by a self-
developed program based on Matlab (6.1, Mathwork, Natick,
MA, USA).
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heart), and fumarase (EC: 4.2.1.2 from porcine heart) were from
Sigma and used without further purification.
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Must chemistry stink and go bang? The
laboratory as a forbidding setting, as a
workshop of extraordinary obscurantists
whose sole unholy purpose is to produce
all manner of poisons and acids, is a fond

stereotype in literary fiction. Realistic
descriptions are reserved exclusively for
chemist writers. A foray through the
literature shows that chemistry some-
times has a sinister public image.

Bonding concepts : Agostic interactions in
early-transition-metal alkyl complexes are
reviewed, and shown to arise from delocal-
ization of the M�C bond rather than
through M···H�C bonding: charge-density
analysis (see picture) reveals intimate
aspects of the phenomenon and shows
how the agostic interaction competes
with other ligand-induced effects at the
metal center.

The use of aqueous emulsions as the
media when conducting cross-coupling
reactions, instead of homogeneous solu-
tions, produces covalently cross-linked
conjugated polymer particles (see pic-
ture). The size of the spherical particles
can easily be tuned over a wide range
(mm to nm) by modification of the
reaction conditions. The resulting materi-
als are processable in the form of a
suspension and promise to have
interesting electronic properties.

Breaking into cells : A new family of
peptides based on the amphipathic

proline-rich sequence (VXLPPP)n , where
n=1–3 and X=His, Lys, or Arg, has been
designed (see picture). Their nonviral
origin, absence of toxicity at high con-
centrations, and high solubility in water
make this new series very promising for
use in drug delivery.
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You’re round and bound : A bowed
arrangement of bridging bidentate bind-
ing sites on a ligand framework precludes
a linear arrangement of metal ions. This
conformation allows a spin-coupled octa-
nuclear copper(ii) circular array to be
formed from a single-stranded ligand (see
picture); this circular array displays weak
ferromagnetic exchange between metal
centers and is a rare example of such an
array containing more than six centers.

Unprecedented 18-molybdosulfite
Dawson clusters encapsulate two pyra-
midal sulfite ions as templates, and
exhibit a short S···S interaction between
the two ions, which was characterized by
DFT calculations. The [Mo18O54(SO3)2]4�

ion is the first discrete thermochromic
polyoxometalate cluster: its color varies
from pale yellow at 77 K to deep red at
500 K (see picture).

Better by design : Exploitation of the
macrocyclic architecture of a cyclophane-
based ligand provides new highly active
catalysts with improved thermal stability
for ethylene polymerization. The strategic
positioning of the metal center at the core
of the cyclophane-based ligand is the key
to the observed high activity and thermal
stability, and to the high molecular weight
of the polyethylene (see picture; red: Pd,
green: Cl, blue: N, gray: C).

Mo takes the tube: A saddle-distorted
MoV–porphyrin complex forms a tubular
assembly through intermolecular p–p
interactions, which has an internal
diameter of 1 nm (see picture). Within
such tubes, tetranuclear MoVI–oxo
clusters could be size-selectively included
through intermolecular hydrogen-bonding
interactions.
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Holey magnets: A pure organic nano-
porous material (POROF-2) exhibiting
astonishing thermal stability, hydrophilic
one-dimensional channels (see struc-
ture), and a long-range ferromagnetic
ordering is prepared. This zeolite-like
material is the first example of a purely
organic robust open-framework magnet.

A cluster-forming ligand, p-tert-butylsul-
fonylcalix[4]arene (H4L), allows the for-
mation of lanthanide wheels whose clus-
ter cores contain eight lanthanide ions
(GdIII, SmIII, NdIII, or PrIII ; shown in green
in the picture) connected by L4� ions,
which act as both a tetradentate and a
bisbidentate m3-ligand, and eight bridging
acetate groups. The wheels form by a
“step-by-step” process via the mono-
nuclear subunit {Ln(L)}�.

Nest building : a method to create a rigid
hydrogen-bond receptor through the
simultaneous binding of three thiol
substituent groups to a gold surface is
reported (see picture: red=O, gray=C,
blue=N, yellow=S, purple=Au surface
atom). These receptors are able to dis-
tinguish and select for p surfaces with a
complementary size, shape, and hydro-
gen-bonding code.

Better molecular wires could result from
an improved understanding of the effects
of nucleotide sequence on the efficiency of
excess electron transfer in DNA. Negative
charge migrates in duplex DNA from a
photoexcited aromatic amine residue (D;
see figure) to 5-bromo-2’-deoxyuridine
(BrU) in a sequence- and orientation-
dependent manner.
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DNA is a two-way street : Excess electron
transfer in DNA over distances of 3.4–
23.8 V does not depend on the transfer
direction, as shown by probing DNA:PNA
hybrid double strands containing a
cyclobutane pyrimidine dimer (T¼T) and
flavin (Fl; see figure).

A tool for time-resolved studies : The
phenanthridinium unit of ethidium was
incorporated into oligonucleotides (see
scheme) as an artificial DNA base. The
resulting duplexes can be used to study
electron-transfer processes by spectro-
scopic techniques and to compare the
rates of reductive electron transfer and
oxidative hole transfer.

Site-selective injection of a single electron
into thymine (yellow) through the
modified nucleoside 1 (1!2) was used to
examine the dependence of excess
electron transfer in DNA on distance. The

DNA was cleaved upon arrival of the
electron at a thymine dimer (red). This
assay showed that one electron can repair
more than one UV-induced lesion in DNA
3.

Non-CsCl topologies for eight-connected
solid-state materials have been observed
for the first time in three networks based
on lanthanide cations and 4,4’-bipyridine-
N,N’-dioxide ligands. The structure of the
{[Yb(L)4](CF3SO3)3}¥ network is depicted.
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Fs in rings : A cyclic multidentate Lewis
acidic receptor is coordinated by a weakly
bonded fluoride ion in 1 (see picture).
This host–guest system has properties
such as air- and moisture-stability, solu-
bility in common organic solvents, and
utility as a source for “naked” fluoride
ions generated in situ.

Polymers from carbenoid intermediates : A
new approach to the synthesis of cyclo-
propane- and alkene-containing polymers
that contain both a carbenoid donor and
acceptor is described. The polymers can

be effectively obtained from enyne
ketones via carbenoid intermediates in
the presence of a [{Rh(OAc)2}2] catalyst
(see scheme).

A highly active, cationic, phosphane-
ligand-free rhodium species is formed in
an aqueous anionic micellar system
(see scheme). The combination of
[{RhCl(nbd)}2]–sodium dodecyl sulfate

acts as an effective catalyst for the intra-
molecular [4þ2] annulation of 2,4-dienyl
propargyl ethers in water (nbd=norbor-
nadiene).

Reactant mixing is implemented in struc-
tures with characteristic length scales of
nanometers (see picture). Mixing occurs
within micron distances rather than the

centimeters that are often needed for
laminar microflows. The application of the
nanocapillary mixer to detect Ca2+ ions
demonstrates its potential use in sensors.
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A PV¼N to PV¼O interconversion is the
thermodynamic driving force for the title
reaction. Iminodiazaphospholidines 1
give phosphoramides 2, which are sub-

sequently hydrolyzed under mild acidic
conditions to yield primary or tosylamines
3. R=alkyl, phenyl; Ts=p-toluenesul-
fonyl.

Fragmentation of the (R)-(þ)-1-phenyl-1-
propanol radical cation ([(BZC2H5)R]+) is
markedly affected by asymmetric micro-
solvation (see picture). The Ca

�Cb bond
cleavage in the heterochiral
[(BZC2H5)RCBDSS]+ cluster is more efficient
than in the homochiral [(BZC2H5)RCBDRR]+.
The difference is ascribed to structural
factors that make BDSS a better H-bond
acceptor than BDRR in their adducts with
[(BZC2H5)R]+. BZ=PhCHOH, BD=2,3-
butanediol.

Unprecedented scope, reactivity, and sta-
bility are displayed by a new catalyst
system. This was demonstrated with
general and efficient syntheses of
sterically hindered (hetero)biaryls (see
examples shown), mild coupling reactions
of alkyl boron derivatives, and rapid
coupling reactions of aryl chlorides at
room temperature.

Incoming molecular hydrogen breaks the
Ru�S bridges in the diruthenium complex
[Ru(pybuS4)]2 (pybuS4

2�=2,6-bis(2-sul-
fanyl-3,5-di-tert-butylphenylthio)dimethyl-
pyridine(2�)) shown, and the H�H bond
is cleaved to give H+ and H� in the
resulting thiol-protonated hydride
[Ru(H)(pybuS4-H)]. The proposed
mechanism of the heterolytic cleavage
of H2 at the Ru�S centers is intriguing
and possibly relevant to the activation
of H2 by hydrogenases.
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Needing a leach: Optimized palladium/
metal oxide systems are highly active
heterogeneous catalysts for the Heck
reaction. Non-activated and deactivated
aryl chlorides can be converted by
palladium/zeolite (NaY) catalysts (see

scheme). The dissolution of palladium
(leaching) from the surface of the support,
its redeposition, and the control of these
equilibria are found to be crucial for the
success of the reaction.

What do some fungi have in common with
chemists? Common earthballs (see pic-
ture) and peppery boletes are true artists
in natural product synthesis. In few bio-
synthetic steps they assemble structurally
fascinating alicyclic pigments from simple
aromatic precursors.

On the way to life, the formation of amino
acids on the primordial earth was one of
the essential prerequisites. To date, this
formation could only be explained
assuming a reducing atmosphere, which
according to contemporary geochemistry
could not have existed. Simulating a
neutral primitive CO2/N2/H2O atmos-
phere above liquid water with frequent
electric discharges (see picture) provides
a model for the formation of peptides, and
thus proteins and ultimately life.
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Fulvio Cacace (1931–2003):
Structure and Mechanism in
Gas-Phase Chemistry and Its
Relevance to the Condensed State

Fulvio Cacace, Professor of General and
Inorganic Chemistry at the Faculty of
Pharmacy of the university “La Sapien-

za” in Rome (Italy),
died on December 1,
2003 at the age of 72.
Cacace graduated in
chemistry in 1954; in
1956 he became assistant
professor and in 1971
full professor in Rome.
He held this position
until his death. He was
director of the Nuclear
Chemistry Institute of

the Consiglio Nazionale delle Ricerche
(National Research Council, CNR)
from 1968 to 1974, and later president
of its scientific committee. He was the
national coordinator of the strategic
project “Advanced Technologies and
Methodologies for Radiochemistry” of
the CNR. He also carried out research
at the G. Werner Institute of Nuclear
Chemistry in Uppsala (Sweden, 1960),
the Brookhaven National Laboratory
(USA, 1961–62, 1968, 1977, 1980,
1982), the Kernforschungsanlage
(KFA) in J?lich (Germany, 1972,
1979), and the University of California
in Irvine (USA, 1968). In 2002 he was
elected as a member of the prestigious
Academia Nazionale dei Lincei.

Cacace@s research into certain fun-
damental aspects of chemistry and
their applications had significant multi-
disciplinary impact. His interests span-
ned from the chemistry of ions in the
gas phase to nuclear chemistry, inor-
ganic chemistry, and, in recent years,
atmospheric chemistry. His results were
reported in over 250 scientific publica-
tions.

His earlier research activities
included the chemical effects of nuclear
transformations, reactions of nucleo-
genic atoms at high energies, isotopic
exchange reactions, and the synthesis

of isotope-labeled molecules and their
applications as tracers in chemical, bio-
chemical, and clinical studies. His
research interests then switched to the
investigation of the structure, stability,
and reactivity of ions in the gas phase.
In this field he developed and success-
fully applied the “decay” technique to
the preparation of otherwise inaccessi-
ble species, the structural and stereo-
chemical characterization of many ions
in the gas phase, and the study of their
reactivity in different media, thus allow-
ing direct comparison between liquid
and gaseous systems. This technique,
based on the decay of tritium and
other radioactive atoms located in suita-
ble positions in the molecules under
investigation, is an example of Cacace@s
original approach to scientific problems,
which could often not be solved by con-
ventional methods.[1] The use of positron
emitters, such as 11C, 13N, and 18F, paved
the way for the development of positron
emission tomography (PET).

Cacace studied the chemistry of ions
in the gas phase by an integrated
approach based on mass spectrometry
and radiolytic techniques. He studied
particularly important reaction classes,
such as aromatic alkylation and nitra-
tion. The combination of theoretical cal-
culations, applicable to isolated species
in the gas phase, with this integrated
approach allowed the interpretation of
results from studies in the condensed
phase, and conferred to ion chemistry a
central role in the interpretation of
chemical reactivity.

Through studies of the structure, sta-
bility, and reactivity of inorganic mole-
cules by theoretical calculations and
mass spectrometric techniques, he was
able to detect and characterize different
protomers of nitrous and nitric acid,
evaluate their proton affinities, and con-
struct extended scales for the binding
energy of NO+ and NO2

+ with a large
number of nucleophiles.

This research was extended to
atmospheric chemistry and the exten-
sive investigation of the reactivity of
ozone in ionized mixtures containing
several compounds present in the

atmosphere in trace amounts, such as
freons, COS, O2, N2, CO2, and CO. The
results obtained were relevant to the
chemical investigation of the ionization
of the atmosphere by natural (lightning,
coronas of thunderstorm clouds, solar
and radioactive radiation) or anthropo-
genic phenomena (power-line coronas).

Research focused on two areas cen-
tral to atmospheric science and model-
ing led to the discovery and detection
of new neutral and/or charged transient
species that play key roles, for example,
as catalysts or intermediates in terres-
trial, planetary, and satellite atmos-
pheres. Through a combination of theo-
retical and mass spectrometric techni-
ques he discovered new neutral and
exotic species (in particular O4, N4,
new N, C, and S oxides) of great signifi-
cance for fundamental research and
because of their possible role in the
atmosphere.[2,3]

Cacace was an excellent teacher,
with a gift for making difficult problems
simple. He was able to transmit to his
students and co-workers his enthusiasm
for and endless curiosity about chemis-
try. He devoted his whole life to scien-
tific research. He is survived by his
wife Gabriella, son Filippo, and daugh-
ter Marina, and will always be remem-
bered by his many students and friends,
who had the privilege of working with
him for many wonderful years.

Fulvio Cacace was a truly excep-
tional chemist, a devoted teacher, and
also a dear personal friend. He made
major contributions to chemistry, which
will serve as a lasting memory and inspi-
ration for future generations.

George A. Olah
University of Southern California
Los Angeles (USA)

[1] F. Cacace, Science 1990, 250, 392.
[2] F. Cacace, G. de Petris, A. Troiani,

Angew. Chem. 2001, 113, 4186; Angew.
Chem. Int. Ed. 2001, 41, 4062.

[3] F. Cacace, Chem. Eur. J. 2002, 8, 3838
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Cyanation Reaction

Recent Developments in the Catalytic Asymmetric
Cyanation of Ketimines
Claude Spino*

Keywords:
amino acids · cyanation · homogeneous catalysis ·
imines · Strecker synthesis

In several research groups a,a-dialky-
lated amino acids (a,a-DAAs) are cur-
rently a subject of intense investigation
from both biological[1] and synthesis
standpoints.[2] Several desirable features
of a,a-DAAs have attracted the atten-
tion of the pharmaceutical industry.
Their incorporation into peptides and
proteins might affect the secondary or
tertiary structure and confer unusual
and interesting biological properties.[3]

The quaternary center in an a,a-DAA
preserves its stereochemical integrity
and often imparts increased metabolic
stability to the peptide. Also, many a,a-
DAAs are powerful enzyme inhibitors.[4]

The cyanation of imines, the second
step in the Strecker synthesis, offers a
short route to amino acids. Efforts have
recently culminated in efficient catalysts
for the cyanation of aldimines affording
a-amino acids of high enantiomeric
purity.[5] In principle, the same strategy
could be applied to ketimines to afford
a,a-DAAs. In practice, the enantiotopic
faces of ketimines are not as easily
discriminated as those of aldimines, but
recent advances indicate that a solution
is at hand.

The gadolinium complex of d-glu-
cose-derived ligand 1 developed by
Shibasaki et al. is able to effect the
cyanation of N-diphenylphosphanoyl
ketimines with a high degree of enan-
tioselectivity (Scheme 1).[6] The reac-
tions of methyl phenyl, methyl naphthyl,

and other aryl methyl ketimines all gave
the corresponding amino nitriles in
89–98% ee. The real breakthrough,
however, is the broad substrate general-
ity. Prior to this report, only aryl methyl
ketimines and tert-butyl methyl ket-
imine were known to undergo a highly
enantioselective catalytic cyanide addi-
tion. Catalyst 2 (believed to be a 3:2
complex of ligand 1 and Gd3+, see
Scheme 1) effected the cyanation of
the alkyl methyl ketimines 4 and 5 with
moderate to good enantioselectivity

(Figure 1). Phenyl ethyl ketimine 3 was
also reported to afford the correspond-
ing amino nitrile in 85 % ee.

Importantly, vinyl methyl ketimines
6–8, in which the vinyl moiety is di- or
trisubstituted, also gave good results.
The significance of this result rests in the
versatility of the alkene in further trans-
formations. For example, simple hydro-
genation of the double bond in the final
amino acid provides an efficient alter-
native to the cyanation of the corre-
sponding saturated alkyl methyl ket-

Scheme 1. Catalytic asymmetric cyanation of a ketimine and the proposed structure (2) of the
cyanation catalyst Gd/1. TMSCN= trimethylsilyl cyanide.

Figure 1. Ketimines that underwent cyanation with Gd/1 to give aminonitriles.
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imine, which usually occurs with lower
selectivity (Scheme 2). Moreover, dihy-
droxylation, electrophilic addition,
metathesis, and a myriad other possible
reactions will render this type of sub-
strates very useful for the synthesis of
more complex a,a-DAAs.

Although the precise mechanistic
details of this reaction are not known
yet, closely related complexes were used
to achieve the cyanation of ketones.[7]

Mechanistic studies for the latter led the
authors to propose a rationale for the
enantioselectivity. Structures 9 and 10 in
Figure 2 are based on their proposed
structure for the cyanation of ketones.[7a]

Note that in both cases (ketones and
ketimines), a ligand-to-metal ratio of 2:1
is optimum. It is therefore plausible that
the structures of the active catalysts are
analogous, and thus that the author's
proposed transition state for the cyana-
tion of ketones may apply to the ket-
imine case as well (cf. 10 in Figure 2).
One notable difference, however, is the
presence of the diphenylphosphanoyl
substituent at the imine nitrogen atom.
This substituent was shown to play an

important role.[6] It was speculated that
chelation of the phosphanoyl oxygen
atom to the lanthanide center was
important for the enantioselectivity.

Catalyst 2 and its analogues are
new members of a family of bimet-
allic complexes developed by the
Shibasaki group. These catalysts
are thought to exert their action
much like enzymes by coordinating
both the substrate and the reactant
(in this case a nucleophile) and
bringing them into proximity.[8]

Vall=e and co-workers have also
tested one such bimetallic com-
plex for the asymmetric cyanation
of ketimines with moderate suc-
cess.[9]

A good understanding of the
reaction mechanism is necessary
for the rational design of a truly
better catalyst. The Jacobsen group
achieved this with catalyst 12,[10]

which was rationally derived from
its predecessor 11, itself discovered
by combinatorial screening (Figure 3).
Catalyst 11 gave good enantioselectivity
for the cyanation of aldimines and aryl

methyl ketimines.[11] A working model
for catalyst 11 was proposed with the
help of multidimensional NMR
spectroscopy, high-level calculations,
and kinetic experiments.[10] It was estab-
lished that the minor Z isomer of the
ketimine was preferentially bound by
the formation of hydrogen bonds be-
tween the imine nitrogen and the two
urea hydrogen atoms (Figure 3). High-
level calculations favored a bridged
structure with two hydrogen bonds
rather than rapidly equilibrating struc-
tures each having a single hydrogen
bond.[10] In addition, there was no sig-
nificant conformational change induced
in the catalyst upon binding of the imine.

The imine is oriented such that the
smaller group (Me in the case of methyl
ketimines) points “inside” the U-shaped
catalyst. This probably explains the ob-
servation that the catalyst coordinates
only Z imines, since E imines would
have the larger group (RL) pointing
“inside” the catalyst's framework. At-
tack then takes place from the least
hindered right-hand side of the complex
as drawn. Conceptually, this mode of
action imposes a limitation on the
reactivity and selectivity achievable by
this system. Because the imine's smaller
substituent is pointing directly toward
the catalyst, its maximum size can be
determined by the available space in the
catalyst's optimum conformation. Larg-
er groups could disrupt this conforma-
tion and cause a decrease in enantio-
selectivity. Indeed, it was found that

Scheme 2. Vinyl ketimines as equivalents of alkyl ketimines. BzCl=benzyl chloride, DMPA=2,2-
dimethoxy-2-phenylacetophenone, py=pyridine.

Figure 2. Proposed transition state structures for the cyanation of ketones and ketimines with 2.

Figure 3. Catalysts 11 and 12 and their proposed
mechanism of action.
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imines with large groups were poorer
substrates.[11]

The solid understanding of the
mechanistic details in the case of cata-
lyst 11 enabled the Jacobsen group to
devise yet a better catalyst. They rea-
soned that a bulkier group on the left-
hand side (the fragment derived from
the amino acid) and tuning of the
electronic properties of the critical urea
moiety should augment the efficacy of
the catalyst. The increase in observed
enantioselectivities achieved with cata-
lyst 12 was indeed remarkable and
underscores the power of rational de-
sign. At the same time, rational design
alone would likely not have delivered
the initial key catalyst 11 as efficiently as
combinatorial screening did. This com-
bination of random screening followed
by rational optimization could mark the
future of catalyst design.[12]

At present, the bulk of the results
reported for catalyst 12 concerns the
cyanation of aldimines. Only two ket-
imines were included in the study,
namely N-benzyl tert-butyl methyl ket-
imine (86% ee) and N-(p-bromobenzyl)
methyl phenyl ketimine (96% ee). Nev-
ertheless, catalyst 12 and, particularly,
catalyst 2 offer good performances in a
very difficult arena. There is still room
for improvement in the Strecker syn-
thesis of a,a-DAAs besides obtaining
higher enantioselectivities and achiev-

ing a broader scope. For example, the
requirement for an auxiliary group on
the imine implies steps to put it on
(unless the amine is readily available)
and selective removal at the end, which
is not always straightforward. The cost
and time involved in synthesizing the
catalysts still impinges on the method.
Chiral ligand 1 requires 12 steps starting
from d-glucose. Catalysts 11 and 12
require only five steps to put the four
fragments together, but their syntheses
involve the costly chiral cyclohexyldi-
amine and tert-leucine portions. Solid-
phase versions of the catalysts with
similar effectiveness would render their
recovery and reuse particularly easy.
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Carbenes

Stable Singlet Carbenes—Plentiful and Versatile
Wolfgang Kirmse*

Keywords:
carbenes · phosphanes · steric hindrance ·
substituent effects

Carbenes are neutral, divalent deriva-
tives of carbon.[1] The nonbonding elec-
trons of the carbene carbon can be spin-
paired (singlet state, 1) or unpaired
(triplet state). The majority of carbenes
are short-lived, reactive intermediates.
The first “bottleable” carbenes were
reported around 1990. Since then, stable
carbenes have grown substantially in
number and importance. Applications in
coordination chemistry and catalysis are
developing rapidly.

In the ground state of a singlet
carbene, the paired electrons occupy
an in-plane s orbital, leaving a p orbital
vacant. Singlet carbenes are stabilized
by electron donation from substituents
D into the vacant p orbital (2). In terms
of resonance, the contribution of an
ylide structure 2’ is implied. Push–pull
stabilization (3) is also conceivable
(Scheme 1).

These principles were invoked early
on to explain the electro- or nucleophi-
licity and reactivity of carbenes.[2] More
recently, amino groups were found to be

particularly efficient as donor substitu-
ents.[3] The first stable crystalline diami-
nocarbene, 5a, was reported by Ardu-
engo et al. in 1991.[4] As is evident in 5b
and 6, steric protection is not required
for this type of carbene (Scheme 2).

However, imidazolidin-2-yli-
denes 7 and acyclic diaminocar-
benes without bulky substitu-
ents dimerize slowly. The X-ray
crystal structures showed that
the C�N bonds of 5 are longer
than those of the cationic pre-
cursors 4 (from which the car-
benes were prepared by depro-
tonation with non-nucleophilic
bases, such as KH, lithium di-
isopropylamide (LDA), and lith-
ium tetramethylpiperidine
(LiTMP)). The N-C-N bond an-
gles of the carbenes are smaller
than those of the precursor imi-
nium ions, even for 8 (1218 vs.
1338). Therefore, a major con-
tribution of the carbene struc-
ture to 5–8 (and many of their
analogues) is without question.
Diaminocarbenes are valuable
ligands for transition metals. In
catalytically active complexes,
phosphanes have been replaced

by 5 or 7 in order to enhance the
reactivity and tolerance of functional
groups.[5]

The phosphanyl(silyl)carbene 10,
which Bertrand et al. prepared by pho-
tolysis of the diazo precursor 9, was the

first and most disputed stable
carbene (Scheme 3).[6] Al-
though the authors advocated
the carbene structure 10,[6b,c] the
“carbene community” was re-
luctant to adopt this notion.
Compound 10 does not react
with simple alkenes but adds to
polar C=C bonds (A=CO2R,
RF, Ar)[6c,7] and C=O groups.[6c,8]

The cyclopropanation of A-
CH=CH2 to give 11 is highly
syn selective (with respect to
the phosphanyl group) and ster-

Scheme 1. Stabilization of singlet carbenes.

Scheme 2. Stable diaminocarbenes.

Scheme 3. Stable phosphanyl(silyl)carbenes.
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eospecific (the cyclopropanation of (Z)-
and (E)-2-d-styrene yields 14a and 14b,
respectively).[7] Clearly, 10 behaves as a
nucleophile toward p bonds and isoni-
triles (!12).[6–8] The reaction with phos-
phanes, 10!13, on the other hand,
indicates the presence of a vacant orbi-
tal at the carbene center.[9] After many
unsuccessful attempts an X-ray crystal
structure was obtained, not of 10 but of
the close analogue 15.[10] The P-C-Si
angle of 152.68 as well as the short C�P
and C�Si bonds suggest a major contri-
bution of the ylide structure 10’, in
accordance with computational re-
sults.[11]

Regardless of its “true” nature, 10
served as a starting point for fascinating
developments. The silyl group of 10 was
replaced with aryl and alkyl groups in
order to correlate structure and stability
of phosphanylcarbenes (Scheme 4).[12]

Clearly, steric protection of the divalent
carbon is an important factor (cf. 17a/
17b, 17d/17e, and 17 f/17g). Trifluoro-
methyl-substituted compounds are more

persistent than their methyl analogues,
which can be interpreted in terms of
push–pull stabilization. The reactivity of
17 is similar to that of 10, cyclopropa-
nation being limited to electron-poor
alkenes. 1,2-Shifts of R2N, 17!18, were
found to proceed both thermally (with
17 f,g)[12b] and photochemically (with
17a).[12d] 1,2-F shifts predominated with
17c,[12a] while 1,2-H and 1,2-R2N shifts
competed in the case of 17g.[12b]

Stable amino(aryl)carbenes 20 are
accessible by deprotonation of the imi-

nium salts 19 (Scheme 5).[13] It is most
informative to compare the molecular
structure of 20a with that of the phos-
phanylcarbene 17a. The carbene–aryl
bond of 20a (145.3 pm) is longer than
that of 17a (139.0 pm), and the bond
angle at the divalent carbon of 20a

(1218) is smaller than that of 17a
(1628). It appears that the push–
pull resonance structure 23c
does not make a signifi-
cant contribution to 20a,
in contrast to 17a. The
C�N bond of 20a
(128.3 pm) is appreciably
shorter than that ob-
served for diaminocar-
benes (7: 135 pm, 8 :
136 pm). Hence the
bonding in 20 is reason-
ably approximated by the
resonance structure 23a.
Nevertheless, the diva-
lent carbon atom of 20
(13C NMR: d= 299–

303 ppm) is deshielded relative
to that of diaminocarbenes (7a :
d= 245 ppm, 7b : d= 238 ppm, 8 :
d= 256 ppm). The short C�N
bond of 20 does not fully com-
pensate for the lack of a second
amino group. The lifetime of 20 is
limited by intramolecular cycli-
zation to give 22, presumably by
way of the azomethine ylide
21.[13b]

Inspired by these results, Ber-
trand and co-workers attached

both phosphanyl and amino groups to a
divalent carbon. Deprotonation of the
phosphanyliminium salts 24 with (Me3-
Si)2NLi provided a series of amino-
(phosphanyl)carbenes 25 (Scheme 6).[14]

The thermal stability of 25a,b is limited
by intramolecular C–H insertion (!26,

>�20 8C), and that of 25d by
elimination of propene (40 8C).
The long C�P bond (185 pm)
and the short C�N bond
(129 pm) of 25a indicate that
electron donation to the divalent
carbon occurs predominantly, if
not exclusively, from nitrogen.
As a consequence, the carbenes
25 behave as difunctional mole-
cules. Hard Lewis acids (BF3)
interact with the divalent car-
bon, whereas softer Lewis acids
(BH3, S) bind to phosphorus (see
28). Alkylation of 25d with
methyl triflate afforded the
phosphonium salt 27, which is
stable in the solid state at room
temperature.[15] Nucleophiles
were found to displace the phos-
phonium group of 27 to form

amino(oxy)carbene 30a and amino-
(thio)carbene 30b. This approach is
remarkable for its flexibility: a single

Scheme 4. Stability of aryl- and alkyl(phosphanyl)-
carbenes.

Scheme 5. Stable amino(aryl)carbenes.

Scheme 6. Stable amino(phosphanyl)carbenes,
amino(oxy)carbenes, and amino(thio)carbenes.
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precursor, 27, gives rise to a variety of
carbenes 30. Some of these carbenes are
also accessible from iminium salts 29, as
demonstrated by Alder et al. for 30b–
e.[16] Even the purely aliphatic amino-
(oxy)carbene 31 has been obtained by
the deprotonation route.

Applications of these novel carbenes
as ligands for transition-metal com-
plexes are still in their infancy. Rhodium
complexes of the aryl(phosphanyl)car-
bene 17a have been reported,[17] but
their catalytic activity has not been
disclosed. Many potential carbene li-
gands are now available, including bi-
dentate species, in which the electronic
and steric effects at the carbene center
vary widely. Recent DFT studies of RhI

carbene complexes emphasize the struc-
tural versatility of phosphanylcarbenes
over aminocarbenes.[18] Excellent oppor-
tunities for the design of selective cata-
lysts can be envisaged.
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Chemistry in Literature

The Chemical Laboratory: Source of Progress or
Chamber of Horrors?
Otto Kr�tz*

A peculiar setting and the people who
populate it, as mirrored in the literature

Keywords:
chemistry in the literature · history of chemistry

“…You study chemistry! Chemistry,
chemistry and more chemistry! It is a
quite exceptional science. … It is the eye
which sees all. Its sharp, intrepid vision
penetrates the fiery mass of the sun and
the dark crust of the earth; … and the
secret structure of stone and the silent
life of trees. It investigates everything and
everywhere it discovers harmony—and
thus it seeks untiringly for the origin of
life. And it will find it.”
Maxim Gorkij, Kinder der Sonne[1]

“… there is no department of science,
the history of which is more interesting
and instructive, in reference both to its
origin and to its development, than
chemistry.”
Justus von Liebig, Letters on Chemistry[2a]

Introduction

In the third of his “Letters on
Chemistry” Justus von Liebig (1803–
1873) gives his readers an impression of
the overwhelming fire of enthusiasm
that resides in the soul of the successful
chemist:[2b] “In order to attain that
knowledge of chemistry which we now
possess, it was necessary that thousands
of men,[3] armed with all the science of
their respective periods, and inspired
with an unconquerable ardour, with a
passion for knowledge, which, in its
violence, bordered on madness, should
devote life, fortune, and their whole
faculties, to the task of exploring the
earth in all directions. It was necessary
that, with indefatigable perseverance and
constancy, these men should bring into

contact all known substances, organic
and inorganic; it was necessary that these
labours should be continued for fifteen
centuries.”

The most remarkable feature of this
observation by Liebig is that he did not
consider his laboratory as a place that
existed beyond nature, but as a temple
crowning human compulsion for re-
search, where the geologists and biolo-
gists “exploring” outside in nature were
to offer up their discoveries for conclud-
ing chemical investigation. With full
emphasis he continued:[2b] “There was,
finally, a mighty, an irresistible charm,
which urged men to devote themselves
with an amount of patience and perse-
verance altogether unexampled in histo-
ry—to labours which did not tend to
supply any want peculiar to the time in
which they lived. This mighty impulse
was nothing else than the desire for
earthly happiness.” According to Liebig
this “earthly happiness” lay in immate-
rial aims, such as the “philosopher0s
stone”, but especially in the intellectual
pleasure which chemistry guarantees
all who approach it with affection and
awe.

The question is, however, do others,
nonchemists, all those who are not
imbued by this “ardour … border[ing]
on madness”, also regard chemistry in
this way? Do they really see the chem-
ical laboratory as the cathedral of na-
ture, which crowns all human endeavors
for knowledge, or is their reaction to the
“exploration” of natural scientists rather
one of a lack of comprehension, perhaps
even one of apprehension? Does all of
Liebig0s chemical zeal amount in fact to
lofty aims? Let us consider the concep-
tions that nonchemists have of chemists
and laboratories, as well as the self-
image of chemists. We will soon recog-

nize that not everyone who works in a
laboratory is a “Liebig”!

As is almost always the case, every-
thing can be found in Goethe. His stage
directions for the scene “Laboratory” in
the second act of Faust II, written in
about 1800, runs tersely:[4] “After the
style of the Middle Ages: extensive,
unwieldy apparatus, for fantastical pur-
poses.”

In 2001, about two hundred years
later, C. von Aster formulates the fol-
lowing, highly depressing for us chem-
ists, in his “Horror Lexikon”:[5] “Labo-
ratory: A … classical site of horror,
where the overmotivated scientist—see
mad scientist—carries out his experi-
ments toward some dubious objective
or other. The furnishings of the labora-
tory were influenced significantly by
early Frankenstein films … it is filled
with countless flashing coils, lights, …
glass cylinders, and levers, which serve
only for the destruction of more or less
everything, something which to this day
has not really changed. Important in the
furnishing of the laboratory is merely the
impression it has on the spectator or
reader as a whole. Any explanation of
individual apparatus would be mis-
placed.”

Thus, the effect of laboratories on
nonscientists has changed but little in
this two-hundred-year period. As before
“extensive apparatus, for fantastical pur-
poses” dominate this usually somber
scene. This is to be illustrated and
scrutinized herein with selected exam-
ples of literary fiction, but also on the
basis of biographies, autobiographies,
and correspondence.
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The Bizarre and the Noisy as
Advertisement

“Professors at universities should hang
out signs like innkeepers.”
Georg Christoph Lichtenberg, Sudel-

b0cher[6a]

Since the earliest of times laborato-
ries have attracted the attention of
contemporaries more through catastro-
phes, such as fires and explosions, than
through intellectual success.[6b] Unfortu-
nately chemists are not entirely blame-
less in this respect. One delightful
source is provided by the writings of
Georg Christoph Lichtenberg
(1742–1799), who taught physics—at
that time a combination of chemistry
and physics—at the UniversitBt GCttin-
gen. At that time professors had to
finance their lessons themselves, even
the hire of lecture theatres. Thus, Lich-
tenberg was forced to also use his
lecture theatre as a laboratory. Academ-
ic teaching was far more demanding
than it is today. A university lecturer
lived from the fees of his students. If
they stayed away, utter hardship existed
at the professorial hearth and home:[6c]

“I have so terribly much to do to be able
to provide bread for my wife and chil-
dren that sometimes I know as little
where my head is as where my wife and
children are.” As a result, Lichtenberg—
a great master of the short essay and
sharp epigram—recorded in his “Sudel-
bDcher” the idea of a “lecture of the
professor to the empty benches”,[6d] a
work that was unfortunately never per-
formed. Fortunately for his not incon-
siderable horde of children it did not
come to this, for his lectures attracted
such large audiences that the humidity
of the overfilled lecture theatre severely
disturbed electrical experiments. This
abundance Lichtenberg attributed to
the view that successful chemical pre-
sentations are in the end those which we
would nowadays call “scientific show
business”:[6e] “an … experiment which
goes bang is of far greater value than one
which is silent, thus one cannot pray
enough to heaven that if it wishes for
someone to discover something to please
let it be something that will bang; it
resounds into eternity.”

Consequently Lichtenberg prefer-
red—as a stage director striving for

optimal effect—the most impressive ex-
periments. For their money the audience
also expected a professor to wittily
round off the performance in the best
possible spirits in the style of a confEr-
encier:[6f] “Phosphorus is only danger-
ous in the form in which it is sold in
apothecaries, when dissolved in a fat it is,
without losing its luminescent properties,
neither corrosive nor combustible. Dis-
solved in oil of cloves one can besmear
oneself with it completely, as I do, at least
my hands, every half year (that is, in each
semester!). In Paris a luminous pomade
pour les Dames is even prepared, for the
ladies receive visits in the dark, some-
thing which to my knowledge is quite
unheard of in this country.”

Incidentally, Lichtenberg0s prayer
was answered. As luck would have it
he was able to further develop an
experiment introduced by Jan Ingen-
housz (1730–1799)—the burning of iron
wire in an oxygen atmosphere by using
steel watch springs—in a most impres-
sive and noisy way. In June 1782 Lich-
tenberg wrote to a friend:[6g] “Try to
ignite a watch spring in dephlogistated
air, and then combustible phosphorus. It
is the most magnificent performance one
can observe. I have yet to meet anyone,
expert or not, who would not be im-
pressed by it.”

As almost always in life, it pays to
show off with enthusiasm. During the
winter semester of 1786/87 Lindenberg
counted well over 100 students: “This
winter I have three royal princes and
Knights of the Garter, one Prince of
Anhalt.”

However, there is a price to pay for
everything, for the theatrical thunder
presented offered the nonchemical pub-
lic an image of chemistry as something
amazing, but also sinister and disturbing,
which is an image we will often encoun-
ter in the following!

Much Literary on the Life History
of a Fictitious Chemist

“… he was cold-hearted, narrow-mind-
ed, and moreover, a chemist …”
Gustave Flaubert, Passion et vertu[7]

For the fun of it let us follow, some-
what eclectically, the fictitious life his-
tory—with branches and parallel path-

ways—of a conceptual, that is to say a
“fully synthetic” chemist, based on cita-
tions from totally different epochs, and
in this way study the eternal fascination
of the laboratory.

It is immediately noticeable that
thoroughly interesting problems are
rarely, if ever, pursued. This applies
particularly to the question of the social
status of the chemist. As we will discuss
later, it was completely “fashionable”
within upper social circles to work in the
“drawing room” with well-equipped,
portable experimental boxes for one0s
own amusement.[8a, c] The amateur and
dandy chemist became a standard fig-
ure. But it was in no way “gentleman-
like” to build a chemical facility, even
one0s own! The question of social ad-
vancement was discussed rather coyly in
novels, even in autobiographies, and
more often than not only allusively.[9]

One rare example comes from Wilkie
Collins (1824–1889) in his crime novel
“The Haunted Hotel”. It is said of an
especially disagreeable murderer who
possessed a well-equipped laboratory
and who used his chemical knowledge
to dispose of the cadaver of a lucrative
victim:[10] “This noble personality has
begun life with a single-minded devotion
to the science of experimental chemistry,
very surprising in a young and handsome
man with a brilliant future before him.”
Otherwise the reader is well advised at
this point to get used to the idea that the
chemist in the literature is frequently
featured as a scoundrel.

Guidelines for “ball mothers” con-
firm that in invitations to dancers who
would ensure the social advancement of
marriageable debutants, aristocratic
lieutenants were always preferable to
young academics. That the guards and
cavalry were more highly valued than
the infantry, these more than lawyers
and merchants, is obvious. Young aca-
demics from the natural sciences were
ranked at the bottom, and chemists did
not even appear on the lists. They were
clearly not considered honorable bounty
in the hunt by better circles for present-
able son-in-laws.

One is not born a chemist. We shall
overlook alchemical procreative rites, as
handed down to us by E. A. F. Klinge-
mann (1777–1831) in his romantic poem
“Nachtwachen von Bonaventura”,[11] as
being a little too direct. It is true that
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toward the end of our observations we
will be made aware of how one can leave
this world “chemically” in style, but we
want to begin our fictional tale with the
fate of a child entitled to the most
beautiful of expectations.

But how do children come under the
spell of chemistry? A significant role
was always played by instructions pub-
lished for self-experimentation and by
commercial experiment boxes.[12] In
1779, Johann Christian Wiegleb publish-
ed a revision of the “NatDrlichen Mag-
ie” by Johann Nicolaus Martius,[13]

which was to have great significance
for the later works of the poet E. T. A.
Hoffmann (1766–1823). Hoffmann0s
boyhood friend Theodor von Hippel
wrote in his “Erinnerungen” in
1822:[14a] “The winter again brought forth
new games. Wiegleb6s natural magic
produced much material. At the time of
aeronautics the friends [that is, Hoff-
mann and Hippel himself] were partic-
ularly diligent in their endeavors to raise
into the air a silken air balloon of several
feet in diameter, very neatly sewn by the
aunt. A couple of drops of hydrochloric
acid applied accidentally during the fill-
ing of the balloon gave the event a
tragicomical ending.” During his initial
period in Weimar Goethe also attempt-
ed the preparation of hydrogen to fill a
small balloon—and the same misfortune
befell him.[15]

Another of Hoffmann0s boyhood
friends, Franz von Holbein, wrote[14b]

that in the winter of 1798/99 they both
attempted the staging of an “apparition”
in the presence of the author Jean Paul,
but that this failed. It was a simple
optical chemical trick from Wiegleb0s
“Magie”, according to which with a
magic lantern one could project images
onto a screen made of a mist of ammo-
nium chloride crystals floating in the air,
which were formed from concentrated
hydrochloric acid and concentrated am-
monia solution. Presumably the two
young experimentalists did not have
enough pocket money for a sufficient
quantity of chemicals of suitable quality,
and their apparitions remained invisible
in the absent mist.

However, other experiments suc-
ceeded, in fact very well. Wilhelm von
ChEzy described in his “Erinnerungen
aus meinem Leben”[16a] a soirEe his
mother, the author and librettist Helmi-

na von ChEzy, held in Berlin in 1817.
E. T. A. Hoffmann persuaded Helmina0s
guests to dress themselves as the de-
ceased in white napkins for “shrouds”
and frightened them with the burning of
“salty spirit of wine”, described by
Wiegleb as an experiment for the colo-
ration of flames. Helmina herself re-
members in her work “Unvergesse-
nes”:[16b] “As everybody knows, the most
highly colored faces look like corpses
when they are illuminated with this
mixture. I cried out with horror.” As
can been seen, thrilling chemical experi-
ments from experimentation books en-
riched social events and produced not
inconsiderable effects—even in the
works of Hoffmann, for example, in
the alchemistic story of “The Golden
Pot”.[17] Hoffmann0s aunt had sewn the
balloon herself. With a somewhat larger
family budget it would have been pos-
sible to have bought it, as well as the
experiment with the apparitions in the
mist, together with basic equipment for
chemical experiments, at the company
Georg Hieronymus Bestelmeyer in Nur-
emberg, which was like one of the big
catalogue companies we know today.[18]

Let us now look at the role of the
experiment box in our time. In the
rather sad short story “The Salt Garden”
by Margaret Atwood (born 1939), a
crystallization experiment carried out in
childhood from the experiment box—
the “magical salt garden” itself—
achieves in retrospect a significance
loaded with symbolism for the main
female character:[19] “Now she can recall
having been given a small chemistry set
as a child … with its miniature test tubes
and the wire holder for them, the candle
for heating them, and the tiny corked
bottles, so appealingly like doll6s-house
glassware, with the mysterious substan-
ces in them: crystals, powders, solutions,
potions. … it was alchemy, after all, and
that was how the instruction book pre-
sented it: magic. Astonish your friends.
Turn water to milk. Turn water to
blood.” On careful reading one recog-
nizes that almost all of the experiments
described were real “oldtimers”, such as
the conversion of water into milk, of
water into blood, or even the “salt
garden”. The instructions, the com-
pounds, and the apparatus—“so appeal-
ingly like doll6s-house glassware”—for
all these experiments could have been

obtained as early as 1800 at Bestelmey-
er. Thus, an old tradition of fascinating
but always identical experiments runs
through the literature throughout cen-
turies, and experiment boxes for chil-
dren and young people still have their
thrilling effect today.

Let us now continue with the life
story of our fictitious hero and let him
mature to adolescence. In Oliver Sacks0s
autobiography “Uncle Tungsten” there
is a charming description of how the
author equipped his first laboratory as a
young boy with the highly ambitious
justification, “I would live the history of
chemistry in myself.” But even Sacks0s
description remains totally within the
framework of chemical tradition. In
particular, emphasis is placed on dan-
gers survived and the possibilities for
flight from the ground-level laborator-
y:[8b] “Conveniently, this room let out to
the garden, so that if I concocted some-
thing that caught fire, or boiled over, or
emitted noxious fumes, I could rush
outside with it and fling it on the lawn.
The lawn soon developed charred and
discolored patches, but this, my parents
felt, was a small price to pay for my
safety—their own, too, perhaps.” It can
not be denied: Sacks, too, played with
danger; he, too, communicated to his
readers the endless excitement of dan-
gerous chemistry.

School days were frequently the
critical and at times also the most
problematic period of life for the future
chemist. The influence of teachers can
be critical for one's journey through life.
A particularly impressive example is
provided by Elias Canetti (1905–1994),
who won the Nobel Prize in Litera-
ture—an example of how a doctorate in
chemistry need not necessarily be harm-
ful. Canetti attended the KChler-Real-
gymnasium in Frankfurt am Main dur-
ing the years 1921–1924. The chemistry
lessons there evoked in him such bad
memories that—with a certain amount
defiance—he studied chemistry at the
UniversitBt Wien and gained his doctor-
ate on a topic in analytical chemistry in
1929.[20] His baffling reasoning is recom-
mended to chemistry teachers as partic-
ularly soulful reading:[21a] “Not much
more than the formulas for water and
sulfuric acid had remained with me from
his class, and I had been disgusted at his
movements during the few experiments
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he performed for us. It was as though a
disguised sloth were sitting in front of us,
handling the apparatuses slower from
hour to hour. Thus, instead of a smatter-
ing of chemistry, I was left with a gap in
my knowledge. I now had to fill this gap,
which was so huge that I could allow
myself to study chemistry for this pur-
pose.”

Competition in experimental natural
science arrived relatively late in the
USA and then Europe. In the apparent-
ly humorous but, on closer reading,
exceedingly gloomy novel “The Correc-
tions” by Jonathan Franzen (born 1959)
the realistic description of a fraudulent
student who obtained the first prize in
chemistry by trickery is depicted. The
period of the novel is not given precisely,
but it certainly ends in our time and
follows the fate of a family in the last 50
years. The “hero” of our citation, the
second son of the family, must have been
about fifteen at the time of the compe-
tition, so it must have taken place about
three and a half decades ago:[22] “How
he6d built a controlled plywood environ-
ment for growing oats and had photo-
graphed the young seedlings meticulous-
ly and then ignored them for weeks, and
how, by the time he went to weigh the
seedlings and determine the effects of
gibberellic acid in concert with an un-
identified chemical factor, the oats were
dried-out blackish slime. How he6d gone
ahead anyway and plotted the experi-
ment6s :correct6 results on graph paper,
working backward to fabricate a list of
seedling weights with some artful ran-
dom scatter and then forward to make
sure that the fictional data produced the
:correct6 results.”

It has to be admitted that this
description particularly moved the au-
thor of these lines, if not to say person-
ally affected. For many years he was
involved in such a competition as a
juror, and unlike his thoroughly benev-
olent co- and in part prominent senior
jurors, who happily mused about the joy
of association with youth usually apos-
trophized as “refreshing”, the dark sus-
picion of being the victim of not incon-
siderable fraud plagued him often. His
impression was that as juror one is
surprisingly often the object of steely
elbows of ripening but cunning young
geniuses and their families, and one
would do well to observe closely the

participants preparing their stalls in the
days running up to the competition to
exclude all from the competition whose
fathers, uncles (or their secretaries or
drivers) supply the nowadays obligatory
computer, help in the design of the
experiments, and give pedagogic sup-
port in setting up critical experiments. It
gave a former juror particular pleasure
to find the student in Franzen's novel
honored with “a three-foot-tall silver-
plated Winged Victory”. He obtained
this first prize with the help of a “plant-
physiology paper both obscure enough
and simple enough to be mistaken for the
work of a brilliant eighth-grader”, which
he'd unearthed in the city library and
which he furnished with falsified exper-
imental data.[22]

Let us now follow our young syn-
thetic chemist to the university. Each of
us will remember the first discussions
with professors and the basic lectures
fÞted with a certain devotion. Profes-
sors, who appeared most advanced in
years to us novices, left and leave those
in the first semester with all kinds of
uplifting impressions of academic life—
a ritual that is as beautiful as it is old. As
evidence is a comparatively long-estab-
lished citation: in “Frankenstein or The
Modern Prometheus” Professor Wald-
mann of the UniversitBt Ingolstadt
taught the budding chemistry student
Viktor Frankenstein. In the third chap-
ter of this classic of lurid literature by
Mary Shelley (1797–1851) published in
1817, Viktor had not made the nameless
monster, the tragedy had not yet started
on its fateful course, everything could
still turn out for the best. Victor and we
readers learn from Professor Wald-
mann's lips only what is agreeable about
chemistry, golden words which have lost
nothing in their meaning over the last
two (!) centuries:[23] “Chemistry is that
branch of natural philosophy in which
the greatest improvements have been and
may be made.” Furthermore, Waldmann
gave advice which could still be valid
today:[23] “A man would make but a very
sorry chemist if he attended to that
department of human knowledge alone.
If your wish is to become really a man of
science and not merely a petty experi-
mentalist, I should advise you to apply to
every branch of natural philosophy,
including mathematics.” Significantly, it
was Viktor0s interest beyond chemistry

for biology and electricity as well as
alchemical reminiscences that led to the
creation of the monster and thus to
catastrophe.

Let us take another step forward!
The author of these lines will never
forget how, during his first semester at
the UniversitBt MDnchen, he entered
the elementary laboratory in the old
building of the Institute for Inorganic
Chemistry in the old Botanischer Gart-
en for first time, on a gloomy afternoon
in the winter of 1957/58. The fog of
ammonium chloride in the room robbed
one of almost all vision and irritated
breathing, and he was overcome with
the oppressive feeling that had entered a
particularly bleak scene of Dante0s In-
ferno by mistake. In her 1927 novel
“stud. chem. Helene WillfDer” Vicki
Baum (1888–1960) erected a poetically
somewhat exaggerated but in the final
analysis realistic and atmospheric monu-
ment to the apocalyptic bustle of basic
inorganic practical lessons:[24] “…the air
is spider-web gray, dense, indescribable
… There is boiling, hissing, puffing,
bubbling, and vapors formed green,
bluish, red… A fantastic vegetation of
glass grows from the benches: bottles,
flasks, standpipes, retorts, pipettes, titra-
tion flasks, test tubes, beakers.” The
novel, successful in its time (it is even
mentioned with affection in Karl Win-
nacker's autobiography[25]), a love affair
between a student and an elderly pro-
fessor, struggles toward the truly exag-
gerated happy ending of a marriage
between chemists.

In his autobiographical work “The
Periodic Table”, one the finest books
ever published on chemistry, Primo Levi
(1919–1987) describes the mist-shroud-
ed scene of the beginner0s practical even
more vividly:[26] “In this place, too, no-
body wasted many words teaching us
how to protect ourselves from acids,
caustics, fires, and explosions; it ap-
peared that the Institute6s rough and
ready morality counted on the process
of natural selection to pick out those
among us most qualified for physical and
professional survival. There were few
ventilation hoods; each student, follow-
ing his text6s prescriptions, in the course
of systematic analysis, conscientiously let
loose into the air a good dose of hydro-
chloric acid and ammonia, so that a
dense, hoary mist of ammonium chloride
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stagnated permanently in the lab, depos-
iting minute scintillating crystals on the
windowpanes. Into the hydrogen sulfide
room with its murderous atmosphere
withdrew couples seeking privacy …”

That laboratories can be places of
erotic threat for chemistry students is
known by all. We learn of this, too, from
Elias Canetti0s autobiography. He meets
his future wife Veza Taubner-Calderon
during a series of literary lectures by
Karl Kraus. The developing relationship
could not be kept secret from Canetti0s
mother and she develops an almost
unearthly jealousy of her future daugh-
ter-in-law. Her son wrote that to mislead
his mother:[21b] “I told her about other
things that were happening in Vienna,
discussions with the woman working
next to me in the laboratory, a Russian
=migr= whom I liked very much.” The
mother, who clearly assumed erotic
student adventures in laboratories to
be likely, swallowed the bait. Canetti:
“This time I had been helped out by a
colleague, who happened to be working
next to me in the laboratory.” Canetti
had originally wanted to become a
doctor, but later did an about-turn, not
least through his mother's instiga-
tion:[21c] I “chose a vocation that was
nothing less than unselfish. Chemistry, as
she [the mother] could hear on all sides,
belonged to the future. It offered promis-
ing jobs in industry; it was useful, oh, so
useful. Anyone who settled in this field
would earn a good living, a very good
living…”

Not everyone was fortunate enough
to be able to conclude a full period of
study in the glow of academia. Many
pursued or studied chemistry on the side
and still became rich and famous
through it. In the middle of the 19th
century the ambitious son of an estate
manager sought a way upwards. At first
he believed to have found the way in the
shape of the career of a Prussian officer.
He believed he could use his natural-
science/technical talent in the artillery,
and pursued chemistry on the side,
particularly electrochemistry, then still
very young.When he was to be posted to
the provinces he impressed his strict
superiors with an improved recipe for
gun cotton. He became friendly with
Professor H. G. Magnus of the Univer-
sitBt Berlin and was allowed to share his
laboratory. This led to catastrophe. He

placed a fresh sample of his gun cotton
in a drying cabinet, which was innocent-
ly heated by Magnus:[27a] “As I returned
to the laboratory early one morning after
a short sleep I found the professor stand-
ing sadly amongst the ruins in the middle
of the room. When the drying cabinet
was heated the gun cotton had ignited
and destroyed the oven. One glance
revealed both this and the complete
success of my investigations. The profes-
sor, with whom I tried to dance with joy
around the room, at first appeared to
regard me as mentally disturbed. It took
a great deal of effort to calm him
down…”

Starting with the construction of
batteries, the young lieutenant soon
developed his telegraphy technology
and thus became the founder of an
international company still in existence
today. When Werner von Siemens
(1816–1892)—for it is he—became rich
and famous decades later it was a source
of considerable pleasure for him to
cultivate the fascination of dangerous
chemistry. His numerous explosions had
led to permanent injury to the ear drum
with corresponding damage to his hear-
ing. Even in his later years Siemens
entertained in intimate company with
the unusual trick of blowing cigar smoke
out of his ears.[27b] Chemistry enthusiasts
cultivate their injuries just as lovingly as
corps students their scars! Anything for
toughness!

The Chemist at the Zenith of his
Existence

“The genius differs from the charlatan
only in that he is proved right.”
Peter Bamm, C18H22O2. Die Geschichte

einer Entdeckung[28]

Let us assume that unfathomable
fate has chosen our young, fictional hero
to bloom and become one of the truly
great of the subject. Of course, the
actual experts are firmly convinced that
success is due solely to their own
abilities and in no way to a poorly
conceivable parameter such as fate.
Most of the successful people in this
world have always been of the unshak-
able opinion that one does not suffer
fate, but that it is there to be shaped. Let

us therefore ask what is actually needed
on the way to the top.

Let us begin with a publication by
the 25-year-old Robert Bunsen (1811–
1899), a newly-appointed professor of
chemistry at the UniversitBt Marburg. If
one sought a motto for his early pub-
lications, which spread astonishment
amongst his professional colleagues, it
would have to be: “Show courage and
talk about it.” Today we might call this
attitude “mega-coolness”.

Comments such as “A severe eye
injury that I incurred during the course of
this investigation prevented me from
following the subject further” at the end
of an epoch-making publication on ca-
codyl compounds,[29a] which were to
ensure Bunsen an enduring place in
the history of chemistry, have the same
aloof charm as droll stories of old
generals who tell in passing of limbs left
behind on the battlefields of magnificent
victories. One could believe that Bunsen
played the same trumps quite unwit-
tingly. However, a detailed study of his
publications shows quite the opposite.
The handling of cacodyl cyanide led in
an obvious manner to a most meticu-
lously described poisoning: “If one ex-
poses oneself to the atmosphere of a
room in which merely a few grains
vaporize at ambient temperature, sudden
numbing of the hands and feet, dizziness,
and intoxication occur, which can extend
to complete unconsciousness. These oc-
currences are but of short duration and
without after-effects if one removes one-
self from the effect of the substance in
good time.” That this was richly embel-
lished is revealed to us by Bunsen0s
biographer Georg Lockemann:[29b] “The
intrepid researcher, who had not re-
moved himself :in good time6, lay ill for
several days; he hovered between life and
death.” The outcome of this incident:
the truly successful fighter is indeed
wounded on the battlefield and talks
about it, yet he does not fall!

Even today heroic acts in the labo-
ratory are generally admired. In his
work “The Billion-Dollar Molecule”,
BarryWerth described a young “intrepid
bench chemist”, who through clumsiness
dropped a bottle of benzene. The ben-
zene vapor ignited and the young man
fled the flames onto the window ledge:
“:What I think bothered me about the
whole thing was the fact that I caused a
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fire,6 he would recall, :and we used up all
the carbon dioxide extinguishers.6” In
fact such misadventures are rarely de-
scribed, but the noble behavior of the
man who in no way considered his own
life but worried about the enormous
consumption of carbon dioxide by the
fire extinguishers justified an exception,
and actually: “Tishler excelled at Har-
vard”.[30]

Otherwise the problem of personal
safety during the experimental work of
chemists is happily hushed up and is
therefore seldom reflected in literature.
Communications such as “I carried out a
15-step preparation and at the final
stage I tripped over the doorstep” are
never found in the autobiographies of
chemists. In fact the author of these lines
knows of chemical institutes that have
installed panoramic mirrors at corridor
junctions in order to prevent collisions
between rushing postgraduates and
their substances. However, a sympathet-
ic silence covers up the chemist dramas
concealed behind such architectural
features. Broken fragments in the corri-
dor are simply not a topic for discussion.
The single citation on this topic is
provided by Erwin Chargaff (1905–
2002) in one of his always very readable
works. In his autobiography “Heracli-
tean Fire” he describes a colleague who
before each synthesis practiced even the
simplest of hand movements in the
smallest detail in order not to endanger
valuable compounds. Particularly de-
lightful:[31] “An empty beaker was raised
and slowly and carefully emptied into an
empty separating funnel, the noncontents
of which, after being shaken, divided into
two layers of nonentity, separating noth-
ing from nothing.” One could make fun
of this pantomime—not so Chargaff,
who interpreted it understandingly as
part of the “great corpus mysticum of the
world”.

But what use is courage and dexter-
ity to a young chemist when the creative
act of imagination is lacking? Surpris-
ingly, this topic is usually also ignored. It
could be thought that for chemists and
the men of letters who write about them,
imagination is something suspect. The
origin of a new concept or a new theory
is readily depicted as if it had evolved in
crystalline clarity as an abstract, consis-
tent consequence of an absolutely logi-
cal derivation, and the supposedly com-

pletely emotionally detached brain of
the researcher as an ice-cold functional
computer. Consequently, one of the
greatest autobiographies by a chemist,
“The Double Helix” (1968) by James D.
Watson (born 1928), encountered con-
siderable disapproval from colleagues.
Yet such a cheerful self-description is
seldom found twice. A postdoctoral
researcher on the threshold of the Nobel
Prize he fully intended to get—oh, how
immodest!!!—at the same time always
on the quest for sex and alcohol, is hard
for the scientific community of chemis-
try to tolerate. Thus, Watson rounds off
the description of a scientific conversa-
tion with the unique sentence: “Our
bottle of Chablis… diminished my desire
for hard facts.” Watson experienced an
important intellectual breakthrough in
an unheated train when he doodled a
structural scheme in the margin of a
newspaper, to then come to the critical
realization, only after he had cycled to
the college and—because he was too
late—climbed over the gate: “… I had
decided to build two-chain models.”[32]

We should accept Watson0s subjective
text simply for what it is, subjective, and
reject the carping of his sometimes
prominent contemporaries, who had
perhaps only got a raw deal with the
Chablis and missed the true, the great
objectivity.

A further fundamental factor for
successful research is the availability of
adequate amounts of suitable starting
materials. What use is a good idea to our
young, fictional researcher when the
chemical compounds upon which he
could build are not available? In the
description of complicated chemical
compounds, particularly in older bio-
chemistry text books, there is often the
comment that no technically exploitable
total synthesis is available and that it is
therefore necessary to start from natural
products for large-scale preparation.
Their occurrence in nature is then
described sketchily and usually with
total indifference, with a Latin term.
Only in the rarest of cases would the real
meaning be evident to the reader, espe-
cially the student.

In October 1934 the engineer and
author Carlo Emilio Gadda (1893–1973)
published in the Gazzetta del Popolo the
poetically styled report “A Morning at
the Slaughter House”, in which he

dedicated a long passage to the collec-
tion of certain animal organs by a special
butcher as a reservoir of biochemically
and pharmaceutically important sub-
stances. A “nimble thief …: in a flash
he robbed the animals of their essential
glands”. Gadda reveled in the dreadful
mood and described dramatically the
“cutting of the tongue” and the blood-
stained, half-open leather bag in front of
the butcher's stomach, full of pineal and
adrenal glands. Gadda spins the thread
further in typical fashion. Instead of
being thankful to butchers, pharmacists,
and chemists he dramatizes the strange-
ness of the scene and fantasizes in eerie
alchemical clichEs: “But a formula is
essential! After they have listened to the
opinion of the formula distillers the
opotherapists will distil from it miracle-
working phials; let their imaginative
decoctions bubble in their never-existing
pots. The three weird sisters will perform
the greatest witchcraft of life, and astride
a broom dance around the witches6
cauldron in an oxytonic rhythm of dev-
ils…” These “three weird sisters” from
Shakespeare0s Macbeth foretell—and
here Gadda0s whole ridicule culmi-
nates—impotent old men a large issue
thanks to the action of pharmacy and
chemistry.[33]

We remain with the problem of the
procurement of exotic starting materials
and also with a similar topic, whereby in
the title of the work to be discussed it is
more a matter of the prevention of
numerous progeny—but with retention
of full male virility. In 2001, in his partly
autobiographical reflections with the
title “This Man0s Pill”, Carl Djerassi
described an interview he held on Oc-
tober 3, 1979 with Russell Marker, a
legend of steroid chemistry.[34a] Marker
represents an extremely rare type of
chemist, the adventurer without his own
laboratory, who followed the yam
(which contained the substance he hotly
pursued, progesterone) into remote
areas of Mexico. He had the yams
chopped like potato chips in a small
coffee-drying plant, dried in the sun, and
then ground up in Mexico City. The
workup was carried out with borrowed
extraction apparatus, and the isolation
in a likewise borrowed laboratory.

Chemists do not often make them-
selves noticed through stormy political
dogma, but cultivate a quiet and upright
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conformity. Our fictional chemist is no
exception. Rarely, only very rarely, are
views on topical political events found in
the autobiographies of chemists. The
chronicler is all too painfully aware of
what a large role the talent for mixing
with the great and influential of state
and society can play for the career of a
chemist. The Nobel Prize winner Rich-
ard WillstBtter (1872–1942) records one
of the rare descriptions of this delicate
topic in his autobiography “Aus meinem
Leben”. Following the description of a
laboratory inspection by Kaiser Wil-
helm II there comes a quite tragic de-
scription of how he and Fritz Haber
(1868–1934) practiced the correct court
behavior in WillstBtter0s study should
the Kaiser summon them—two future
Nobel Prize winners for chemistry:[35a]

“At that time we were threatened that any
evening we could be summoned to the
Palace for a lecture. One hardly trusted
oneself to wear slippers. Haber practiced
the required fine behavior in my spacious
study, especially the backwards exit,
which cost me a Copenhagen vase. But
it never happened, not for any natural
scientist.”

This story dates back about ninety
years, but with a closer look at the
history of German chemistry since, one
could be overcome by the feeling that
many representatives of our profession
have all too zealously practiced “exiting
backwards” in dealing with the powerful
of this world—perhaps even similar to
those English aristocrats who lead
Queen Elizabeth II into the House of
Lords backwards.[36]

How did Goethe describe laborato-
ries: “extensive, unwieldy apparatus, for
fantastical purposes.” Such a brief, at-
mospheric description would not flow
from the pen of a chemist. The exotic/
uncanny was only ever seen by others.
Everyone is aware of the magic which
the mighty glass apparatus of a labora-
tory can unfold, but lyrical descriptions
of their own laboratory are apparently
not a topic for proper chemists. We
would therefore not expect it of our
fictional chemist either.

With all its literary qualities Justus
von Liebig's “Letters on Chemistry” is
no exception. It is true that his unending
enthusiasm for chemistry shines out
from every sentence, but nevertheless
the descriptions carry a certain measure

of sobriety. He does himself not notice
the actual ambiance of a laboratory
when he also reflects upon the advances
in laboratory furnishing and the avail-
ability of new materials:[2c] “Without
glass, cork, platinum, and caoutchouc,
we should probably, at this day, have
advanced only half as far as we have
done. In the time of Lavoisier, only a few,
and those very rich persons, were able, on
account of the costliness of apparatus, to
make chemical researches.” For Liebig
the “modern” laboratory of his time is
no longer the “damp, cold, fireproof
vault … crowded with stills and retorts”
but “a light, warm, comfortable room”.
He underlined especially the great ad-
vance in heat sources and praised the
“odourless flame of gas, or of spirits of
wine … To these simple means must be
added :The Balance,6 and then we pos-
sess everything which is required for the
most extensive researches.” In this way
Liebig justified a tradition of restriction
to the simplest of aids in chemical
research. However, if one considers the
description of the lecture-theatre ex-
periments in his “Vorlesungsbuch”,[37]

he is in no way put off by complicated
experimental procedures, at least not in
front of an audience! The generation of
chemists that succeeded him followed
the ideal of simplicity in apparatus, at
least to such an extent that they attract-
ed the thinly veiled sarcasm of the next
generation of Liebig0s scientific de-
scendents. Liebig0s successor as profes-
sor at the UniversitBt MDnchen, Adolf
von Baeyer (1835–1917), felt so obligat-
ed to the Liebig ideal that he provoked
WillstBtter0s terse derision: “I have seen
Baeyer spend three quarters of an hour
attentively activating magnesium with
iodine gently by hand in a test tube above
a flame for a difficult Grignard reaction.”
WillstBtter found the simplicity of Baey-
er0s style of research plainly comical in
its lofty simplicity: “Baeyer6s apparatus
was simply the test tube.”

But times change. Just a few decades
later the emphatically simple style of
research of the Liebig/Baeyer era be-
longed forever to the past. Even Will-
stBtter emphasized the further develop-
ments in equipment in his own time:[35b]

“Emil Fischer has introduced the vibrat-
ing bomb furnace into the laboratory,
Fritz Haber the high-pressure auto-
clave.” In 1993, Albert Hofmann de-

scribed the unpretentious laboratories
at Sandoz in his famous autobiography
“LSD—My Problem Child”:[38a] “We
worked, three academics each with a
laboratory assistant, in the same room on
three different topics … The laboratory
was equipped with two :chapels6—sec-
tions furnished with fume hoods, the
ventilation of which by gas flames was
really quite ineffective. When we asked
for these to be replaced by fans, the boss
refused on the grounds that in the Will-
st�tter laboratory this type of ventilation
also sufficed.” Hofmann maintained re-
gretfully: “… the working methods
which were available at the time, at the
beginning of the 1930s, were essentially
still the same as those used by Justus von
Liebig a hundred years earlier.” The
great advance in his own time he
regarded to be “the introduction of
microanalysis by B. Pregl”, but regretted
that “all the other physical chemical
methods available to the chemist today
did not yet” exist. During the course of
the decades it became important for an
ambitious young chemist to master as
perfectly as possible the most modern
working methods of his time. Thus, a
new requirement for the advancement
of young scientists in the scientific
community had taken shape, namely
the quest for the newest methodology.
It is therefore no wonder that Hofmann
highlighted column chromatography as
the decisive basis of his successful ergot
work.

However, chemistry and chemists
unfortunately do not escape their fate.
Albert Hofmann0s ergot work was also
exploited from a chemical pharmaceut-
ical aspect and was to have been a
blessing to humanity. But as the broom
escaped Goethe0s apprentice so Hof-
mann had to experience painfully how
his great discovery of LSD got out of his
control, and evolved a highly disturbing
self-existence. He responded with the
publication of his wonderful autobiog-
raphy and in it found the strength to
reflect upon the Janus-faced nature of
his great discovery, lysergic acid dieth-
ylamide, and its terrible development to
a cult drug. Against the background of
our question of why laboratories and
chemists come across as sinister to the
general public, an exceedingly unusual
partial aspect is examined more closely:
The zenith of Hofmann0s book is with-
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out question the reproduction of the
laboratory notebook of April 19, 1943
with its now legendary self-experiment
and the description of the subsequent,
initially depressive but finally exhilarat-
ing experience. Hofmann's description
of the two most important days—April
19 and 20—follows a simple scheme: 1.
The dry description of the investigation.
2. The catastrophe: “The neighbor6s
wife, who brought me milk, … I no
longer recognized. It was no longer Mrs
R., but an evil, insidious witch with a
colored and distorted face … All efforts
of my will to prevent the destruction of
the external world and the dissolution of
my :self6 appeared useless. A demon had
entered me…” 3. The remorseful phase:
“… the thought of having to give up,
unfinished, my work as a research chem-
ist, which meant so much to me, in the
middle of fruitful and promising devel-
opment, increased my fear and confu-
sion.” 4. The phase of elation: “Like a
kaleidoscope, varying, colorful, fantastic
images pressed upon me, in circles, in
spirals, opening and closing again, spray-
ing in colored fountains, rearranging and
crossing, in constant flow. Particularly
remarkable was how all acoustic experi-
ences such as the noise of a door handle
or a passing automobile changed into
optical phenomena. Every noise pro-
duced in form and color a living, chang-
ing picture.” 5. The happy return to
“normality”: “A sensation of well-being
and new life flowed through me.”[38b]

The literary quality of Hofmann0s
description becomes only fully evident
when one allows oneself the natural but
somewhat macabre amusement of com-
paring it with the more famous descrip-
tion by Robert Louis Stevenson of the
first change of Dr. Jekyll into Mr. Hyde.
This first metamorphosis of Dr. Jekyll is
one of the outstanding passages in
Stevenson0s work “Dr. Jekyll and Mr.
Hyde”, published in 1886—just four
decades before Hofmann0s work was
published. The English author (1850–
1894) describes his own experiences; he
was treated for tuberculosis with co-
caine. The narrative runs more rapidly
with Stevenson, the description is short-
er, but the structure is almost identical:
1. The experiment. 2. “Agonizing mortal
fear”: “… a grinding in the bones, deadly
nausea, and a horror of the spirit that
cannot be exceeded at the hour of birth or

death”. Then the sequence changes in
comparison to Hofmann0s report. Next
Stevenson experiences a feeling of ex-
hilaration: “I felt younger, lighter, hap-
pier in body; within I was conscious of a
heady recklessness, a current of disor-
dered sensual images running like a mill
race in my fancy …” Only in the fourth
section is there something like regret: “I
knew myself with the first breath of this
new life, to be more wicked, tenfold more
wicked, sold a slave to my original
evil.”[39]

The surprising and the truly disturb-
ing lies in the fact that both citations
may be read almost identically and are
therefore totally interchangeable. Only
a very observant chemist or pharmacist
would notice the exchange. That Hof-
mann0s text can be almost seamlessly
inserted into Stevenson0s horror classic
says something about the sinister aspect
of Hofmann0s work and emphasizes the
conflicting traits, the Janus-faced nature,
of his research. It could almost be said
that Stevenson0s work would benefit by
an exchange with citations from Hof-
mann. Hofmann also offers a more
competent description of the laboratory.
Stevenson, in contrast, uses the fre-
quently employed and rather worn-out
clichE: “… and late one accursed night, I
compounded the elements, watched them
boil and smoke together in the glass …”
As Goethe phrased it: “extensive, un-
wieldy apparatus, for fantastical purpos-
es.”

We now follow our fictional chemist
to the peak of his fame. This, too, is
rather seldom presented from an auto-
biographical perspective, and when it is,
then in a very restrained manner. There-
fore, an outstanding exception is depict-
ed in the following. In “This Man0s Pill”
Carl Djerassi describes, on the occasion
of a press conference, the successful
synthesis of cortisone starting from
Russell Marker0s diosgenin. The result-
ing two articles in Life and Harper0s
Magazine delighted Djerassi and his co-
workers: “one last blast of the bellows on
the flickering flame of our pride”. The
team shone “in immaculate white lab
coats”, and “Rosenkranz held a test tube,
filled almost to the brim with white
crystals—the chemist's equivalent of the
climber's flag on top of Mount Ever-
est.”[34b] Unfortunately the researchers
had only synthesized a few milligrams of

the new compound, and the test tube
merely contained normal table salt.
Even at the summit all that glitters is
not gold. However, as so beautifully
expressed in Harper0s Magazine: “UBig
minds rather than big research budgets
lead to big discoveries0”. Nevertheless,
experience shows that it is not at all
unfavorable when money and intellect
come together.

Swan Song

“No, I wouldn't trust anybody with that
formula …”
Dorothy L. Sayers, The Man Who Knew

How[40]

We are now over the peak. It is all
downhill from now on for our fictional
hero, but also for us chemists. It is the
sad duty of the unhappy chronicler to
inform the patient reader that in our
midst, that is, among truly good chem-
ists, hides many a queer fish and many a
black sheep. A thorough study of histor-
ical work, as well as current daily news-
papers, reveals that it is not that un-
common for perverted idealists to strive
to influence the path of history in back-
room minilaboratories, not only by mix-
ing artificial fertilizer with diesel or even
by activating acetone with hydrogen
peroxide, no—they do not even flinch
from igniting these products for purpos-
es of political intent.

It all represents a rich reservoir of
motives for novelists. In particular the
use of explosives in novels allows an
abrupt change in the plot that is readily
understandable for every reader. Thus,
explosives appear with astonishing fre-
quency in belletristic literature.[41] On
the other hand, meaningful literary ob-
servations on applied explosives chemis-
try from the pen of more- or less-
successful terrorists are rather rare; it
is a group of people who are not exactly
encouraged to write by the anxious
protectors of public order. For a rare
example we have to thank Boris Savin-
kov (1879–?), whose “Memoirs of a
Terrorist” was published in 1917/18—
and posthumously in German by the
BDchergilde Gutenberg in 1929. Such
autobiographies are a matter of taste. At
least it can be learned from them that
the preparation of blasting gelatin is
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rather dangerous:[42a] “On the night of
March 31 Pokotilov died in an explosion
in the Nordhotel as he prepared the
bombs for the second time. Our bombs
had chemical fuses: they were furnished
with small tubes arranged laterally, with
igniting and detonating sequences. The
first were made of small tubes and
balloons filled with sulfuric acid, with
lead weights attached. These lead weights
broke the glass tubes as the bomb was
dropped at the desired location; the
sulfuric acid, as it poured out, ignited a
mixture of potassium chlorate and sugar,
and only that caused an explosion of the
mercury fulminate, and then the dyna-
mite … The unavoidable danger on
loading was that the glass tubes could
easily break in the hand.” The question
of whether the BDchergilde Gutenberg
would still publish an exact description
of functional chemical fuses for gre-
nades today can be dismissed as im-
probable.[42b]

From the viewpoint of a normal
chemist passages such as the following
make exciting reading, but are disturb-
ing to a certain extent. Savinkov de-
scribes the impressions of a co-conspir-
ator during the assassination of the
Czar0s interior minister (July 15,
1904):[42c] “As he stood on the bridge,
the blood-spattered horses raced past,
dragging the remains of wheels behind
them. When he saw that only the wheels
remained of the coach, he realized that
Phlewe was dead.” Savinkov himself
observed the attack from some distance
and was moved to almost lyrical
lines:[42d] “Suddenly a heavy and weighty,
unusual sound invaded the monotonous
noise of the streets. It was as if someone
had hit a cast-iron plate with a cast-iron
hammer. At the same moment the shat-
tered window panes clattered pitifully. I
saw how a column of gray-yellow smoke,
almost black at the edges, rose from the
ground like a small whirlwind. The
column widened ever further and filled
the whole street at the height of the fifth
floor. It spread just as fast as it had risen.
It appeared to me that I saw some sort of
black debris in the smoke.” It can be
learned from Hemingway or Lawrence
of Arabia that the cold-blooded, prac-
ticed observer could identify the chem-
ical composition of the explosive from
the color of the smoke. Without pro-
found analysis it can be stated that such

descriptions are not well-suited to re-
duce the general fear of chemistry.

Yet that is still not enough—the
impression that chemical laboratories
are in truth workshops of sinister activ-
ity goes even deeper. Hardened readers
are recommended the disturbing book
by Ilya Zbarsky, “Lenin0s Embalmers”,
which is equally thrilling as it is thought-
provoking. The candid story (the terror
of Stalinismmakes it frightening) is soon
told: For decades Boris Iljitsch Zbarsky
and later his son Ilya, as biochemists
with leading positions in the laboratory
team, were in charge of the conservation
of Lenin's body. In 1924, to create a
state-supporting cult in the still-young
Soviet Union, Stalin ordered the perma-
nent conservation of Lenin0s mortal
remains, still intact to this day, after
eight decades—but note: a chemical
conservation, not a mummification!
The body was transferred into a spe-
cially made rubber trough, where he
“immersed in the viscous liquid …
looked like some strange marine crea-
ture.” A large amount of potassium
acetate and chloroquinine as disinfec-
tant was added to a water/alcohol/glyc-
erol mixture. It was terribly difficult to
keep the body fresh: “If a patch of
wrinkling or discolouration occurred it
was treated with acetic acid diluted with
water. Hydrogen peroxide could be used
to restore the tissues6 original colouring.
Damp spots were removed by means of
disinfectants like quinine or carbolic
acid.” Over the decades the recipe
became ever more sophisticated, but
the success was there for all to see. In
1934, an American scientist asked the
question: “Can it be true he died ten
years ago? Wasn't it only yesterday?”[43a]

“The year of the hundredth anniver-
sary of Lenin6s birth, 1970, marked an
important turning point in the history of
the mausoleum laboratory … Every
scientist on the staff of the lab had a
corpse at his disposal on which to carry
out his own experiments; he was kept
completely ignorant of his identity. Even
today there is still a kind of :secret
museum6 of such nameless bodies in the
laboratory. Most are kept under glass
covers, but some have been forgotten for
years and lie in their :balsam6 bath, their
hair floating like seaweed. It is a sight
that can have few parallels anywhere in
the world.”[43b]

The Russian biochemists were suc-
cessful in this remarkable if also absurd
deed, in conquering time and its accom-
panying natural decay. It is obvious that
already in the 1920s authors thought up
scenarios in which, by means of chemis-
try, the boundary between life and death
was blurred in such a way that man, as a
guinea pig in a sort of super-horror
laboratory, no longer recognized wheth-
er he was alive or already dead, or dead
and only apparently alive.

In 1924, Alfred DCblin used this
theme in his expressionist utopia “Berge
Meere und Giganten”. The scene in the
intricate and complex plot is picked out
in which the “GrDnen” pursue the
“Violetten Mekis” “beyond death”, and
in underground cemetery laboratories
undertake biochemical research on their
organs in which—and this is the last
possible embellishment of the maca-
bre—they allow the apparently living
but actually dead Violetten to partici-
pate. The culmination of this brutal
research is represented by the test sub-
stances that for “scientific” purposes are
added to the “imaginary nutrition” of
the Violetten Mekis:[44] “It mattered not
to the GrHnen if someone died and lost
what one superficially … called his Life.
Out of the dining rooms and laboratories
they climbed into the cemetery, measured
heat, withdrew liquids, added materials,
regulated gas input, applied electrical
currents, and drove rays through the
resting parts. The Violetten never knew
what was happening to them. They
believed they lived, ate, drank, and
breathed like the rest. They ate imaginary
foods, drank imaginary drinks, breathed
air in their rooms, in their well-segregat-
ed, sealed guest rooms, which were
saturated with secret substances.”

It is time to come to an end and to
take leave of our “synthetic” chemist
made up of many individual fates. Let us
prepare for him a dramatic end, true in
style, even if for obvious reasons no
autobiography is available for this con-
cluding reflection!

A scene from the short novel “The
Sandman” (1817) by E. T. A. Hoffmann
has been chosen as the dramatic final
tableau. The Sandman, or actually Cop-
pelius, visits the father of little Nathaniel
one more time to carry out chemical/
alchemical work with him. Secretly
Nathaniel observes them and describes
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a typical cupboard laboratory for mid-
dle-class circles in about 1800. It was a
tiny laboratory for hobby chemists or
alchemists, fitted with hoods and flue
connection, and hidden in a lockable
wall cupboard. Hoffmann describes the
laboratory furnishing somewhat super-
ficially, but for lay people absolutely
coherently:[45a] “… a blue flame crackled
up from the hearth. All manner of
strange instruments were standing
around …” Apparently no more is
required to characterize the sinister
nature of chemistry, and an exact de-
scription of the laboratory certainly was
no use to Hoffmann, since he soon had it
blow up:[45b] “It must already have been
midnight when a frightful crash was
heard, as though a cannon had been
fired … I raced to my Father6s room; the
door was open, a cloud of suffocating
smoke billowed towards me, and the
maidservant shrieked: :Oh, the master!
the master!6 On the floor in front of the
smoking fireplace my father was lying
dead, his face burnt black and hideously
contorted.”

The inclined reader is well advised
to be thankful to the author that he has
held back many notable works on fan-
tastic and artificial life! As a chemist
one may well be justifiably saddened by
the always one-sided and frequently
smelly and noisy portrayal of chemistry
in the literature, but one must admit that
it plays a definite suspense-enhancing
role, which is not easily replaced by
anything else.

Chemistry was and is a femme fatale,
threatening to its admirers, and even not
so infrequently fatal, but full of constant,
secret excitement. A beautiful woman
from whom it is difficult to keep a
distance, even if that were perhaps more
sensible!
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1. Introduction

The strength, nonpolar nature, and low polarizability of
C�H bonds lead them generally to be considered chemically
inert. However, over half a century ago it was already being
contemplated that s- and p-block metals could form signifi-
cant interactions with the C�H bonds of s-bound alkyl
groups. Burawoy (1945) and Pitzer and Gutowsky (1946)
proposed the dimeric structure of Me3Al (1) to result from
Al···HC bridging.[1] Subsequently, in 1965, Craubner sug-
gested hexameric nBuLi (2) to be associated through Li···HC
interactions (Figure 1).[2] This remarkable proposal was
prompted by the significant shielding of the a-H nuclei
shown in the 1H NMR spectrum, and supported by significant
lowering of the corresponding Ca�H stretching modes in the
IR spectrum.[3] The first structural verification of such Li···HC
bridges was obtained in the 1970s, when Stucky et al.
determined the structure of the cC6H11Li (3) hexamer by
single-crystal X-ray diffraction, and also identified reduced
frequencies for the Ca�H stretching fundamentals.[4] A
subsequent combined X-ray and neutron diffraction study
of LiBMe4 (4) identified doubly and triply bridged Li-CH3-B
moieties.[5] Ironically, althoughAl2Me6 (1) was recently shown
to exhibit no Al···HC contributions in the bridge bonding,[6]

the original report of Pitzer and Gutowsky appears to have
seeded the idea in the minds of chemists.

Throughout the 1960s and 1970s, a growing body of
crystallographic and spectroscopic evidence was amassed,
which suggested that transition metals were also capable of
forming significant interactions with the C�H bonds of
appended ligands. The first such report came in 1965 from
La Placa and Ibers, with the close approach of an ortho-C�H

bond of a triphenylphosphane ligand to the RuII center in
[RuCl2(PPh3)3] (5).

[7] However, the authors concluded that 5
“is a true five-coordinated d6 complex” and that the
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The phenomenon of agostic interactions is reviewed and the
nature of the interaction is revisited. A historical perspective is
followed by an overview of experimental techniques used to
diagnose agostic behavior, and previous interpretations of agostic
bonding are presented. A series of simple metal alkyl complexes is
considered and a new model for the phenomenon in d0 systems is
developed which sets them apart from agostic late-transition-
metal complexes. Factors such as the valence electron count and
coordination number of the metal center are revealed to be
unimportant in facilitating the interaction in most d0 systems. The
charge density distribution in several transition-metal alkyl
complexes is explored by experimental and theoretical techniques,
including the powerful “Atoms in Molecules” approach. Local
charge concentrations are shown to play an important role in the
agostic interaction. Finally, we demonstrate for the first time a
way to manipulate and control the magnitude and disposition of
such local charge concentrations, and hence the strength of
agostic interactions in d0 metal alkyl complexes.
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Figure 1. Structural models of [{nBuLi}6] (2), LiBMe4 (4) [Mo{Et2B(pz)2}(h
3-

C3H4Ph)(CO)2] (8), and trans-[Pd(CMeCMeCMeCMeH)Br(PPh3)2] (9), which
show M···HC interactions. For 4, only a partial structural model is
represented.
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calculated Ru�H separation “is about what is expected from
van der Waals radii”. This study was followed soon after by
the observation from Shaw et al. of a close M···H contact in
trans-[PdI2(PMe2Ph)2] (6).

[8] This time, the metal coordination
was described as “a distorted octahedron, the sixth co-
ordination being occupied by a hydrogen”. However, the
relevance of this new type of interaction in transition-metal
chemistry was realized towards the end of the 1960s by
Trofimenko, who reported “hydridic” character in the NMR
spectroscopic properties of the methylene group in a series of
transition-metal pyrazolylborato complexes,[9] and concluded
“hydrogens are intruding into a suitable empty metal
orbital”—a concept later developed and refined by Brookhart
and Green.[15]

Trofimenko subsequently played a pivotal role in the
investigation of these M···HC interactions in transition-metal
systems throughout the early 1970s, and provided samples of
[Ni{H2B(pz)2}2] (7; pz=C3N2H3) and [Mo{Et2B(pz)2}(h

3-
C3H4Ph)(CO)2] (8, Figure 1) to Cotton and Echols, who
determined their structures by single-crystal X-ray diffraction
and NMR spectroscopy, and reported the presence of such
interactions in 8 and their absence in 7.[10,11]

By analogy to bonding concepts in borane chemistry,
Cotton classified the interaction in 8 as “a three-center, two-
electron bond encompassing the C···H···Mo atoms”[10a] and
drew comparisons with the concept in organolithium chemis-
try accounting for “three-center bonds of the form
C···H···Li”.[4] Around the same time, Maitlis et al. discovered
an interaction between the palladium center and the d-C�H
bond in trans-[Pd(CMeCMeCMeCMeH)Br(PPh3)2] (9 ;
Figure 1) and concluded “This type of interaction has not
been observed before, though Trofimenko noted that the
methylene hydrogens of the ethyl groups in [Ni{Et2B(pz)2}2]
are shifted downfield”.[12] Hence, as early as 1972 a distinction
had been made between agostic interactions and so-called
three-center, four-electron (3c-4e) M···HX bonds.[13]

By the early 1980s an irrefutable body of evidence had
been gathered showing that alkyl ligands can coordinate to a
transition-metal center M in an h2-fashion, with the primary
M�C bond being augmented by a significant secondary
interaction involving an unusually short M···HC contact. In
1982, Green et al. reported what are now the textbook
examples of M···HC-a and -b interactions in the transition-
metal alkyl complexes [RTiCl3(dmpe)] (dmpe=
Me2PCH2CH2PMe2; R=Me 10 or Et 11).[14] Brookhart and

Green recognized the importance of such an interaction to
fundamental organometallic transformations, such as C�H
activation and a- and b-hydride elimination, and coined the
term “agostic” to describe the phenomenon.[15] They also
introduced a “half arrow” convention to represent the
interaction.[15]

According to the original definition, the term “agostic” is
“used to discuss the various manifestations of covalent
interactions between carbon–hydrogen groups and transition
metal centers in organometallic compounds, in which a
hydrogen atom is covalently bonded simultaneously to both
a carbon and to a transition metal atom”.[15] Nowadays, this
original and precise definition of agostic interactions has been
widened to encompass noncovalent interactions between
main-group elements, such as Li, and polar H�X bonds (e.g.
X= Si, Ge …). Hence, the meaning of the concept—a
hitherto rare interaction between “chemically inert” C�H
bonds and transition-metal centers—has been somewhat lost
through this current usage.

We therefore propose a general phenomenological defi-
nition: agostic interactions are characterized by the distortion
of an organometallic moiety which brings an appended C�H
bond into close proximity with the metal center. Such a
definition accommodates most of the reported examples, and
separates the nature of the phenomenon and the driving force
behind it from its observable chemical consequences.

Appreciation of this hitherto unperceived bond-type
prompted a profound reassessment of the chemical behavior
of saturated organic ligands, with important implications for
major processes such as hydroformylation, Ziegler–Natta
polymerization,[16,17] and the activation of C�H bonds.[18] In
addition parallels were drawn with hydrosilylation and
dihydrogen activation processes, in which a Si�H or H�H
bond, respectively, coordinates in an h2-manner to a metal
center in an intermolecular interaction.[19,20]

A fundamental reaction of transition-metal alkyl com-
plexes is cyclometalation, a reversible process by which the
alkyl is converted into the corresponding metal alkene or
metal alkylidene hydride complex.[21] Such a situation is
represented in Scheme 1 for b-hydrogen elimination or its
reverse, alkene insertion into a M�H bond. This scenario was
first discussed for [EtTiCl3(dmpe)] (11).[146] Green et al.
concluded that in 11 “the ethyl group models a stage about
half-way along the reaction coordinate for a b-elimination
reaction”. However, the elimination product would be
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unstable “since the d0 titanium center cannot formally back-
donate electrons to the ethylene ligand”, consistent with the
general absence of b-hydrogen elimination in the chemistry of
d0 transition-metal alkyls.[14]

The realization that the intermediate II (Scheme 1) can
actually be the ground state under appropriate conditions
prompted a major shift in thinking in organometallic chemis-
try and catalysis.[14,15] Furthermore, at this early stage it was
already clear that agostic d0 complexes should be distin-
guished from their later dn (n� 2) counterparts, which are
able to back-donate electrons and thus support a nascent
alkene ligand. For example, there are many more examples of
alkene hydride complexes than of simple alkyls known for the
metals of groups 9 and 10; and dynamic equilibria between
the agostic (II) and alkene hydride species (III), Scheme 1,
have only been reported for late-transition-metal alkyl
complexes.[39] Hence, there is clearly a compelling need not
only to understand the true nature, origins, and consequences
of agostic bonding, but also to distinguish between the type of
agostic bonding displayed by Lewis acidic d0 transition metals
and that of their electron-rich late-transition-metal counter-
parts.

Two comprehensive reviews appeared in 1983 and 1988,
documenting the initial discovery and interpretation of
agostic interactions in transition-metal systems.[15] Brookhart
and Green initially proposed the bonding to consist of a three-
center, two-electron (3c-2e) covalent bond, with “donation of
C�H bonding electrons into a vacant atomic orbital on the
transition metal atom.” This concept was extended by
Kaufmann et al. to encompass nontransition-metals, with
the suggestion that “sCH-Li interaction is the organolithium
form of the agostic interaction”.[22] As Figure 2 shows,
however, interest and activity in the subject area has
expanded dramatically since the 1980s.

In this review the techniques which have been employed
to characterize agostic interactions are critically assessed, the
developments in the understanding of the phenomenon since

the last review are outlined, and the current state of knowl-
edge concerning the nature of the bonding in agostic d0

transition-metal alkyl complexes (including Si-substituted
alkyl ligands and the alkyl moieties of appended donor
ligands) is described; we also discuss how these are related to
similar systems involving metals outside the d-block. Finally,
we show how an improved understanding of the nature and
origin of these agostic interactions may be exploited to
control and manipulate the phenomenon.

2. Characterization of Agostic Interactions

Despite their significance and importance in organome-
tallic chemistry and catalysis, agostic interactions have proved
remarkably difficult to pin down and characterize in many
alkyl systems. Although the location of a hydrogen atom close
to the metal center and the consequent reorganization of
bonding electron density should result in major structural and
spectroscopic changes in the M···HC moiety, characterization
of the interaction is often fraught with difficulty. Herein we
summarize and assess critically the main techniques which
have been used in this respect.[23]

2.1. Diffraction Techniques
2.1.1. X-Ray and Neutron Diffraction

X-ray diffraction study of a single crystal represents by far
the most commonly used structural technique to reveal
agostic interactions. However, this method has significant
limitations originating mainly in the low scattering factor of
the hydrogen atom and the difficulties inherent in locating
hydrogen atoms in the vicinity of metal atoms of much higher
atomic number. In this case the relative X-ray scattering ratio
of Z(M)/1 (Z(M)= atomic number of the metal) is unfavorable
since (at sinV/l= 0) the scattering factor is proportional to
the total electron density and thus to the atomic number Z.
Thus, it is remarkable to find reports of the precise location of
hydrogen atoms in the vicinity of heavy atoms. This success is
only possible by using advanced experimental techniques,
such as area detectors, low-temperature devices, short X-ray
wavelengths, and small crystals of high quality.[24] In this
respect, experiments at multiple wavelengths or use of g-
radiation sources[25a] afford the possibility to minimize
absorption problems and to obtain extinction-free data by
extrapolation to zero wavelength.[25b] However, discrepancies
of more than 0.1 L are still common between the M···H
separations from such reports and those from neutron
diffraction studies. Accordingly C�H and M�H distances
can be determined only approximately, even with the most
modern X-ray diffraction methods. Some further progress can
be made by modifying the spherical scattering factors for the
hydrogen atom using radial screening parameters.[26] How-
ever, because of the strong correlation between these k-
parameters and the typically large thermal parameters of the
hydrogen atoms, even highly flexible multipole refinements
fail to locate hydrogen atoms precisely on the basis of X-ray
data alone.[27] Although b-, g-, and higher types of interaction

Scheme 1. b-Hydrogen elimination in of transition-metal alkyl
complexes.

Figure 2. Number of publications N with the keyword “agostic” which
appeared in the chemical literature between 1980 and 2000.
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have been inferred from the geometry and disposition of the
carbon-atom framework of an alkyl ligand, a-agostic inter-
actions are near-impossible to characterize by X-ray diffrac-
tion alone.

For more accurate location of the hydrogen atoms,
however, neutron diffraction remains the technique of
choice for several reasons: 1) the nucleus acts as a point
scatterer for neutrons with a wavelength of l� 1 L; 2) the
neutron scattering lengths, unlike the X-ray scattering factors,
are independent of the diffraction angle q ; 3) the scattering
length is a property of the nucleus and therefore different for
different isotopes of the same element; and 4) for most
elements the scattering length is wavelength-independent.[28a]

As a consequence, the neutron scattering ratio M versus H is
typically more favorable than in the X-ray case. However, the
long collection times and large single crystals required mean
that only a handful of agostic alkyl systems has been
characterized to date by this technique even though modern
methods[29] permit diffraction experiments for sample vol-
umes < 1 mm3. This is a rather unsatisfactory situation, since
several neutron studies have already demonstrated that
potential agostic model systems turn out to show no
significant C�H activation despite clear deformations in the
alkyl backbone. For example, the original study of
[CD3TiCl3(dmpe)] (10) revealed the methyl group to be
canted with respect to the M�C bond, with one Ti-C-H angle
of 93.5(2)8 ; however, apart from this tilting the internal
geometry of the CD3 moiety was more-or-less normal.[14b]

Investigation of the dimer of [MeTiCl3] (12), that is,
[{(CD3TiCl2)(m

2-Cl)}2]by powder neutron diffraction found
no evidence for abnormality in the Ti�CD3 geometry,[30] in
contrast to an earlier report on the basis of a single-crystal X-
ray study.[31] A recent study of the complex [(CD3)2Mo(2,6-
iPr2H3C6N)2] (13) by Gibson et al. revealed the methyl ligands
each to be canted in a double agostic interaction with the Mo
center. Again, however, the internal CD3 geometry was
remarkably normal.[32]

2.1.2. Gas Electron Diffraction

The gas phase offers the only medium for structural
analysis which is truly free from intermolecular forces that
perturb the equilibrium structure of the isolated molecule.
Unfortunately, though, studies of gaseous molecules are often
frustrated by problems of thermal stability, involatility, or
molecular complexity. Gas electron diffraction (GED) is the
mainstay of structural studies involving gaseous molecules.
However, the complicated diffraction pattern thus obtained
imposes severe limitations: it does not discriminate well
between interatomic distances that are comparable in magni-
tude, and the relatively weak scattering of hydrogen atoms
again tends to impair accurate location of the hydrogen
atoms.

To date, no compound has been shown unambiguously to
possess an agostic structure by GED. Although 12 was
originally reported to possess a significantly distorted methyl
group implying a triple a-agostic Ti···HC interaction,[33] a
reinvestigation found the Ti�CH3 geometry to be normal.[34]

A subsequent study of [EtTiCl3] (14) showed a Ti-C-C angle

of 116.6(11)8 and Ti···Hb separations of 3.24–3.97 L.[35]

[Cp*TiMe3] (15 ; Cp*=h5-C5Me5) was reported to have
flattened methyl groups with Ti-C-H angles of 103.8(1.2)8,
albeit with a normal Ti···H separation of 2.60 L.[36] However,
the unsubstituted cyclopentadienyl congener [CpTiMe3] (16 ;
Cp= h5-C5H5) appears to be unremarkable in this respect
(a Ti-C-H 107(3)8 ; Ti···H= 2.61 L).[37]

2.2. Spectroscopic Techniques
2.2.1. Solution NMR Spectroscopy

In principle, the redistribution of bonding electron density
on development of a M···HC interaction should be revealed
unambiguously by the NMR spectroscopic properties of the
system, with changes in chemical shifts and coupling constants
for the 1H, 13C, and possibly also the metal nuclei. This
assumption is beset by two difficulties, however, namely the
long timescale of the NMR experiment and the relatively
weak nature of the interaction, which render all but the
strongest agostic alkyl complexes fluxional. The fluxionality
averages the changes between two or more C�H bonds such
that the effect is obscured. All but the strongest agostic
interactions are characterized by barriers to C�H exchange of
about 10 kcalmol�1 or lower, which means that static spectra
are in the best case observable at low temperatures (e.g. �80
to �100 8C).[15] These complications were highlighted in an
elegant study of the protonation product 17 of [Cp*Co(h2-
C2H4)2] (Figure 3) by Green et al.[38] This product was

originally thought to be the alkene hydride [Cp*Co(h2-
C2H4)2(H)]+; however closer scrutiny of the coupling con-
stants revealed 17 to be the b-agostic cation [Cp*Co(h2-
C2H4)CH2CH3]

+ in which proton exchange between the
proximal ethyl and ethene ligands is rapid and leads to an
averaged value for JCb-H of 33.5 Hz.

The literature contains very few examples of agostic alkyls
which exhibit static spectra, but a striking example is the
b-agostic complex [EtNi(dbpe)]+ (18 ; dbpe=
tBu2PCH2CH2PtBu2) reported by Spencer et al. This complex
displays a single NMR resonance with an averaged 1H
chemical shift of d=�1.24 ppm for the b-methyl group at
ambient temperature; at �100 8C this splits into normal

Figure 3. Structural models of [Cp*Co-
(h2-C2H4)CH2CH3]

+ (17), [EtNi(dbpe)]+ (18),
[Os3(CO)10(CH3)(H)] (19), and [Cp*’WMe4]

+ (20)
showing the M···H�C interactions in each case.

W. Scherer and G. S. McGradyReviews

1786 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 1782 – 1806

http://www.angewandte.org


methylene and agostic resonances at d=++ 1.1 and �5.8 ppm,
respectively.[39]

In 1978 Calvert and Shapley reported the NMR spectrum
of [Os3(CO)10(CH3)(H)] (19) and its CH2D and CHD2

isotopomers.[40] The 1H nuclei within the methyl group
exhibited NMR spectroscopic properties which were strongly
dependent on the isotopomer in question, with the magnitude
of both the chemical shift, d, and the coupling constant, 1JC-H,
decreasing in the order CH3>CH2D>CHD2. Furthermore,
the chemical shifts and coupling constants of the CH3

isotopomer remained invariant whilst those of the CH2D
and CHD2 versions exhibited a strong temperature depend-
ence. They ascribed these phenomena to the bridging nature
of the methyl group and the local chemical environment of
the 1H nuclei therein: they reasoned that the bridging
M···H�C and M···D�C bonds are longer and weaker than
the corresponding terminal C�H or C�D bonds, and hence
have a shallower potential well, which results in a smaller
zero-point energy difference between the bridging C�H and
C�D moieties than between the terminal ones. Hence the
C�D bonds are thermodynamically favored in terminal
positions, with the C�H bonds preferentially occupying the
bridging sites, and an isotopic perturbation of resonance
(IPR) results in the 1H NMR spectrum. With the appreciation
of agostic interactions as a ubiquitous phenomenon in
organometallic chemistry,[15] the IPR technique has been
applied to a wide variety of systems which are expected to
exhibit agostic interactions, or which have been shown by
other methods to be agostic.[41–43] In general, the results of
such experiments have been at best inconclusive, with many
systems showing only a small or zero IPR effect, and others
which are unambiguously agostic in fact displaying an inverse
effect.[42] The drawbacks and limitations of the technique have
been noted elsewhere.[15] The most apparent success of the
IPR technique was reported for the cationic tungsten complex
[Cp*’WMe4]

+ (20 ; Cp*’= h5-C5Me4Et).
[41] With an IPR of

magnitude similar to that observed originally for 19,[40] this
was interpreted as evidence for an a-agostic interaction
involving one of the three methyl groups in the equatorial belt
of the trigonal-bipyramidally coordinated metal center (but
see Section 2.2.2).

An implicit assumption in the method is that the hydrogen
nucleus in the agostic position possesses a degree of hydride
character, or that it experiences a shielding effect from the
proximal electron density on the metal center. It is clear—at
least in early-transition-metal systems—that there is only a
modest contribution to the interaction from direct M�H
bonding; the main component of the interaction derives from
a redistribution of the electron density of the M�C
bond.[35,42,55b] Furthermore, calculations in the case of d0

complexes with no nonbonding electron density associated
with the metal center have shown both the metal and the
agostic H atom to carry a net positive charge.[42] Whilst factors
other than atomic charges play a role in determining chemical
shifts, the resulting repulsion between M and H will contrib-
ute to a deshielded H nucleus in the agostic site, and
consequently an inverse IPR effect will be observed: such a
situation has been shown to pertain for [EtTiCl3(dmpe)] (11),
the archetypal example of a b-agostic complex.[42]

2.2.2. Solid-State NMR Spectroscopy

The cationic tungsten complex 20was proposed to have an
a-agostic interaction on the basis of the observed IPR.[41] A
subsequent single-crystal X-ray diffraction study of
[Cp*WMe4][PF6] by Schrock et al. failed to locate the hydro-
gen-atom positions but inferred no agostic distortion from the
skeletal geometry deduced, and solid-state NMR experiments
employing 2H lineshape analysis and T1 measurements
showed rotation of the axial methyl group to be actually
slower than that of the equatorial ones.[44] These authors
suggested that the observed IPR may be attributable instead
to steric crowding of the ligands.

2.2.3. EPR Spectroscopy

EPR is a spectroscopic technique which has enjoyed
limited application in the investigation of agostic interactions.
However, an elegant study by Andersen et al. took in the b-
agostic d1 systems [Cp*2TiEt] (21) and [Cp*2TiN(Me)Ph]
(22). Variable-temperature EPR spectroscopy[45] gave values
for the interaction of DH0��2 kcalmol�1, which is compa-
rable with those of similar b-agostic systems determined by
NMR spectroscopic techniques.

2.2.4. Vibrational Spectroscopy

As early as the 1930s, Badger appreciated that a relation-
ship exists between the stretching frequency of a C�H bond
and its strength.[46] Coordination of a C�H bond to a metal
center should induce major changes in the vibrational
spectrum of the system. In particular, the C�H stretching
vibration, n(CH) of the agostic C�H bond should move to
lower frequency, and the lower energy vibrations involving
C�H deformation and rocking motions should likewise be
significantly perturbed. In the case of a strong interaction,
vibrations arising from stretching and deformation modes of
the M-H-C moiety should also appear in the spectrum.
Furthermore, the short timescale of vibrational transitions
permits the observation of distinct conformers of a particular
alkyl group, with the problems of time-averaging which beset
NMR spectroscopy arising only for very low-barrier rotors
(ca. 1 kcalmol�1).

A reduction in frequency for n(CH) is the most directly
observable of these changes, and the identification of a
feature in the region 2800–2000 cm�1 has in many instances
been interpreted as diagnostic evidence of a M···H�C
interaction. Whilst vibrational evidence of this type is thin
on the ground for a-agostic interactions, possibly related to
the lack of significant perturbation of the C�H moiety in the
a-agostic case, a number of b-agostic alkyl complexes have
been characterized in this manner. Thus, for example,
absorptions in the IR spectrum of [Cp*2ScEt] (23) at 2593,
2503, and 2440 cm�1;[47] and in that of [Cp’2ZrEt(PMe3)]

+ (24 ;
Cp’= h5-C5H4Me) at 2395 and 2312 cm�1 [48] were assigned as
n(CH) modes of the M···H�Cb moiety.

Correlation of n(CH) with an agostic ground state is beset,
however, by several complications. First, the individual C�H
oscillators on a carbon atom couple to give symmetric and
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antisymmetric combinations and second, overtones of
deformation modes around 1400 cm�1 fall close to the
region of interest. These overtones may mask a feature
resulting from n(CH), but more problematically, they can
couple in Fermi resonance with the n(CH) fundamentals,
which leads to hybrid features which are difficult to decon-
volute.

In the light of these drawbacks, McKean introduced the
ingenious procedure of partial deuteriation, whereby all but
one C�H bond in an alkyl group is substituted with
deuterium.[49] The n(CH) fundamentals are thus decoupled
from all other vibrations in the ligand, and the isolated modes,
nis(CH), thus obtained constitute a reliable and extremely
sensitive index of the strength of the C�H bond, this
correlates well with the spectroscopically determined bond
length r0(CH), as well as with the experimentally determined
bond dissociation enthalpy, D0(CH). The technique of partial
deuteriation has been shown to be a particularly powerful tool
for exploring steric and electronic effects and identifying
conformers and their relative stabilities in organic chemistry;
more recently it has been extended to investigate the bonding
in a series of titanium alkyls. Thus, [MeTiCl3] (12) and
[Me2TiCl2] (25) were each shown to have normal, symmetrical
Ti�CH3 moieties,[50,51] whereas [CpTiMe3] (16) displays a-
agostic interactions through a single C�H bond within each
CH3 group.

[52] Both [CpTiMeCl2] (26) and its ethyl congener
27 were found to have an a-agostic interaction.[53] The model
metallocene catalyst system [Cp2TiMe]+[MeB(C6F5)3]

� (28)
also appears to display an a-agostic interaction in the
cation,[54] whereas the archetypal b-agostic complex
[EtTiCl3(dmpe)] (11) has a significantly perturbed b-C�H
agostic bond, with nis(CH)= 2585 cm�1, a value some 8%
lower than that of any other nis(CH) reported to date.[55]

2.3. Topological Analysis of the Charge Density

The advent of quantum chemical methods and their
increasing use as a tool of importance in chemistry has been a
striking feature of the past decade. At the same time, the
emergence of Bader's “Atoms in Molecules” (AIM) theory as
a powerful method for analyzing problems of bonding has
been equally notable.[56] Combination of these two
approaches offers an attractive alternative method for study-
ing the nature of agostic interactions. Popelier and Logothetis
combined these techniques in a theoretical study of [RTiCl2]

+

(R=Me, Et, and nPr) model systems 29–31.[57] They con-
cluded that an agostic interaction is characterized by a bond
critical point (CP) with values of the electron density and its
Laplacian at this bond CP characteristic of an ionic, closed-
shell interaction. In a combined experimental and theoretical
study of 11 we found similar topological features to character-
ize the interaction, but without a significantly pronounced
bond CP for the Ti···Hb moiety (see Section 5.2.2).[58] There-
fore, the presence of a M···H bond CP does not provide a
reliable indication of agostic bonding. Other notable features
arising from both studies are the characteristic curvature in
the Ti�C bond path, which is displaced outside the TiCCH
ring of 11, and the displacement of the agostic C�H bonds

away from the metal center, with agostic Ca-Cb-H angles
> 113o and endocyclic Cb�H bond curvature.

3. The Agostic Bond as a Labile Ligand Interaction

With a bond strength on the order of 1–10 kcalmol�1,[15]

the agostic bond falls within the regime of weak interactions,
such as hydrogen bonds and intermolecular solvation
effects.[59] This property was elegantly demonstrated by
Kubas et al. in a study of the archetypal dihydrogen com-
plexes [(R3P)2W(CO)3(h

2-H2)] (R= iPr (32), Cy (33);
Figure 4). These compounds were each shown to undergo

facile loss of H2 in solution to give [(R3P)2W(CO)3], which
displays an agostic interaction with a C�H moiety of one of
the phosphane ligands.[60] The reversible equilibrium between
h2-H2 and h2-CH has subsequently been demonstrated by
Kubas et al. to be a general phenomenon for a series of
complexes, such as [(R2PC2H4PR2)Mn(CO)]+ (34), and the
h2-CH ligand in complexes appears to be reversibly displaced
by other weakly bound ligands, such as N2, C2H4, and SO2.

[61]

That h2-CH acts as a ligand at all in these systems is
remarkable. In such late-transition-metal complexes, back-
donation from the electron-rich metal center into the
s*(C�H) orbital serves to strengthen the agostic interaction
significantly relative to that which occurs for d0 systems, which
allows it to coordinate at the metal center in competition with
more established, conventional ligands.

Another intriguing phenomenon in this regard is the
existence of complexes which exhibit an equilibrium between
a- and b-agostic ligands. Etienne et al. reported such behavior
for the system [Tp*Nb(Cl)(CHMe2)(PhCCMe)] (35 ; Tp*=
hydridotris(3,5-dimethylpyrazolyl)borate; Figure 4).[62] In the
crystal this complex displays a b-agostic interaction between
the Nb center and the isopropyl ligand; however, in solution
an equilibrium is established between a- and b-agostic
rotamers. In contrast, n-alkyl complexes such as
[Tp*Nb(Cl)(CH2R)(PhCCMe)] (36) display only a-agostic
interactions.[63] The existence of two energetically close
rotamers for the isopropyl complex 35 was considered to
arise from hindered rotation caused by the steric bulk of the
Tp* ligand.

Figure 4. Structural models of complexes [(R3P)2W(CO)3(h
2-H2)]

(R= iPr (32) Cy (33)), [(R2PC2H4PR2)Mn(CO)]+ (34), and
[Tp*Nb(Cl)(CHMe2)(PhCCMe)] (35) showing the M···H�C interactions
in each case.
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This situation is particularly pertinent to the mechanism
of Ziegler–Natta alkene polymerization. The twomechanisms
currently favored for this reaction, the Cossee–Arlman
(CA),[64] and Modified Green–Rooney (MGR),[15, 65] differ in
the existence of an a-agostic interaction assisting alkene
insertion into the M�C bond. With the advent of homoge-
neous metallocene-based catalysts for alkene polymeriza-
tion,[17] the opportunity has arisen to study the mechanism of
this reaction in a systematic and repeatable manner. In an
elegantly conceived experiment, Krauledat and Brintzinger
and also Piers and Bercaw independently explored the
transition state for alkene insertion at the [Cp2ZrR]+ center
by isotopic stereochemical techniques.[66,67] Hence they each
found a significant kinetic isotope effect (kH/kD= 1.3) asso-
ciated with the insertion of an a-alkene into the Zr-CHD-R
unit. This was taken to imply the presence of an a-agostic
interaction in the transition state of the reaction, which may
thus play a key role in controlling the tacticity of the growing
polymer chain. Numerous theoretical studies have been
carried out to explore the insertion stage for alkene polymer-
ization.[68–71] Most concur with the experimental results
described above, that an a-agostic bond stabilizes the
transition state for C�C bond formation. These studies have
revealed also that b- and, to a lesser extent, g-agostic
interactions stabilize the growing alkyl chain in the resting
state between periods of chain growth.

4. Theoretical Treatment of the Agostic Interaction

4.1. Previous Approaches
4.1.1. Initial Concepts

One of the first systematic theoretical studies of the
nature of agostic bonding was performed by Hoffmann et al.
on the hypothetical model [MeTaH4]

n� (37; n= 2 or 4) using
the Extended HRckel (EHMO) approach.[72] Hence it was
concluded that a methyl group could in principle distort like a
carbene group in classical tantalum alkylidene complexes. In
each case the deformation was considered to arise from “an
intramolecular electrophilic interaction of acceptor orbitals of
the metal with the carbene lone pair” of the alkylidene or pCH3

orbital of the alkyl ligand, respectively. According to this
study “secondary interaction weakens the C�Ha bond and
attracts the a-hydrogen to the metal”. After the discovery of
the textbook a-agostic example, [MeTiCl3(dmpe)] (10), [14b]

Eisenstein et al.[77c] carried out an EHMO analysis of
[MeTiH5]

2� (38). This study suggested the presence of multi-
ple bonding between a d0 transition-metal center and an a-
methyl group which, through its occupied C�H orbitals of
p symmetry, behaves like a weak p donor. It was also found
that a major component of the stabilization derives from
reorganization of the M�C bond. Direct C�H donation
to the metal plays a minor role according to this study, a
finding contrasting with that of a similar EHMO study
of the b-agostic model system [EtTiH5]

2� (39),[78] which
supported a significant M···HC interaction, as described by
Brookhart and Green in terms of a 3c-2e covalent M···HC
interaction.

4.1.2. Method Dependence

After these pioneering EHMO calculations, agostic
interactions were often interpreted as “frozen transition
states” of the a- and b-elimination processes, which inspired
several theoretical studies to explore the parameters which
control the extent of agostic interactions. Nowadays, more
advanced computational techniques, such as full geometry
optimizations by density functional theory (DFT) and ab ini-
tio methods, are employed. In two important studies by
Morokuma et al.,[73, 90c] and by Ahlrichs and co-workers,[82] it
became clear that the Hartree–Fock (HF) “approximation
shows the correct tendencies towards MP2 and experiment …
but fails quantitatively” to describe the extent of geometrical
distortions resulting from agostic interactions. These authors
also stated that “electron correlation is essential for a
theoretical verification of agostic interactions”.[82] A similar
conclusion was arrived at by Ziegler et al.[70a,b] in their
pioneering study on chain growth and termination steps in
alkene polymerization: agostic geometries could be predicted
for cationic metallocene species, such as [Cp2ZrMe]+ (40) at
the DFT level of theory, whereas HF-SCF (SCF= self
consistent field) methods failed to describe agostic interac-
tions for similar model systems.[68a,b]

More recently, hybrid quantum mechanics/molecular
mechanics (QM/MM) methods have been successfully
employed to estimate the effects of steric influences on very
weak agostic interactions in the d6 complexes
[Ir(H)2(PR2Ph)3]

+ (41; R= tBu, iPr, and Cy). As an advantage
of this approach, agostic C�H groups can be described by the
MM methods; thus “the C�H bonds in the vicinity of the
metal carry no electronic density”.[74] Hence bonding effects
may be better separated from steric effects when agostic C�H
groups are represented alternatively by alternating QM and
MM methods. As a side-effect of these studies, the B3LYP
DFT method was found to underestimate weak agostic
interactions in comparison with experiment and with ab initio
calculations at theMP2 level, in accord with related studies on
weak bonding interactions.[75]

4.2. Why Does the Agostic Bonding Model Need Revision?

A valence-bond approach to describe the agostic inter-
action in terms of M !HC donation of electron density
requires the interaction to depend primarily on 1) the valence
electron (VE) count (� 16 VE) of the transition metal M,
2) the Lewis acidity and charge of M, 3) the degree of steric
congestion at M, measured primarily by its coordination
number (CN); and 4) the presence of an available acceptor
orbital of suitable symmetry at M.[15] Whilst such a valence-
bond approach is successful in accommodating the concept of
the agostic interaction within the wider framework of bonding
models for organometallic complexes, it suffers from poor
predictive power. Thus, whilst factors (1)–(4) may be desir-
able prerequisites, they are in no way sufficient as a reliable
basis for prediction of the phenomenon. In fact, the majority
of organometallic complexes which formally satisfy condi-
tions (1)–(4) show little or no evidence of agostic behavior.
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To add to the confusion, the well known experimental
difficulties posed by the precise location of hydrogen atoms
by X-ray and GED techniques (Section 2.1) have led to false
inferences in the past. A classic case is [MeTiCl3] (12), one of
the simplest examples of a transition-metal alkyl complex
(Figure 5). For a long time this molecule was considered to be

the archetypal a-agostic compound on account of its VE
count of only 8 and its low CN of 4.[76] However, contrary to
earlier reports based on a variety of experimental and
theoretical techniques,[34, 41,50,51b,77a–h] 12 has been unambigu-
ously shown to possess no agostic interactions of any
significance. Several attempts have sought to explain why
the complex [MeTiCl3(dmpe)] (10) is agostic whilst the base-
free molecule 12 shows no such behavior.[77c,78]

However, the a-agostic interactions in 12 may be simply
too weak. Another line of reasoning assumes that the chloro
ligands are strong p donors and formally increase the VE
count in 12 from 8 to 18. However, this argument is made
ineffective by the congener [Me2TiCl2] (25), which also
displays undistorted methyl groups in the gas phase despite
a formal VE count � 16 (Figure 5).[51,77b,79] The situation in
the solid state is more complex, however: 12 forms a dimer in
the crystal, [{(MeTiCl2)(m

2-Cl)}2]
[31] which displays a formal

CN of 6. On the basis of a single-crystal X-ray diffraction
study performed by Antipin et al. ,[31] strong agostic interac-
tions were inferred from the acute Ti-C-H valence angle of
668. However, this value could not be confirmed by a
subsequent powder neutron diffraction study, which estab-
lished a rather normal methyl group geometry (a Ti-C-H1=
108.38).[30] More highly alkylated [MenTiCl4�n] species have
also been the subject of structural studies. Thus, a tetrameric
structure was reported by Seppelt et al. for [Me3TiCl] (42),
again with no significant methyl group deformation
(Figure 6).[80] The adducts [MeTiCl3]·OEt2 (43),[80] [Me3Ti-
Cl]·OEt2 (44),[80] [Me4Ti]·OEt2 (45),[80] and [MeTiCl3]·THF
(46)[81] were likewise each found to be normal in this respect.

However, a quite different type of behavior occurs when
the chelating phosphane ligand dmpe is used to form the
adduct.[14] In the complex [MeTiCl3(dmpe)] (10), which has a
higher formal VE count (12 vs. 8) and a higher CN (6 vs. 4)
than 12, an agostic methyl configuration was confirmed by a
neutron diffraction study on a single crystal (Figure 6).[14]

However, no significant degree of C�H elongation is evident
from the structural or spectroscopic properties of the
complex,[14b] or from quantum mechanical calculations.[77c,82]

According to the neutron diffraction study, a value of
1.095(3) L can be assigned to the length of the agostic C�H
bond. Thus, only the Ti-C-H bond angle of 93.5(2)8 bears
witness to the distortion resulting from the agostic interaction.

In spite of the armory of sophisticated experimental
methods and the advances in computational techniques,
prediction and characterization of agostic interactions for
even simple systems remain elusive, as does an understanding
of their fundamental nature. We therefore decided to inves-
tigate the phenomenon of agostic interactions from first
principles with no preconceptions, and to focus our studies on
simple benchmark systems which allow a clear character-
ization of this type of chemical bonding. The salutary case of
[MeTiCl3] (12) demonstrates that even with such simple
systems, considerable care must be taken. In particular, a-
agostic interactions are extremely difficult to characterize by
experiment since the methyl group distortions are often
rather small, being accompanied in the most favorable cases
by a C�H bond elongation of typically less than 0.02 L. To
avoid experimental pitfalls we focused our studies mainly on
b-agostic compounds since 1) these agostic interactions are
generally stronger than their a- or g-counterparts; and 2) the
establishment of a b-agostic interaction is clearly and
sufficiently confirmed by an acute M-C-C angle, and thus is
not dependent on the precise location of hydrogen atoms.

In this respect, [EtTiCl3(dmpe)] (11) constitutes the
earliest recognized example of a complex exhibiting b-agostic
behavior,[14] and remains the textbook example of the
phenomenon (Figure 7). The relative structural and spectro-
scopic simplicity of this complex and its base-free precursor
[EtTiCl3] (14) make it an excellent benchmark system to
explore the nature of the interaction by a variety of physical
and theoretical approaches.[35,42,55,58,118] In seeking to explain
the paradox whereby 14, with 8 VE and CN= 4 is clearly not
agostic, whilst the complex 11 (12 VE; CN= 6) is agostic
(Figure 7), we have ultimately developed a revised bonding
concept to rationalize agostic interactions.

Figure 5. Molecular structures of [MeTiCl3] (12) and [Me2TiCl2] (25) as
determined by gas electron diffraction, with symmetry C3v and C2v

respectively; bond lengths [J], valence angles [8] .

Figure 6. Left: tetrameric structure of [Me3TiCl]4 (42) in the solid state.
The methyl and chloro ligands avoid opposing positions (aMe-Ti-
Cl=165.3(1)8). Right: molecular structure of [MeTiCl3(dmpe)] (10 ;
neutron diffraction study). Salient bond lengths [J] and angles [8] .

W. Scherer and G. S. McGradyReviews

1790 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 1782 – 1806

http://www.angewandte.org


4.3. A Revised Bonding Model for Agostic Interactions in d0 Metal
Alkyl Complexes

Our experience of the limitations of current concepts in
predicting, and accounting for the nature of, agostic inter-
actions has prompted us to propose a modified bonding
model for early transition-metal systems. The key proposals
of this new model are summarized below for the simplest
systems, that is, agostic d0 alkyl complexes. We have also
successfully extended these to encompass agostic behavior in
complexes of electropositive metals outside the d-block of the
Periodic Table. Examples and evidence in support of our
revised model are provided in Section 5.

4.3.1. Model

The agostic interaction is a phenomenon driven by
electron delocalization. It arises primarily from negative
hyperconjugative delocalization of the M�C bonding elec-
trons along the length of the alkyl moiety. This delocalization
causes a global bonding redistribution within the metal–alkyl
fragment, which is signaled by geometrical distortions and
significant changes in force constants.

The development of an agostic interaction is assisted by:
* a softening of the M-Ca-X (X=C or H) bending potential

and a flexible MLn coordination geometry, each of which
facilitates the canting of the alkyl group (see Section 5).

* the presence of sites of locally enhanced Lewis acidity in
the valence electron density distribution of the agostic
metal atom, which are disposed facing the agostic C�H
moiety (see Section 6).

In contrast to previous models we propose that:
* Agostic interactions in d0 transition-metal complexes do

not rely on the presence of 3c-2e interactions between the

metal atom and C�H bonds. They can thus be clearly
distinguished from s-type complexes of electron-rich late-
transition-metals, which are found as intermediates in
many organometallic transformations, or have been iso-
lated for M···HSi and M···HB complexes. As a conse-
quence, significant C�H activation is often absent in
agostic d0 complexes. The agostic interaction mainly arises
from delocalization of theM�C bond over themetal–alkyl
moiety.

* The bonding between the metal and an agostic alkyl group
is accomplished mainly by one bonding orbital and its
associated pair of electrons, and thus a VE count greater
than 16 does not preclude the establishment of an agostic
interaction. However, whilst electron-rich complexes,
such as [Me3ReO2] (47) with distorted alkyl groups have
been reported,[83] a VE count of 18 typically hinders the
development of pronounced sites of locally enhanced
Lewis acidity, and hence the formation of agostic inter-
actions.

* Accordingly, it is not the total but the local Lewis acidity
at the metal center which controls these agostic inter-
actions. In extreme cases, a positive charge on the metal
center has even been shown to hinder the establishment of
an interaction. For example, quantum chemical calcula-
tions predict a non-agostic structure (a V-C-C= 117.48)
for [EtVCl3]

+ (48), but a b-agostic ground state for its
neutral congener [EtVCl3] (49).

[42,84]

5. Evidence for the Revised Bonding Model

5.1. Structural, Spectroscopic, and Theoretical Evidence

In this section, we summarize evidence from structural
and spectroscopic observations and quantum chemical calcu-
lations at the B3LYP/AE-TZ level[118] on our benchmark
system [EtTiCl3(dmpe)] (11) to support our assertion that the
degree of direct M···HC interaction is rather modest.

5.1.1. DFT Calculations and Frontier Molecular Orbital Analysis

We analyzed the bonding in the benchmark molecule
[EtTiCl3] (14) by partitioning it into three separate stages.
Figure 8 depicts the HOMO of the [C2H5]

� ion and LUMO of
the [TiCl3]

+ ion. The LUMOof [TiCl3]
+ (left) corresponds to a

nearly pure dz2 metal atom orbital, whilst the HOMO of
[C2H5]

� (right) resembles an sp3 lone pair orbital on Ca, albeit
considerably delocalized. This orbital has overall C�C anti-
bonding but C�H bonding character; accordingly in Figure 8
it is denoted the p*z orbital of the ethyl ligand. The orbital
characteristics described above are preserved when 14 is
formed from its constituent metal and alkyl fragments—the
HOMO and LUMO of 14 are shown in the center of
Figure 8a. Thus, the HOMO corresponds to the Ti�C s-bond
orbital formed by combination of the Ti dz2 orbital and the p*z
orbital of the ethyl group. The main bonding interaction is
between Ti and Ca, with a slight antibonding interaction
between the metal atom and the Cb�Hb moiety. The unusually

Figure 7. The molecular structures of [EtTiCl3(dmpe)] (11) based on a
high resolution charge density study (sinq/l=1.097 J�1; T=105 K)[118]

and the parent system [EtTiCl3] (14) studied by gas electron diffraction
at 293 K;[35] bond lengths [J] and angles [8] . Calculated values at the
B3LYP/AE-TZ level (AE-TZ: all-electron basis set of triple-z quality as
specified in ref. [118]) are listed below the experimental ones. Experi-
mental details concerning the determination of the “isolated” agostic
C�H stretching mode, nis(CH), are given in ref. [55b].
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wide M-C-C valence angle of 116.6(11)8 hints at pronounced
carbanionic character of the a-C atom in 14.[85, 86]

Comparison of anagostic 14with its agostic dmpe complex
11, (Figure 8b), clearly reveals the nature of the interaction.
In each case the HOMO represents the Ti�Ca s-bonding
orbital as described above. However, owing to the increased
CN of the adduct, the dmpe ligand which binds trans to both
the Ca atom of the ethyl group and the equatorial Cl ligand in
11, serves to lengthen the corresponding Ti�Ca and Ti�Cl
bonds (by ca. 0.06 and 0.2 L, respectively; Figure 7), com-
pared with those in 14. As a consequence, the coordination
sphere around Ti is rendered more flexible and the ethyl
group is able to cant. This canting is then driven by a positive
bonding overlap between the torus of the Ti dz2 orbital and the
Cb atom.

The geometry of the metal–ethyl group is such that
bonding to both Ca and Cb is effected by the same orbital on
M. That two adjacent lobes of a metal-based d orbital are well
disposed to span a C2 unit of an appended ligand is well
established, the classic example being the p-(back-donation)
component in the Dewar–Chatt–Duncanson description of
metal–alkene bonding.[87, 88] The interaction also stabilizes
deeper lying MOs; however, the dominant effects are seen in
the M�C bonding orbital.[42] Thus, a b-agostic alkyl group acts
as a two-electron ligand, and the total metal–alkyl bonding is
accommodated using a single metal orbital.[89]

To summarize, the b-agostic interaction is a covalent
interaction which can be understood only in terms of a Ti�Ca

bonding orbital that is delocalized over the entire alkyl group.
In the following section we will demonstrate that the apparent
contribution of the agostic b-H atom (Figure 8b) to the
bonding overlap between the metal and the b-C atom will
turn out to be insignificant. The strength of the agostic
interaction may be estimated from calculations by subtracting
the energy of the agostic equilibrium structure from the total
energy of an optimized model with a staggered conformation
of the ethyl group and the Ti-Ca-Cb valence angle fixed at
1128, a typical value for M-C-C moieties displaying no
interaction.[42] This treatment gives an agostic stabilization
energy, denoted D112, of 4.4 kcalmol�1 for 11 as a conse-
quence of the canting.[90]

Further support for our model comes from calculations on
11 which revealed that rotation of the b-methyl group by
approximately 608 about the Ca�Cb axis leads to a second

agostic conformer on the potential energy surface
(PES), with a Ti-Ca-Cb angle of 101.38 and a
staggered conformation with respect to the
Ti�C bond. This conformer lies only around
3.8 kcalmol�1 above the equilibrium structure,
and 0.6 kcalmol�1 below the optimized anagostic
model in which a Ti-Ca-Cb is constrained at
1128.[90] Hence, b-agostic interactions do not neces-
sarily require an ethyl group in which a Cb�H bond
points towards the metal atom.[42] This conclusion is
in conflict with the valence bond picture of a 3c-2e
M···H�C interaction. Nevertheless, further evi-
dence from theory and experiment supports these
findings.[91] In the eclipsed conformer the Cb�Hb

bond is elongated only by a modest 0.03 L in
comparison with standard aliphatic C�H bond lengths of
about 1.10 L,[49, 92,93] which rules out a significant bonding
interaction between the C�H moiety and the metal center.

These DFT calculations revealed several important fea-
tures of the b-agostic interaction in early-transition-metal
complexes which had hitherto been unappreciated. Thus,
electron delocalization, rather than M !H�C donation,
appears to be the primary driving force of the interaction in
early-transition-metal d0 complexes, and the VE count is not a
controlling factor. Whilst space is needed for the interaction
to occur, this factor is not reliably assessed by the CN of the
metal. Rather, is it the form and flexibility of the coordination
sphere that is crucial.

5.1.2. Spectroscopic Studies

We undertook a detailed analysis of the vibrational
properties of [EtTiCl3] (14) and its dmpe adduct 11 encom-
passing a series of isotopomers in which H was replaced by D
at strategic points in the ethyl ligand. A normal-coordinate
analysis of 11 revealed that the mode characterizing the
Cb
�Hb stretching vibration consists of a straight-line motion

almost perpendicular to the Ti···Hb axis (Figure 7), with no
significant coupling to the in-plane C�H bending mode
d0as(CH3).

[55] Thus, the vibrational properties of the Ti···H�C
moiety are incompatible with a description in terms of a
bridging metal hydride. Analysis of the force constants
deduced for the internal modes of the ethyl ligand in 11 and
its base-free precursor 14 clearly reveals that the agostic
deformation of the ethyl group is accompanied by a global
bonding redistribution throughout the Ti�CH2�CH3

moiety.[55] We also carried out a series of NMR spectroscopic
studies on 11 and 14 to explore the changes wrought by the
transition from anagostic to agostic behavior. No significant
differences are observed in either dH or 1JC-H for the b-methyl
group of 11 compared with 14 (but note the points in
Section 2.2.1). We also made use of the isotopic perturbation
of resonance (IPR) method of Shapley[40,41,94,95] by studying
the 1H spectrum of [(CH2DCH2)TiCl3(dmpe)], [D1]-11. This
spectrum actually revealed a small negative isotope shift for
11,[42] also implying an absence of any significant M···H
bonding in the agostic interaction.[96]

On the basis of all the accumulated experimental and
theoretical evidence, the Ti···Hb interaction in our benchmark

Figure 8. a) Frontier orbital interaction diagram and shape of the HOMO and LUMO for
[EtTiCl3] (14)

[42] b), c) HOMO and LUMO of [EtTiCl3(dmpe)] (11), respectively (Kohn–Sham
orbitals based on B3LYP/AE-TZ calculations).[118]
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system 11 makes no more than a modest contribution to the
total agostic bonding, and the striking deformation of the
alkyl group appears to arise mainly from cyclic delocalization
of the M�C bonding electrons. We sought to explore this
phenomenon in more detail by analyzing the topology of the
charge density in the agostic Ti-Ca-Cb-Hb fragment.

5.2. Direct Analysis of the Electronic Structure of the b-Agostic
Bond

Despite the fact that the wavefunction contains all salient
information relating to the electronic structure of a molecule,
MO analysis has to date proved rather disappointing in its
ability to predict agostic interactions. Hence, our intention
has been to explore the nature of agostic bonding on the basis
of directly observable features. The electron density distribu-
tion, 1(r), constitutes the most direct, experimentally acces-
sible probe of electronic structure for our selected systems
and we outline in Section 6 a concept based on the inter-
pretation of the charge density which allows us to manipulate
the strength of agostic interaction in d0 transition-metal alkyl
compounds. We will therefore continue by employing the
AIM theory[56] developed by Bader and others to analyze
the topology of the charge density, and to elucidate the
complex bonding situation in agostic d0 complexes by
combined experimental and theoretical studies.

5.2.1. Analysis of the Total Charge Density

Figure 9a shows a relief plot of the total experimental
charge density in the Ti-Ca-Cb-Hb plane of 11. There is no
significant charge accumulation between Ti and the
Cb�Hb unit, as indicated by the clear separation of the
selected contour lines of 0.13 and 0.18 eL�3, which reveal
a rather flat area of charge distribution. No saddle point is
evident in the charge density distribution in the Ti···H
bonding region, which would provide a clear indication of
a bonding Ti···H interaction.[97]

5.2.2. Bond-Path Analysis

Figure 10 shows the contour map of the Laplacian of the
charge density, 521(r), in the Ti-Ca-Cb-Hb plane of 11. In
addition, the bond paths which follow the ridge of maximum
charge density between the bonded atoms in the Ti-Ca-Cb-Hb

fragment are projected onto the521(r) map. Along the bond
paths so-called bond critical points (CPs), defined as saddle
points in 1(r), are marked by filled circles. Note the good
agreement between theory (Figure 10a,b)[100] and experiment
(Figure 10c). The most significant difference between these
plots is revealed by the presence or absence of a Ti···H bond
path signaling a direct metal-to-hydrogen interaction. We will
show in the following account that the Ti···H bond path in b-
agostic d0 alkyl complexes is typically not pronounced and its
presence or absence may depend on slight differences in the
level of theory employed in the calculations or on the
flexibility of the multipole model used in the experimental
charge-density studies.

Indeed, this method-dependency of the agostic M···H
bond path is pleasingly illustrated by Figure 10b (full B3LYP/
AE-TZ geometry optimization of 11)[100a,118] and Figure 10a
(single-point calculation at the same level but based on the
BPW91/AE-TZ optimized geometry).[58,100a] Closer inspec-
tion of the gradient vector field of 11 (Figure 10a) indicates
that the Ti···Hb bond CP and the ring CP—which represents a
minimum of 1(r) inside the Ti-Ca-Cb-Hb ring fragment—are
proximal and not very pronounced. The electron densities
obtained for the Ti···Hb bond CP and the ring CP within the
Ti-Ca-Cb-Hb fragment in Figure 10a do not differ significantly
(D1(r)< 0.001 eL�3).[58,100a] Simultaneously, the negative cur-
vature (l2) at the bond CP associated with the axis directed to
the ring CP (major axis of curvature)[101] almost vanishes.
Hence, the bond and ring CPs almost merge into a singularity
in 1(r), a phenomenon characteristic of bond fission.[102] As a

Figure 9. a) Relief map of the total charge density 1(r) in the Ti-Ca-Cb-
Hb plane of [EtTiCl3(dmpe)] (11).[118] The relative invariance of the
charge density in the region between the agostic Hb atom and Ti is
indicated by the clear spatial separation of the contour lines at 0.13
and 0.18 eJ�3. b) Corresponding map of the Laplacian, 521(r), in the
same plane. Two charge concentrations (CC1 and CC2)[98] are revealed
in the valence shell of the Ca atom. Default contour levels are drawn at
�0.001, �2.0O10n, �4.0O10n, �8.0O10n eJ�5, where n=0, �3,
�2, �1; negative and positive values of 521(r) are marked by solid
and dashed lines, respectively.[118] Extra contour lines at �15, �25,
�84, �105, �240, �280, �350 eJ�5 are drawn and the contour lines
at �80, �200 , and �400 are left out to reveal the relative positions of
the CCs at the metal atom. The relative locations of the bonding CC
(BCC) and of the CC induced by the alkyl ligand (trans-LICCs) at the
metal atom are indicated by arrows (see Section 6 for a discussion of
the metal polarization).[99,118]

Figure 10. a) Theoretical bond paths and 521(r) contour map in the Ti-Ca-Cb-Hb

plane of [EtTiCl3(dmpe)] (11). Bond CPs are denoted by filled circles and the ring CP
by a “&” symbol (B3LYP/AE-TZ//BPW91/AE-TZ level[58]). b) Theoretical bond paths
and 521(r) contour map for 11 (B3LYP/AE-TZ level).[118] As in (c) the Ti···Hb atomic
interaction line has vanished because of the merging of the ring and Ti···Hb bond CP.
Thus, 11 is a system on the borderline of a so-called bond catastrophe.[58,102, 118]

c) Experimental bond paths and 521(r) contour map for 11.[97, 118] Contour values as
specified in Figure 9b.

Agostic Interactions
Angewandte

Chemie

1793Angew. Chem. Int. Ed. 2004, 43, 1782 – 1806 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


result, the bond path[100b] between Ti and the proximal H
atoms vanishes. Under these conditions, small changes in the
level of theory may in fact force a bond catastrophe, as
demonstrated theoretically in Figure 10a,b.

Since the presence of a bond path between two atoms is a
necessary and sufficient condition for a bonding interaction
according to the AIM theory, it is tempting to interpret the
existence of aM···H�C bond path as a sufficient criterion for a
bonding interaction through the hydrogen atom.[57] However,
our benchmark example 11 clearly exposes a M···H bond CP
as an unreliable criterion which may fail to reveal the
interaction even in established agostic systems.

On continuing with the analysis of the Ti···H atomic
interaction line, an unusual curvature is apparent (Fig-
ure 10a): between the metal center and the bond CP the
curve is exocyclic, which signals a degree of ring strain in the
formal Ti-Ca-Cb-Hb heterocycle.[103] However, between the
bond CP and the agostic hydrogen atom the Ti···Hb inter-
action line displays endocyclic curvature, as seen for electron-
deficient systems, such as the 3c-2e B-H-B moieties in boron
hydrides.[104] A similar curvature, which appears to be
characteristic of the b-agostic alkyls of early transition
metals, was found by Popelier and Logothetis in their
theoretical study of [EtTiCl2]

+ (30).[57] In this respect—if a
M···H bond path is present—the agostic Ti···Hb interaction
can clearly be distinguished from classical hydrogen bonds,
which have been the subject of numerous theoretical and
experimental charge density studies,[105,106] with close-to-
linear bond paths being found in all cases.

We further note, that the agostic Cb
�Hb bond in 11

appears to be bent away from the metal center rather than
attracted to it. Thus, the bond CP of the Cb

�Hb bond is
displaced inside the formal Ti-Ca-Cb-Hb ring, a result in
keeping with the calculated Ca-Cb-Hb angle of 113.88,[118] that
is, several degrees wider than the normal tetrahedral value.
This finding is in accord with the structural and spectroscopic
conclusions summarized in Section 5.1, which reveal that the
M···HC component plays only a minor role in the overall
interaction.[107]

Hence, calculations on a-agostic benchmark systems, such
as [MeTiCl2]

+ (29) show a complete absence of anM···H bond
CP.[57] Even in [EtTiCl2]

+ (30) and [EtNi(dhpe)]+ (18’; dhpe=
H2PCH2CH2PH2),

[108a] which represent model agostic alkyls of
early and late first-row transition metals, respectively, the
topological separation between the ring CP and the M···H
bond CP is not particularly pronounced.[108b] However, in 18’
the charge density at the Ni···H bond CP is significantly
enhanced compared with that in early-transition-metal sys-
tems, such as 11 and 30, being close to the range of 1(r) values
at the Mn···H bond CP displayed by classical and nonclassical
hydridic Mn�H bonds in [HMn(PMe3)2(NO)2] (50)

[109] and in
[Cp’Mn(CO)2(h

2-HSiFPh2)] (51; Figure 11).[110]

Figure 11 reveals a clear trend: in the case of the agostic
early-transition-metal alkyl 11, the M···H interaction is
marginal in comparison with the electron-rich, agostic late-
transition-metal alkyl 18’, the hydride 50, and the s-complex
51. For 18’ the interaction incorporates a pronounced M···H
component, whereas in 11 as a prototype for an agostic early-
transition-metal alkyl complex additional, secondary closed

shell M···H interactions play a minor role in supporting the
overall agostic interaction (see Sections 5.2.3 and 5.3).[118]

5.2.3. Analysis of the Laplacian of the Charge Density

M···H bonding region : Figure 9b and 10 show relief and
contour maps of the theoretical and experimental Laplacian
of the charge density of 11. We note that the Laplacian,
521(r), is rather unpronounced and positive in the Ti···H
bonding region.[98] This situation is remarkable, since the
Laplacian usually reveals subtle features of the charge
density, such as the shell structure of an atom and even
local concentrations of charge density in the valence shell of
atoms.[99]

A similar topology was found in the Ti···H bonding region
for the agostic model [EtTiCl2]

+ (30), studied by Popelier
et al. ,[57] and was interpreted as evidence for an ionic, closed
shell Ti···Hb interaction. Even in the case of the late-
transition-metal complex 18’, which shows a pronounced b-
agostic interaction, the Laplacian (521(r)= 5.97 eL�5)
remains positive despite significant accumulation of charge
density (1(r)= 0.51 eL�3) at the Ni···H bond CP.[108] However,
Cremer and Kraka demonstrated that the analysis of 521(r)
provides a more sensitive measure of the charge density
accumulation than does the deformation density, D1(r), but it
is not always a sufficient criterion to distinguish between
covalent and closed-shell interactions.[111] Chemical bonding
can be described sufficiently only when both electrostatic and
energetic aspects are considered. Cremer and Kraka there-
fore proposed an analysis of the electronic kinetic-energy
density, G(r), and the electronic potential-energy density,
V(r), at the bond CP, since the magnitudes of both are related
to the Laplacian by an equation derived by Bader,[56,112]

2G(r)+V(r)= 1=4521(r).
For covalent bonds it has been shown that the local energy

densityH(r)=G(r)+V(r) is negative[111] and, in addition, the
ratio G(r)/1(r) should be less than unity.[113] In contrast, for
closed-shell interactions (ionic, hydrogen, or van der Waals
bonds), the ratio ofG(r)/1(r) is greater than unity. In fact, the
local energy density H(r) at the M···H bond CP becomes
negative in 18’ whilst being positive in 11 (�0.14 and
+ 0.02 Hartree L�3, respectively), indicating greater covalent
character for the Ni···H, than for the Ti···H bond (Figure 10a
and Figure 11).[108,114,115,118]

Figure 11. The model systems [EtTiCl3(dmpe)] (11; see Figure 10a),
[EtNi(dhpe)]+ (18’), [HMn(PMe3)2(NO)2] (50), and [Cp’Mn(CO)2(h

2-
HSiFPh2)] (51). * The proximal positions of the calculated M···H bond
CPs; corresponding topological values of 1(r) fro 18’, 50, and 51 at
BPW91/AE-TZ levels of theory are specified in eJ�3.
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M�C bond : For the Ti�Ca bond of 11, the calculated local
energy density is clearly negative (H(r)=�0.217 Har-
tree L�3); however, in comparison with the parent system
[EtTiCl3] (14 ; H(r)=�0.355 Hartree L�3) a reduction of the
covalent character is apparent. Thus, the Ti�Ca bond of 14
clearly shows a pronounced bond CP (1(r)= 0.84 eL�3),
whereas coordination by dmpe leads to significant reduction
in the bond order (1(r)calcd= 0.66 eL�3 and 1(r)exp=
0.50(1) eL�3), which is reflected in an increased, experimen-
tally determined, Ti�Ca bond length in the complex 11
(2.1537(8) L versus 2.090(15) L in 14).[118]

C�C bond : The bond CP of the C�C bond in 11 is
characterized by an electron density (1(r)calcd= 1.607 eL�3)
slightly higher than the corresponding value for the C�C bond
in 14, (1.576 eL�3), but significantly lower than that for the
C=C bond in ethene (2.326 eL�3) at the same level of
theory.[118] Hence, the C�C bond order in 11 is only slightly
greater than that in 14. This result is in accord with the
experimental observation of shorter C�C bond lengths in 11
than 14 (Figure 7).[116] However, we will demonstrate in
Section 5.3 that the ellipticity parameter (e)[101] of the C�C
bond in 11 is a superior criterion with which to chart multiple
bond character (see Figure 12).

5.3. The Driving Force Behind Agostic Interactions in d0 Metal
Alkyl Complexes: Hyperconjugative Delocalization of the
M�C Bonding Electrons

In this section we introduce a novel charge-density-based
concept, which provides a sensitive criterion to identify and
quantify electron delocalization as the driving force behind
agostic interactions in metal alkyl complexes. And we show
that this leads to a global bonding redistribution of 1(r) within
the metal–alkyl moiety.[55b,86,127] We demonstrate that this
redistribution is a natural feature of delocalization of the
M�C bonding electrons, a fact which becomes evident when
the bond ellipticity is traced along the full Ca

�Cb bond path.
According to the mathematical definition (Figure 12),[101]

bond ellipticity values, e, greater than zero indicate partial
p character in a bond, or electronic distortion away from
s symmetry along the bond path. Indeed, the calculated
ellipticity profile for 11 along the Ca

�Cb bond path reveals
significant p character. However, this profile shows a rather
complex pattern in comparison with the standard C�C single
and double bonds in C2H6 and C2H4, respectively, or with the
metallacyclopropane species [(C2H4)TiCl2] (52) at the same
level of theory (Figure 12).[117] Whereas for C2H6 e is zero
along the full bond path, C2H4 and 52 each show pronounced
ellipticities. C2H4 exhibits a maximum e value (emax) of 0.34 at
the bond CP. In comparison with C2H4, the metallacycle 52
reveals a broader ellipticity profile with a pronounced double
maximum (emax= 0.31). This feature arises from differences in
the p bonding in C2H4 and 52.[117]

In the case of 11, on the evidence of its ellipticity profile,
the p system is even more distorted;[118] emax= 0.17, and this
maximum is located closer to the a-carbon atom. At a first
glance, the p character of the Ca

�Cb bond in 11 appears more
pronounced in the vicinity of Ca. At the bond CP a much

lower value (e= 0.10) is found, and a second maximum is
evident close to Cb (emax= 0.03). This second, smaller
maximummay arise from electronic distortion of the formally
sp3-hybridized b-carbon atom on account of the hypervalent
character induced by an additional Ti···Cb interaction.[118]

Thus, the 521(r) contour map of 11 (Figure 10) shows that
the agostic Cb atom has a region in which charge is
concentrated (521(r)< 0) and directed towards the metal
center, whereas the non-agostic Cb atom in 14 has a region of
charge depletion facing the metal.[118]

The first maximum in the ellipticity profile of 11 clearly
derives, however, from the significant electronic distortion at
the a-carbon atom. This distortion is caused by the close-to-
merging situation of two local charge concentrations (CCs) in
the Ti-Ca-Cb plane of the valence shell of Ca : the carbanionic
feature CC(1) and the CC(2) directed along the Ca

�Cb bond
(Figure 9b). Indeed, the angle enclosed by these two CCs and
the a-C atom obtained from B3LYP/AE-TZ calculations is
only 97.08.[119] It is also clear that CC(1) is rather depleted,
with a rather low calculated value of �521(r) of 15.6 eL�5 in
comparison with CC(2) (17.7 eL�5) or with the remaining two
CCs situated on the Ca

�H bonds (25.5 and 25.8 eL�5).[118] In
contrast to 11, in EtLi (53) which is our model for a true
carbanionic metal alkyl, a pronounced carbanionic CC
(�521(r)calcd= 18.9 eL�5) appears in the valence shell of the
Ca atom facing the Li atom.[86, 127] The corresponding CC(2)
situated on the Ca�Cb bond has a value of �521(r)=
16.3 eL�5, similar to that in 11. This result has been
interpreted as a reduced carbanionic character in 11 versus
53 owing to hyperconjugative delocalization (see Sec-
tion 5.4).[86, 118,127] However, the ellipticity profile of 11
(Figure 12) reveals that emax lies close to Ca, which corre-
sponds to a degree of retained carbanion character at this
atom.

We conclude that the ellipticity profiles characterizing
Ca
�Cb bonds may be used in a general manner to reveal

electronic distortion of the a-C or b-C atom caused by
delocalization of M�C bonding electron density into the

Figure 12. Calculated bond ellipticity profiles along the Ca�Cb bond
path of [EtTiCl3] (14) and of [EtTiCl3(dmpe)] (11) in comparison with
C2H6, C2H4, and [(C2H4)TiCl2] (52 ; B3LYPAE-TZ level). The definition of
the bond ellipticity e is illustrated by the 1(r) contour map in the top
right-hand corner, which shows the charge density in the plane
perpendicular to the bond path at the C�C bond CP of C2H4. e is thus
a measure of the nonspherical charge distribution of
1(r): e=l1/l2�1;[101] d=distance from the BCP.
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Ca�Cb bonding region.[120,127] Thus, our new model for
agostic interactions in early-transition-metal alkyl com-
plexes is clearly supported by analysis of the charge
distribution of 11. The analysis of 11 relative to 14,
reveals the existence of a very weak closed-shell Ti···Hb

interaction, an increase in the Ca
�Cb bond order, and

weakening of the M�Ca and Cb�Hb bonds by hyper-
conjugative electron delocalization.

In the following section we show that our concept
for the description of agostic d0 transition-metal com-
pounds can be extended to systems involving main-
group metals. We focus our attention on two case
studies: 1) so-called Li-agostic interactions which rep-
resent the extreme case of agostic interactions since
C�H activation in these species is only weakly pro-
nounced, and 2) so-called polyagostic bimetallic sys-
tems involving a main-group metal and a transition-
metal component which are linked by bridging, agostic
alkyl groups.

5.4. Extension of the Revised Bonding Model to
Nontransition-Metal Systems

5.4.1. Agostic Lithium Alkyl Compounds

The large and important field of agostic lithium complexes
was reviewed recently by Braga et al.[121] Organolithium
complexes[122,123] constitute some of the earliest examples of
compounds showing short inter- and intramolecular M···H
contacts, which are commonly referred to as agostic inter-
actions in the current literature.[22, 121,124] The importance of
such Li···HC interactions was highlighted in early calculations
on the trimeric lithium amide complex [Li{m-N(CH2Ph)2}3]
(56),[125] which indicated that they may account for as much as
40% of the valence electron density of the lithium atom.
Hence, according to Kaufmann et al.[22] “sCH-Li interaction
(in oligomeric MeLi) is the organolithium form of the agostic
interaction.”

On the basis of a statistical analysis of organolithium
complexes with short Li···HC contacts, Braga et al.[121] con-
cluded that a strengthening of the Li···H agostic bond is
systematically accompanied by a weakening of the corre-
sponding C�H bond. Unfortunately, this conclusion was
drawn primarily from X-ray diffraction data, which yield only
imprecise locations for the hydrogen atoms. Accordingly, we
decided to analyze a typical Li-agostic benchmark system, [{2-
(Me3Si)2CLiC5H4N}2] (57),

[126] which, as shown by a combined
high-resolution X-ray and neutron charge density study, has
clearly established inter- and intramolecular Li···H con-
tacts.[86,127] Figure 13 indicates that in 57, which features a
formal CN of only 2 for Li, secondary interactions, which
include both close Li···Li[128] and Li···HC contacts, compensate
for the electron deficiency of the metal center. These
interactions are important in understanding not just the
structure adopted by the complex, but also the reactivity of
the species. Figure 13 shows the relevant agostic fragment of
57 (shaded area) based on precise neutron diffraction data
collected at 20 K.[86,127] This fragment displays a remarkably
acute Li-C1-Si2 angle of 88.8(2)8, which leads to short Li···Si2,

Li···C7, and Li···H7c contacts. In addition, two short inter-
molecular Li···H contacts, (Li*···H3b and Li*···H3c), and a
rather short Li*···C3 contact are evident. All the Li···H
contacts are remarkably similar at around 2.3 L, some 0.7 L
less than the sum of the van der Waals radii (cf. the Li···H
separation of 2.043(1) L in crystalline lithium hydride[129])—
tempting one to interpret them as agostic Li···H interactions.
However, the C�H bond lengths all appear more or less
normal. In fact, DFT calculations at the B3LYP/AE-TZ
level[127] on several monomeric model systems, such as the
donor-free species LiCMe2SiMe3 (58), show alkyl coordina-
tion geometries rather similar to that of the agostic alkyl
backbone Li-C1-Si2-C7-H7c (Li-Ca-Sib-Cg-Hg) in 57. Thus 57
appears to be an ideal benchmark system with which to
explore the nature of Li···H�C bonding in the Li-Ca-Sib-Cg-Hg

fragment (Figure 13).
The topology of 1(r) within this fragment highlights the

unusual electronic nature of the alkyl ligand. The absence of a
Li···Hg bond CP in 1(r) indicates a lack of any significant
agostic interaction, in accord with the normal Cg

�Hg bond
lengths (1.086(4)–1.089(4) L) deduced from the low-temper-
ature neutron diffraction study of 57.[86,127] At this stage, the
origin of the deformation of the Li-Ca-Sib-Cg-Hg fragment is
unclear. However, the Li-Ca-Sib-Cg-Hg backbone of 57 con-
tains two significantly different C�Si bonds, with Ca

�Sib and
Cg
�Sib lengths of 1.859(2) and 1.898(2) L, respectively, as

shown by a combined X-ray and neutron diffraction study.[118] .
Whereas Cg�Sib is slightly elongated compared to a standard
C�Si single bond, Ca�Sib is clearly shortened. Furthermore,
the discrepancy between these two Si�C bond lengths is
accompanied by significant differences in the nature of the
bonding, as revealed by the combined charge density study:
The value of 1(r) at the bond CP for the Ca

�Sib bond of 57
(1(r)= 0.86(2) eL�3) is clearly larger than that for the Cg�Sib

Figure 13. a) Molecular structure of [{2-(Me3Si)2CLiC5H4N}2] (57) based on a
single-crystal neutron diffraction study at 20 K; thermal ellipsoids set at 50%
probability. Only relevant H atoms are shown. Atoms labeled with or without
an asterisk are related by a crystallographic inversion center at the midpoint
of the Li–Li* vector. The agostic alkyl group is located within the shaded area.
Selected bond lengths [J] and angles [8]: Li-C1 2.200(5), C1-Si2 1.859(2), Si2-
C7 1.898(2), Li···Si2 2.850(5), Li···C7 2.658(5), Li···H7c 2.320(6), Li*···H3b
2.329(5), Li*···H3c 2.245(5), Li*···C3 2.496(4); a(Li-C1-Si2) 88.8(2). b) Con-
tour map of the experimental 521(r) function in the Li-C1-Si2 plane of 57.
Default contour values as specified in Figure 9b. The valence charge concen-
trations denoted CC(1) and CC(2) almost merge into each other.
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bond (1(r)= 0.72(2) eL�3), which implies a greater bond
order for the Ca�Sib bond. A pronounced bond ellipticity at
the Ca�Sib bond CP (Figure 14) supports this conclusion.
Tracing the bond ellipticity between Ca and Sib along the bond

path reveals the unusual nature of the bond in 57 in
comparison with the C�Si bond in CH3�SiH3 and the C=Si
double bond in CH2=SiH2 (Figure 14). Furthermore, the
Li�Ca bond in 57, at 2.200(5) L,[86] is significantly longer than
the corresponding distance in monomeric LiMe (59 ;
1.959 L).[130] The topological features of 1(r) in the two
compounds also indicate a weaker, significantly more ellip-
tical Li�C bond in 57 than 59. This fact suggests that the
double-bond character of the Ca

�Sib bond might also be
associated with a delocalization of the Li�Ca bonding
electrons into the Ca�Sib bonding region, as revealed by the
contour map of 521(r) in the Li-Ca-Sib plane (Figure 13b).

Thus, agostic Li···H interactions are not necessarily
associated with significant C�H bond elongation, in clear
contrast to claims in the recent literature[121] based on rather
imprecise X-ray diffraction data. Accordingly, we refer
henceforth to closed-shell M···H contacts rather than 3c-2e
M···HC interactions[131] when C�H elongation is not pro-
nounced and the nature of the M···H contacts seems to be
primarily electrostatic. Li-agostic interactions are an ideal
testbed for exploring the fundamental nature of the agostic
interaction, since in these systems the driving force for
structural and electronic deformations (that is, negative
hyperconjugation) is almost completely divorced from any
secondary M···H�C interactions.[132]

To summarize, our results clearly indicate that the Li···H
interactions in 57 are not responsible for the unusual alkyl
deformation: rather, this appears to result from delocalization
of the Li�Ca bonding electrons over the entire alkyl ligand.

The delocalization leads to a reduced Li-Ca-Sib angle,
pronounced Ca�Sib double bond character, and short
Li···Sib, Li···Cg, and Li···Hg separations, thereby facilitating
charge transfer between the electron-deficient metal center
and the agostic Ca-Sib-Cg-Hg backbone.

5.4.2. Lanthanide Metal Aluminates.

Polyagostic interactions : In Sections 5.3 and 5.4.1, we
showed that M···H�C interactions are a consequence of,
rather than the cause of agostic deformation of the alkyl
moiety in complexes of d0 transition metals and of lithium. In
each case, elongation of the C�H bonds was slight or absent.
A similar situation appears to hold for agostic complexes of
lanthanides: neutron-diffraction studies of [Cp*Y(OC6H3t-
Bu2)CH(SiMe3)2] (60) and [Cp*La{CH(SiMe3)2}2] (61) have
revealed rather normal C�H bond lengths.[133a] In both cases,
Ln···SiMe interactions were proposed to “clearly take prece-
dence over a-CH···Ln and g-CH···Ln interactions in stabiliz-
ing the lanthanide center”. However, as discussed for lithium
alkyl compounds in Section 5.4.1, negative hyperconjugation
appears again be the real driving force behind these
deformations,[133b] and may extend to the case of bimetallic,
so-called polyagostic lanthanide aluminate complexes, such as
[Ln(AlR4)n] (Ln=Sc, Sm, Nd for n= 3 and Ln=Yb for n= 2;
R=Me, Et, iBu). Polyagostic interactions were first proposed
for the homoleptic species [Nd(AlMe4)3] (62) on the basis of a
neutron-diffraction study, which revealed acute Nd···Ca-Ha

angles of 80.3(4)8 associated with the bridging H atoms.[134]

However, no significant perturbation of the C�H bonds was
evident, in spite of severe deformation of the alkyl groups in
these systems. We note that some polyagostic complexes
[Ln(AlR4)n], such as [Yb(AlEt4)2] (63), straddle the border-
line between monomeric and polymeric species, and thus may
no longer be accurately described as molecular compounds in
the solid state.[136] In 63 the aluminate bonding displays a
variety of intra- and intermolecular coordination modes
involving secondary Ln···HC interactions,[135] which establish
a three-dimensional network similar to that in classical
lithium alkyl complexes.[136]

Analysis of polyagostic bonding : The structural variety of
lanthanide aluminate complexes has been discussed in detail
recently.[136] Herein we will focus on the driving force leading
to these polyagostic interactions. To understand better the
electronic structure of the m-h2-bonded aluminate ligands, we
carried out a topological analysis of the electron density, using
DFT calculations based on the BPW91 method and AE basis
set of double-z quality, denoted ’AE-DZ’ in the following, to
obtain the theoretical charge density for the monomeric YIII

model systems [Y(AlMe4)3] (64) and [Y(AlEt4)3] (65 ; Fig-
ure 15a).[136] These were chosen as the complexes are neutral,
have relatively high symmetry (C3), display a stable m,h2-
coordination of the aluminate, and possess a- and b-C�H
bonds which might compete for Ln···HC interactions
(Figure 15).

Figure 15b shows the contour map of 521(r) for the
electron density of [Y(m,h2-AlEt4)3] (65) projected in the Y-
Ca-Al plane. The bond paths connecting both bridging carbon
atoms (Cb) with the Y and the Al metal centers clearly reveal

Figure 14. Experimental and calculated bond ellipticity profiles (e)
along the Ca�Sib bond path of 57 (Ca and Sib correspond to C1 and
Si2, respectively) in comparison with CH2�SiH3

� , CH2=SiH2, and
CH3�SiH3 (B3LYP/AE-TZ level). In the right-hand corner the corre-
sponding 521(r) function at the BCP of CH2=SiH2 is shown, which
reveals that charge is locally concentrated above and below the molec-
ular plane of CH2=SiH2 as a result of the presence of p-electron den-
sity; d=distance from the BCP.
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the hypervalent character of the pentacoordinate bridging C
atoms. Furthermore, all bond paths are curved inwards, which
confirms the electron-deficient character of the Y-Ca-Al
fragments.[56] Somewhat surprisingly, the electron density at
the Y···Cb bond CP is rather pronounced (1(r)= 0.24 eL�3),
and is not significantly reduced relative to the corresponding
Al�Cb bond CPs (1(r)= 0.38 eL�3).[136] Hence, a simple
description of these lanthanide aluminates in terms of
contacted ion pairs Y3+/AlR4

� is inconsistent with the top-
ology of the charge density.

In comparison with the terminal Al�C bonds, the bridging
Al�C bonds in 65 are weakened to accommodate significant
Y···C interactions. This weakening is indicated by a reduced
1(r) value of 0.38 eL�3 at the Al�Cb bond CPs and by an
elongation of 0.13 L of the bridging Al�C bonds relative to
the terminal Al�C bonds.[136] The low value of 1(r), the large
Al�Cb separation (2.14 L), and a positive value of 521(r)
(3.8 eL�5) might be taken to indicate a purely closed-shell
Al···Cb bonding interaction. However, both kinetic- G(r) and
potential-energy densities V(r) at the bond CPs suggest a
degree of covalent character for the Al�Cb bonds.

[136] Along
the same line of argument, partially covalent Y···Cb bonding
character is suggested for 64 and 65. The contour map of
521(r) shown in Figure 15b reveals significant polarization of
the valence electron density of the Y atom, also implying a
degree of covalency for the Y···Cb bond. Coordination of the
aluminate ligand is thus strong enough even to polarize the
valence shell of the Y metal center.

Polyagostic Ln···H-C Bonding or Electron Delocalization:
As shown in Figures 16 and 15, the Y···CH2R-Al fragment
(R=H, Me) in 64 and 65 conforms closely to local Cs

symmetry. The geometry of the bridging C atom is best
described as distorted trigonal bipyramidal, with two hydro-
gen atoms (Heq) and the Al atom constituting the equatorial
ligands. Both equatorial H atoms in 64 and 65 establish
remarkably short Y···H(av) contacts of 2.672 and 2.495 L,
respectively. However, as in the neutron-diffraction study of

[Nd(AlMe4)3] (62), no significant C�H bond elongation is
associated with these short Y···H contacts. Despite the acute
Y-C-Heq angles, 84.0 and 73.38 in 64 and 65, respectively, no
Y···H bond CP can be identified. The significantly different Y-
C-Heq angles in 64 and 65 appear to be a consequence of the
different steric requirements of the alkyl ligands (Me versus
Et). However, the rather invariant Heq-C-R angles suggest
that the bridging CH2R groups are best described as
carbanions, with the charge density of the lone pair shared
almost equally between the electropositive Al and Y metal
centers (Figure 16b), in a manner reminiscent of the bridge
bonding in Al2Me6 (1).

[6] Accordingly, this electron pair serves
to satisfy both Lewis acidic centers (Al, Y) and compensates
for their electron-deficient character, again stressing the
partially delocalized nature of the carbanion.

For this class of so-called polyagostic bimetallic com-
plexes, the marginal C�H bond elongation appears to be a
consequence purely of the coordination mode of the alkyl
groups, rather than the primary reason for the hypervalent
bonding displayed by the bridging C atoms. As with agostic
lithium complexes, these polyagostic interactions in alumi-
nate species are best considered as closed-shell M···H�C
interactions, rather than covalent 3c-2e bonds. Once again,
delocalization of the carbanion lone pair at the bridging
(hypervalent) carbon atoms is the driving force for the
unusual m,h2-coordination mode of the aluminate ligands.

6. Manipulation of Agostic Interactions: Metal
Polarization and the Extent of Delocalization

We have explored the nature of M�C bonding by
calculations at the B3LYP/AE-TZ level of theory on the
simple system [EtCa]+ (66), which is the simplest model for a
b-agostic d0 metal alkyl complex. This study has shown in
detail how formation of the M�C bond results in polarization
of the metal center by the ligand, and leads to the bonded
charge concentrations (BCCs) and ligand-induced CCs
(LICCs) cis- and trans- to the M�C bond.[118] In this section,
we consider how the extent of electron delocalization in d0

metal alkyl complexes is dictated by the polarization of the
metal center, and present a scheme for introducing and

Figure 15. a) Coordination of [Y(AlEt4)3] (65) at the BPW91/AE-DZ level
of theory; C3 symmetry imposed. Selected bond lengths [J] and
angles [8] (average values): Y-Ca 2.570, Ca-Al 2.137, Ca-Heq 1.116; Y-Ca-
Heq 73.3, Y-Ca-Cb 175.4, Al-Ca-Heq 119.1, Al-Ca-Cb 101.4, Y-Ca-Al 83.0,
Heq-Ca-Heq 106.5, Heq-Ca-Cb 104.3, t(Y···Al-Ca-Cb) 178.5. Complex 65 is
isostructural with the experimental model of the anionic fragment
[Yb(AlEt4)]3

� of complex 63.[136] b) Contour map of 521(r) for 65 pro-
jected onto the Y-Ca-Al plane. The atomic boundaries, as determined
by the zero-flux surface condition,[56] along with the bond paths in the
electron density, are also indicated. * Bond CPs, & ring CP. Default
contour values as specified in Figure 9b.

Figure 16. a) m,h2-Bridging methyl groups in the [Y(AlMe4)3] (64 ;
BPW91/AE-DZ level). Selected bond lengths [J] and angles [8] (average
values): Y-C 2.550, C-Al 2.126, C-Heq 1.110, C-Hax 1.106; Y-C-Heq 84.0,
Y-C-Hax 168.8, Al-C-Heq 124.1, Al-C-Hax 86.9, Y-C-Al 82.4, Heq-C-Heq

107.9, Heq-C-Hax 102.2, t(Y···Al-C-Hax) 176.6. b) Isovalue surface plot of
�521(r)=10 eJ�5 showing the m,h2-bridging methyl group in 64.
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manipulating sites of locally increased Lewis acidity at a metal
center.

We start with an analysis of the electronic structures of a
series of complexes [EtTiCl2(L)]

+ where L is a strong p-
acceptor (CO or PF3), a weak p-acceptor (PMe3), a s-donor
(H� , CH3

� or NMe3), or a p-donor ligand (Cl� , F� or OMe2).
Figure 17 outlines the main differences in the coordination

modes of the various ligands. All p-acceptor ligands display
acute Ca-Ti-L and BCC-Ti-cis-LICC(2) angles. Thus, the p-
acceptor ligands face directly cis-LICC(2), which corresponds
to a site of locally reduced Lewis acidity. This site is avoided
by all s-donor or p-donor ligands, which prefer instead to
coordinate between cis-LICC(2) and trans-LICC, a site of
locally enhanced Lewis acidity at Ti. These different coordi-
nation modes are in accord with general chemical consid-
erations, such as the hard soft acid base (HSAB) principle.[137]

Coordination of the p-acceptor ligands to Ti causes the Cl-
Ti-Cl angle to widen relative to [EtTiCl2]

+ (30 ; a Cl-Ti-Cl=
118.48, Figure 17).[138] In addition, the magnitude of the charge

concentration LICC(1) at the coordination site opposite L
decreases with increasing p-acceptor character of L, thus
assisting the b-agostic interaction: cis-LICC(1) has values of
309 (L=PMe3; 67), 282 (L=PF3; 68), and 299 (L=CO;
69) eA�5, with corresponding acute Ti-C-C angles of 85.5,
82.8, and 82.98 in [EtTiCl2(L)]

+.[139] In contrast, the s- and p-
donor ligands induce an axial polarization of the metal center,
with the donor electron pair causing a depletion of charge on
the near (L) side of the metal and an increased CC opposite
the Ti�L bond, which results in a shift of LICC(1) towards
BCC. The angle between BCC and cis-LICC(1) decreases to
well below 908 (82.08 for L=NMe3 70 and 80.18 for L=OMe2
71), and the pronounced local Lewis acidity of the Ti site
facing Cb in [EtTiCl2]

+ (denoted “CD” in Figure 18) is

correspondingly reduced: �521(r)= 117, 185, and 183 eA�5

in 30, 70, and 71, respectively.[140] As a consequence, the
agostic interaction is no longer favored in any of these
complexes, which display normal Ti-Ca-Cb angles of 119.9 and
117.68 for 70 and 71, respectively (Figure 17).

Thus, p-acceptor ligands trans to the agostic b-CH frag-
ment in our benchmark system [EtTiCl2]

+ (30) support a b-
agostic interaction, whereas s- and p-donor ligands in the
same position disfavor the interaction. In contrast to the
original suggestion by Brookhart and Green, it is not the
global Lewis acidity of the metal center, but the locally
induced sites of increased Lewis acidity and the flexibility of
theM-Ca-Cb unit which assist or inhibit the development of an
agostic interaction. This situation is perhaps best illustrated
by our model system [EtTiCl2(OMe2)]

+ (71’), in which the
a Ca-Ti-O angle is constrained at 1808. Here the O-donor
ligand faces the ligand-induced CC (trans-LICC) of the ethyl
ligand, a configuration which results in weakening of the

Figure 17. DFTmodels for a) [EtTiCl2(PMe3)]
+ (67) and

b) [EtTiCl2(NMe3)]
+ (70) at the B3LYP/AE-TZ level showing the location

of salient CPs in 521(r), marked by arrows and dots. Selected bond
lengths [J] and angles [8] for 67 and (70), respectively: Ti-Ca 2.031
(2.013); Ca-Cb 1.526 (1.528), Cb-H

0
b 1.130 (1.095), Ti···H

0
b 2.092 (Ti···H

00
b

3.307); Ti-Ca-Cb 85.5 (119.9), Ca-Cb-H’ 114.7 (109.8), Ca-Ti-P(N) 89.1
(110.9), Cl-Ti-Cl 127.1 (115.6), LICC(2)-Ti-BCC 88.0, LICC(1)-Ti-BCC
90.9, (79.6). Atoms in and out of the symmetry plane are denoted by
(’) and (’’), respectively.

Figure 18. a), c) Isovalue surface plots of �521(r)=160 eJ�5 for the
Ti center in [EtTiCl2(PMe3)]

+ (67) and [EtTiCl2(NMe3)]
+ (70), respec-

tively, at the B3LYP/AE-TZ level. The pronounced CD facing Cb in 67 is
reduced in 70 owing to the presence of the s-donor ligand. b), d) Con-
tour maps of 521(r) in the Ti-Ca-Cb-Hb plane for 67 and 70, respec-
tively. Default contour values as specified in Figure 9b (additional con-
tour line at �200 eJ�5).
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Ti�Ca bond relative to 71 (Ti-Ca= 2.079 versus 2.016 L), and
also to an enforced Lewis acidic site at the metal atom (CD:
�521(r)= 130 (71’) and 183 eL�5 (71)), opposite the b-CH
fragment.[141] A pronounced agostic ethyl conformation
(a Ti-Ca-Cb= 82.98 ; Ti···Hb= 1.977 L) thus arises in 71’,
despite the presence of a s-donor ligand.[142] This result again
demonstrates that agostic interactions in d0 transition-metal
alkyl complexes are controlled by local ligand effects which
dictate the polarization of the metal center. An in-depth
analysis of the nature of individual metal–ligand interactions,
and of the interplay between these at the metal center has
thus allowed us to reach a fuller understanding of the factors
involved in b-agostic bonding, which leads to enhanced
predictive power.

7. A Note on Electron-Rich Agostic Complexes

It is worth noting that ellipticity profiles for b-agostic ethyl
complexes of late transition metals resemble closely those of
alkene complexes, which indicates a much greater degree of
M�C electron delocalization in comparison with correspond-
ing early-transition-metal d0 complexes. The profiles thus
accord with the classical picture that these systems are close to
b-hydride elimination, possessing a high degree of C=C and
M�H bond character (see Scheme 1 III). In contrast to d0

transition-metal alkyl complexes, such species are better
described as s complexes between a transition-metal center
and a side on coordinated C�H group.[18] In common with
dihydrogen complexes—the archetypal s complexes—the
occupied C�H bonding orbital acts as a donor and the
empty s*(C�H) orbital acts as an acceptor. The possibility of
significant back-donation from the electron-rich transition-
metal center leads to C�H bond activation which is typically
much more pronounced (C�H elongation > 0.1 L) than in d0

transition-metal alkyl complexes. However, the interaction
between the metal center and the s-coordinated C�H group is
still weak in comparison with the interaction in corresponding
h2-(SiH) coordinated silane complexes.[143] Hence no stable s-
type alkane complexes have been isolated to date, despite the
electronic similarities between h2-(HH), h2-(SiH), and h2-
(CH) complexes of [Mo(CO)(Ph2PCH2CH2PPh2)2] (54).

[144]

Furthermore, recent studies of nonclassical h2-(SiH)
complexes, such as the dihydrosilyl derivatives of group 5
metallocenes, have produced refinements of bonding con-
cepts similar to those for agostic alkyl complexes. According
to Nikonov et al., the bonding in h2-(SiH) complexes of early
transition metals, such as [Cp2NbH(h2-HSiMe2Cl] (55) is
described better in terms of 3c-4e interligand hypervalent
interactions (IHI)[145] than as a s complex or a M···HSi agostic
interaction.[146] In a similar vein, Brammer et al.[13a] proposed
a distinction between a 3c-2eM···HC agostic interaction and a
3c-4e M···HX (X=C, N, O, or S) hydrogen bond in which the
transition-metal center acts as a hydrogen-bond acceptor. The
latter type of interaction may develop in an electronically
saturated metal complex with filled d orbitals. However,
while 3c-4e hydrogen bonding is generally accepted for d8

M···HX systems (X=N, O, S), the bonding situation in the
classical example of the d8 square-planar complex, trans-

[Pd(CMeCMeCMeCMeH)Br(PPh3)2] (9 ; Figure 1), remains
a matter of debate.[13b]

8. Summary and Outlook

Agostic interactions have been considered hitherto to
arise from the donation of electron density formally located
on the alkyl substituent into a vacant orbital of the electron-
deficient metal atom, which results in a 3c-2e M···H�C
moiety.We have investigated the concept in early d0 transition
metal alkyl complexes by a variety of experimental and
theoretical techniques, and a clear and quite different picture
has emerged.

According to this new model, agostic stabilization in early
d0 transition-metal alkyl complexes has little or no depend-
ence on M !HC electron donation, but arises rather from
negative hyperconjugative delocalization of the M�C bond-
ing electrons in d0 complexes. Accordingly, the bonding
between the metal atom and the ethyl group is effectively
established by one electron pair/molecular orbital. This
situation is illustrated in Figure 8, which shows how the
M�Ca bonding molecular orbital (the HOMO in 11) is
delocalized over the entire ethyl group. Canting the ethyl
group to establish an agostic structure leads to an additional
bonding interaction between the Cb atom and the metal
center M. Only in the case of late-transition-metal complexes
does M !HC donation appear to play a significant role, which
is accompanied by characteristic features, such as significantly
elongated C�H bonds and the pronounced lability of such
complexes towards b-elimination. In such cases, the M···H�C
interaction may be viewed as a special class of s complex
formed between a transition-metal center and a side-on
coordinated C�H group.

We have successfully extended this model outside the d-
block, to encompass agostic alkyl complexes of lithium and of
bimetallic lanthanides. These systems show significant differ-
ences in the chemical and electronic nature of the metal
center as compared with transition-metal complexes. How-
ever, several features are common to all three classes of
complexes.
1. The metal is electropositive, with a significantly polar

Md+�Cd� bond. Thus, the potential for deformation
(canting) of the M-C-X angle is relatively flat.[42] This
potential represents the coordinate for development of an
agostic interaction, and distortion of the metal–alkyl
moiety is assisted by negative hyperconjugation.

2. Each of the three types of systems considered is formally
electron-deficient. As such, we may expect some elec-
tronic rearrangement to occur. However, the rearrange-
ment observed in each case involves C�H bonding
electron density only as a minor contribution. Instead,
the interaction occurs primarily to permit delocalization
of the M�C bonding electrons, in either an inter- or
intramolecular fashion. The rather modest M···H�C
interactions observed in each case are thus a consequence
of the agostic distortion rather than its primary cause.

3. In this respect, we can draw a distinction between the
agostic interactions in d0 complexes of early transition
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metals, such as [EtTiCl3(dmpe)] (11), and electron-rich
complexes of late transition metals, such as [EtNi(dbpe)]+

(18),[147] in which b-hydride elimination is much more
developed, and an alkene–hydride representation is
probably more appropriate. Accordingly, b-agostic inter-
actions in complexes such as 11 probably have more in
common with those observed for alkali-metal and lantha-
nide systems than with those of late-transition-metal
complexes, such as 18.

We have explored the charge-density distribution exper-
imentally in [EtTiCl3(dmpe)] (11), and by calculation for
[EtTiCl2]

+ (30). Bond ellipticity (e) profiles have been
calculated for the Ca�Cb bond in these systems, and compared
with those of related complexes. We have found these profiles
to be sensitive and reliable measures of agostic electron
delocalization. We have also identified charge concentrations
(CCs) at the carbon atoms which form the alkyl ligand, as well
as ligand-induced CCs (LICCs) at the transition-metal
center.[118] Both types of CCs are clearly revealed in the
Laplacian of the experimental charge density for 11, and the
concomitant charge depletions (CDs) at the metal center
correspond to sites of locally enhanced Lewis acidity. The
magnitude of the CCs at the a- and b-carbon atoms of the
ethyl ligand can be used to chart the extent of delocalization
of the M�C bonding electrons.[118] The cis LICCs and the CD
facing the b-methyl group in a d0 metal ethyl complex play a
critical role in hindering or encouraging the development of a
b-agostic interaction in d0 transition-metal alkyl complexes in
a manner that accords with our new model.

Analysis of CCs and of bond ellipticities provides a novel
and general method for quantifying the extent of electron
delocalization. These criteria benefit from the advantage of
being derived from the charge density of a molecular system,
and are thus physical observables that may be accessed both
from experiment and by calculation. Hence these simple
criteria offer new direct measures of electron delocalization,
and open up possibilities for the exploration of this phenom-
enon in a wide range of chemical situations. An understanding
of the way in which the ancillary ligands induce polarization
at the metal center, and of the interplay between these effects
and the metal–alkyl bonding, affords the possibility of
predicting—and hence controlling and manipulating—the
development of an agostic interaction with an alkyl ligand in a
particular situation. Such predictive power is unprecedented
in this area of chemistry. Detailed analysis of molecular
charge distribution thus offers the prospect of significant
advances in the design and chemical control of complexes
with central relevance to many reactions of academic and
commercial importance.
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Milli-, micro-, and nanoparticles of cross-linked conjugated polymers
can be synthesized by cross-coupling-polymerization reactions in
aqueous emulsions. Read more about these materials, which have
interesting electronic properties, in the Communication by C. Weder
and co-workers on the following pages.
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Polymer Nanoparticles

Synthesis and Characterization of Cross-Linked
Conjugated Polymer Milli-, Micro-, and
Nanoparticles**

Eric Hittinger, Akshay Kokil, and Christoph Weder*

Conjugated semiconducting polymers are attracting signifi-
cant interest, as these materials may combine the process-
ability and mechanical properties of polymers with the readily
tailored optoelectronic properties of organic molecules.[1] The
development of conjugated polymers with unique property
profiles has been propelled by their (potential) use in light-
emitting diodes,[2] field-effect transistors,[3] photovoltaic
cells,[4] and other devices. Our group has recently embarked
on the exploration of well-defined conjugated polymer net-
works.[5–7] Our initial studies focused on organometallic
polymers based on linear conjugated macromolecules and
metallic cross-links.[5–7] We demonstrated that such networks
exhibit substantially better charge-transport characteristics
than amorphous films of the linear parent polymers[6] and may
overcome the problems associated with interchain charge
transfer between individual macromolecules.[8]

Extending the scope of this general approach, we herein
report the synthesis of conjugated polymer networks com-
prising covalent conjugated cross-links. Interestingly, materi-
als with this structural motif have hitherto received little
attention,[9] possibly because of the difficulty of introducing
conjugated cross-links and retaining adequate processability.
We show here that this problem can be overcome by
synthesizing such polymers in the form of spherical particles,
which can be processed from (aqueous) dispersions. Applying
concepts employed for the preparation of dispersions of linear
conjugated polymers[10–12] and exploiting the fact that some
metal-catalyzed cross-coupling reactions are tolerant to the
presence of water,[13] we demonstrate that cross-linked
conjugated polymer particles can be conveniently produced
by polymerization in aqueous macro-, micro-, and miniemul-
sions. The size of the resulting particles can be readily tuned
over a wide range (mm to nm) by the detailed reaction
conditions, and it appears that the approach is universally
applicable for many polymer systems.

The present study was based on polymers synthesized by
the Pd-catalyzed cross-coupling of 2,5-diiodo-4-[(2-ethylhex-
yl)oxy]methoxybenzene (1) and 1,4-diethynyl-2,5-bis-(octyl-
oxy)benzene (2 ; Scheme 1). The linear poly(p-phenylene
ethynylene) (PPE) based on only 1 and 2[14] is highly soluble

and its optoelectronic properties are representative for this
family of polymers.[14,15] In all experiments described herein,
1,2,4-tribromobenzene (3) was employed as the cross-linker.
The reactivity of aryl bromides towards cross-coupling is
lower than that of aryl iodides,[15] and it was expected that the
reaction of 1, 2, and 3 would afford linear PPE segments of an
appreciable length before cross-linking would lead to the
gelation of the reaction mixture. While a systematic study
addressing the influence of cross-linker concentration is
currently underway, a stoichiometrically balanced molar
ratio of about 6:9:2 of monomers 1, 2, and 3 was chosen
here. The cross-link density should not be excessively high, as
this would lead to rigid particles, which stifle adequate film
formation. The reaction shown in Scheme 1 was first con-
ducted under standard conditions,[14–16] that is, under Pd0/CuI

catalysis in a homogeneous toluene/iPr2NH mixture (method
A). Expectedly, the reaction mixture gelled after a short time
and after completion of the reaction and workup the target
polymer was obtained in rather large pieces. Coherent with
the targeted network structure, the product could not be
dissolved but swelled substantially (ca. 500% w/w) if
immersed in toluene or chloroform, which are good solvents
for the linear PPEs. Infrared spectra of this material, in its
swollen state quite elastic, are consistent with the expected
molecular structure, and elemental analysis confirms the
expected composition. The analytical data reveal the pres-
ence of remaining bromine groups, thus indicating that the
reaction ceases after a critical cross-link density is reached.

The polymerization was repeated but conducted in a
vigorously stirring mixture of water, toluene, and iPr2NH
(method B). Stabilized by shear forces, an “oil-in-water”
emulsion was formed. Over the course of the reaction, the
organic droplets adopted the characteristic color and photo-

Scheme 1. Synthesis of cross-linked PPEs by the palladium-catalyzed
cross-coupling reaction of monomers 1, 2 and the trifunctional cross-
linker 3. R1=2-ethylhexyl, R2=n-octyl.
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luminescence (PL) of PPEs and solidified, thus suggesting
that the polymerization proceeded smoothly. The product was
obtained in the form of well-separated, millimeter-sized,
essentially spherical particles (Figure 1a), which exhibited
similar analytical data as the polymer produced by method A.

The size of these particles may be too large to form useful
suspensions, but the experiment clearly demonstrates that the
Pd-catalyzed cross-coupling reaction proceeds smoothly in an
aqueous emulsion.[17] In a subsequent experiment sodium
dodecyl sulfate (SDS) was added as an auxiliary surfactant[11]

to the otherwise unchanged reaction mixture (method C) to
better stabilize the droplets and to reduce the particle size.
The product was isolated as a dry powder but, as is evident
from Figure 1b, it could readily be redispersed in toluene by
ultrasonication into well-separated, micrometer-sized parti-
cles without further addition of surfactant. A detailed analysis
of optical micrographs of redispersed, toluene-swollen par-
ticles produced by method C shows that their size distribution
is relatively narrow with an average diameter of � 4.7 mm
(Figure 2a). The chemical composition of the polymer was

comparable to the one of the materials described by
methods A and B, and elemental analysis revealed that the
SDS content in the final product was very low.

To further reduce the particle size, the polymerization was
conducted by using the conditions outlined above, but an
ultrasonic bath was employed for mixing (method D). The
yield of the isolated product was limited thus further
improvement of the protocol is required, but scanning-
electron-microscopy pictures of the redispersed product
confirm that cross-linked nanospheres with a diameter of

Figure 1. Photographs (a), optical micrographs (b), and scanning elec-
tron micrographs (c) of cross-linked conjugated milli- (a), micro- (b),
and nanoparticles (c) prepared by method B (milli), method C (micro),
and method D (nano). Pictures were taken in fluorescence mode when
excitated at 366 nm and transmission/reflection mode, with the
particles dispersed in toluene.

Figure 2. Size-distribution of cross-linked PPE micro- (a) and nanopar-
ticles (b) produced by methods C and D, respectively. The size of the
particles was determined from optical-microscopy (a) and scanning-
electron-microscopy (b) images. The particles evaluated in (a) were
swollen with toluene. N=number of particles, d=diameter.
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50–400 nm and a relatively narrow size distribution can be
produced by this method (Figure 1c, 2b).

As is evident from Figure 1, the conjugated polymer
networks are highly luminescent if swollen with toluene but
similar to linear PPEs[14] the luminescence is quenched in the
dry solid state. The PL spectra of toluene-swollen milli-,
micro-, and nanoparticles produced by methods B–D are
shown in Figure 3, together with a reference spectrum of a

linear reference polymer[14] dissolved in toluene. Gratifyingly,
all materials display very similar emission spectra, which
feature well-resolved phonon bands. This result suggests the
absence of significant amounts of structural defects and
impurities and indicates that neither the network structure,
nor the remaining bromine functions significantly disturb the
principal optoelectronic properties of the polymers.

In conclusion, we have shown that covalently cross-linked
spherical conjugated polymer particles can readily be pro-
duced by the introduction of adequate cross-linkers and
conducting cross-coupling reactions in aqueous macro-,
micro-, and miniemulsions. We have demonstrated that the
size of the polymer particles can easily be tuned over a wide
range (mm to nm) by modification of the reaction conditions.
The optoelectronic properties of the materials are similar to
those of the linear reference polymer synthesized under
conventional conditions, and confirm the absence of elec-
tronic defects. Detailed experiments focusing on the charge-
transport characteristics of this new class of materials are
currently underway.

Experimental Section
Monomers 1 and 2 were prepared as described before.[14] Other
chemicals were of the highest available quality and used as received.
All reactions were conducted with degassed solvents under Ar
atmosphere. IR spectra were measured on KBr pellets on a Bomem
MB104 FTIR. Optical microscopy was carried out on an Olympus
BX-60 microscope with a spot insight digital camera. PL Spectra were
measured under excitation at 366 nm on a SPEX Fluorolog 3 as
described previously.[14] Polymers made by methods C and D were
redispersed by ultrasonicating the polymers for about 24 h in toluene

by using a Fisher Scientific FS-60 ultrasonic bath. SEM images were
acquired by using a Hitachi model S-4500.

Method A: 1 (68.0 mg, 0.139 mmol), 2 (71.5 mg, 0.184 mmol), 3
(9.9 mg, 0.031 mmol), [Pd(PPh3)4] (7.5 mg, 0.006 mmol), and CuI
(1.0 mg, 0.005 mmol) were combined in a mixture of toluene (2.0 mL)
and iPr2NH (1.0 mL). The solution was heated to 70 8C over 24 h. The
reaction mixture, which had turned into a fragile gel, was then
transferred into stirring toluene (50 mL). MeOH (300 mL) was added
at 20 min intervals over the course of 3 h. The product was collected
and dried overnight in vacuo at room temperature to yield a brown
solid (43.7 mg, 84%). FTIR: 3438 (m, broad), 3239 (w), 3192 (w),
2955 (s), 2929 (s), 2855 (s), 2738 (w), 2345 (w), 2207 (w, broad), 1870
(w), 1639 (m, broad), 1542 (m), 1508 (s), 1458 (s), 1420 (s), 1388 (s),
1272 (s), 1217 (s), 1150 (w), 1092 (m), 1035 (s), 976 (w), 865 (m),
809 cm�1 (m). Elemental analysis calcd: C 80.81%, H 9.33%, N
0.00%, Br 0.00%; found: C 78.66%, H 9.93%, N 0.01%, Br 1.78%.

Method B: 1 (73.6 mg, 0.151 mmol), 2 (93.0 mg, 0.240 mmol), 3
(22.3 mg, 0.071 mmol), [Pd(PPh3)4] (7.3 mg, 0.006 mmol), and CuI
(1.7 mg, 0.009 mmol) were combined in a mixture of toluene (2.2 mL)
and iPr2NH (1 mL). The solution was stirred for 60 s, water (60 mL)
was added, and the mixture was heated to 70 8C and vigorously stirred
for 24 h. The reaction mixture, in which the organic phase had
solidified into many individual, millimeter-sized particles, was cooled
to room temperature. The product was isolated by filtration,
suspended in toluene (15 mL) and MeOH (100 mL) was added in
20 min intervals over the course of 3 h. The product was collected and
dried overnight in vacuo at room temperature to yield brown
spherical particles (127.3 mg, 95.6%). FTIR: 3452 (m, broad), 3056
(w), 2960 (m), 2924 (s), 2854 (s), 2743 (w), 2353 (w), 2208 (m, broad),
1511 (s), 1460 (s), 1420 (s), 1384 (s), 1263 (s), 1215 (s), 1088 (s), 1301
(s), 865 (m), 801 (s), 723 cm�1 (m). Elemental analysis calcd: C
80.77%, H 9.40%, N 0%, Br 0%; found: C 76.17%, H 8.56%, N
0.06%, Br < 1.76%.

Method C: 1 (135.8 mg, 0.278 mmol), 2 (144.1 mg, 0.372 mmol), 3
(19.4 mg, 0.061 mmol), [Pd(PPh3)4] (15.0 mg, 0.013 mmol), and CuI
(2.3 mg, 0.012 mmol) were combined in a mixture of toluene (4.4 mL)
and (i-Pr)2NH (2 mL). The solution was stirred for 60 s, an aqueous
solution (60 mL) of SDS (0.8 g) was added, and the mixture was
heated to 70 8C and stirred vigorously for 24 h. The reaction mixture,
which had turned into an orange suspension, was cooled to room
temperature and the solvents were evaporated in vacuo. Toluene
(100 mL) was added, and the mixture was ultrasonicated for 1 h. The
solid content of the resulting suspension was separated by centrifu-
gation and the supernatant solution was discarded. This procedure
was repeated with toluene/MeOH mixtures (3:1, 1:1, and 1:3 v/v),
MeOH, and twice with toluene. The product was collected and dried
overnight in vacuo to yield a brown solid (189.8 mg, 89%). FTIR:
3440 (m, broad), 2963 (s), 2917 (s), 2854 (s), 2332 (w), 2187 (w), 1897
(w), 1638 (m, broad), 1514 (s), 1465 (s), 1420 (s), 1387 (s), 1278 (s),
1218 (s), 1094 (w), 1034 (s), 970 (w), 853 (m), 726 cm�1 (w). Elemental
analysis calcd: C 80.77%, H 9.40%, N 0%, Br 0%, S 0%; found: C
76.91%, H 8.82%, N 0.12%, Br 0%, S 0.17%.

Method D: 1 (108.0 mg, 0.221 mmol), 2 (114.9 mg, 0.296 mmol), 3
(15.2 mg, 0.048 mmol), [Pd(PPh3)4] (14.2 mg, 0.012 mmol), CuI
(3.5 mg, 0.018 mmol), and SDS (24.3 mg) were combined in a mixture
of toluene (3.3 mL), iPr2NH (1.5 mL), and water (9 mL). The mixture
was heated to 70 8C in an ultrasonic bath and kept at this temperature
for 24 h. The reaction mixture was cooled to room temperature,
macroscopic particles were removed by filtration, and the solvents
were evaporated in vacuo. Toluene (3 mL) was added to the remain-
ing solid, the mixture was placed into an ultrasonic bath for 24 h, and
the suspension was added dropwise into stirring MeOH (100 mL).
The solid fraction of the resulting suspension was separated by

Figure 3. Photoluminescence spectra of PPE milli (method B, dashed
line), micro- (method C, dotted line), and nanoparticles (method D,
dash-dotted line), suspended in toluene, and an linear PPE reference
solution in toluene (solid line).
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centrifugation and dried overnight in vacuo to yield a brown solid
(7.5 mg, 4.4%).
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Drug Delivery

Potential Peptide Carriers: Amphipathic Proline-
Rich Peptides Derived from the N-Terminal
Domain of g-Zein**

Jimena Fern	ndez-Carneado, Marcelo J. Kogan,
Susanna Castel, and Ernest Giralt*

The ability of certain peptides to cross eukaryotic cell
membranes is clearly of interest in the drug delivery field.
In recent years, this interest has led to the rapid development
of peptide carriers for the delivery of antitumoral, antiviral, or
antibiotic drugs, which otherwise would be unable to cross the
cell membrane and reach their therapeutic target. Additional
advantages of the use of peptide carriers include their low
toxicity, accessible synthesis, and high flexibility for modifi-
cation when attaching peptides or small-molecule drugs as
cargoes.[1] The ability of a wide variety of short peptides to act
as carriers[2] for the delivery of peptides,[3] proteins,[4] or
oligonucleotides[5] inside the cell has been demonstrated,
while recent studies have identified peptide vectors including:
human calcitonin (hCT),[6] fragments of protein-transduction
domains (VP22,[7] Tat,[8] or Antp[9]), arginine-rich peptides,[10]

b-peptides,[11] peptoids,[12] and loligomers.[13] Although little is
known about the mechanism that operates in a translocation
process of this nature, the amphipathicity of the carriers,
which determines self-assembly, appears to be crucial for the
interaction of the molecules with receptors (molecular
recognition) or with highly amphipathic environments.[14]

The ability of proline-rich antibiotics to cross the cell
membrane has also been demonstrated[15] and recently we
reported the surprising result that a peptide containing only
proline residues (P14) crossed the cell membrane, albeit with
low efficiency.[16] Polyprolines adopt a well defined secondary
structure, polyproline II (PPII), in pure water but unlike the
a-helix, PPII is left-handed with 3.0 residues per turn. The
rules for transforming a PPII helix into an amphipathic helix
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are easily predicted. As we have demonstrated elsewhere,
50% of the proline content in the sequence is sufficient to
maintain the PPII structure.[17] Thus, it is possible to alternate
helix turns formed by three P residues with amphipathic helix
turns formed by polar residues X in positions i+ 1, i+ 7, i+
13… and hydrophobic residues Z in positions i/i+ 2, i+ 6/i+
8, i+ 12/i+ 14… in sequences (ZXZPPP)n, (P=proline
residue; Figure 1a, b). Such structures appear in natural

protein domains as the N-terminal repetitive domain
(VHLPPP)n (where n= 8) of maize g-zein. This and related
peptides interact with membranes and do not present anti-
biotic effects.[17,18]

Herein, we present the synthesis of amphipathic peptides
(VXLPPP)n (with n= 1–3 and X=His (H), Arg (R), Lys (K);
Figure 1c) and examine their ability to cross cell membranes.
Val (V) and Leu (L) were chosen by analogy with the
aforementioned g-zein domain. To favor the interaction
with phosphate diester anionic polar heads, the X residues
have lateral cationic chains (or partially cationic as His;
Figure 1d). The interface between a cell membrane and its
aqueous extracellular environment is an amphipathic ambi-
ent. We aimed to determine whether the transformation of a

polyproline helix into an amphipathic Pro-rich sequence
would generate a new family of peptide shuttles.

The synthesis of (VXLPPP)n and Pm, where n= 1, 2, and 3
and m= 6, 12, and 18, was performed by solid-phase peptide
synthesis on a 2-chlorotrityl resin.[19] The choice of this
support was particularly appropriate as it completely avoided
the PP diketopiperazine side reaction. 5(6)-carboxyfluores-
cein (CF) was used for the synthesis of the fluorescent labeled
peptides required in the cell uptake studies. A new optimized
method for the incorporation of the fluorescent label has been
achieved with the combined used of PyAOP and HOAt (see
Figure 2).[20]

Once these series of labeled peptides had been synthe-
sized, their comparative properties for translocation through
the cell membrane were checked with HeLa human cell line.
First, the extent of the uptake of the monomers, dimers, and
trimers at 50-mm concentration in HeLa cells was quantified
using a fluorescence microplate reader assay. After incubating
the peptides with the cells for 1–3 h, washing in phosphate
buffer saline (PBS) and the addition of a lysis buffer
containing 0.1% Triton, the fluorescence emitted was mea-
sured in the microplate reader (see Supporting Information).
As shown in Figure 3a, cells incubated with CF-(VRLPPP)3

presented the highest fluorescence intensity. This result could
be attributed to the ability of guanidinium groups to interact
strongly with bidentate anions,[21] present here in the form of
phosphate diester in the outer part of the cell membranes
(Figure 1d) and, it is in agreement with several reported
examples.[22] A dose–response analysis was then undertaken,
by incubating HeLa cells with the peptides at different
concentrations. Again, the nature of the hydrophilic residues
and, specifically, the length of the peptide were shown to have
a pronounced effect on uptake (Figure 3b).

The cellular uptake of the new amphipathic Pro-rich
peptides was also studied by confocal laser scanning micro-
scopy (CLSM). HeLa cells were incubated for 3 h with each
carboxyfluoresceinated peptide (50 mm). After washing with
PBS, the cells were fixed with paraformaldehyde, and
analyzed by confocal microscopy. As revealed by confocal
microscopy images, an intracellular vesicular distribution of

Figure 1. a) Schematic representation of a polyproline helix (PPII),
b) the amphipathic Pro-rich helix generated after exchange of Pro resi-
dues at the i+1, i+7, i+13 positions by polar residues (blue) and the
i/i+2, i+6/i+8, i+12/i+14 positions by hydrophobic residues (yel-
low), c) water accessible surface of (VRLPPP)3 modeled adopting a
PPII conformation using the Connolly algorithm implemented in
Insight II v.98. The hydrophobic residues (Val and Leu) are yellow, polar
protonated Arg are blue, and neutral Pro residues pink, d) model pro-
posed for the interaction between the hydrophilic Arg residues (repre-
sented as the blue region in the circular head, the yellow region repre-
sents the hydrophobic residues of the peptide) and the polar heads of
the phospholipids located in outer part of the cell membrane (the fatty
diacylglycerol chain is schematically represented as a long alkyl chain).

Figure 2. Scheme of synthesis and carboxyfluoresceination reaction on
solid support (Resin=2-chlorotrityl resin); a) 5(6)-carboxyfluorescein
(5 equiv), PyAOP (5 equiv), HOAt (5 equiv), DIEA (10 equiv), DMF,
90 min, RT, b) 95% TFA, 2.5% TIS, 2.5% water (15–90 min).
PyAOP=7-azabenzotriazol-1-yloxytris(pyrrolidino)phosphonium hexa-
fluorophosphate, HOAt=1-hydroxy-7-azabenzotriazole, DIEA=N,N-
diisopropylethylamine, TFA= trifluoroacetic acid, TIS= triisopropyl-
silane.
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the fluorescent peptides was found after recording optical
sections that allowed the 3D cell reconstruction (Figure 4a).
The carboxyfluoresceinated peptides were located inside the
cells and were not attached to the cell membrane. In addition,
we examined the influence of the fixation step with a 3%
paraformaldehyde solution, since recent papers have shown
that the fixation step prior to observation by microscopy leads
to the presence of artifacts on entry[23] or, otherwise changes
the localization of the carrier molecule.[24] As shown in
Figure 4b, a punctate cytoplasmic distribution outside the
nucleus was observed in vivo and in fixed cells. We conclude
that fixation with paraformaldehyde does not influence entry
in HeLa cells and nor does it modify the localization of these
carrier peptides.

Finally, cell viability assays with (3-4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium (MTT) were performed to check
the toxicity of the amphiphilic Pro-rich peptides. The most
promising peptide CF-(VRLPPP)3 was noncytotoxic after
incubation for 24 h with HeLa cells in concentrations up to
1000 mm, which highlights its potential as a carrier (see
Supporting Information). Comparative cytotoxic studies of
other well established cell-penetrating peptides have been
carried out. Thus, as already discussed in the literature CF-Tat
or CF-Antp were cytotoxic at relatively low concentrations.[25]

In our hands, at the concentration used for the internalization
studies, that is, 50 mm, CF-Tat reduced the cell viability to
64% and CF-Antp to 75% (see Supporting Information). The
viability of HeLa cells was dramatically reduced in the
presence of CF-Tat or CF-Antp at higher concentrations (e.g.

to 40 and 11%, respectively, at 500 mm concentration).
Measured against CF-Tat or CF-Antp, the degree of internal-
ization of CF-(VRLPPP)3 was found to be, respectively, 15- or
20-times lower, however, CF-(VRLPPP)3 showed the absence
of cytotoxicity.

In conclusion, (VXLPPP)n is a new family of peptides that
can translocate human cell membranes. Compared with other
carrier peptides, this new family presents several advantages
including its nonviral origin, amphipathic character, solubility
in water, and the absence of a cytotoxic effect at high
concentrations. In terms of their synthesis, we report a new
and efficient method for labeling resin-bound peptides with
5(6)-carboxyfluorescein marker. We are currently undertak-
ing studies to gain further insight into the translocation
process of Pro-rich amphipathic peptides as well as their use
in the delivery of plasmid DNA.

Received: August 1, 2003
Revised: December 1, 2003 [Z52540]

Figure 3. a) Fluorescence emitted after incubating HeLa cells for 3 h with CF-
(VXLPPP)n with X=Arg, Lys, His and n=1–3 at 50 mm concentration, b) compa-
rative representation of fluorescent emission obtained after incubation of HeLa
cell line for 1 h at 37 8C with several carboxyfluoresceinated peptides at different
concentrations ranging from 5 mm to 50 mm.

Figure 4. a) CLSM images of HeLa cells incubated for 3 h at 37 8C with
50 mm CF as negative control (CF) and CF-(VXLPPP)3 where X=Arg,
Lys, His; Image R=CF-(VRLPPP)3-OH, H=CF-(VHLPPP)3-OH, K=CF-
(VKLPPP)3-OH; b) HeLa cells were incubated with CF-(VRLPPP)3 at
20 mm concentration for 3 h at 37 8C in 5% CO2 atmosphere. Cells
were washed with PBS and directly visualized (left) or fixed with para-
formaldehyde (right) before observation by fluorescence microscopy.
Scale bar=10 mm.
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Cluster Compounds

Self-Assembly of a Spin-Coupled Octanuclear
Copper(ii) Circular Array from a Single-Stranded
Ligand**

Stuart T. Onions, Sarah L. Heath, Daniel J. Price,
Ross W. Harrington, William Clegg, and
Craig J. Matthews*

Cyclic metal arrays containing multiples of spin-coupled
paramagnetic metal centers are frequently synthesized from a
large number of components in an uncontrolled assembly
process that employs relatively simple bridging ligands in
conjunction with smaller bridging fragments, such as hydrox-
ide, oxide, halide, and methoxide.[1] A controlled approach
that excludes these extraneous bridging fragments can be
adopted when designed polytopic ligands are employed, as
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then a self-assembly process proceeds through an algorithm
defined by the coordination preferences of the metal ion and
the steric information contained within the ligand structure.[2]

Cyclic metal arrays formed using this latter approach are a
relatively rare class of supramolecular coordination com-
pound.[3] Consequently, they have yet to offer the high
nuclearities, the variety of metal centers, or the attractive
magnetic phenomena that are associated with those formed
from simple bridging ligands.[4] One route to bridge the gap
between these two extremes is to use flexible polytopic
bridging ligands that exclude the need for extraneous bridging
fragments whilst maintaining enough flexibility to explore the
potential-energy hypersurface of a system before the forma-
tion of a thermodynamically stable metal array. Polytopic
diazine ligands with alternating sequences of rigid and flexible
bridging groups, previously employed in self-assembly pro-
cesses,[5] can be readily synthesized to meet these criteria, as
exemplified by the recent isolation of a unique Cu12 picture-
frame assembly.[6] We describe herein the preparation and
characterization of the first spin-coupled circular array to be
formed from a single-stranded ligand.

The circular motif is formed through the self-assembly of
the polytopic diazine ligand L with each of Cu(ClO4)2·6H2O,

Cu(BF4)2·6H2O, and Cu(CF3SO3)2 in high yields to give
[Cu8L4(H2O)8](X)16: X=ClO4

� (1), BF4
� (2), and CF3SO3

�

(3) respectively. Ligand L (for its preparation see the
Supporting Information) is structurally comparable to a
pyridazine analogue that has been successfully employed to
generate a series of spin-coupled [M4L3] tetranuclear triple
helicates.[7] However, substitution of the pyridazine for the
pyrimidine heterocycle confers a bowed arrangement of
bridging bidentate binding sites on the ligand framework.
This conformation precludes a linear arrangement of metal
ions, as illustrated in the structure[8] of the cation in 2
(Figure 1). The circular array possesses an S4 axis and can be
best described as a circular single-stranded side-by-side
complex[9] or as a circular single-stranded mesocate.[10] It
holds eight copper(ii) centers in a bowl-shaped, octagonal
array that is composed of two bowed pairs of parallel ligands
and eight coordinated water molecules; it has an external
dimension of approximately 20 = and a central cavity with a
4–5 = diameter. The cavity has a sheath of hydrogen-bonding
donors appropriate for the encapsulation of anions and/or
solvent molecules, which is quite common for structures of
this type.[11] In this particular case, an anion lies at the center
of the cavity, and two others above and below this; further
anions and uncoordinated water molecules are hydrogen
bonded to other NH2 groups of the cation. Each ligand L
coordinates four adjacent copper centers through the con-
tiguous bridging bidentate binding sites (N-Ndiazine and N-

Npyrimidine), to give Cu···Cu separations of 3.742 = and 6.594 =,
respectively. Each copper ion is coordinated by two chelating
subunits, one terminal Npy-Ndiazine (py= pyridine) and one
central Ndiazine-Npyrimidine, belonging to two different ligand
strands. This arrangement of ligands forms four equivalent
dinuclear double-helical units located at the corners of the
cyclic octagonal array that are related to each other through
fourfold inversion–rotation symmetry (S4 or 4̄). The ligands
experience a significant amount of twist (Figure 2) within the

dinuclear unit, as defined by the two Cu-N-N-Cu torsion
angles of 47.08 and 46.38, which orients the pyridine rings
almost perpendicular to the central rigid pyrimidine ring.
These rigid rings form the sides of the octagon and bridge the
dinuclear units generating the cyclic array, with adjacent
essentially coplanar N-Npyrimidine bridged Cu centers. Each
copper(ii) center adopts a square-based pyramidal geometry
with the basal sites occupied by a diazine and pyridine
nitrogen pair from one ligand, a pyridine nitrogen from a
second ligand, and an oxygen donor atom from a coordinated
water molecule; the in-plane bond lengths are short (< 2.0 =).
Longer axial bonds (2.253 and 2.269 =) to pyrimidine nitro-
gen atoms complete the five-coordinate environment.

Figure 1. POV-Ray representation of the X-ray structure of the
[Cu8(L)4(H2O)8]

16+ ion in 2 (hydrogen atoms are omitted for clarity).
Gray C, red O, blue N, green [CuII] .

Figure 2. Displacement ellipsoid plot (ellipsoids set at 50% probabil-
ity) of the dinuclear asymmetric unit in 2. Selected bond lengths [F]:
Cu(1)-N(1) 1.977(5), Cu(1)-N(3) 1.992(4), Cu(1)-N(7A) 2.253(4),
Cu(1)-N(9A) 1.998(4), Cu(1)-O(1) 1.970(5), Cu(2)-N(4) 1.999(4),
Cu(2)-N(6) 2.269(4), Cu(2)-N(10A) 1.994(4), Cu(2)-N(12A) 1.985(5),
Cu(2)-O(2) 1.996(4).
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The structure of 2 could be determined successfully only
with the use of synchrotron radiation facilities, because of the
small crystal size and the weak scattering resulting from a high
degree of disorder of the anions and solvent molecules. Data
were also obtained for the perchlorate analogue 1, with a
rotating-anode X-ray source, but the diffraction pattern was
much weaker, leading to a structure of low precision. The
results, however, are sufficient to indicate that the two
structures are isomorphous, that the octanuclear cation is
essentially identical, and that the packing and hydrogen-bond
arrangement is very similar.

Variable-temperature magnetic susceptibility data (Sup-
porting Information) were collected on a single polycrystal-
line sample of 1 over the range 2–290 K and a fit of these data
to the Curie–Weiss law gave c= 0.510(2) cm3Kmol�1 and q=

+ 0.273(9) K, suggestive of a weak ferromagnetic interaction
between CuII centers. Structurally we may expect the
behavior of 1 to approximate that of simple exchange-coupled
dimers. Fitting the data to the Bleaney–Bowers equation[12]

gave a good fit with g= 2.15(1) and �2J=�6.6(2) cm�1. This
ferromagnetic exchange interaction is in broad agreement
with other structures that possess two and three Cu-N-N-Cu
linkages with dihedral angles below approximately 808.[13–16]

The formation of the circular array is quite remarkable as
it requires four octadentate ligands and the inclusion of eight
solvent molecules to satisfy the coordination algorithm of the
eight five-coordinate copper(ii) centers. Compounds 1–3 also
represent a rare example of a polynuclear copper(ii) circular
array containing more than six copper(ii) centers.[17] Exami-
nation of a solution of redissolved crystals of 1 and 2 in
acetonitrile by electrospray mass spectroscopy, at various
cone voltages, displayed four sets of peaks that correspond to
the species [Cu8L4(X)n]

16�n (X=ClO4
� , BF4

� ; n= 10–13)
together with their acetonitrile adducts. No other discernible
peaks were observed; this suggests that, once the circular
motif is formed, it is preserved in solution. A similar
breakdown pattern was observed for the triflate analogue 3
and implies the formation of the circular motif is dominated
by metal–ligand interactions[18] and not templated about a
central anion, in contrast to some circular systems.[19] The
isolation of 1–3 in high yields opens up exciting opportunities
to build larger arrays through the substitution of the labile
water or other solvent molecules with coordination com-
plexes bearing suitable bridging units.

Experimental Section
L : See Supporting Information.

1: Reaction of L with Cu(ClO4)2·6H2O (1:2) in aqueous
acetonitrile gave a green precipitate in 70–75% yield when the
solution was left to stand for one week. Elemental analysis (%) calcd
for [Cu8(C18H18N12)4(H2O)8](ClO4)16·6H2O·CH3CN: C 22.2, H 2.6, N
17.2; found (vacuum-dried sample): C 21.9, H 2.7, N 17.5; IR (nujol
mull): ñ= 3425 (nH2O), 3344, 3177 (nNH2

), 1679 (nCO), 1656 (nCN),
1062 cm�1. Crystals suitable for X-ray diffraction were grown by slow
evaporation of a concentrated solution of the precipitate in aqueous
acetonitrile. 2 and 3 were obtained in similar yields using the same
experimental conditions as 1.

Magnetic susceptibility measurements were made on 1 using a
Quantum Design MPMS SQUID magnetometer between 2–290 K in

an applied field of 200 G. A diamagnetic correction of �226K
10�6 cm3mol�1 was estimated from Pascal's constants.[20]
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Dawson Clusters

Old Clusters with New Tricks: Engineering S···S
Interactions and Novel Physical Properties in
Sulfite-Based Dawson Clusters**

De-Liang Long, Paul K�gerler, and Leroy Cronin*

Dedicated to Professor Michael T. Pope
on the occasion of his 71st birthday

Polyoxometalates (POMs) have been subjected to a vast
number of studies due to attractive electronic and molecular
properties that give rise to a variety of applications, for
example, in catalysis,[1] medicine,[2] and materials science.[3] A
notable subset of POM-based clusters are those of the very
stable Dawson structural type [M18O54(XO4)2]

m� (M=Mo, W;
X=main-group element), first discovered fifty years ago and
since then the subject of many hundreds of papers.[4] The
conventional Dawson structure incorporates two tetrahedral
anions such as PO4

3�,[4] AsO4
3�,[5] SO4

2�,[6] or ClO4
� .[7]

Surprisingly, there are only a few examples of {M18}
Dawson-like clusters that host nontetrahedral anions; exam-
ples thereof include a single pyramidal anion (BiO3

3� or
AsO3

3�) in each cluster, presumably due to size restric-
tions,[8, 9] or a ditetrahedral anion (P2O7

4� ; two tetrahedra
sharing one corner).[10]

We are interested in the design of new nonconventional
Dawson clusters incorporating two pyramidal anions, as such
clusters may exhibit unprecedented properties arising from
the intramolecular electronic interactions between the encap-
sulated anions, and thus provide a novel route to manipulate
the physical properties of {Mo18} Dawson-type clusters. In the
light of previous work[8–10] it appears that the sulfite anion, due
to its size and charge, could be a realistic candidate for
templating a {Mo18} Dawson cage. However, structurally
characterized molybdosulfites are rare; some examples
include (NH4)4[Mo5O15(SO3)2]·4H2O,[11] (NH4)8[Mo2O4-
(SO3)5]·2H2O

[12] and the framework structures
(NH4)20[Mo12O24(SO3)16]·4H2O

[12] and (NH4)15{Na[Mo6O15-
(SO3)4]2}·5H2O.[12] In addition, the biological relevance of
molybdenum sulfite chemistry makes access to POM-based
sulfite architectures an attractive goal.[13]

By extending our previous work using bulky, “shrink-
wrapping” cations[14] we were able to isolate an unprece-
dented 18-molybdosulfite based on a Dawson-type {Mo18}
cage using protonated triethanolamine (TEAH). The result-
ing compound 1 contains the twofold-reduced Dawson anion

ðTEAHÞ6½Mo18O54ðSO3Þ2� � 4H2O 1

a-[MoV
2 MoVI

16O54(SO3)2]
6� (1a),[15] which incorporates the

targeted two pyramidal sulfite (SO3
2�) ions as the central

cluster templates (Figure 1a).

Anion 1a has an overall approximate D3h symmetry, with
a mirror plane dividing the cage into two equal parts linked
together by six equatorial oxo ligands (Figure 1a). The
distinctive peanutlike shape of the {Mo18O54} framework
was also observed for {W18O54} cages in the Dawson-
type compounds (Bu4N)6[W18O54(OH)3(BiO3)]

[8] and
(H4N)7[W18O54(O)(OH)2(AsO3)].

[9] Furthermore, the Mo–O
framework of 1a, as well as the B-type coordination of the
heteroatoms within the cage, is very similar to that of
18-molybdopyrophosphate [Mo18O54(P2O7)]

4�, previously
reported in (Bu4N)4[Mo18O54(P2O7)],

[10] although in this case
connection of the two phosphorus centers by an oxo ligand
leads to slight expansion of the O6 equator compared to 1a. In

Figure 1. A representation of the structures of the sulfite-based
Dawson clusters: a) a-[MoV

2 MoVI
16O54(SO3)2]

6� (1a),
b) b-[MoVI

18O54(SO3)2]
4� (3a), and c) a comparison with the conven-

tional a-type sulfate-based Dawson anion [Mo18O54(SO4)2]
4�,[6] whereby

the central anion templates are shown in a space-filling mode (S:
yellow, O: red, capping Mo: blue, “belt” Mo: green).
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conventional Dawson clusters, one of the four oxygen atoms
of the tetrahedral XO4 moiety coordinates to the three
capping M centers, and the remaining three m3-oxo ligands
each bridge two of the six remaining M centers of the “belt”
part (Figure 1c). However, in 1a the m4-oxo ligands of SO3

moieties each individually bridge three molybdenum centers,
one from the cap and two from the belt. As such, this
fundamental difference between the coordination modes of
the discrete XO4 and XO3 moieties restricts the possible
isomers of sulfite-based Dawson clusters to a and b types.[15]

Compound 1 contains the first Dawson {M18} cluster
incorporating the pyramidal sulfite anion, and the first that
includes two such pyramidal anions in the same {M18} cage. By
employing Na2S2O4 as a reducing agent, and thus as the source
of SO3

2�, 1 was synthesized in the presence of an excess of
triethanolamine (TEA) at pH 4.0 in a yield of about 34%.[16]

It was characterized by single-crystal X-ray structure analy-
sis,[17] elemental analysis, IR and UV/Vis spectroscopy, and
the oxidation state was additionally confirmed by bond
valence sum (BVS) calculations and redox titrations.[18]

To understand the consequences of encapsulating sulfite
anions, a synthetic procedure to isolate the unreduced
analogue of 1a was devised, based on the method reported
by Hori et al. ,[19] which employs an acetonitrile/water solvent
mixture for synthesis of the clusters at elevated temperatures
and yields the products as Bu4N

+ salts.[19] This resulted in two
new compounds, 2 and 3.

ðC16H36NÞ6½Mo18O54ðSO3Þ2�½Mo6O19� 2

ðC16H36NÞ4½Mo18O54ðSO3Þ2� � C2H3N 3

Compound 2 contains the sulfite-based Dawson anion a-
[MoVI

18O54(SO3)2]
4� (2a) and the Lindqvist anion [MoVI

6 O19]
2�,

as revealed by single-crystal X-ray analysis.[17] Anion 2a is a
structurally almost identical, but fully oxidized, analogue of
1a (see Figure 1a). Compound 3 is also unreduced, but
contains the b-type Dawson anion b-[MoVI

18O54(SO3)2]
4� (3a)

with a staggered arrangement of the SO3 moieties (in contrast
to the eclipsed arrangements in 1a and 2a) and approximate
D3d symmetry (see Figure 1b).[15]

A novel aspect of this work, common to all sulfite Dawson
cluster anions presented here (1a–3a), is the short S···S
contact resulting from the incorporation and relative orien-
tation of the two sulfite ions within the {Mo18} cage. The S···S
distances of 3.301(2) (1a), 3.229(2) (2a), and 3.271(5) I (3a)
are all much shorter than the sum of the van der Waals radii of
two sulfur atoms (ca. 3.6 I).

Dawson anions are already known to show interesting
physical (e.g., electrochemical[6]) properties. Thus, we
expected that the incorporation of nontetrahedral sulfite
ions in 1–3 could further extend their versatility, as the sulfite
anions (at least theoretically) can undergo redox processes
involving their oxidation to dithionate S2O6

2� ions [Eq. (1)]
(note: sulfur is the only main group element to form X2O6

n�

ions with X�X single bonds).[20]

2 SO2�
3 ! S2O

2�
6 þ 2 e� ð1Þ

Thus, engineering an intramolecular S···S interaction
within the Dawson {MoVI

18 } matrix (as is found in 2 and 3)
results in several intriguing possibilities. For instance, if it
were possible to encourage the formation of a dithionate
anion, this process could supply two electrons to reduce the
surrounding polyoxomolybdate shell to the mixed-valence
reduction state {MoVI

16MoV
2 }, as present in 1a, with its

characteristic blue color. Yet the formation of a S�S single
bond within the systems presented here appears to be
restricted by the large geometrical changes required of the
{Mo18} framework, since the S�S distance would have to
decrease from about 3.25 to about 2.15 I. Furthermore,
preliminary electrochemical studies[21] showed a difference in
properties between sulfite-based Dawson clusters 2a and 3a
and sulfate analogues.[6] Although the precise nature of the
process is not yet understood, it does not clearly indicate the
formation of an S�S bond within 2a or 3a.[21] However, in
preliminary studies we observed striking thermochromic
behavior of 2 and 3 between 77 and 500 K (Figure 2),

which, to the best of our knowledge, represents the first
observation of such behavior for discrete polyoxometalate
clusters.[22] These initial investigations also show that the color
changes are gradual and are completely reversible between
pale yellow (77 K) and deep red (500 K).[23]

To explain this observation, and to more generally
characterize the electronic structure of this novel family of
unreduced and reduced a- and b-type Dawson anions, DFT
calculations were performed.[24] These calculations allowed an
analysis of the frontier orbitals, which showed that for the
unreduced anions 2a and 3a, the HOMO is mostly localized
on the S and O positions of the sulfite groups, while the
LUMO and the following MOs (and the HOMO in the
reduced species 1a and the hypothetical twofold reduced b-
type anion, which we have not yet isolated experimentally)
are delocalized over all Mo centers (Figure 3). Also, the sum
of the LMwdin atomic net charges over the SO3 groups
remains nearly constant on reduction (2a/3a : 0.02, 1a : 0.00).
Interestingly, despite their relatively wide separation, the two
S positions interact electronically: a Mulliken analysis shows

Figure 2. Photographs of crystalline powder samples of compound 3 at
a) liquid-nitrogen temperature (77 K), b) at room temperature (298 K),
and c) at 500 K.
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significant antibonding overlap between orbitals centered on
the S positions, and the overlap decreases on reduction of the
cluster by a factor of about 0.5, while the net atomic charges
on the S atoms remain nearly constant.

If the structural changes due to the geometry optimization
calculations are compared to molecular “breathing” vibra-
tions (large amplitudes are observed for the lighter O
positions, and small amplitudes for the heavy Mo positions),
the shift that is observed with increasing temperature can be
understood on the basis of a decreasing HOMO–LUMO gap
following optimization, and in the case of the unreduced b-
Dawson anion this gap is reduced from 1.63 eV (initial) to
1.40 eV (equilibrated). This change is due to a decrease in
energy of the unpopulated molecular orbitals, while the
energies of the highest, SO3-centered populated molecular
orbitals remain mostly unchanged.

In summary, a new family of Dawson-type 18-molybdo-
sulfites 1–3 that encapsulate two sulfite SO3

2� ions which
exhibit interesting supramolecular S···S interactions has been
presented. The discovery of these new clusters, in the jubilee
year of the discovery of the first Dawson cluster (1953),[4] is
particularly exciting because it may provide a new route by
which the physical properties of the Dawson-type {M18} cage
can be manipulated, as well as presenting unprecedented
physical properties for Dawson-type cages. Thus, the promise
of harnessing the versatile electronic properties associated
with Mo-based POMs for use in electron-storage devices and
molecular switches has moved a step closer to reality.

Experimental Section
1: Triethanolamine (11.0 g, 73.8 mmol) was dissolved in water
(100 mL). Hydrochloric acid (37%, 10 mL) was added while stirring,
followed by the simultaneous addition of Na2MoO4·2H2O (10.0 g,

41.6 mmol) and Na2S2O4 (1.10 g, 6.3 mmol) with stirring and adjust-
ment of the pH value of the solution to 4.0 with dilute hydrochloric
acid. The solution was then stirred for 1 h and filtered, and the filtrate
was stored in a refrigerator for 3 days, after which dark-blue crystals
of 1 were isolated (yield: 2.90 g, 33.9%). IR (KBr disk): ñ= 3355,
1619, 1446, 1377, 1251, 1188, 1093, 1046, 965, 928, 875, 735 cm�1;
elemental analysis (%) calcd for C36H104Mo18N6O82S2: C 11.61, H 2.81,
N 2.26; found: C 11.09, H 2.59, N 2.37.

2 and 3 : A solution of Na2MoO4·2H2O (4.8 g, 20 mmol) and
Na2SO3 (0.30 g, 2.4 mmol) in H2O (20 mL) was mixed with acetoni-
trile (80 mL), and then HCl (37%, 10 mL) was added. The resulting
mixture was refluxed for 2 h and, after cooling, the lower aqueous
layer was discarded and the upper layer was treated with Bu4NBr
(2.5 g) in water (50 mL). Ayellow sticky solid and pale yellow powder
were obtained, and these were collected, washed with water, and
dried. Recrystallization of the solid from acetonitrile afforded yellow
crystals of 3 (yield: 45 mg, 1.1%), then light brown crystals of 2
(1.10 g, 26.1%), and pale yellow crystals of (Bu4N)2[Mo6O19] as the
remaining product, which were separated mechanically. Although the
a- and b-Dawson anions found in 2 and 3 form in the same reaction
system, they can be separated by recrystallization. 2 : IR (KBr disk):
ñ= 3438, 2961, 2872, 1470, 1379, 963, 904, 785 cm�1; elemental
analysis (%) calcd for C96H216Mo24N6O79S2: C 22.67, H 4.28, N 1.65;
found: C 21.66, H 4.18, N 1.82. 3 : IR (KBr disk): ñ= 3440, 1479, 969,
904, 786 cm�1; elemental analysis (%) calcd for C66H147Mo18N5O60S2:
C 21.07, H 3.94, N 1.86; found: C 20.91, H 3.85, N 1.54. The purity of
the bulk phases of 1–3 was confirmed by X-ray powder diffraction,
and the oxidation state of the cluster anions was confirmed by a
combination of BVS calculations, redox titrations, UV/Vis spectros-
copy, and elemental analysis.
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Polymerization Catalysts

Cyclophane-Based Highly Active Late-
Transition-Metal Catalysts for Ethylene
Polymerization**

Drexel H. Camacho, Eric V. Salo, Joseph W. Ziller, and
Zhibin Guan*

Cyclophane chemistry has evolved into an exciting research
area stemming from simple curiosity of the syntheses and
structures to the exploitation of physical properties of cyclo-
phanes for various applications including molecular recog-
nition, supramolecular chemistry, and biomimics.[1] A ple-
thora of literature describing cyclophane–metal host–guest
chemistry indicates the potential application of cyclophanes
as ligands in metal-catalyzed transformations.[1] One major
research effort in our group is to explore the use of cyclo-
phanes as ligands for olefin polymerization catalysis. In our
ligand design, we strategically position metal binding sites at
the core of cyclophanes to chelate transition metals. The
cyclophane framework shields all directions of the catalytic
metal center except leaving two cis coordination sites open in
the front: one for monomer coordination and the other for the
growing polymer chain. The well-defined cavity and sterically
hinderedmicroenvironment of cyclophanes should offer great
opportunities for fine-tuning the catalytic properties. The
rigid cyclophane framework may also enhance the stability of
transition-metal complexes. Despite these promises, however,
the use of cyclophanes as ligands for transition-metal
polymerization catalysis remains mostly unexplored.[2]

Herein, we report the first cyclophane-based late-transition-
metal catalyst that shows high activity and thermal stability
for ethylene polymerization.
Late-transition-metal olefin polymerization catalysts have

received much attention recently because they can produce
polyolefins with interesting new branching topologies and
have better tolerance to functional groups.[3] One noteworthy
example is the NiII- and PdII-a-diimine complexes reported by
Brookhart and co-workers.[4] The NiII systems were shown to
have comparable activities to those of the early-transition-
metal catalysts in polymerizing ethylene into high molecular

weight (MW) polyethylenes (PEs) and the PdII systems were
shown to be able tolerate and incorporate polar olefins such
as methyl acrylate.[4] The branching topology of the PEs
formed by the PdII-a-diimine catalysts can easily be tuned
from linear to hyperbranched to dendritic by simply varying
ethylene pressure.[5] Whereas these catalysts exhibit excellent
properties as described, one limitation is their relatively high
sensitivity to temperature. The catalysts decompose rapidly at
50 8C for PdII-a-diimine[6] and at 70 8C for NiII-a-diimine
systems.[7] The MW of the PEs formed by NiII catalysts also
decreases precipitously as the temperature of polymerization
is raised.[7] These issues hindered the commercialization of
these catalysts since gas-phase olefin polymerizations typi-
cally operate at temperatures as high as 80–100 8C.[8] Herein,
we report novel PdII and NiII-a-diimine catalysts containing a
cyclophane ligand moiety that demonstrate improved thermal
stability and produce high MW PEs at temperature ranges
suitable for industrial gas-phase olefin polymerization.
In the acyclic catalyst A (Figure 1), the aryl groups are

roughly perpendicular to the coordination plane so the

isopropyl substitutents on the aryls are positioned at the
axial directions to retard associative chain transfer[4] or chain
transfer to ethylene monomer.[9] At elevated temperature,
however, the aryl groups may freely rotate away from the
perpendicular orientation, resulting in increased associative
chain transfer or chain transfer to monomer and a resulting
decrease in MWof the PE formed by the acyclic catalyst A.[7]

Moreover, as the aryl groups rotate towards the coordination
plane, the isopropyl substituents on the aryl rings reach within
close proximity of the metal center giving it an opportunity to
react with the C�H bonds (C�H activation) to form metal-
lacycles, which was proposed as one potential deactivation
pathway for this family of catalysts.[6] In our cyclophane-based
complex B, the metal center is positioned at the core of the
ligand so that the macrocycle completely blocks the axial
faces of the metal leaving only two cis-coordination sites for
monomer entry and polymer growth. The rigid framework of
the ligand prohibits free rotation of the aryl–nitrogen bonds,
which should allow the catalyst to make highMWpolymers at
elevated temperature. The lack of rotational flexibility
contributes to the retardation of the C�H activation of the
ortho subsitutents, hence, should prevent this potential
catalyst-deactivation pathway from being available. In addi-
tion, it has been observed for other systems that rigid
macrocyclic ligands enhance the coordination stability for
metal complexes.[2b] Based on these considerations, we

Figure 1. Comparison of the acyclic (A) with cyclophane-based (B)
NiII–a-diimine complexes.
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designed the cyclophane-based a-diimine
ligand to address the critical thermal sensi-
tivity of the acyclic a-diimine systems. In
more general terms, we envision cyclo-
phanes to be a new family of ligand frame-
works to be used in the design of metal
complexes for polymerization catalysis.
The synthesis of the cyclophane ligand

(Scheme 1) began with the Suzuki coupling
of commercially available 2,6-dibromo-4-
methylaniline (4) with 4-formylphenylbor-
onic acid (5) followed by the conversion of
the dialdehyde into divinyl by using the
Wittig reaction to give the product 6 in 64%
total yield. Condensation of 6 with ace-
naphthenequinone gave the a-diimine 7.
Molecular modeling shows that in a-di-
imine 7 the styryl phenyl rings are perpen-
dicular to the aniline phenyl rings, render-
ing the right conformation for ring closing
metathesis (RCM)[10] to close the ring.
Indeed, the RCM proceeded very efficiently to form the
cyclophane 8 in 80% yield.[11] Compound 8 was hydrogenated
to give the cyclophane a-diimine 9.

Both NiII and PdII complexes with the cyclophane a-
diimine ligand 9 were synthesized and characterized.[12]

Complexation of 9 with [NiBr2(dme)] (dme= dimethoxy-
ethane) in dicholoromethane (Scheme 2) afforded the NiBr2
complex 1 as the precatalyst for the ethylene polymerization
studies. For the synthesis of the Pd complex, the ligand 8 was
complexed with Pd(Me)Cl generated in situ[13] (Scheme 2)
followed by hydrogenation to provide 2, which was reacted
with sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(NaBAF) and methyl acrylate (MA) to give the preactivated
cationic PdII complex 3.

High quality single crystals suitable for X-ray analysis for
the PdII complex 2 was obtained by carefully layering a
slightly concentrated dichloromethane solution of 2 with n-

decane.[14] X-ray crystal structure of complex 2
(Figure 2) shows that the active PdII center is in the
core of the cyclophane ligand, as we initially envi-
sioned. The bond angles and distances in the PdII

coordination plane are very similar to the values of an
acyclic a-diimine-PdMeCl complex reported by
Brookhart and co-workers.[6] The resulting angles of
the planes that run through the aniline moiety
(C13–C18) and the adjacent phenyl groups
(C49–C54) and (C20–C25) are 72.08 and 122.88,
respectively. The planes that run through the aniline
moiety on the opposite side (C34–C39) and the
adjacent phenyl groups (C41–C46) and (C28–C33)
are 52.18 and 128.68, respectively. The large difference
in the torsion angles between aryl rings (52.18 for
C34–C46/C41–C46 verses 72.08 for C13–C18/
C49–C54) is presumably caused by the different
sizes of the chloride and methyl groups. The angles
between the five-membered palladacyclic coordina-
tion plane (Pd1-N2-C2-C1-N1) and the two aniline-
derived phenyl planes (C13–C18) and C34–C39) are
91.58 and 91.38, respectively. A view from the top of
the space filling model of 2 indicates that the axial
sites for the metal center are completely blocked by
the alkane bridge on cyclophane ring, which plays a

critical role in obtaining high-molecular-weight polymers at
elevated temperatures (see below).
Exposure of the complex 1 to moderated methylalumox-

ane (MMAO) in toluene generated a highly active catalyst for
ethylene polymerization. The activated catalyst had polymer-
ization activities similar to the most active early-transition-
metal metallocene catalysts[15] and late-transition-metal cata-
lysts[4a,7, 16] with a turnover frequency (TOF) of 1.50 B 106 h�1

(productivity of 42000 kg of PE mol�1 of Nih�1). To the best
of our knowledge, this is the first reported cyclophane-based

Scheme 1. Synthesis of the cyclophane-based ligand. Reaction conditions:
a) [Pd(PPh3)4] , 2m Na2CO3, 1,4-dioxane, reflux, (85%); b) Ph3PMeBr, THF,
KOtBu, (75%); c) acenaphthenequinone, benzene, PTSA, azeotrope 5 days,
(79%); d) Grubbs generation 2 catalyst, CH2Cl2, 50 8C, (80%); e) Pd/C, H2,
CH2Cl2-MeOH, (77%).

Scheme 2. Synthesis of the cyclophane-based NiII and PdII complexes. Reaction conditions:
a) [NiBr2(dme)], CH2Cl2, 18 h, (95%); b) SnMe4, CH2Cl2, �35 8C, 3 h; c) 8, �35 8C to RT,
6 h (81%); d) Pd/C, H2, CH2Cl2-MeOH, (99%); e) methyl acrylate, NaBAF, CH2Cl2, RT, 12 h
(97%).
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highly active catalyst for olefin polymerization. The polymer-
ization was run at temperatures of 30–90 8C to probe its
thermal stability. At each temperature, the polymerization
ran at three different time periods ranging from 5 to 15 min to
test the catalyst lifetime. The catalyst remained highly active
at temperatures up to 90 8C, as evident by consistent catalyst
TOFs. More specifically, as the temperature was increased
from 30 to 70 8C, the observed TOF decreased only by 10%.
At even 90 8C, the reduction of TOF for polymerization of
10 min is less than 30%. This is in contrast to the acyclic NiII-
a-diimine counterparts (e.g., complex 4g in reference [7]),

which generally show a significantly lower productivity at
elevated temperatures.[7] The calculated TOFs for polymer-
ization at constant temperature but different periods of time
indicate that the active catalyst remained active for a period
of time. At temperatures below 70 8C, the catalyst maintained
almost constant productivity over 15 minutes. For polymer-
izations at 70 and 90 8C, the productivity was constant in the
first 10 minutes and then started to decrease, thus suggesting
that the active species starts to decompose with longer periods
of time at higher temperatures (see Table 1).
Besides the high activity and thermal stability, the MWs of

the PEs obtained by using complex 1 did not drop as the
temperature was raised. Even at 90 8C, the MWs of PEs are
still in the range of 300000 gmol�1. This again contrasts to the
acyclic NiII-a-diimine systems, for which MWs of PEs usually
decrease rapidly with increasing temperature.[7] We attribute
the constant MWs at elevated temperatures to the unique
cyclophane ligand that keeps the axial sites for the metal
center fully blocked even at elevated temperatures (see
above). The observed relatively narrow polydispersity indices
(PDI) clearly indicate the single-site nature of the catalyst and
are suggestive of some living character for the polymer-
ization. The PEs formed contain short chain branches with
most being simple methyl branches as revealed by 13C NMR.
The branching density increases as the polymerization
temperature increases, which are consistent with the acyclic
NiII–a-diimine systems.[7] One interesting observation is that
the branching density is considerably higher than the values
for the PEs produced by a very similar acyclic NiII–a-diimine
system reported by Rieger and co-workers,[16] which suggests
that the cyclophane ligand environment significantly influen-
ces the catalytic properties of the complex. The branching was
presumably produced by the chain-walking mechanism pro-
posed by Brookhart[4] and Fink.[17] The significantly increased
branching density may result from enhanced chain-walking
processes caused by the unique cyclophane ligand environ-
ment.
Polymerization of ethylene with the preactivated PdII

complex 3 was also carried out.[18] The preactivated PdII

complex 3 showed much higher thermal stability for ethylene
polymerization than the acyclic PdII–a-diimine analogues
reported previously.[16] The complex 3 has a half life of more
than three hours for ethylene polymerization at 70 8C.[18] In
contrast, the acyclic analogues decomposed within minutes
even at room temperature.[16] The branching density of the
PEs formed by complex 3 at room temperature is around 110
branches/1000 carbons, which is significantly higher than the
values for PEs formed by the acyclic PdII–a-diimine catalysts
as estimated from the melting temperatures reported for their
PEs.[16] The contrast in both the catalyst thermal stability and
the PE microstructures between the cyclophane and acyclic
PdII catalysts once again suggests that the unique cyclophane
ligand environment significantly influences the catalytic
properties of the complexes. While it has been reported that
the introduction of aryl substituents onto a different ligand
improved the thermal stability for NiII complexes in ethylene
polymerization in the presence of hydrogen,[19] the big
contrast in thermal stability and PE branching density
between our cyclophane NiII and PdII systems with open

Figure 2. a) X-ray crystal structure of complex 2. b) Top view space fill-
ing model of 2 (red=Pd; green=Cl; black=C; blue=N). ORTEP view
of 2 showing important atoms labeled (50% thermal ellipsoids; the
fragment of solvated dichloromethane and 1,2-dichloroethane was
omitted for clarity). Selected interatomic distances [J]: Pd1-
C55=2.018(3), Pd1-N1=2.053(2), Pd1-N2=2.218(2), Pd1-
Cl1=2.3149(8), N1-C1=1.285(4), N1-C13=1.440(4), N2-
C2=1.279(4), N2-C35=1.443(4), C1-C2=1.507(4). Selected bond
angles [8]: C55-Pd1-N1=92.93(12), C55-Pd1-N2=171.67(11), N1-Pd1-
N2=78.99(9), C55-Pd1-Cl1=88.15(10), N1-Pd1-Cl1=178.60(7), N2-
Pd1-Cl1=99.90(6), C1-N1-C13=121.5(2), C2-N2-C35=117.4(2), N1-
C1-C2. Selected torsion angles (deg): N1-C1-C2-N2=�2.8(4), C2-N2-
C35-C36=�82.2(3), C1-N1-C13-C14=90.5(3), C1-N1-C13-
C18=�99.1(3).

Angewandte
Chemie

1823Angew. Chem. Int. Ed. 2004, 43, 1821 –1825 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


chain analogues containing aryl substituents[16] clearly indi-
cates that the cyclophane ligand environment has a significant
impact on the catalytic properties.
In summary, we report here the first cyclophane-based

late-transition-metal catalyst that shows high activity and
thermal stability for ethylene polymerization. An efficient
route was developed for the synthesis of a novel cyclophane-
based a-diimine ligand. The NiII and PdII-a-diimine com-
plexes with the cyclophane ligand were successfully synthe-
sized and characterized. The NiII complex exhibits excellent
activity for ethylene polymerization with a productivity of
42000 kg of PEmol �1 of Nih�1. Both the NiII and PdII

catalysts show significantly higher thermal stability than the
acyclic analogs. The cyclophane catalysts also form PEs with
significantly higher branching density as compared to the
similar acyclic counterparts.[16] All these data suggest the
novel cyclophane ligand change the catalytic properties
significantly for the NiII and PdII complexes. It should be
noted that the NiII complex 1 has sufficiently high productivity
and thermal stability at temperature ranges suitable for gas-
phase olefin-polymerization processes. The MWs of the PEs
formed by complex 1 are also high and rather constant with
polymerization temperature. Encouraged by these results, we
are currently exploring a family of new cyclophane-based
ligands and investigating the polymerization properties of a
family of their transition-metal complexes.
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[c]

[ L 103 h�1]
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[a] Experimental conditions: in 200 mL of toluene, cocatalyst MMAO (Al:Ni �3000), 200 psi ethylene
pressure. [b] TOF= turnover frequency, which was calculated as the moles of ethylene per mole of
catalyst per hour. [c] M̄n, number-average molecular weight measured by gel-permeation chromatog-
raphy with polystyrene standards. [d] Branching determined from 1H NMR spectroscopy.
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Nanomaterials

A Porphyrin Nanotube: Size-Selective Inclusion
of Tetranuclear Molybdenum–Oxo Clusters**

Ryosuke Harada, Yoshihisa Matsuda, Hisashi Ōkawa,
and Takahiko Kojima*

Nanotubes, and in particular carbon nanotubes, are important
functional materials for technological innovations.[1] Nano-
tubular structures can be formed by the self-assembly of
organic compounds[2] and biological materials such as the
tobacco mosaic virus coat protein,[3] and cyclic d,l-peptides
such as gramicidin A and its analogues.[4] Inorganic coordi-
nation compounds have also been known to generate tubular
supramolecules by self-assembly through the coordination of
bridging ligands to metal complexes as building blocks.[5] The
inclusion of atoms and molecules into nanotubes has been an
important issue in adding certain functionalities, such as the
modulation of bandgaps in carbon nanotubes.[6]

As a molecular segment of those nanoscaled assemblies,
porphyrins and metalloporphyrins have been attractive

candidates for light-harvesting complexes in bacteriochloro-
phylls.[7] Porphyrins are known to be useful and robust
molecules with many chemical and physical properties that
exhibit functionality by virtue of their photochemical and
optical properties.[8] The aggregation and self-assembly of
porphyrins and their metal complexes has gained much
attention and many assemblies have been reported. Repre-
sentative strategies for those assemblies of porphyrin com-
plexes include: 1) Utilization of intermolecular p–p interac-
tions between planar porphyrin surfaces,[9] 2) axial coordina-
tion of bridging ligands to link metal components,[10] 3) intro-
duction of functional groups to form intermolecular hydrogen
bonds,[11] and 4) hydrogen bonding of axial ligands with each
other or other bridging entities.[12] In the development of
synthetic materials, porphyrin aggregates have been utilized
to perform electron/lithium-ion transport in the solid state.[13]

However, these aggregates consist of planar porphyrin arrays,
which limit the shape of the porphyrin assemblies obtained.
The use of highly distorted porphyrins as building blocks to
construct self-assembled supramolecular structures will pro-
vide a novel category of porphyrin aggregates (Scheme 1) as a

result of their curved surfaces; such aggregates cannot be
prepared from planar porphyrins. We adopted dodecaphe-
nylporphyrin (H2DPP) as a ligand[14] and succeeded in the
formation of a novel porphyrin nanotube by the self-assembly
of its MoV complex. The nanotube was found to include three
kinds of tetranuclear MoVI–oxo clusters that have unprece-
dented structures.

Crystals of the tubular assembly were obtained by
recrystallization from a solution of the precursor complex
[Mo(DPP)(O)(OCH3)] (1) in toluene by the diffusion of
methanol vapor. The composition of the crystals was revealed

Scheme 1. Conceptual description of the self-assembly of molecules
with curved surfaces.
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to be [{Mo(O)(OH2)(DPP)}{Mo4O14H2}0.4{Mo4O13H2}0.1]-
·H2O·0.5C6H5CH3 (2), which included dianions of Mo–oxo
clusters as counterions.[15] X-ray crystallography of 2 revealed
a tubular structure for the crystalline assembly.

The molecular structure of the [Mo(DPP)(O)(H2O)]+ ion
in 2 is depicted in Figure 1. The ion exhibits a severely

distorted structure, which results in a curved surface. The
Mo=O bond length (Mo1-O1) was 1.672(2) B and that of the
Mo-OH2 bond (Mo1-O2) was 2.340(2) B. The displacement
of each atom in the equatorial mean plane of [Mo(D-
PP)(O)(H2O)]+ suggested a saddle distortion of the DPP2�

ligand, in which four pyrrole rings are directed upward and
downward alternatively (Supporting Information). The dis-
tortion of the porphyrin ring was also reflected in its EPR
spectrum in CH2Cl2, which exhibits a reduced superhyperfine
coupling constant (g= 1.966, AN= 1.910 E 10�4 cm�1) for the
four nitrogen atoms of the DPP2� ligand.[16] This is due to a
weakened s interaction between the MoV center and the four
nitrogen atoms through their sp2-hybridized lone-pair orbi-
tals.

In the crystal of 2, [Mo(DPP)(O)(H2O)]+ ions were shown
to form a novel tubular assembly having an inner space of
1 nm diameter, by the virtue of intermolecular p–p inter-
actions of alternately inserted peripheral phenyl groups. The
ring–ring distances are in the range of 3.46–3.74 B. Figure 2a
shows a side view of the tube with tetranuclear Mo clusters
included, which are clearly derived from the decomposition of
1 during crystallization (see Supporting Information). The
figure shows that a hydrophilic nanosized space exists
between the hydrophobic porphyrin surfaces, which can
include the Mo–oxo along the crystallographic c direction.
Figure 2b displays a view along the nanotube, which shows
the included tetranuclear Mo–oxo clusters and water mole-
cules of crystallization (peripheral phenyl groups are omitted
for clarity). The Mo–oxo clusters interact through hydrogen
bonding with the [Mo(DPP)(O)(OH2)]

+ ions and with water
molecules of crystallization to form a network inside the tube.

A top view of the nanotube without the included species is
depicted in Figure 2c to clarify the size and the hydrophilic
environment in the tube. Direct interactions between the
nanotubes were not observed, however, toluene molecules of
crystallization served to associate the tubes through p–p and
CH/p interactions. The tubes aligned to be perpendicular to
the b axis and formed an ordered channel structure in the

Figure 1. An ORTEP drawing of the [Mo(DPP)(O)(OH2)]
+ ion in 2 with

50% probability thermal ellipsoids. Selected bond lengths [C] and
angles [8]: Mo1-O1 1.672(2), Mo1-O2 2.340(2), Mo1-N1 2.092(3),
Mo1-N2 2.087(3), Mo1-N3 2.101(3), Mo1-N4 2.078(3); O1-Mo1-O2
179.0(1), O1-Mo1-N1 101.0(1), O1-Mo1-N2 99.6 (1), O1-Mo1-N3
99.9(1), O1-Mo1-N4 100.4(1).

Figure 2. Structure of tubular assembly of 2 in the crystal (toluene mol-
ecules of crystallization were omitted for clarity): a) Side view of the
[Mo(DPP)(O)(OH2)]

+ nanotube (wire frame) with tetranuclear Mo–oxo
clusters inside(O red, Mo purple); b) view along the nanotube show-
ing the Mo–oxo clusters and the water molecules of crystallization
(peripheral phenyl groups are removed for clarity; Mo purple, O red, N
blue, C gray); c) Top view of the nanotube surface (peripheral phenyl
groups and included species are omitted for clarity; colors for atoms
are the same as in b). Crystallographic symmetry elements: Mo1a

(1�x, y, 1/2�z); Mo1b (1/2�x, 1/2�y, �z); Mo1c (1/2+ x, 1/2�y,
1/2+ z).
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crystal (Figure 3), similar to those observed for inorganic
zeolites.[17]

Three kinds of tetranuclear Mo–oxo cluster were found in
the tube (Figure 4; see also Supporting Information). The
estimated occupancies of those clusters were 0.8 for C1, 0.1
for C2, and 0.1 for C2’, respectively. All the clusters possess
unprecedented discrete structural motifs with only oxo and
hydroxo bridges and terminal oxo groups without any organic
moieties. In the case of C1, two m-hydroxo and four m-oxo

bridges link two octahedral and two tetrahedral MoVI centers.
No metal–metal interaction was recognized based on inter-
atomic distances (> 3 B). This structural motif has been found
in Mo–oxo clusters with hydrazido and diazenido groups
instead of the terminal oxo moieties, as reported by Zubieta
and co-workers.[18] Clusters C2 and C2’ were revealed to have
two terminal hydroxo and one m-oxo groups. Short Mo=O and
Mo�OH bond lengths and the lack of a Mo···Mo bonding
interaction suggests that all the four Mo centers are MoVI, as
in C1, rather than in a mixed-valent state. In sharp contrast to
C1, two tetrahedral and two pseudo-square-pyramidal geo-
metries were observed for the C2 and C2’ clusters. Thus, the
clusters C2 and C2’ are probably neutral species and one of
two water molecules of crystallization shown in Figure S2 of
the Supporting Information could be formally a hydroxide
ion. C2 and C2’ can be intermediates for larger Mo–oxo
aggregates but they are stabilized and protected by shielding
of the hydrophobic porphyrin nanotube. The included MoVI–
oxo clusters are all tetranuclear because they are favorable in
size so as to be included within the tube of 1 nm diameter. We
assume that those tetranuclear clusters could be formed in
accordance with the porphyrin aggregation in the hydrophilic
cavity and they could also act as templates for the tube to be
stabilized.

In conclusion, we have demonstrated a new strategy to
form a porphyrin nanotube with a saddle-distorted metal-
loporphyrin complex by virtue of ensemble of noncovalent
interactions, such as p–p interactions and hydrogen bonding.
The hydrophobic porphyrin nanotube runs along one direc-
tion (perpendicular to the b axis) and a hydrophilic inner
space can include fairly large molecules such as tetranuclear
Mo–oxo clusters. The distorted and curved porphyrin surfaces
can allow us to access new frontiers in functional materials.

Experimental Section
1: H2DPP (0.100 g, 0.082 mmol) was heated with [Mo(O)2(acac)2]
(0.134 g, 0.410 mmol) in PhOH (0.5 g) at 240 8C under nitrogen for
2 h. After the removal of PhOH under reduced pressure, the residue
was purified by chromatography on an alumina column using CH2Cl2/
MeOH (10:1) and a silica gel column using CH2Cl2/MeOH (1:1) as
the eluent. A green fraction was collected from which a green powder
(0.047 g, 41%) was obtained. Elemental analysis (%) calcd for
C93H63MoN4O2·CH3OH: C 80.85, H 4.84, N 4.01; found: C 80.45, H
4.67, N 4.00. Green crystals of the porphyrin nanotube
([Mo(O)(OH2)(DPP)][(Mo4O14H2)]0.5·H2O·0.5C7H8; 2’) were pre-
pared by the diffusion of methanol vapor into a solution of 1 in
toluene for one week. Elemental analysis (%) calcd for
C102.5H77N4O10Mo3: C 67.92, H 4.28, N 3.09; found: C 68.36, H 4.44,
N 3.38.
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Figure 3. The crystal packing of 2.

Figure 4. Schematic descriptions of Mo–oxo clusters: a) C1; b) C2;
c) C2’, with selected bond lengths [C].
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Magnetic Materials

A Robust Purely Organic Nanoporous Magnet**

Daniel Maspoch, Neus Domingo, Daniel Ruiz-Molina,
Klaus Wurst, Gavin Vaughan, Javier Tejada,
Concepci! Rovira, and Jaume Veciana*

In the last few years, the construction of purely organic-
molecule-based magnetic materials has become a topic of
interest.[1] Since the first organic ferromagnet was discovered
in 1991,[2] a number of other purely organic radicals exhibiting
bulk ferromagnetic ordering at very low temperatures (gen-
erally below 1.5 K) have been found.[3] For this property to be
achieved, synthetic tailoring of open-shell building blocks that
allow both a proper control over their supramolecular
assembly and the establishment of correct magnetic inter-
actions, are required. Crystal engineering through hydrogen-
bonding interactions is a powerful method for achieving both
conditions. From a structural point of view, the directional and
often predictive nature of hydrogen bonds may allow control
of the long-range supramolecular order in solid state.[4]

Besides their structural control, hydrogen bonds have also
been shown to favor magnetic exchange interactions between
bound radical molecules of a-nitronyl nitroxides, a-imino
nitroxide, or tert-butyl nitroxide derivatives.[5] For instance,
attempts to control packing, and therefore magnetic ordering,
in phenyl nitronyl aminoxyl radicals substituted by one or two
OH groups have been carried out.[6] However, even though
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efforts on this direction have been undertaken by different
groups, the ultimate design of high-level structures with a
ferromagnetic macroscopic behavior must be left in most
cases to serendipity, as additional, undesirable intermolecular
interactions compete in the solid state.

To circumvent such inconvenience, we have initiated an
approach based on the synthesis and study of perchlorotri-
phenylmethyl (PTM) radicals functionalized with carboxylic
groups. PTM radicals, in addition to eminent thermal and
chemical stabilities,[7] are bulky molecules which minimize
additional through-space intermolecular magnetic interac-
tions.

We have already described the supramolecular arrange-
ment of the monocarboxylic radical 1.[8] In the solid state
radical 1 formed hydrogen-bonded dimers that promoted the
transmission of a weak ferromagnetic interaction. Herein we
report the supramolecular arrangement and magnetic char-
acterization of the new radical 2 (PTMTC), which offers a
rational mechanism to expand the structural, and hence, the
magnetic dimensionality of the supramolecular architecture
owing to the presence of three carboxylic groups, which are
able to form hydrogen bonds. Furthermore, from a strict
structural point of view, radical 2, by analogy with trimesic
acid,[9] is expected to generate an open-framework nano-
porous structure, a goal within the crystal-engineering
field.[10,11] An example of purely organic-radical open-frame-
work (POROF-1), with dominant antiferromagnetic interac-
tions has been obtained by the self-assembly of the dicarbox-
ylic radical 3.[12] The hydrogen-bonded assembly (named
POROF-2) generated from radical 2 has the advantages
associated with both mono- and biscarboxylic PTM radicals, it
has a robust porous extended network and an architecture
that not only combines the presence of highly polar nano-

tubular channels but also magnetic ordering at low temper-
atures.

Hexagonal single-crystals of POROF-2 suitable for X-ray
diffraction were grown from a mixture of dichloromethane
and n-hexane. Radical 2 crystallizes on a trigonal P3̄c1 space
group with four molecules of 2 packed in the unit cell.[13] The
high molecular symmetry of the crystal lattice is reflected by
the presence of a C3 symmetry axis that passes through the
central carbon (C8) of the radical (see Figure 1a) Thus, the
three polychlorinated aromatic rings of radical 2 are identical.
Owing to the steric hindrance of the chlorine atoms in ortho
positions of the phenyl groups, the carboxylic group is twisted

by 878 with respect to the
plane of the phenyl group to
which it is bonded.

The molecular arrange-
ment of such crystalline rad-
ical building blocks creates a
primary structure consisting
of two-dimensional hydro-
gen-bonded layers along the
ab plane. As shown in Fig-
ure 1b, the repeating unit
consists of a nontypical hex-
americ R6

6(24) hydrogen-
bonded motif formed by six molecules of 2 with alternating
plus and minus helicities in their three-bladed propeller-like
substructures (Figure 1b). In this motif, each radical is
hydrogen-bonded to two neighboring radicals through one
carboxylic group, with bond lengths of 1.70 ; and bond angles
of 1698. Since every radical unit contains three carboxylic
groups, each PTMTC molecule participates in the construc-
tion of three identical hexameric units that propagate along
the ab plane (see Figure 2a).

Several chlorine–chlorine contacts (twelve per molecule)
between neighboring layers have significant implications for
the rigidity of this porous framework, in particular for the

Figure 1. Crystal structure of POROF-2. a) ORTEP plot, thermal ellip-
soids set at 50% probability, and b) hydrogen-bonded hexamer.
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secondary structure of POROF-2 that consists of the stacking
of different layers with an ABAB alternation along the
c axis.[14] Surprisingly, the stacking of layers along the c axis
generates a three-dimensional structure that has tubular
channels, into which a sphere 5.2 ; in diameter can fit (see
Figure 2b,c). In addition, such nanochannels are surrounded
by a second set of small pores with a diameter of 3.3 ;. The
combination of both sets of channels gives solvent-accessible
voids in the crystal structure that amount to up to 15%
(450 ;3 per unit cell) of the total volume.[15] The significant
steric congestion caused by the large number of bulky
chlorine atoms, can be ascribed as the main reason for
obtaining this noncatenated crystal packing.[16]

As can be observed more in detail in Figure 2b, the
location of carboxylic groups at the inner walls of the largest
channels furnish these pores with a highly polar and hydro-
philic environment. This arrangement may account for the
lack of guest solvent molecules (n-hexane and/or CH2Cl2)
within the nanochannels, a situation confirmed not only by X-
ray crystallography but also by thermogravimetric studies and
elemental analysis. Thermogravimetric analysis of a few
single crystals of radical 2 showed no weight loss in the
temperature range 25–300 8C, in fact POROF-2 remains
crystalline and stable up to 300 8C. Indeed, the powder X-
ray diffraction pattern of a sample that was heated up to
300 8C shows that the positions and intensities of all lines
remain unchanged when compared with the powder X-ray
diffraction pattern of an as-synthesized sample. A further
increase of the temperature above 300 8C reveals a decom-
position of POROF-2, as confirmed by combined powder X-
ray diffraction and FT-IR characterization. Such a thermal

stability is remarkable since most nanoporous organic
materials reported to date incorporate guest solvent
molecules, that once eliminated, induce a collapse of the
crystalline material. To our knowledge, there are only a
few previous examples of nanoporous organic hydro-
gen-bonded networks that remain ordered even when
most of the guest molecules are removed.[17]

Variable-temperature magnetic-susceptibility data
for a crystalline sample of POROF-2 was obtained on a
SQUID susceptometer, under a temperature range of
2–300 K and an applied magnetic field of 200 Oe (see
inset Figure 3). The cT value is 0.38 emuKmol�1 at
300 K, which is in agreement with the theoretical value
expected for a noninteracting S= 1/2 spin in each
molecule. Upon cooling, the cT value remains constant
down to 5 K, whereupon the cT value increases
according with the presence of weak ferromagnetic
interactions. This behavior was fitted to the Curie–Weiss
law with a Weiss constant of q=++ 0.2 K. To investigate
the existence of magnetic ordering at very low temper-
atures, variable temperature magnetic susceptibility
experiments down to 0.07 K were performed in a
dilution cryostat (see Figure 3). A considerable increase
of the cT value up to a maximum around 0.110 K was
observed on cooling down below 2 K, which shows a
transition to a ferromagnetic ordered state at very low
temperatures. The intensity of the peak decreases

whereas its maximum shifts slightly to higher temperatures
on increasing the external applied magnetic field. For
instance, for an applied magnetic field of 200 Oe a value of
2.2 emuKmol�1 was obtained, whereas for an external field of
500 Oe the value is reduced to 1.4 emuKmol�1. This behavior
originates in the saturation of magnetization for fields of few
hundred Oe. Magnetization curves were measured above and
below the critical temperature and are illustrated in Figure 4.
At 1.35 K, POROF-2 remains in the paramagnetic region and
therefore the magnetization curve has a slight gradient. On

Figure 2. Crystal packing of POROF-2. a) Open-framework network in ab plane, b) tubu-
lar nanochannel, c) pore view along the c axis, the large yellow sphere indicates the
dimensions of the tublular channels, and d) pore view along the a axis, showing the
tubular channels. C violet or orange; O red; Cl green; H yellow. In (a)–(c) the carbon
atoms in orange have most of the spin density of radical 2.

Figure 3. cT as a function of temperature for different applied mag-
netic fields H : (*) H=200 Oe, (~) H=500 Oe, and (&) H=1000 Oe.
The inset shows the logarithmic dependence of cT function on the
temperature up to 200 K, measured with an applied magnetic field of
200 Oe.
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the contrary, the curve at 0.80 K, even if it is very close to the
critical temperature, traces a hysteretic loop characteristic of
a soft ferromagnet. The magnetization is almost saturated at
about 400 Oe, and though the coercitive force is of the order
of 50 Oe (see inset of Figure 4), the remnant magnetization at
zero field is of about 35% of the saturation value.

In conclusion, we have reported the first example of a
supramolecular, nanoporous purely organic, “zeolite-like”
material exhibiting an unusual thermal stability, a hydrophilic
nanoporous architecture, and a long-range ferromagnetic
ordering. Nanoporous materials exhibit a wide range of
applications, such as molecular sieves, catalysis, separation,
and sensors. Such properties, along with the magnetic proper-
ties of the organic framework, may open a new avenue to the
development of new multifunctional materials.

Experimental Section
Radical 2 : A mixture of tris(2,3,5,6-tetrachlorophenyl)methane[18]

(1.70 g, 2.58 mmol), chloroform (30 mL), and aluminum chloride
(0.40 g, 3.00 mmol) was heated at 160 8C for 8 h in a glass pressure
vessel. The mixture was then poured onto ice/1n hydrochloric acid
and extracted with chloroform. The white solid collected was mixed in
20% oleum (100 mL) and heated at 150 8C for 12 h. The final solution
was cooled and poured into cracked ice. The solid was washed with
water, dissolved in Et2O, extracted with aqueous sodium hydrogen
carbonate, acidified, extracted with Et2O, and dried in vacuo. A
solution of the resultant white precipitate in DMSO was shaken with
an excess of powdered NaOH for 72 h. The mixture was filtered and
immediately a stoichiometric amount of iodine was added to the
filtrate. The solution was left undisturbed in the dark (45 min),
washed with an aqueous solution of sodium hydrogen sulfite (39%,
50 mL), and treated with Et2O (100 mL). Radical 2was extracted with
aqueous sodium hydrogen carbonate, and this aqueous layer was
acidified and extracted with Et2O. The extracted solid was recrystal-
lized from Et2O/n-pentane to give radical 2 as red powder. IR (KBr):
ñ= 3500–2500, 1740, 1694, 1662, 1537, 1441, 1408, 1352, 1326, 1290,
1251, 1226, 1040, 931, 752, 722, 665, 574, 522, 462 cm�1. Elemental
analysis (%) calcd: C 33.50, H 0.38; found C 33.65, H 0.32. Crystals

suitable for X-ray diffraction were grown from a mixture of dichloro-
methane and n-hexane.
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Wheel Complexes

Octalanthanide Wheels Supported by p-tert-
Butylsulfonylcalix[4]arene**

Takashi Kajiwara,* Hashen Wu, Tasuku Ito,*
Nobuhiko Iki,* and Sotaro Miyano

Based on a bottom-up approach,[1] functionalized and struc-
turally unique metal clusters with high nuclearity have been
synthesized. Wheel-shaped clusters are one of the most highly
symmetric architectures,[2] which often consist of first-row
transition-metal ions.[2a–e] Lanthanide complexes have
attracted considerable attention due to their practical proper-
ties.[3] However, multi-lanthanide complexes are rather
rare.[2f, 4] Thus our goal was to develop a new and rational
synthetic method to realize lanthanide cluster complexes. As
a cluster-forming ligand, we employed a sulfonylcalix[4]arene
(H4L) (Scheme 1). We have already shown that thiacalixar-
enes and their derivatives act as multinucleating[5a] or cluster-
forming ligands.[6] Since lanthanides show strong affinity
towards oxygen donors,[7] H4L can act as a multidentate,
multinucleating ligand via many oxygen sites.[5] Herein we
report the syntheses, structures, and magnetic properties of
lanthanide wheels, [Ln8(L)4(AcO)8(EtOH)4(H2O)4] (Ln=Gd

Scheme 1. Step-by-step formation of a lanthanide wheel via a mono-
nuclear subunit {Ln(L)}� .
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(1), Sm (1’)) and [Ln08(L)4(AcO)8(MeOH)4(H2O)8] (Ln’=
Nd(2), Pr(2’)).

Reaction of Gd(AcO)3·4H2O and H4L in a 2:1 ratio in
EtOH/CHCl3 gave crystals of 1 in good yield (87%). The
complex (Figure 1) possesses a wheel-like core involving eight

GdIII ions supported by four L4� and eight AcO� groups. The
diameter of the Gd8 cluster core (Gd1···Gd1*) is � 9.8 A. The
L4� groups bridge three GdIII ions, thus acting as a tetraden-
tate ligand for Gd1 and Gd3 via four Ophenoxo atoms, and also
acting as a bisbidentate chelating ligand for Gd2 and Gd4 via
an Ophenoxo and an Osulfonyl atom (Figure 2). The wheel involves

two kinds of AcO� ions, which both chelate to Gd2; one
AcO� ion bridges Gd1/Gd2 via O15 in a m2-k

1O ; k2O,O’
manner, and the other bridges Gd1/Gd2/Gd3 via O13 and
O14 in a m3-k

1O ; k2O,O’; k1O’manner. The situation is similar
at the Gd4 site. As a result, GdIII ions in sets of Gd1/Gd2 and
Gd3/Gd4 are triply connected, whereas Gd2/Gd3 and Gd4/
Gd1* are doubly connected. The GdIII octagon is slightly bent
(Figure 1b) giving deviations from the ideal plane of �0.97 A
for Gd2 and 0.98 A for Gd4. Gd1 and Gd3 are octacoordi-
nated and Gd2 and Gd4 are nonacoordinated, with each
coordination sphere completed by terminal ligands such as
EtOH and H2O. Using Sm(AcO)3·4H2O instead of Gd(Ac-
O)3·4H2O, a Sm8 wheel 1’ was also obtained (95% yield)
which is isostructural to 1 (Sm�Ophenoxo= 2.255(3)–
2.509(3) A).[8]

A similar reaction of Nd(AcO)3·4H2O and H4L in 2:1
ratio in EtOH/CHCl3 followed by recrystallization from
MeOH/CHCl3 gave crystals of [Nd8(L)4(AcO)8-
(MeOH)4(H2O)8] (2). The structure of 2 is similar to 1
(Figure 3) except that 2 crystallized in a tetragonal crystal
system and only 1/8 of the molecule is crystallographically
independent. The L4� ion acts as a tetradentate ligand for Nd1
via four Ophenoxo linkages, and also acts as a bisbidentate ligand
for Nd2 and Nd2* via an Ophenoxo atom and an Osulfonyl atom
(Figure 2). The Nd8 cluster core is completed by eight acetate
groups in either a m2-k

1O ; k1O’ or a m3-k
1O ; k2O,O’; k1O’

manner. The diameter of the Nd8 core is � 10.5 A. In 2, the
Nd8 core is flatter than the Gd8 core in 1 (Figure 3), with a
deviation from the ideal plane of 0.2296(2) A for Nd1. A Pr8
wheel 2’ was also obtained by the use of Pr(AcO)3·4 2O (32%

Figure 1. Crystal structure of 1. The molecule has a crystallographic
twofold axis and half of the molecule is independent. a) Top view and
b) side view of the molecule, where two crystallographically independ-
ent L4� units are depicted in white and blue (Gd green, O red, C gray);
c) ORTEP drawing of the Gd8 core with thermal ellipsoids at 40%
probability. Oxygen atoms from phenoxo and sulfonyl groups, ethanol,
and water molecules are signified as Op, Os, Oe, and Ow, respectively.
Selected atomic distances [F]: Gd1-Op 2.230(3)–2.436(2), Gd1-O13
2.533(3), Gd1-O15 2.454(3), Gd1-O34* 2.384(3), Gd2-Op 2.354(2) and
2.377(3), Gd2-O13 2.483(3), Gd2-O14 2.454(2), Gd2-O15 2.434(3),
Gd2-O16 2.384(3), Gd3-Op 2.227(2)–2.441(2), Gd3-O14 2.388(2), Gd3-
O31 2.444(2), Gd3-O33 2.587(2), Gd4-Op 2.354(2) and 2.362(2), Gd4-
O31 2.468(2), Gd4-O32 2.374(3), Gd4-O33 2.462(3), Gd4-O34
2.452(3), Gd1-Gd2 3.6826(5), Gd1-Gd4* 4.0120(5), Gd2-Gd3
3.9987(5), Gd3-Gd4 3.6960(5), Gd···Gd* 9.5006(12)–9.8539(9).
Symmetry transformation (*): �x+1, y, �z+1/2.

Figure 2. Schematic diagrams of the bisbidentate/tetradentate
chelation of L4� in a) 1 and in b) 2.
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yield), which is isostructural to 2 (Pr�Ophenoxo= 2.334(2) and
2.4835(18) A).[8]

Complexes 1 and 2 showed slight differences in their core
structures mainly because of the coordination distances
between the phenoxo oxygen atoms and a lanthanide ion
(Gd2, Gd4, or Nd2). Since the heavier GdIII is slightly smaller
than NdIII in terms of atomic radius, shorter Gd�Ophenoxo

bonds (2.354(2)–2.377(3) A) make the cluster core crowded,
and thus the core is bent to avoid close contact of methyl
groups and m3-bonded acetate groups. On the other hand,

longer Nd�Ophenoxo bonds (2.4824(15) A) permit the flatter
wheel core found in 2.

Scheme 1 shows a proposed mechanism for the formation
of the lanthanide wheels. The wheels appear to form by a
“step-by-step” complexation process. Since a calix[4]arene
acts as a tetradentate ligand toward the large metal ions via
four phenoxo oxygen atoms,[9] the reaction of a lanthanide
with H4L will give first a cone-shaped mononuclear subunit,
{Ln(L)}� , which can act as a “metal-involving ligand” via
phenoxo and sulfonyl oxygen atoms, which are directed
outwards from the cone. Reaction with another equivalent of
a metal ion results in the formation of the cyclic tetramer L4�.
In this cyclization process, sulfonyl oxygen atoms bond to a
second Ln ion in a {Ln(L)}� subunit. The presence of a GdIII

subunit in the reaction solution was confirmed by the ESI
mass spectrometry, which showed a parent peak centered
around m/z 1001.6, which corresponds to {Gd(L)}� . More-
over, the subunit was isolated as a less-soluble dimer,
(Bu4N)2[{Gd(L)(H2O)2}2] (3, Figure 4).[8] In 3, L4� is tetra-
dentate, and two Ophenoxo atoms bridge adjoining GdIII ions to
form a dimer. The subunits act as a “metal-involving ligand”
via an Ophenoxo atom and an Osulfonyl atom.

The magnetic properties of the wheel clusters were briefly
examined (Figure 5). The cmT value of 2 shows a continuous
decrease when the temperature is lowered, which is mainly
due to spin–orbit interactions[10] and are difficult to analyze.
On the other hand, 1 shows a simple temperature dependence
indicating weak antiferromagnetic interactions among GdIII

ions. The system is too large to handle with the Heisenberg
model, hence the magnitude of the interaction was estimated
based on the Curie–Weiss model, and was found to be
�2.1(1) K.[11] Each of the adjoining GdIII ions are doubly or
triply connected by oxygen atoms, and the slight overlap of
magnetic orbitals causes the weak antiferromagnetic inter-
action.

We have presented a novel and rational synthetic method
for the synthesis of lanthanide wheels using sulfonylcalix[4]-
arene as a cluster-forming ligand. The introduction of sulfonyl

Figure 3. Crystal structure of 2. a) Top view and b) side view of the
molecule where adjoining L4� ligands are discriminated in white and
blue; c) ORTEP drawing of the Nd8 core with thermal ellipsoids at
40% probability. Oxygen atoms from acetate, phenoxo, and sulfonyl
groups, methanol, and water molecules are signified as Oa, Op, Os,
Om, and Ow, respectively. Selected atomic distances [F]: Nd1-Op

2.3274(16) and 2.4699(14), Nd1-Oa 2.460(2) and 2.4860(17), Nd2-Op

2.4824(15), Nd2-Oa 2.464(2) and 2.5879(17), Nd1-Nd2 4.0713(3),
Nd1···Nd1’’ 9.9269(8), Nd2···Nd2’’ 11.1205(9). Symmetry transforma-
tions: * y+1/2, �x, �z+1/2, ’’ x+1/2, �y�1/2, z.

Figure 4. Crystal structure of [{Gd(L)(H2O)2}2]
2�. Symmetry transfor-

mation: * �x+2, �y, �z.
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groups on the calix[4]arene rim makes it possible to form the
lanthanide wheels. The structures of the four wheels are
similar, and other lanthanide ions can be expected to form
similar wheel structures. Reactions with other lanthanide ions
are currently being explored as well as the synthesis of mixed-
metal clusters.

Experimental Section
1: H4L (42.5 mg, 0.05 mmol) and Gd(AcO)3·3H2O (40.0 mg,
0.1 mmol) in EtOH/CHCl3 (1:1 (v/v), 20 mL) were refluxed for
15 min and then the solution was evaporated to dryness. The resulting
white residue was then recrystallized from the same solvent, and
colorless blocks of 1·8EtOH·4H2O were obtained over several days
(87%).

2 : H4L (42.5 mg, 0.05 mmol) and Nd(AcO)3·3H2O (40.0 mg,
0.1 mmol) in EtOH/CHCl3 (1:1 (v/v), 20 mL) were refluxed for
15 min and then the solution was evaporated to dryness. The resulting
white residue was recrystallized from MeOH/CHCl3 (1:1 v/v), and
colorless blocks of 2·4MeOH·24H2O were obtained (40%).

Crystal data for 1 (C200H288Gd8O84S16; Mr= 5807.26): colorless
prism, orthorhombic, space group Pbcn, a= 38.918(5), b= 16.013(2),
c= 43.692(6) A, V= 27228(6) A3, Z= 4, T= 200 K, 1calcd=

1.417 gcm�3, F(000)= 11712, m(MoKa)= 2.117 mm�1. Crystal data
for 2 (C184H296Nd8O104S16; Mr= 5839.09): colorless prism, tetragonal,
space group P42/nnm, a= 29.043(2), c= 19.589(2) A, V=
16523(3) A3, Z= 2, T= 240 K, 1calcd= 1.174 gcm�3, F(000)= 5936,
m(MoKa)= 1.402 mm�1. Data were collected on a Bruker SMART
CCD diffractometer (MoKa, l= 0.71073 A). Complete hemispheres
of data were collected using w-scans. Integrated intensities were
obtained with SAINT+ [12] and SADABS[12] was used for absorption
correction. The structures were solved by direct methods using
SHELXS-97[12] and refined by least-squares on F2, SHELXL-97,[12] to
give for 1: using 1364 parameters, wR2= 0.2070 (23414 unique
reflections), R1= 0.0781 (15153 reflections with I> 2s(I)); for 2 :
using 368 parameters, wR2= 0.1945 (9791 unique reflections), R1=

0.0544 (6400 reflections with I> 2s(I)). CCDC-225414 and -225415
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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Molecular Recognition

Assembling Dimeric p Stacks on Gold Surfaces by
Using Three-Dimensional Lock-and-Key
Receptors**

George S. Tulevski, Mark L. Bushey, Jenna L. Kosky,
Shane J. T. Ruter, and Colin Nuckolls*

The study reported herein details a method to generate
through self-assembly the shortest of p stacks, only two
molecules high, which are covalently attached to gold
substrates. A rigid, surface-bound molecular receptor (Fig-
ure 1a) is first formed through the simultaneous attachment
of three surface-active groups to a metal. These receptors
bind molecules that have a complementary p surface and
hydrogen-bonding pattern to form dimeric p stacks. A lynch
pin for success in a number of emerging materials, such as
organic field-effect transistors,[1] molecular rectifiers,[2,3] and
single-molecule electronics[4] is controlling and manipulating
the contacts between aromatic molecules and metal sur-
faces.[5,6] Ultimate success in these materials will require the
development of self-assembly processes that operate at
molecular length scales as a means of gaining interfacial
control and programmed complexity. Herein, we demonstrate
that highly functionalized molecules (1b ; Figure 1a) can be
programmed through steric interactions to present three
thiols on one face of an aromatic ring that bind strongly to
gold substrates. These surface structures have aC3-symmetric,
hydrogen-bonding receptor site (Figure 1c,d) nested at their
base that directs the recognition and assembly of cofacially
stacked p surfaces (Figure 1b).

The hexasubstituted aromatic (1a) was employed because
it was recently shown to stack in bulk through a synergy
between hydrogen bonds and p-stacking interactions to form
infinite columns.[7] In addition, the optical properties of 1a
indicate this class of molecules has promise as a one-dimen-
sional electronic material.[8] High-coverage monolayers of
1b[9] were formed from solution by simultaneous deprotection
of the acetate protecting group and deposition onto gold
films.[10] The surface conformation of 1b was analyzed by
surface spectroscopy[5,11–13] and scanning tunneling micros-
copy (STM).[14]

The analysis of the monolayer shows that all three of the
sulfur atoms are simultaneously attached (as depicted in
Figure 1b–d). Infrared reflection absorption spectroscopy[15]

measurements from the monolayer show the presence of
diagnostic signals for the core functional groups of 1b
including the alkane side chains and the amides[16] and the
complete loss of the acetate protecting group. The advancing
(758) and receding (658) contact angles for a water droplet on
these films are consistent with a surface that presents both
alkyl and carbonyl groups (Figure 1c).[13] X-ray photoelectron
spectroscopy (XPS; Figure 2b), probing the S2p core elec-
trons, reveals that all of the sulfur atoms are bound to gold[18]

precluding the formation of disulfides and free thiols.[12c,13,17]

The thickness of the layer measured by ellipsometry[18] is
1.3 nm, in good agreement with the calculated thickness of
approximately 1.2 nm (Figure 1c) with the 10-carbon sub-
stituent on the alkyne side chains extending upward.

This surface conformation can be imaged directly using
STM for samples of 1b prepared on atomically flat gold
samples,[19] shown in Figure 2a. The samples show high
coverage of molecular-scale disks with no apparent order of
these disks within the plane. Analysis of these images reveals
that the smallest detectible features have a height of
approximately 1.2 nm and a width of about 3 nm. These
values are consistent with the dimensions of the molecule
when bound to the surface (Figure 1b–d). Note that the gold
layer is apparently stabilized by the threefold symmetric
thiols. The characteristic pitting and restructuring observed
with relatively simple alkane thiols is absent in these
samples.[5] This effect is probably a result of the extremely
low mobility of both the surface-bound molecules and the top
layer of gold as a result of this multipoint attachment.

Because the tethers on the amide side chains are very
short and the central core is sterically congested, the amount
of conformational flexibility imparted to these molecules is
minimal. Early studies on this core structure, revealed that the
amide is twisted out of the aromatic ring-plane by the
neighboring alkyne substituents at roughly a 458 angle.[7]

Simple conformational analysis[20] of the 2-thiolamidoethane
side chain of 1b reveals that this subunit should have a trans
arrangement of its sulfur and nitrogen atoms. Moreover, the
amide N�H unit and the amide carbonyl group should be
exclusively antiparallel to each other. Given these constraints,
there is only one torsional degree of freedom (between the
amide nitrogen atom and the first methylene unit) that
determines whether the carbonyl or the N�H group is on the
same face as the sulfur atom. From these models, it is not
possible to produce a monolayer that presents its N�H groups
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away from the surface (i.e., opposite of the arrangement in
Figure 1b–d) because of the intervention of the carbonyl
group and the restrictive triple attachment. Therefore, the
films must form a template that has three hydrogen-bond
acceptor carbonyl groups at the surface (as in Figure 1).

Once bound to the surface, a receptor forms as shown in
Figure 1c. The groups defining this structure are depicted in
Figure 1d with three vertical levels of equilateral triangles
about the central aromatic ring. The vertices of the blue
triangle (1.3 nm apart) define the surface attachment of the
three thiols to the metal holding the aromatic ring approx-
imately 0.5 nm from the gold surface. The red triangle (side
0.6 nm) is defined by the threefold symmetric arrangement of
amide carbonyl groups that act as hydrogen-bond acceptors.
The large grey triangle (side 2.6 nm) is defined by the
hydrocarbon side chains providing a second C3-symmetric
mode of discrimination for guest binding. In concert, this

orchestrated functionality provides a 3D receptor whose
p surface is close to its van der Waals radii from the gold
surface. This surface conformation is similar to the one
deduced for the bulk material 1a.[7] This situation implies that
there is little reorganization penalty for molecules to associate
with these receptors. To create a sensitive reporter molecule
for binding to these surface receptors, a fluorescent analog,
1c, was synthesized[7] that carries three pyrene chromophores
on alkyl tethers.[21] 1c was found to self-associate in bulk into
1D nanostructures similar to what was observed for 1a.[7]

When the films of 1b were placed into solutions contain-
ing 1c,[22] then removed, rinsed, and dried, ellipsometry
detected only a 0.5 nm increase in the layer thickness. This
value is consistent with the measured value from molecular
models, such as the one in Figure 1b, for the addition of a
single layer of molecules. Fluorescence spectroscopy shows
pyrene emission that is characteristic of the isolated pyrene
molecules lacking any detectible excimer emission (Fig-
ure 3a).[21] Moreover, the fluorescence intensity is consistent
with an incremental increase in the layer thickness. STM
images of these samples (Figure 3b) reveal a largely complete
second layer of molecules (measured to be ca. 0.6 nm above
the monolayer) associated with the original monolayer. Given
the uniform height of this second layer it must be tightly
bound. It is intriguing that the rinsed films show either
monolayer or bilayer and no higher stacks. The noncovalent
association with this first additional layer could be higher due
to the increased rigidification of the molecules upon binding
to the metal. In addition, stacks higher than dimers could be
disfavored by dipole–dipole repulsions between adjacent
columns.

To test if the surface receptors were selective for
particular a size, shape, and hydrogen-bonding pattern, 2

Figure 1. a) Crowded aromatics with both amide and alkyne substituents. b) Molecular model[20] of a dimer stack of 1b (red=oxygen, gray=car-
bon, blue=nitrogen, yellow=sulfur, purple=gold surface atom). The hydrogen atoms and the substituents on the alkynes have been removed
for clarity. c) Side-view of the model when bound to surface showing the nested receptor site. d) Top view showing three vertical levels of informa-
tion written into the molecular substructure. The lower level (blue triangle) defines the surface attachment that positions the amide carbonyls
away from the surface (red triangle) into a C3-symmetric hydrogen-bonding site. The gray triangle defines the hydrocarbon chains.

Figure 2. a) STM image (150 pA, 500 mV) of 1b on gold revealing
molecular-scale disks attached to a gold surface; b) Sulfur XPS spec-
trum of 1b on gold shows the characteristic 2:1 ratio at 161.5 eV and
163 eV for sulfur atoms bound to gold. The the red, blue, and green
lines are curves fits to the data (black line).
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(Figure 4) was synthesized. It lacks the threefold symmetry of
the alkyne and amide side chains of 1a–c. The choice of the
dansyl fluorophore for 2 was critical because its excitation
wavelength is very close to that of pyrene but its fluorescence
emission is red-shifted to about 485 nm. Therefore, the
mixture on a surface is easily deduced from the emission
spectrum. As above, monolayers of 1b were immersed in an
equimolar mixture of 1c and 2. After removal and rinsing, the
resulting fluorescence spectrum (Figure 4b) is essentially
indistinguishable from the one in Figure 3a for 1b and 1c
(that lacked the dansyl chromophore). As an additional
control experiment, the monolayers of 1b were incubated in
solutions of 2, removed and rinsed. These surfaces showed

only a very small amount of dansyl emission. If the
fluorophores are switched, that is, putting the dansyl fluo-
rophore on the C3-symmetric core and the pyrene on the
bis(amide) core, the surface shows exclusively emission from
the dansyl fluorophore. Therefore, these surface-bound
molecules are able to select from solution between two
different molecules based on a complementary structure.

In conclusion, a new concept is advanced for creating
surface-bound molecular sockets capable of directing the
assembly of aromatic molecules at very short length scales.
One aspect that is critical for success is the use of pre-
organization where the molecule's bulk conformation is
similar to its surface-bound structure. The simultaneous
binding of three thiols creates a rigid surface structure
holding its p face close to the metal substrate. Steric
interactions in both the crowded aromatic core and the
short surface-active tethers of these highly functionalized
monolayers direct the hydrogen-bonding and hydrophobic
functional groups upwards. The C3-symmetric receptor site is
capable of discriminating between different aromatic mole-
cules from solution. For traditional p surfaces[23] this type of
selection is not likely to occur because of the weak
interactions between aromatic molecules.[24] The dimeric
stacks formed here provide an unprecedented model system
to study electrical conductivity of p stacks on metallic
surfaces. In addition, the surface template should have a
dipole moment that increases as the molecules stack through
head-to-tail hydrogen bonds.[25] These dipolar dimers could
show rectification of electrical current[2] and have properties
that are a consequence of their polar order.[26]
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Electron Transfer in DNA

Criteria for Efficient Transport of Excess
Electrons in DNA

Takeo Ito and Steven E. Rokita*

Extensive studies on charge transfer in DNA[1–6] have
provided significant insight into the molecular mechanisms
of DNA damage induced by high- and low-energy radiation[7]

and by chemical oxidants.[8] Appreciation of the conducting
properties of DNA has also inspired the development of new
nanoscale intelligent materials and chemical sensors.[9]

Results from both theoretical and experimental approaches
now seem to suggest that electron-deficient intermediates
generated from one-electron oxidation of DNA can undergo
hole transfer (HT) between guanine (G) residues by single-
step tunneling (G hopping), by multistep tunneling through
intervening adenine (A) residues (A hopping), and by
polaron-like hopping of delocalized radical cations.[1] Much
less is known about the complementary process of excess
electron transfer (EET) in DNA.[2–6] The results of early
experiments involving pulse radiolysis, EPR, and free nucleo-
tides suggested that excess electrons can associate with duplex
DNA and migrate between its bases.[10] More recently, Sevilla
and co-workers observed that EET proceeds through single-
step tunneling at 77 K, but at higher temperatures (> 150 K)
thermally activated multistep hopping predominates.[3] Cyto-
sine (C) and thymine (T) are most likely to serve as the
primary carriers for EET if reduction potentials alone are
considered. However, protonation, and consequent stabiliza-
tion, of the radical anion of C (C�C) by water or a Watson–
Crick base-paired G residue to form the neutral radical (CHC)
may inhibit migration.[2a, 3c,10–13]

Only limited information on the effects of context on EET
has so far been reported and many basic questions remain to
be addressed before a detailed understanding of the structural
dependence of this process can be established at a level
comparable to that previously reached for HT. Carell and co-
workers have driven the repair of thymine dimers by EET
from a reduced flavin alternately coupled by inter- and
intrastrand attachment.[5] In each case, efficient EET through
A/T base pairs was apparent and the dependence of the
transfer on distance was weak. Initial data on the dynamics of
EET and charge recombination have also begun to emerge
from a series of stilbene-capped hairpin DNA molecules and
pyrenyl–oligodeoxynucleotide (ODN) conjugates.[4]

Our research group has developed a complementary
system based on ODN conjugates containing a derivative of
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N,N,N’,N’-tetramethyl-1,5-diaminonaphthalene (TMDN) and
5-bromo-2’-deoxyuridine (BrU; Figure 1).[6] Selective photo-
excitation of the donor TMDN (> 335 nm, E*ox= ca. �2.8 V
versus a saturated calomel electrode) initiates EET, and the

subsequent reduction of the acceptor BrU promotes decom-
position of its 5’ neighbor. This decomposition in turn leads to
an easily detectable strand fragmentation after treatment with
hot piperidine (Figures 2 and 3).[14] The extent of fragmenta-
tion depends on the duration of UV exposure, as was

expected; irradiation alone does not induce comparable
fragmentation (Figure 3). Weak cleavage at BrU is also
evident after piperidine treatment without irradiation but
this background reaction is independent of UV exposure. As
illustrated in Figure 3, the apparent efficiency of EET can
differ significantly between closely related duplexes (1 and 2).
A series of similar duplexes containing donor and acceptor
residues separated by a constant distance was examined for
sequence dependence and sensitivity of EET to 1) proton
transfer, 2) intra- and interstrand hopping, and 3) 3’ to 5’ or 5’
to 3’ directionality.

The initial rates of strand fragmentation generated by
irradiation at wavelengths above 335 nm were used to
compare the relative efficiency of EET from the attached
TMDN analogue to the BrU residue in various DNA

molecules (Figure 4). Substitution of two intervening
A/T base pairs (3) with G/C pairs (4) suppressed EET
in H2O more than fourfold. This result is consistent
with the hypothesis that T is the primary carrier of
charge.[2a] As mentioned above, any contribution by C
might be limited by preferential protonation of C�C
rather than T�C. If proton transfer is indeed compet-
itive with EET, then the rate of strand fragmentation
as a result of EET should be enhanced through G/C,
but not through A/T base pairs when the solvent is
changed from H2O to D2O.

[3c] This enhancement was
confirmed by the observation of an inverse solvent
isotope effect for the G/C-containing DNA 4 (kH2O/
kD2O= 0.68) and neglible such effects for the A/T- and
T/A-containing DNAs 3 and 5 (kH2O/kD2O= 0.97 and
1.1, respectively; see Figure 4).

Additional parameters that affect EET were
identified simply by rearranging the BrU residue and
the two intervening A/T base pairs within an other-

wise common duplex structure (Figure 1). For example, by
switching the A/BrU base pair of 3 to give BrU/A (6), or
alternatively, switching AAA/TTBrU in 3 to TTBrU/AAA (2),
we enforced a single crossover and interstrand capture of an
electron. In both examples, EET was greatly inhibited in the
interstrand systems compared to the intrastrand ones
(Figure 4). However, generalization of the effect of inter-
strand electron capture on EET is made difficult by the
implicit change in strand directionality involved, as illustrated
by DNAs 2 and 3. Little change in the efficiency of EETwas
observed when 3’ to 5’ directionality was preserved (compare
1 and 3), which shows that a single crossover between strands
may modulate, but does not dominate, EET. Previous
experimental analysis of HT in a series of defined DNA
sequences revealed a preference for intrastrand arrangements

Figure 1. Oligodeoxynucleotide sequences and sensitizer structure.
Figure 3. Autoradiograms of 20% denaturing polyacrylamide gels
showing strand scission of DNA after UV irradiation (>335 nm,
around 10 8C). Two 5’-32P-labeled ODNs containing BrU were examined:
a) DNA 1 and b) DNA 2 (1 mm, 90 nCi) in sodium phosphate (10 mm,
pH 7.0) and NaCl (90 mm). The ODNs were exposed to UV light for
the indicated periods and analyzed either directly (lanes 1–6 and 14–
19) or after subsequent treatment with 10% piperidine at 90 8C for
30 min (lanes 8–13 and 21–26). The arrows highlight products formed
by EET.

Figure 2. EET from an N,N,N’,N’-tetramethyl-1,5-diaminonaphthalene analogue (D) to
5-bromo-2’-deoxyuridine (BrU) in DNA.
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of the donor, acceptor, and bridging residues, although
multiple crossovers were still possible.[15]

HT has been noted to be dependent on strand direction-
ality[15b] and EET also appears to be highly sensitive to this
aspect of the structure, as highlighted by a comparison of
DNAs 3 and 7. These two DNAs are nearly identical: both
contain the same donor and acceptor and two bridging
T residues, all within a single strand (Figure 1). However, a
change in the orientation of the acceptor and bridge from 5’ to
3’ with respect to the donor caused a dramatic decrease of
almost ninefold in EETefficiency. The bias in favor of EET in
a 3’ to 5’ direction was evident in DNA containing the donor
and acceptor on complementary strands (1 and 2) as well,
although the equivalent decrease in efficiency was around 4.5-
fold (Figures 3 and 4). HT favors migration in the opposite
direction (5’ to 3’),[15b] but this process also entails electron
migration in the 3’ to 5’ direction. An asymmetry in the
HOMO overlap of nucleobases acting as charge carriers has
been proposed as an explanation for the directionality of
HT[15b] and an equivalent proposal based on LUMO overlap
could be considered for EET. Variations in the electron
affinity of BrU caused by changes in its flanking nucleotides
may also contribute to the observed transfer efficiencies but,
at least for DNAs 3 and 7, the difference between transfer
through 5’-CBrUT and that with 5’-TBrUC is predicted to be
insignificant.[16]

In summary, the photochemical reactivity of DNAs 1–7
helped to delineate the major influence of DNA sequence on
EET. We suspect that protonation of C�C limits participation
of C and leaves T as the only major conduit. Strand crossing
and, particularly, orientation can also significantly influence
the efficiency of EET. Such information could be used to
refine designs of molecular wires that utilize DNA self-
assembly.
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Electron Transfer in DNA

Excess Electron Transfer Driven DNA Does Not
Depend on the Transfer Direction**

Clemens Haas, Katja Kr�ling, Michaela Cichon,
Nicole Rahe, and Thomas Carell*

The transport of electronic charge through DNA continues to
surprise the scientific community. A wealth of scientific data
has established the ability of DNA to transport a positive
charge over large distances.[1] The charge movement is now
believed to occur by a hopping mechanism in which the hole
jumps between purine bases that act as temporary charge
carriers.[2–8] Although guanine, the easiest base to oxidize,
functions as the most efficient charge transporter, it was
recently established that adenine residues, particularly in
homo A:T sequences, may also function as stepping stones
during the hole-hopping process.[5] Data collected by the
Giese research group suggest that this hopping of a positive
charge between purine bases is possible because the compet-
ing reaction of the G and A radical cations with water is very
slow (kH2O= 104 s�1). Nevertheless, the reaction with water
induces oxidative DNA lesions. It is not yet completely clear
how the hole transfer process is influenced by the direction of
electron transfer. Some researchers have observed differ-
ences in the efficiency of transfer in opposite directions and
have exploited these differences for the development of

DNA-based analytical devices.[9] Others see no directional
dependence of the electron-transfer efficiency.[10]

We and others have recently started to develop donor–
acceptor-modified DNA duplexes to investigate the transfer
of an extra electron, a negative charge, through DNA.[11–15] It
has been established that long-range processes involving
excess electron transfer also proceed by hopping.[15,16] In the
reductive mode, however, the pyrimidines Tand C function as
temporary charge carriers.[17] No efficient chemical reactions
leading to degradation of the pyrimidine radical anions are
known, therefore, transfer of a negative charge could proceed
without concomitant DNA degradation. In principle, this fact
makes such a mode of transfer perfectly suited for the design
of DNA-based analytical and electronic devices.[18,19] Analysis
of how the DNA structure and donor/acceptor positions in the
duplex influence electron transfer through DNA is conse-
quently of great importance.

Herein we describe experiments performed with
DNA:PNA hybrid duplexes 1–8 (Table 1) designed to address

how excess electron transfer in DNA is influenced by the
direction of electron-transfer-driven of a thymine dimer DNA
lesion (5’!3’ versus 3’!5’). The electron-transfer experi-
ments are based on the fact that a reduced, deprotonated
flavin such as 10, when embedded in a double helix, is capable
of light-induced injection of an electron into the base stack
(Scheme 1). This electron travels through the duplex until it
reaches the thymine dimer 11, which has an open backbone.[20]

This dimer cleaves upon reduction (rate of cleavage, ksplit�
106 s�1),[21] which induces a readily detectable strand break.

The eight DNA:PNA hybrid duplexes (1–8) contain the
thymidine dimer acceptor molecule 11 in the DNA strand and
the flavin electron donor 10 in the PNA strand. In the first
four DNA:PNA hybrids (1–4), the electron travels from the 5’
to the 3’ end over distances of about 3.4 (1), 10.2 (2), 17.0 (3),
and 23.8 ; (4). In the other four DNA:PNA hybrids (5–8),

Table 1: DNA:PNA hybrid double-strands 1–8 used to study the direc-
tional and distance dependence of the excess electron transfer process.[a]

Compound Name Sequence

1 DNA 5’-GCA-AAA-AAA-ATT-CGC-3’
PNA KK-CGT-TTT-TTT-FAA-GCG-KK-NH2

2 DNA 5’-GCA-AAA-AAA-ATT-CGC-3’
PNA KK-CGT-TTT-TFT-TAA-GCG-KK-NH2

3 DNA 5’-GCA-AAA-AAA-ATT-CGC-3’
PNA KK-CGT-TTF-TTT-TAA-GCG-KK-NH2

4 DNA 5’-GCA-AAA-AAA-ATT-CGC-3’
PNA KK-CGT-FTT-TTT-TAA-GCG-KK-NH2

5 DNA 5’-CGC-TTA-AAA-AAA-ACG-3’
PNA KK-GCG-AAF-TTT-TTT-TGC-KK-NH2

6 DNA 5’-CGC-TTA-AAA-AAA-ACG-3’
PNA KK-GCG-AAT-TFT-TTT-TGC-KK-NH2

7 DNA 5’-CGC-TTA-AAA-AAA-ACG-3’
PNA KK-GCG-AAT-TTT-FTT-TGC-KK-NH2

8 DNA 5’-CGC-TTA-AAA-AAA-ACG-3’
PNA KK-GCG-AAT-TTT-TTF-TGC-KK-NH2

9[b] DNA 5’-CGC-GTT-TTT-TTT-TGC-GCC-GC-3’
PNA KK-CGT-TTT-TFT-TAA-GCG-KK-NH2

[a] PNA bases are shown in italics. K= lysine; needed for solubility. F=
flavin. [b] A mixture of a DNA and a PNA strand that are unable to pair.
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electron transfer has to proceed in the opposite direction (3’!
5’) over the same distances. The base sequences between the
flavin donor 10 and the dimer acceptor 11 were kept the same
in 5–8 as in 1–4, respectively. Previous experiments showed
that the efficiency of the electron-transfer-driven dimer
opening is lower in double strands with a less-ordered
structure. We therefore used G:C-rich sequences at the ends
of the DNA:PNA duplexes to achieve the highest possible
duplex stability. Thermal denaturing studies with all eight
duplexes proved the high thermal stability of the duplex
structures; despite the presence of two perturbing unnatural
bases, all the DNA:PNA double strands were found to melt
between 60 8C and 80 8C, namely, well above room temper-
ature.

The electron-transfer measurements were made on indi-
vidual solutions of the DNA:PNA hybrid double strands 1–8
(cDNA= 20 mm, 0.01m H3PO4/Na2HPO4, pH 7.0, 0.01m NaCl)
in fluorescence spectroscopy cuvettes. The solutions were
purged with nitrogen to establish anaerobic conditions. A
standard dithionite solution was subsequently added to
reduce the flavin. The cuvettes containing the so-prepared
solutions were irradiated with a 1000-W Hg(Xe) lamp
equipped with a cooled 360-nm cut-off filter. The dimer
cleavage yield was analyzed as described previously.[13] In
short: The solutions were irradiated for a fixed time at 10 8C,
well below the individual melting temperatures of the
duplexes. The solutions were then poured into Eppendorff
vials and shaken whilst being exposed to air for about 2 h to
reoxidize the flavin. The resulting solutions were analyzed by
ion-exchange chromatography. All data reported herein are
average values calculated from the results of at least three
fully independent experiments. The error in the measure-
ments made in these independent experiments was deter-
mined to be less than � 20%.

Before we analyzed the directional dependence of the
electron transfer, we investigated whether the electron travels
from the flavin donor to the dimer acceptor intramolecularly
or whether an intermolecular electron transfer between
different duplexes can take place. In the first experiment,
we prepared the strand mixture 9, which contained a flavin–
PNA strand and a dimer-containing DNA strand. These
strands are unable to form a duplex, as was proven by
addition of the cyanine dye 3,3’-diethylthiadicarbocyanine
idodide (DiSC2(5)).

[22] The dye binds exclusively to PNA-
containing duplex structures, and results in the absorption

maximum shifting from 650 to
540 nm. Figure 1 shows the UV
spectrum of mixture 9 after addi-
tion of the dye (blue line). The
absorption maximum at 650 nm
proves the absence of double
strands. Irradiation of this solution
after reduction of the flavin with
dithionite (no dye present) and
analysis of the irradiated solution
by ion-exchange chromatography
provided a chromatogram with a
sharp signal at 47 min that corre-
sponds to the DNA strand present

in mixture 9. No other DNA strand was detected, which shows
that dimer splitting did not take place in this solution (data
not shown). In a second experiment, we paired the PNA
strand of mixture 9 with a matching dimer-containing DNA
strand. A clear absorption shift to 540 nm was detected after
addition of the dye DISC2(5) (Figure 1, red line), which

indicates efficient formation of a duplex. Irradiation and
analysis of the solution by HPLC gave a chromatogram with a
sharp peak at 30 min resulting from the DNA strand. In this
experiment we clearly observed two sharp new signals at
21 min and 4 min which were caused by the two DNA
fragments expected to result from cleavage of the duplex.
These results show that cleavage of the dimer takes place in
this PNA:DNA double strand (data not shown). We con-
cluded that, under our conditions, duplex formation is a
prerequisite for efficient excess electron transfer from the
flavin donor to the dimer acceptor.

We studied the directional dependence of the excess
electron-transfer-driven repair reaction by irradiation of the
PNA:DNA duplexes 1–8. The yields for the cleavage
measured after irradiation for 20 min are listed in Table 2,
together with the melting points of the duplexes. The yields

Scheme 1. Depiction of the dimer electron acceptor 11 and the flavin electron donor 10, which
induces cleavage of the DNA strand into two halves upon single-electron reduction.

Figure 1. UV spectra of PNA:DNA solutions (PNA, 3 mm ; DNA, 3 mm ;
NaCl, 10 mm ; H3PO4/Na2HPO4, 10 mm, pH 7.0; 10 8C). Red line:
PNA:DNA solution of a flavin-containing PNA strand and a dimer-con-
taining DNA strand that form a stable duplex (entry 2 in Table 1) after
addition of the dye DiSC2(5); blue line: PNA:DNA solution of a flavin-
containing PNA strand and a dimer-containing DNA strand that are
unable to form a stable duplex (entry 9 in Table 1) after addition of the
dye DiSC2(5); black line: PNA:DNA solutions before addition of the
dye DiSC2(5). OD, optical density.
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show that dimer cleavage proceeds efficiently in all inves-
tigated DNA:PNA double strands 1–8, even when the
electron transfer occurs over a distance of about 24 ;. We
observed that the cleavage of the dimer is not very distance-
dependent, an outcome in agreement with the results of
earlier studies. The DNA:PNA hybrids with the largest
flavin···thymine dimer separation consistently undergo
slightly faster dimer cleavage. In accordance with an earlier
report of ours, we believe that a larger separation of the two
unnatural bases allows the duplex to adopt a more-ordered
duplex structure between the two potentially disruptive
elements.[12]

If we compare the cleavage data obtained with the
PNA:DNA series 1–4 (electron transfer in the 5’!3’ direc-
tion) with that obtained for the series 5–8 (electron transfer
3’!5’), we observe no large difference in repair yield. This
result shows that the repair of a thymine dimer by a reduced
and deprotonated flavin is independent of the direction of
electron transfer, even for transfer over rather large distances
of around 24 ;.

In summary, we have investigated how the direction of
excess electron transfer influences the transfer efficiency. We
first established that duplex formation is a prerequisite for
intramolecular interstrand electron transfer. Yields for the
cleavage were recorded for electron transfer in the 5’!3’ and
3’!5’ directions over four different distances, with the same
sequence composition between the flavin donor and the
dimer acceptor for both transfer directions. Analysis of these
results showed that the yields of the cleavage are, within the
error limits of our analysis, the same for both transfer
directions. This result must be interpreted in the light of data
reported by others about the directional dependence of the
hole-transfer process, in which the reaction of the intermedi-
ate G and A radical cations with water (kwater= 6 G 104 s�1) is
rate determining. The charge equilibrates along the DNA
strand until the slow reaction with water finally eliminates the
positive charge to give an oxidative DNA lesion. The fact that
we observed no distance or directional dependence on the
yield of dimer cleavage must be analyzed with consideration
of the rate of dimer cleavage. This cleavage reaction is not
well defined but data from Yeh and Falvey point to a reaction

rate of ksplit= 106 s�1.[21] If the rates of electron transfer are
faster than this value then dimer splitting would become the
rate-determining step.[23] We can therefore conclude that the
rate of excess electron transfer through DNA over distances
of up to 24 ; is similar in the two directions within the time
frame of our system, which is defined by the rate of dimer
cleavage (< 106 s�1).
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Table 2: Dimer cleavage yields after irradiation of the PNA:DNA double
strands 1–8 and mixture 9 for 20 min.[a]

Compound M.p. [8C][b] Distance [H][c] Transfer
direction

Yield [%]

1 82 3.4 5’!3’ 22�5
2 67 10.2 5’!3’ 24�5
3 69 17.0 5’!3’ 23�5
4 70 23.8 5’!3’ 25�5
5 77 3.4 3’!5’ 30�6
6 [d] 10.2 3’!5’ 15�3
7 68 17.0 3’!5’ 36�7
8 69 23.8 3’!5’ 46�9
9 not detectable not defined 0

[a] Irradiation conditions: 1000-W Hg(Xe) lamp, 360-nm cut-off filter,
10 8C.[b] 3 mm DNA, 3 mm PNA, 10 mm NaCl, 10 mm H3PO4/Na2HPO4

(pH 7.0). [c] Separation of donor and acceptor assuming an ideal
B conformation. [d] Not measured.
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Electron Transfer in DNA

Phenanthridinium as an Artificial Base and
Charge Donor in DNA**

Nicole Amann, Robert Huber, and
Hans-Achim Wagenknecht*

3,8-Diamino-5-ethyl-6-phenylphenanthridinium, known as
“ethidium”, has been widely used in fluorescence assays
with nucleic acids.[1] Ethidium and its derivatives are also
potent trypanocidal drugs.[2] In addition, ethidium represents
an important donor for photoinduced charge transfer proc-
esses in DNA.[3–6] Relative redox potentials indicate that
ethidium in the photoexcited state (Et*+) is not able to
oxidize or reduce DNA to initiate hole or electron hopping,
respectively.[7] Hence, a suitable charge acceptor has to be
provided. 7-Deazaguanine quenches the emission of ethidium
in DNA[8] and has been applied as the acceptor in hole-
transfer studies.[5, 6] Remarkably, investigations of DNA
duplexes with ethidium covalently attached to the 5’-end
through an alkyl linker found no dependence of the rate of
DNA-mediated oxidative hole transfer on the distance,[6]

although the hopping model[9] cannot be applied in this case.
Site-specific intercalation of ethidium into DNA is crucial

for a detailed study of its binding interactions and charge
donor properties. We incorporated the phenanthridinium
heterocycle of ethidium as an artificial base at specific sites in
duplex DNA. The hydrolytic lability of the corresponding
ethidium 2’-deoxyribofuranoside[10] made it necessary to
replace the sugar moiety with an acyclic linker system
tethered to the N-5 position of the phenanthridinium hetero-
cycle (Scheme 1).

To synthesize the corresponding DNA building block 1,
we started with the protection of the two exocyclic amino
functions of 3,8-diamino-6-phenylphenanthridine (2) by treat-
ment with allyl chloroformate. The bisalloc-protected phen-
anthridine derivative 3 was then alkylated with 1,3-diiodo-
propane. THF is the best solvent for this reaction because the
starting material 3 is soluble in THF, whereas the alkylation
product 4 is not. Hence, 4 can be collected simply by filtration.
The phenanthridinium 4 was linked to DMT-protected 3-
amino-1,3-propanediol (5) under the typical conditions used
for a nucleophilic substitution. Compound 5 was synthesized
according to literature procedures and carries the DMT
protecting group necessary for automated oligonucleotide

coupling at a later stage.[11] After attachment of 5, the alloc
protecting groups were exchanged by trifluoroacetyl groups.
This procedure is necessary since trifluoroacetyl groups are
not stable enough to be used in the alkylation of the
phenanthridine heterocycle at N-5[12] but can be cleaved
under typical DNAworkup conditions. This protecting-group
strategy has the additional advantage that the secondary
amino function of the alkyl linker is also protected. The
preparation of the phosphoramidite 1 was completed by using
standard procedures, and the product was used for the
automated preparation of phenanthridinium-modified oligo-
nucleotides. An extended coupling time (1 h instead of the
1.5 min used for standard couplings), a higher phosphorami-
dite concentration (0.2m instead of 0.067m), and three

Scheme 1. Synthesis of DNA building block 1: a) allyl chloroformate
(10 equiv), CH2Cl2, RT, 24 h, 98%; b) 1,3-diiodopropane, THF, 65 8C,
9 days, 82%; c) 5 (1.5 equiv), N,N-diisopropylethylamine (3 equiv),
dimethylformamide, RT, 55 8C, 91%; d) Bu3SnH (3.2 equiv), [Pd(PPh3)4]
(0.02 equiv), PPh3 (0.2 equiv), CH2Cl2/H2O (300:1), RT, 90 min, 97%;
e) (CF3CO)2O (6 equiv), CH2Cl2/pyridine (5:1), 0 8C, 10 min, RT,
10 min, 59%; f) 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite
(1.5 equiv), Et3N (3 equiv), CH2Cl2, RT, 2 h. alloc=allyloxycarbonyl;
THF= tetrahydrofuran; DMT=dimethoxytrityl.
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coupling cycles interrupted by washing steps were necessary
to achieve nearly quantitative coupling. The phenanthridi-
nium-containing oligonucleotides in DNA1 and DNA2
(Scheme 2) were identified by MALDI-TOF mass spectrom-

etry, purified by semi-preparative HPLC, and quantified by
UV/Vis absorption spectroscopy.[13] The DNA duplexes
DNA1 and DNA2 were prepared by slow cooling of the
appropriate phenanthridinium-modified oligonucleotide in
the presence of an excess (1.2 equiv) of the corresponding
complementary unmodified oligonucleotide strand to ensure
the quantitative formation of the modified duplex. An abasic
site analogue (X)[14] was incorporated into the counterstrands
to allow optimal intercalation of the phenanthridinium
heterocycle (E).

The sequences of DNA1 and DNA2 are identical except
for the bases adjacent to the phenanthridinium site (E). The
overall B-DNA conformation of the modified DNA duplexes
was confirmed by CD spectroscopy (see the Supporting
Information). Absorption and steady-state fluorescence
measurements were performed to verify that intercalation
of the phenanthridiniummoiety had occurred and to show the
similarity of the structure to that of intercalated ethidium. At
10 8C, the UV/Vis absorption spectra of DNA1 and DNA2
have maxima at 530 and 535 nm, respectively, peaks typical of
intercalated ethidium (Figure 1).[15,16] The absorption spec-
trum of “free” ethidium in aqueous solution has its maximum
at approximately 480 nm.[17] The absorption by DNA1 and
DNA2 increases slightly at higher temperatures and the
maxima shift to 503 and 515 nm, respectively, as a result of
dehybridization and interruption of the stacking interactions
between the phenanthridinium and the adjacent DNA bases.
Excitation ofDNA1 andDNA2 at 520 nm results in emission
spectra with maxima at 626 and 623 nm (at 10 8C), which are
again typical peaks for intercalated ethidium (Figure 2).[15,16]

The emission of “free” ethidium in water has a maximum at
around 635 nm[17] and is significantly quenched by protona-
tion of the excited state.[16] Temperature-dependent fluores-
cence measurements with DNA1 and DNA2 show the same
ethidium-type behavior. As the temperature is increased, the
excited-state phenanthridinium moiety becomes more and
more accessible to water because of dehybridization and

interruption of base stacking. As a result, the maxima are
shifted to 637 and 635 nm (at 808) and the emission is
quenched to 20–25% of the duplex quantum yield at RT. In
conclusion, characterization of DNA1 and DNA2 by optical
spectroscopy shows clearly that the phenanthridinium hetero-
cycle of the artificial DNA base is intercalated in the duplex
DNA and exhibits similar properties to those of noncova-
lently bound, intercalated ethidium. Interestingly, the differ-
ence in the base pairs in the duplex environment immediately
surrounding the artificial base (A-T inDNA1, G-C inDNA2)

Scheme 2. Duplexes DNA1 and DNA2. Figure 1. Temperature-dependent UV/Vis absorption spectra of DNA1
(top) and DNA2 (bottom). 12.5 mm duplex, 10 mm Na/phosphate
buffer, pH 7, DT=10 8C.

Figure 2. Temperature-dependent steady-state fluorescence spectra of
DNA1 (top) and DNA2 (bottom). 12.5 mm duplex, 10 mm Na/phos-
phate buffer, pH 7, DT=10 8C.
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does not significantly influence the absorption and emission
properties of the molecules.

Finally, the electron-donor properties of the artificial
phenanthridinium DNA base were elucidated by using
methyl viologen (MV) as a noncovalently bound electron
acceptor.[4] The redox potentials indicate that an electron can
be transferred from the excited state of ethidium to methyl
viologen.[18] The emission ofDNA1 andDNA2 was quenched
significantly byMVas a result of this electron-transfer process
(Figure 3). This result shows clearly that the synthesized

phenanthridinium–DNA has the potential to allow spectro-
scopic investigation of electron transfer (not electron hop-
ping) in DNA. Use of this molecule will also make it possible
to compare the rate of reductive electron transfer with that of
oxidative hole transfer by using either methyl viologen or 7-
deazaguanine as the electron or hole acceptor, respectively.

Experimental Section
The details of the synthesis of DNA building block 1 will be published
separately.[19] Experimental details of the preparation and spectro-
scopic characterization of DNA1 and DNA2 are described in the
Supporting Information.
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Figure 3. Electron transfer experiments with DNA1 and DNA2. 12.5 mm
duplex, 10 mm Na/phosphate buffer, pH 7. Methyl viologen was added
in increasing amounts.
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Electron Transfer in DNA

Excess Electron Transport Through DNA:
A Single Electron Repairs More than One
UV-Induced Lesion**

Bernd Giese,* Barbara Carl, Thomas Carl,
Thomas Carell,* Christoph Behrens, Ulrich Hennecke,
Olav Schiemann,* and Emiliano Feresin

The investigation of long-distance charge transport through
DNA is complicated because experimental results depend
upon the charge injection and charge detection systems used.
The rate of charge injection into a DNA base depends on the
redox potential of the injection system and also on the
structure of the DNA base since distortions of the base may
change its orbital overlap pattern and solvation energy.[1] The
nature of the charge detection system used to analyze the
arriving charge after its multistep transport through DNA is
also of crucial importance in studies on long-distance charge
transport. The influence of factors such as sequence on the
charge-transport rate can be measured experimentally only if
the charge detection is the fastest step of the whole process. In
assays where detection is approximately as fast as, or slower
than the charge transfer, the experimental results also reflect
the equilibration of the charge over the DNA bases according
to the Curtin–Hammett principle.[2] This situation has been
discussed in detail for long-distance hole transport through
DNA.[3]

Although hole transport through DNA is now rather well
understood, little is known about the transport of negative
charge (an extra electron) through the DNA double helix.
Recent observations have show that electrons also travel over
significant distances through DNA by a hopping process in
which pyrimidine bases act as temporary charge carriers.[4]

Experiments to investigate the sequence-dependence of such
extra electron transfer through DNA give conflicting results.

Although almost no sequence effect was observed in one
study,[5] another study[6] showed that an extra electron moves
more efficiently through A:T than through G:C base pairs. It
is clear that experiments on long-distance electron transport
through DNA lead to different results if different assay
systems are used. Herein, we try to explain the different
results with the help of the new injection system 3. In contrast
to the electron injectors used in the previous studies,[4–6] the
injector 3 transfers only one extra electron into the DNA
double strand upon irradiation. The basis for the design of the
new injector is the less-negative redox potential of thymine[7]

compared to those of dialkyl ketones.[8] Thus, a ketyl radical
anion should reduce an adjacent thymine base. We therefore
synthesized the thymidine derivative 3 by attaching the ketyl
radical precursor 2 to a thymine base (Scheme 1).[9]

Photolysis of ketone 3 at 75 K gave a product that
exhibited the ESR spectrum of the thymine-based radical 5a
(Figure 1).[10] The identity of the compound could be deduced
by comparing our measurements to a simulated spectrum
with hyperfine coupling constants of 39.2 and 10.5 G for the
two adjacent CH2 groups. These coupling constants are
similar to those observed for the unsubstituted thymine
radical in frozen solution.[11]

Scheme 1. Synthesis and reaction of the modified thymine 3.
TBDPS= tert-butyldiphenylsilyl.
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The formation of 5a can be explained as the result of a
Norrish cleavage[12] of the tert-butyl ketone 3 and subsequent
electron transfer to the thymine system (4!5).[13] The
intermediate radicals 4a,b were detected by addition of the
H-donor glutathione, which resulted in formation of alcohol 6
in up to 30% yield.[14] In the absence of glutathione, ketone 7
was formed as the main product (90%).

We used the open-backboned thymine dimer 9 (T=T;
Scheme 2) as the electron detection system in our experi-

ments.[4] Single-electron capture by the dimer induces a
cycloreversion leading to a strand break (9!10).[4] The
intermediate in this process is the dimer radical anion 8.[15]

To measure the influence of distance on the transport of an
electron through DNA we incorporated the electron injector
3 (TX) and the dimer 9 (T=T) into DNA single strands at

various sites and hybridized these strands with slightly longer
complementary strands. In this way, we synthesized the
modified double strands 11a–c (Figure 2).[16] Norrish photol-
ysis of the new electron injector 3 results in donation of a

single electron to the DNA duplex. The electron travels
through the base stack and eventually cleaves the cyclobutane
ring of the thymine dimer. This process leads to the formation
of the shorter DNA strands 12 and 13 in a 1:1 ratio.[17] The
cleavage yield decreased from 14 to 7 to 5%when the number
(n) of adenine:thymine (A:T)n base pairs between the
electron injection and detection systems was increased from
one to three. This decrease in yield is typical of a multistep
reaction in which the electron hops between adjacent thymine
bases,[18] and is in full accord with the data reported
previously.[4]

To investigate how the dimer cleavage process competes
with the charge movement, we prepared the double strand 14,
which contains two thymine dimers separated by a single A:T
base pair (Figure 3). According to the suggested cleavage
mechanism (Scheme 2), the negative charge is not annihilated
after the first cycloreversion and should, therefore, be able to
cleave another thymine dimer (T=T). Irradiation of double

Figure 1. Continuous wave X-band ESR spectrum of 5a in CH3CN at
77 K. The dashed line represents the simulation.

Scheme 2. Competition between cleavage and electron transfer for
thymine radical anion 8.

Figure 2. The efficiency of the cleavage of the thymine dimer in DNA
double strands 11a–c. Electron injection occurs through photolysis of
the modified nucleotide 3.

Figure 3. Cleavage of proximal and distal thymine dimers after
photolysis of DNA double strand 14.
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strand 14 indeed resulted in cleavage at both the proximal and
the distal thymine dimer site and formation of the shorter
strands 15 and 16.[17] Surprisingly, the cleavage yield at the
distal site (16= 11%) was more than twice that at the
proximal site (15= 4.5%).[19]

If an electron migrates to the distal thymine dimer only
after the proximal dimer has been cleaved (Scheme 2), then
the yield ratio 16/15 cannot be larger than 1.0:1. The observed
16/15 ratio of 2.4:1 indicates that a second scenario for
electron transport to the distal thymine dimer must exist in
which the proximal thymine dimer is not cleaved. This
observation was confirmed by detection of the cleavage
product 17 (3� 1%), in which the proximal thymine dimer is
intact but the distal dimer has been cleaved. These important
observations demonstrate that the cleavage rate of the
thymine dimer radical anion (8!10) is comparable to the
electron-transfer process (8!9).[20] Thus, the transition-state
energy of the charge detection process at the thymine dimer is
as high as that of the electron-transfer steps.[21] As a result,
possible effects of the DNA sequence on the rate of electron
transport through DNA are detected as weakened signals by
the thymine dimer assay. Ito and Rokita[6] used bromouracil
for charge detection. This compound has a less negative redox
potential than thymine or the thymine dimer.[22] Therefore,
the bromouracil charge-detection system might be faster than
the dimer clock used in our experiments. This difference could
explain why the assay used by Ito and Rokita detects an
influence of the base-pair sequence (A:T versus G:C) and of
the charge-transport direction (3’ versus 5’) on electron
transport,[6] but this effect is not observable with the thymine
dimer detection system.[5]
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Coordination Networks

Non-Natural Eight-Connected Solid-State
Materials: A New Coordination Chemistry**

De-Liang Long, Robert J. Hill, Alexander J. Blake,
Neil R. Champness,* Peter Hubberstey,*
Davide M. Proserpio, Claire Wilson, and
Martin Schr'der*

Molecular and materials science has provided a wide range of
topologies and connectivities in the solid state. The most
common nomenclature for such systems has been based[1–3] on
the idea of two-, three-, four-, or six-connected materials in
one, two and three dimensions.[4–11] Connectivities of five,
seven, or higher are extremely rare,[12–14] and recent studies on
inorganic/organic hybrid materials, especially in the area of
metal–ligand coordination framework polymers, have
enriched this area substantially.[15–21] However, highly con-
nected materials remain scarce because the construction of
such systems is severely hampered by the available number of
coordination sites at the metal centers and the sterically
demanding nature of organic ligands. Our design is based
upon the combination of high coordination number lantha-

nide metal centers and 4,4’-bipyridine-N,N’-dioxide ligands.
The latter have flexible angular geometries at the O-donor,
are complementary to hard lanthanide metal centers, and,
therefore, form highly stable yet sterically flexible complex
geometries. The only previously known examples of eight-
connected frameworks have body-centered-cubic struc-
tures,[22–24] this structure representing the archetypal textbook
lattice as found in CsCl. We report herein three unprece-
dented and unpredicted eight-connected networks that, for
the first time, define non-CsCl topologies for eight-connected
solid-state materials.

The compounds 1–3 have been obtained by slow diffusion
of methanolic solutions of La(CF3SO3)3, La(ClO4)3, or
Yb(CF3SO3)3, respectively, and 4,4’-bipyridine-N,N’-dioxide
(L) in MeOH in a U-tube through a buffering layer of CH2Cl2
(for 1), CHCl2CHCl2 (for 2), or C2Cl4 (for 3). Compound 3 can
also be prepared by covering the solid metal salt Yb(CF3SO3)3
with CH2Cl2 or chlorobenzene and carefully layering with a
solution of L in MeOH. Single-crystal X-ray structure
determinations[25] of 1–3 confirm that they all have polymeric
structures based on networks of eight-coordinated LnIII nodes
linked by bridging L ligands.

f½La2ðLÞ7:3ðMeOHÞðH2OÞ0:4�ðCF3SO3Þ6g1 1

f½LaðLÞ4�ðClO4Þ3g1 2

f½YbðLÞ4�ðCF3SO3Þ3g1 3

The asymmetric unit of 1 contains two independent LaIII

centers. Although both are eight-coordinate, their coordina-
tion spheres are different. One LaIII center is bound by eight
molecules of L, each bridging between the metal center and
eight other LaIII centers. This, therefore, defines an eight-
connected node within the structure. The second LnIII center
is ligated with a molecule of MeOH and seven molecules of L
with each of the latter bridging to seven other LnIII ions. This,
therefore, defines a seven-connected node. At each metal
center, four of the bridging ligands are used to generate a (4,4)
net in which the remaining ligands are sited on the same side
of the net linking to a second (4,4) net to give the observed
bilayer motif. This affords three- and fourfold bridges from
seven- and eight-connected centers, respectively, between the
two (4,4) nets (Figure 1) with a tetragonal antiprismatic LaO8

coordination polyhedron at each metal center. The extended
structure of 1 can be represented by the ideal network as
shown in Figure 1a. This unique two-dimensional bilayer
motif, therefore, comprises two parallel (4,4) square nets
displaced such that the nodes of one net lie above the holes of
the other with triangular subunits between the two (4,4) nets.
Interestingly, such frameworks are commonly used structures
in buildings such as the roofs of the IUA Congress Head-
quarters, London[26] and the roof of The National Theatre in
Kuala Lumpur, Malaysia,[27] and are referred to as “square on
square offset truss” or “octet truss”. The “defects” from the
idealized structure in 1 derive from the presence of seven-
connected LaIII nodes with one coordinated MeOH group in
place of a bridging L (Figure 1b). Thus, two coordinated
MeOHmolecules are present on every adjacent pair of seven-
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connected lanthanum centers, and are separated by a distance
equivalent to that required for a bridging molecule of L. To
the best of our knowledge, there is no previous example of a
double layer eight-connected network. Such a unique top-
ology may only be afforded in coordination compounds in
which the flexible organic ligand can adjust to the distorted
coordination sphere of the metal ion. In 1, such flexibility is
observed in the <N-O-La angles subtended at the O-donors
of the bridging ligands L, which range from 122.9(6) to
147.1(4)8.

The asymmetric unit of compound 2 contains only one
unique LaIII center, which adopts an approximately dodeca-
hedral homoleptic LaO8 coordination environment. Each
LaIII center is linked to eight adjacent metal centers at
distances of 12.9 to 13.7 A through eight ligands L to form a
three-dimensional eight-connected framework structure
which is not of the familiar CsCl-type. The structure of CsCl
consists of tetragonal motifs with 42464 topology (Figure 2a),
while the new structure 2 contains several triangular and
pentagonal subunits and exhibits 334155862 topology
(Figure 2). The structures of both CsCl and 2 consist of two
parallel (4,4) nets (gray and yellow; Figure 2) cross-linked by
zigzag chains. In CsCl the yellow net is displaced only by
translation with respect to the gray net, while in 2 it is
displaced by translation and by a rotation of 61.58. Further-
more, in CsCl the zigzag chains (blue and green, Figure 2) are
distributed on both sides of a (4,4) net in a parallel fashion,
and bridge across the diagonal of the (4,4) net. In 2, however,

the zigzag chains bridge the axial direction of one (4,4) net
and the diagonal of the next. Although there are many
examples in which coordination framework topology can be
directly related to the coordination geometry of the metal-
based node,[4] this is not the case in the structures reported
here. The fact that the M-O-N angle is flexible removes the
rigid nature of what may be considered to be the metal
center's extended coordination sphere thereby leading to the
absence of a strict metal geometry–topology correlation.

Compound 2 crystallizes in the non-centrosymmetric
space group Cc, and the large volume within this polar
framework accommodates not only ClO4

� ions but four
molecules of CHCl2CHCl2 and one CH3OH per metal center,
comprising 26.5% of the non-hydrogen atoms in the struc-
ture.

The structure of 3 is binodal, each YbIII center being eight-
coordinate. The structure consists of layers of puckered and
irregular (6,3) nets, each six-membered ring having two
opposite angles of 84.68 and four others at 137.58. Each (6,3)
grid (red in Figure 3b) is connected to two adjacent ones (one
above and one below) by ligands L perpendicular to the plane
of the grid. For each six-membered ring, three of these ligands
connect to the grid above and three connect to the grid below.
The result is a four-connected subnet of SrAl2 topology;

[28,29]

this arrangement is further intersected by two sets of (4,4)
nets, A and B, (light blue and dark blue, respectively, in
Figure 3a), which lie at an angle of 778 to each other and at an
angle of 708 to the (6,3) grids. Nets A and B intersect at eight-
connected nodes (X in Figure 3b) that lie between the (6,3)
layers of the SrAl2 subnet; additionally grids A and B also

Figure 1. a) An idealized view of the eight-connected bilayer framework
of 1. b) A view of the two (4,4) nets (yellow and blue) in the double
layer structure of 1. Anions are omitted for clarity.

Figure 2. Schematic representations of a) the 42464 topology in CsCl-
type network; b) the three-dimensional eight-connected framework
structure of 334155862 topology in 2.
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intersect the (6,3) nets independently to afford another type
of node (Y in Figure 3b). Therefore, in each four-membered
grid A or B, there are two opposite corners that intersect at
node X with grid B or A, respectively. The other two opposite
corners in grids A and B intersect at node Y with the (6,3)
grid. Thus, each node Y in the SrAl2 subnet is connected
through four ligands within that net and by four ligands to
either grid A or grid B. There are, therefore, two distinct
eight-connected nodes in 3 with stoichiometry XY2 of top-
ology (3541459) (35413510)2 (Figure 3b).

Significantly, we have prepared an analogue of 3 but with
YbIII replaced by EuIII. The structure of the network polymer
[Eu(L)4]

3+ in 4[25] is the same as that of 3, suggesting that a
range of related materials might show this topology.

We have demonstrated herein the construction of unique
highly connected solid-state materials, and have defined for
the first time the structural motifs and topologies that are
possible in such materials. Current work seeks to discover and
define further topologies and new connectivities within
metal–ligand coordination framework materials.

Experimental Section
1: La(CF3SO3)3·xH2O (36 mg, 0.05 mmol) and 4,4’-bipyridine-N,N’-
dioxide hydrate (44 mg, 0.2 mmol) were separately dissolved in
MeOH (4 mL) and added to the two branches of a U-tube, the bottom
of which contained CH2Cl2 (4 mL) as a solvent buffer. Colorless
crystals appear at the interface between CH2Cl2 and the metal salt
solution over 10 days. Yield about 30% for 1; elemental analysis calcd
(%) for C82H78.4F18La2N14.6O39.6S6 {[La2(L)7.3(MeOH)(H2O)0.4](CF3-
SO3)6·3.6H2O·2MeOH}: C 36.29, H 2.91, N 7.53; found: C 36.67, H
2.80, N 7.22.

2 : Complex 2 was produced by a similar procedure to that for 1
but with La(ClO4)3·xH2O instead of La(CF3SO3)3·xH2O and 1,1,2,2-
tetrachloroethane in place of CH2Cl2. Yield about 25% for 2 ;
elemental analysis calcd (%) for C49H44Cl19LaN8O21 {[La(L)4]
·(ClO4)3·MeOH·4CHCl2CHCl2}: C 31.08, H 2.34, N 5.92; found: C
31.50, H 2.29, N 6.46.

3 : 4,4’-Bipyridine-N,N’-dioxide hydrate (10 mg) and Yb(CF3-
SO3)3·xH2O (32 mg) were separately dissolved inMeOH (20 mL) and
added to the two branches of a U-tube in which tetrachloroethylene
(5 mL) had been placed. Single crystals of the complex were obtained
after a period of 20 days. Alternatively, the compound can be
prepared by covering the solid metal salt with dichloromethane
then carefully layering a solution of the ligand in MeOH (20 mL) on
top. Yield about 20% for 3 ; elemental analysis calcd (%) for
C49H48Cl4F9N8O21S3Yb {[Yb(L)4](CF3SO3)3·4MeOH·C2Cl4} C 34.8, H
2.7, N 6.8; found: C 34.3, H 2.7, N 7.1.

4 : Complex 4 was produced by a similar procedure to that for 3
but with Eu(CF3SO3)3·xH2O instead of Yb(CF3SO3)3·xH2O.
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“Naked” Fluoride

B-Octamethyl-[12]Mercuracarborand-4 as Host
for “Naked” Fluoride Ions**

Michael J. Bayer, Satish S. Jalisatgi, Brian Smart,
Axel Herzog, Carolyn B. Knobler, and
M. Frederick Hawthorne*

Despite the fact that naked fluoride ions cannot exist either in
solution or in the solid state, terms such as “naked fluoride
ions” or “noncoordinating ion” are frequently used to
describe fluoride-ion sources.[1–4] The first reliable source for
“naked” fluoride ions, reported by Christe et al. , describes a
procedure for the preparation of anhydrous Me4NF.[2] Since
then, several other fluoride-ion sources have been prepared
which show a higher reactivity of their component fluoride
ions than that of Me4NF.[3, 5] The increased reactivity was
explained by the “cesium effect”[4] in which the reactivity of
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the fluoride ion increases with the increasing size of the
counterion, thereby providing more-exposed fluoride ions
and resulting as well in their increased solubility in aprotic
organic solvents. More recently, an in situ method for the
preparation of anhydrous fluoride-ion solutions,[6] the solvent
dependency of the 19F NMR chemical shifts of the fluoride
ion,[7] and a quantitative measure for the donor abilities, or
“nakedness”, of fluoride ion donors[8] have been reported.

Mercuracarborands,[9] cyclic multidentate Lewis acids
composed of alternating units of carborane cages and
mercury atoms (Figure 1), readily form complexes with
electron-donor species such as tetrahydrofuran,[10] acetoni-
trile,[11] nitrate ion,[12] halide ions (Cl� , Br� , I�),[13] and the
polyhedral closo-[B10H10]

2� ion, among others.[14]

Furthermore, mercuracarborands have been demon-
strated to form self-assembled microporous channels,[15] and
a hydrogen-bonded p-sandwich complex,[16] and to complex
and activate an uncharged nucleophilic species for catalysis.[17]

Herein we report the structural characterization of
the tetramethylammonium salt of the fluoride ion-com-
plexed tetrameric B-octamethyl-[12]mercuracarborand-4 1
(Figure 1), in which the mercuracarborand is h4-coordinated
by a weakly bonded fluoride ion and thus serves as the host
for a “naked” fluoride ion.

In contrast to the method outlined in earlier publica-
tions[13d,14a] the decomplexation of 1-I2Li2

[13d] was accom-
plished using silver tetrafluoroborate in acetone rather than
silver acetate, thereby providing pure 1 in quantitative yield.
Treatment of 1 in dichloromethane with an aqueous solution
of tetramethylammonium fluoride led to the quantitative
formation of [1-F][Me4N] as an air- and moisture stable solid
(Scheme 1).

The most informative data concerning anion binding by
mercuracarborand hosts has been obtained from 199Hg and
19F NMR spectroscopy studies. Other NMR spectroscopic
methods, using 1H, 13C, or 11B nuclei, are not sensitive to the
guest's presence, but 199Hg NMR is highly sensitive to small
changes in the electronic environment surrounding the
mercury centers.[18] The 199Hg NMR spectrum of 1 exhibits a
highfield signal at d=�1280 ppm (in [D6]acetone) and

�1213 ppm (in CH2Cl2), respectively, compared to 1-I2Li2
(d=�667 ppm[13d] in [D6]acetone). However the observed
resonance is not in agreement with that earlier reported for 1
(d=�1145 ppm, in [D6]acetone).

[13d] This disparity in chem-
ical shifts is now explained by the fact that the decomplex-
ation of 1-I2Li2 with silver acetate, as previously reported,
does not afford guest-free 1, but forms [1-CH3COO]� , in
which the acetate ion is weakly coordinated to the Hg centers.
This result and an X-ray diffraction study of [1-CH3COO]�

will be published elsewhere.
The 199Hg-signal of [1-F][Me4N] in CH2Cl2 is shifted

downfield relative to 1 and appears as a doublet (Hg–F
coupling) at d=�1181.72 with a coupling constant of 1J=
698 Hz. The 19F NMR spectrum of [1-F][Me4N] is, in princi-
ple, coupled to 199Hg (16.8% natural abundance, S= 1/2) and
201Hg (13.2% natural abundance, S= 3/2). Experimentally, a
singlet (an apparent quintet) at d=�102.27 ppm is observed
arising from Hg4, S= 0 isotopic arrays superimposed upon a
doublet and a triplet arising from 199HgHg3 and 199Hg2Hg2
structures, respectively, with 1J= 698 Hz. Coupling with 19F to
199Hg3Hg and 199Hg4 structures is not observable nor is
coupling of any sort with 201Hg species under the conditions
employed. This experimental demonstration of 19F-199Hg
coupling involves species containing more 199Hg centers per
19F nucleus than any other structures previously examined.
The 1H, 13C, and 11B NMR spectra of [1-F][Me4N] revealed a
highly symmetrical structure in solution. The negative-ion fast
atom bombardment mass spectrum exhibits a base peak
centered atm/z= 1502, with the isotopic pattern expected for
[1-F]� .

Compound [1-F][Me4N] crystallized from a CH2Cl2 sol-
ution in the orthorhombic space group Ibam. The atoms of
the tetramethylammonium cation are severely disordered.[19] .
The structure of the ion [1-F]� is presented in Figure 2.

The anion consists of four bivalent closo-[9,12-(CH3)2-1,2-
C2B10H8] cages linked by four Hg atoms in a cyclic tetramer

Figure 1. Representation of mercuracarborands, 1 and 2.

Scheme 1. Synthesis of 1-F(Me4N).

Figure 2. Structure of [1-F]� (ORTEP plot; hydrogen atoms omitted for
clarity thermal ellipsoids set at 30 % probability). Selected interatomic
distances [B]: Hg1-F1 2.6544(6), Hg2-F1 2.5567(5), Hg1-C1 2.057(8),
Hg2-C2 2.059(9), Hg1···Hg2 3.6855(6), Hg1···Hg1* 5.3088(11),
Hg2···Hg2* 5.1135.
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with a fluoride ion located in the center of the array. The
shortest Hg�F separation is 2.5567(5) @. The four Hg atoms
and Fare coplanar and the four cages lie alternately up-down-
up-down with respect to this plane. The fluorine atom lies on
the intersection of three mutually perpendicular twofold axes.
Two of these intersecting axes pass through the Hg-F-Hg
vectors. The four Hg atoms form an approximate square. In
contrast to the fluoride-ion mercuracarborand com-
plex,[9, 13c,g, 14b] the chloride and mono-bromide[14a] mercuracar-
borand complexes have the halide ion displaced above the
plane containing the four Hg atoms, while the di-iodide[9,
13c,e,g,14b] complex has halide ions both above and below the
plane containing the four Hg atoms. Each Hg in [1-F][Me4N]
links carbon atoms of two carborane icosahedra with Hg�C
separations of 2.057(8) @ (Hg1-C1) and 2.059(9) @ (Hg2-C2).
The Hg-C-C angles are 118.8(5)8 and 120.1(6)8 while the C-
Hg-C angles are 173.9(4)8 and 172.4(4)8, respectively. In
comparison, the parent B-unsubstituted [12]mercuracarbor-
and-4 hosting a chloride ion, [2-Cl]� , possesses an average C�
Hg separation of 2.09 @, a C-Hg-C angle of 162.08, and a Hg-
C-C angle of 125.78.[13g,14a] The distance between adjacent
mercury atoms is 3.6855(6) @, which is longer than the
van der Waals distance (3.46 @) and significantly shorter than
in [2-Cl]� (4.129(1) @).[14a] The diagonal Hg···Hg distances are
5.3088(11) and 5.1135(11) @, respectively. The torsion angle
involving Hg-C-C-Hg is 1.5(9)8 which is comparable with
those found in [2-Cl]� (0.08)[13g,14a] The shortest distance
between the nitrogen atom of the cation and the fluoride
atom of the anion is 6.92 @, ruling out the possibility that the
fluoride is complexed as its tetramethylammonium salt.

Preliminary evaluation of the fluorination potential of 1-
F(Me4N) using NMR spectroscopy analyses showed that
treatment of this complex with two equivalents of tetra-n-
butyl ammonium iodide in dry deuterated acetonitrile (to
produce [1-I2]

2�) in the presence of a tosylated sugar (1,2,3,4-
tetra-O-acetyl-6-p-tolylsulfonoxy-b-d-glucopyranose) led to a
partial displacement (up to 49.4%) of the tosylate group of
the sugar derivative.[20] The 19F NMR spectrum of the product
has a signal at d=�234 ppm which is in agreement with that
reported[21] for the 6-fluoro derivative. Separate experiments
showed that the sugar tosylate group does not react with [1-F]
[Me4N] in dry CD3CN alone. In addition, treatment of the
sugar tosylate with tetra-n-butyl ammonium iodide gave less
than 2% displacement of the tosylate.[20] These results show
that the tetra-n-butyl ammonium iodide serves to activate the
complexed fluoride ion by releasing “naked fluoride”.

An optimized fluorination procedure using [1-F][Me4N]
as a source for “naked fluoride” is currently under inves-
tigation in our laboratories and will be reported elsewhere.

The simplicity of the synthesis of [1-F][Me4N] using
aqueous conditions provides a complexed fluoride ion with
outstanding properties, such as air- and moisture-stability,
solubility in common organic solvents, and utility as a source
for “naked fluoride” under controlled circumstances by the
addition of two equivalents of tetra-n-butyl ammonium
iodide. It may be possible that these properties of [1-F]
[Me4N] can be utilized for the synthesis of 18F-labeled
carbohydrates and other species required for positron-emis-
sion-tomography (PET)[22] allowing the investigation of

metabolic processes in vivo as a routine diagnostic tool or in
the study of physiological processes.

Experimental Section
1: The complex 1-I2Li2 (3.00 g, 1.713 mmol) in dry acetone (100 mL)
was treated with AgBF4 (0.70 g, 3.596 mmol) and stirred at room
temperature for 12 h. The yellow precipitate (AgI) was removed by
filtration, washed with several portions of acetone, and the solvent
was removed under vacuum. Recrystallization from acetone afforded
1 as a white solid in quantitative yield. 1H NMR (400 MHz,
[D6]acetone, 25 8C): d= 0.03 (s, BCH3), 2.5–3.0 ppm (br, BH);
13C{1H} NMR (100 MHz, [D6]acetone, 25 8C): d= 0.8 (br, BCH3),
86.3 ppm (HgC); 11B{1H} NMR (160 MHz, acetone, 25 8C, BF3·Et2O):
d=�13.5 (2B), �10.4 (4B), �5.5 (2B), 8.8 ppm (2B); 199Hg{1H}
NMR (89.6 MHz, 25 8C, external 0.5m PhHgCl in [D6]DMSO:
chemical shift d=�1187[18] upfield from neat Me2Hg): d=�1280 in
[D6]acetone and �1213 in CH2Cl2.

[1-F][Me4N]: Me4NF·4H2O (1 mL of a 0.035 mm solution in H2O)
was added to a solution of 1 (51.6 mg, 0.035 mmol) in CH2Cl2 (1 mL)
and the mixture was stirred for 5 min. The aqueous layer was
extracted with CH2Cl2 (2 J 2mL) and the combined organic phase was
evaporated to dryness under vacuum. Traces of water were removed
azeotropically by adding CH2Cl2 (3 J 2mL) and removing the solvent
to give [1-F][Me4N] in quantitative yield as a white solid. 1H NMR
(400 MHz, [D6]acetone, 25 8C): d= 0.03 (s, BCH3), 2.5–3.0 ppm (br,
BH); 13C{1H} NMR (100 MHz, [D6]acetone, 25 8C): d= 0.8 (br,
BCH3), 86.3 ppm (HgC); 11B{1H} NMR (160 MHz, acetone, 25 8C,
BF3·Et2O): d=�13.5 (2B), �10.4 (4B), �5.5 (2B), 8.8 ppm (2B);
19F{1H} NMR (376.50 MHz, CH2Cl2, 25 8C, CFCl3): d=�102.27 ppm
(apparent quintet, see discussion, 1J with 199Hg= 698 Hz); 199Hg{1H}
NMR (89.6 MHz, CH2Cl2, 25 8C, external 0.5m PhHgCl in
[D6]DMSO: chemical shift d=�1187[18] upfield from neat Me2Hg):
d=�1181.72 in [D6]acetone (d, 1J(Hg,F)=�698 Hz); MS (negative
ion FAB) m/z= 1501.8 [1-F]� .
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Step-Growth Polymerization

Polyaddition and Polycondensation Reactions of
(2-Furyl)carbenoid as Step-Growth
Polymerization Strategies: Synthesis of
Furylcyclopropane- and Furfurylidene-Containing
Polymers**

Koji Miki, Yosuke Washitake, Kouichi Ohe,* and
Sakae Uemura*

Polymerizations catalyzed by a transition-metal–carbene
complex, such as ring-opening-metathesis polymerization
(ROMP, Figure 1a)[1] and acyclic-diene-metathesis polymer-
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ization (ADMET, Figure 1b),[2] have generated great excite-
ment in recent years because of their wide applicability to the
synthesis of various alkene-containing polymers. The mech-
anisms of these chain-growth and step-growth metathesis
reactions of these polymerizations require the involvement of
a carbenoid species in the catalytic cycle. Herein, we report on
transition-metal-catalyzed polyaddition (Figure 2a) and poly-

condensation reactions (Figure 2b) as new step-growth poly-
merization strategies that do not involve metathesis catalysts.
Instead the intermediate is a metal carbenoid generated from
a carbenoid trigger embedded in the monomer. This method
uses a new class of monomer that contains both a carbenoid
donor and acceptor and yields alternating copolymers con-
taining cyclopropanes or alkenes.

We previously reported the formation of (2-furyl)carbe-
noid 2 from enyne ketone 1a with Group 6 transition-metal
complexes,[3] and its application to the catalytic cyclopropa-
nation of various alkenes leading to (2-furyl)cyclopropanes
(Scheme 1).[4] Our studies focused on catalytic reactions

involving (2-furyl)carbenoids, which led us to discover new
carbene-transfer polymerizations of enyne ketones that had
suitable functionalities to act as carbenoid acceptors.

We examined the synthesis of polymers containing furyl
and cyclopropane groups using a catalytic cyclopropanation
reaction. When an enyne ketone 1b with a vinyl group at the
ortho position of the phenyl ring was treated in CH2Cl2 in the
presence of a catalytic amount of [{Rh(OAc)2}2] at room
temperature, the reaction immediately afforded the (2-

furyl)cyclopropane-containing polymer 3b as a yellow
powder (Scheme 2). The yield was 85% after purification
by gel permeation chromatography (GPC) with CHCl3 as the
eluent. Meta- and para-substituted enyne ketones 1c and 1d

also gave the corresponding polymers 3c and 3d in yields of
78 and 92%, respectively. The molecular weights of polymers
3b–d were determined by GPC with CHCl3 employed as the
eluent and a calibration curve of polystyrene standards
(Table 1). The number-average molecular weight (M̄n) of

3b–d was 6300–6900 Da, which corresponds to a degree of
polymerization of 27–29, with a M̄w/M̄n ratio of 1.1:1. The
molecular weights (M̄n and M̄w) of 3d obtained without any
purification were lowered to 6100 and 6800 Da, respectively,
because of the contamination of low-molecular-weight
oligomers. Some properties of the model compound 3a and
polymers 3b–3d are listed in Table 1. The UV/Vis spectra of
dilute solutions of 3a–3d in CHCl3 at room temperature
exhibited absorption maxima near 320 nm. Although there
are no clear differences in the absorption maxima between 3a
and polymers 3b–3d, alternating copolymers with regularly
embedded cyclopropane units should attract a great deal of
interest in polymer chemistry.

Since introducing a C=C bond rather than a cyclopropane
ring in polymers 3b–3d was anticipated to extend the
p conjugation, we investigated the synthesis of a furfuryli-
dene-containing polymer 4 by using a carbene-transfer
reaction (Figure 2b). The synthesis of furfurylidene-contain-
ing compound 4a was attempted as a model compound. The
reaction of 1a with 1.2 equivalents of benzaldehyde and
1.2 equivalents of triphenylphosphane in ClCH2CH2Cl in the
presence of 2.5 mol% of [{Rh(OAc)2}2] at 70 8C for 1 h
afforded 2-benzylidenefuran 4a in a yield of 77% (cis :trans=

Figure 1. Schematic representation of transition-metal-catalyzed
metathesis polymerization.

Figure 2. Schematic representation of transition-metal-catalyzed poly-
additions and polycondensations using carbenoid intermediates.

Scheme 1. Catalytic cyclopropanation using an in situ generated
(2-furyl)carbenoid.

Scheme 2. A rhodium-catalyzed polyaddition reaction.

Table 1: Properties of 3a and polymers 3b–3d.[a]

1 3 Yield [%][b] M̄n [Da][c] M̄w [Da][c] M̄w/M̄n
[c] lmax (UV) [nm][d]

1a 3a – – – – 316
1b 3b 85 6400 6800 1.1:1 317
1c 3c 78 6300 6800 1.1:1 323
1d 3d 92 6900 7600 1.1:1 327

[a] Reaction conditions: A mixture of 1 (0.20 mmol) and [{Rh(OAc)2}2]
(0.0050 mmol) in CH2Cl2 (2 mL) was stirred at room temperature under
nitrogen for 1 min. [b] The yield of the isolated product after purification
by gel permeation chromatography (CHCl3). [c] Determination by gel
permeation chromatographic analysis (CHCl3) with a polystyrene
standard. [d] The absorption spectra were recorded in dilute CHCl3
solutions at room temperature.
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10:90; Scheme 3). Compound 4a was not obtained in the
absence of triphenylphosphane.[5] Therefore, the formation of
4a can be rationalized by the generation of the (2-furyl)-
phosphorus ylide 5 from the (2-furyl)carbenoid 2 and reaction

of 5 with triphenylphosphane followed by a Wittig-type
condensation of the resulting ylide with benzaldehyde.[6,7]

Thus, we extended this condensation protocol to polymer
synthesis. The polycondensation reaction of enyne ketones 1e
and 1 f as monomers with a formyl group on the phenyl ring
afforded the corresponding polymers 4e and 4 f in yields of 51
and 58%. The number-average molecular weights (M̄n) of 4e
and 4 f were 6000 and 6200 Da, which correspond to a degree
of polymerization of 27 and 28, respectively. The UV/Vis
spectra of model compound 4a and polymer 4e (Table 2)
exhibited absorption maxima near 380 nm, while the spectra
of 4 f (lmax= 457 nm) showed a red-shift of 85 nm relative to
4a (lmax= 372 nm) under identical conditions. This result
indicates the effective extension of the p conjugation caused
by elongation of the 5-aryl-2-furfurylidene units in 4 f. The
fluorescence emission spectra of the solutions of 4a, 4e, and
4 f in CHCl3 (2.0 D 10�4

m) measured at room temperature
with excitation at 380 nm (4a and 4e) or 440 nm (4 f) showed
emission peaks centered at 433, 461, and 559 nm, respec-
tively.[8]

In conclusion, we have developed a polymerization of
enyne ketones to give furylcyclopropane-containing polymers
3 and furfurylidene-containing polymers 4 by the in situ
generation of (2-furyl)carbene complexes with a [Rh(OAc)2]2
catalyst. The two systems could be widely applicable to
polymer synthesis and may find some applications in other
polymerizations using catalytic 2-furfurylidene-transfer reac-
tions.

Experimental Section
Typical procedure: 3b : [{Rh(OAc)2}2] (2.2 mg, 0.0050 mmol) was
added at room temperature under nitrogen to a solution of 1b (47 mg,
0.20 mmol) in CH2Cl2 (2 mL). After stirring the mixture for 1 min, the
rhodium catalyst was removed by centrifugal separation. The solvent
was removed under reduced pressure to afford the cyclopropane-
containing polymer 3b as a yellow powder (40 mg, 0.17 mmol, 85%
yield); 1H NMR (300 MHz, CDCl3): d= 1.12–1.86 (brm, 6H), 1.86–
2.89 (brm, 6H), 6.57–7.85 ppm (brm, 4H) [the following peaks are
attributed to terminal or internal alkene functionalities in this
polymer, the values of protons being relative ratios compared with
the above intensity; d= 4.94–5.39 (m, 0.2H), 5.39–5.75 (brm, 0.2H),
6.28–6.57 ppm (m, 0.2H)]; 13C NMR (75 MHz, CDCl3): d= 11.0, 14.1,
20.3–20.7 (br), 22.0–23.0 (br), 28.9, 29.7, 30.4, 34.1, 38.7, 68.1, 113.7,
119.2–119.4 (br), 120.7, 125.1–130.9 (br), 132.4, 135.4, 136.2, 137.2,
137.3, 145.4–145.5 ppm (br), 167.8; UV/Vis (CHCl3): lmax

(e mol�1dm3cm�1), 317 nm (3845).
4e : [{Rh(OAc)2}2] (2.2 mg, 0.0050 mmol) was added at room

temperature under nitrogen to a solution of enyne ketone 1e (48 mg,
0.20 mmol) and triphenylphosphane (0.13 g, 0.50 mmol) in 1,2-
dichloroethane (2 mL). After stirring the mixture at 70 8C for 1 h,
the solvent was removed under reduced pressure to give crude
polymer 4e containing phosphane compounds, which could be
removed by a gel permeation chromatography with CHCl3 as the
eluent to give 4e as an orange powder (22 mg, 0.10 mmol, 51% yield);
1H NMR (300 MHz, CDCl3): d= 1.31–2.00 (brm, 4H), 2.20–2.97
(brm, 4H), 6.81–7.24 (brm, 1H), 7.20–8.25 (brm, 5H) [d 10.00 (br s,
0.3H) assigned as terminal formyl hydrogen]; 13C NMR (75 MHz,
CDCl3): d= 14.0, 21.0, 21.1, 22.3–23.2 (br), 29.7, 34.1, 115.1, 121.0–
137.9 (br), 144.9–147.0 (br), 192.3 ppm; UV/Vis (CHCl3): lmax

(e mol�1dm3cm�1), 380 nm (17665).
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Scheme 3. A rhodium-catalyzed Wittig-type condensation of 1a.

Table 2: Properties of 4a and polymers 4e and 4 f.[a]

1 4 Yield
[%][b]

M̄n

[Da][c]
M̄w

[Da][c]
M̄w/M̄n

[c] lmax (UV)
[nm][d]

lmax (PL)
[nm][d,e]

1a 4a 77 – – – 372 433
1e 4e 51 6000 6500 1.1:1 380 461
1 f 4 f 58 6200 6900 1.1:1 457 559

[a] Reaction conditions: A mixture of 1 (0.20 mmol), triphenylphosphane
(0.48 mmol) and [{Rh(OAc)2}2] (0.0050 mmol) in ClCH2CH2Cl (2 mL)
was stirred at room temperature under nitrogen for 1 h. [b] The yield of
the isolated product after purification by gel permeation chromatography
(CHCl3). [c] Determination by gel permeation chromatographic analysis
(CHCl3) with a polystyrene standard. [d] Absorption and emission
spectra were recorded in dilute CHCl3 solutions at room temperature.
[e] Solutions (2.0 I 10�4

m) were excited at 380 nm (4a and 4e) or
440 nm (4 f).
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Cycloadditions

Phosphane-Free Rhodium Catalyst in an Anionic
Micellar System for [4+2] Annulation of
Dienynes**

Dai Motoda, Hidenori Kinoshita, Hiroshi Shinokubo,*
and Koichiro Oshima*

Cationic complexes often exhibit marked catalytic activity in
a number of transition-metal-catalyzed reactions because
they have more available vacant sites for coordination of

substrates than the corresponding neutral complexes. In
particular, cationic rhodium catalysts are frequently
employed as homogeneous catalysts for hydrogenation,
asymmetric hydrogenation, hydrosilylation, hydride transfer,
cycloaddition, and so forth.[1] Cationic rhodium catalysts are
usually prepared by treatment of the corresponding chloro
complex with silver salts with outer-sphere counteranions,
such as BF4

� or PF6
� .[2] Herein we report a phosphane-free

cationic rhodium species that forms a highly active catalyst in
an aqueous anionic micellar system for the [4+2] annulation
of dienynes.[3]

We investigated the rhodium-catalyzed intramolecular
[4+2] annulation of 1,3-dien-8-ynes 1a in aqueous media
(Table 1).[4,5] This process often employs cationic rhodium
complexes as the catalyst. The presence of phosphane ligands
is also crucial, and it was reported that 1,4-diphenylphospha-
nylbutane provides a highly efficient catalyst.[5g]

A water-soluble rhodium catalyst was prepared in situ
from [{RhCl(cod)}2] and the trisodium salt of tris(m-sulfona-
tophenyl)phosphane (tppts).[6,7] The addition of dienyne 1a to
a solution of the catalyst at 50 8C provided the cycloaddition
product 2a in 51% yield after stirring for 12 h (Table 1,
entry 1). The aromatized product 3a was also obtained. The
reaction system was heterogeneous, and the addition of
surfactants was examined.[8] An anionic surfactant, sodium
dodecyl sulfate (SDS), enhanced the efficiency of the
reaction, and the yield of 2a was improved to 91%
(Table 1, entry 4). Cationic and neutral surfactants did not
work as effectively as SDS (Table 1, entries 2 and 3).

We then tried to lower the reaction temperature to room
temperature (Table 1, entries 5–12). None of the cycloaddi-
tion product was observed at 25 8C with the catalyst combi-
nation of [{RhCl(cod)}2]–tppts (Table 1, entry 5). The use of
diphenylphosphanylbutane (dppb) yielded a small amount of
2a (Table 1, entry 6). After several experiments, we found
that the rhodium chloride dimer without any phosphane
ligands led to quantitative conversion (Table 1, entry 7).
Mixing the rhodium chloride dimer and SDS in water
afforded a clear yellow homogeneous solution, although
[{RhCl(cod)}2] itself is insoluble in water. Several rhodium
complexes were tested in 20-min reactions (Table 1, entries 8–
12). The Wilkinson complex and [{RhOH(cod)}2] did not
exhibit catalytic activity (Table 1, entries 9 and 10, respec-
tively). The norbornadiene (nbd) complex proved to be a
more efficient catalyst precursor than the corresponding
cyclooctadiene complex (Table 1, entry 11). Almost quanti-
tative conversion within 20 min at room temperature was
observed. In contrast, the ethylene complex did not work at
all (Table 1, entry 12). On the basis of the difference between
these rhodium complexes we speculate that the alkene ligand
is still associated with the rhodium atom in water.

With an efficient reaction protocol in hand for the
rhodium-catalyzed [4+2] annulation in water, the reaction
with several dienynes 1 was examined. Table 2 summarizes
the results. Hydrophilic dienyne 1b was very reactive and was
converted quantitatively within 10 min. Notably, the reaction
can be conducted under an air atmosphere (Table 2, entry 5).
Nitrogen-tethered dienyne 1e also afforded the annulation
product in excellent yield (Table 2, entry 6). It seems that
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increased hydrophobicity of the substrate retards the reac-
tion. The reaction with highly hydrophobic substrate 1 f was
sluggish and took 24 h to provide the product in satisfactory
yield (Table 2, entry 7).

We propose that rhodium chloride dissociates to provide a
reactive cationic rhodium species in highly polarized reaction
media (Scheme 1). In fact, a significant amount of chloride

anion was detected in the catalyst
solution by ion-electrode analysis.
The concentration of Cl� in the
catalyst solution of [{RhCl(nbd)}2]–
SDS was measured to be 2.54 >
10�3 moll�1 by ion-electrode anal-
ysis, whereas it was calculated to be
2.50 > 10�3 moll�1, provided that
the Rh�Cl bond is completely dis-
sociated. This result strongly sug-
gests the formation of cationic
rhodium in the presence of SDS.
On the other hand, [Cl�] was 1.29 >
10�3 moll�1 in an aqueous solution
of [{RhCl(nbd)}2]–Triton X100. An
anionic surfactant is essential for
the efficient formation of cationic
rhodium species.

In water, SDS forms micelles,
which are negatively charged
owing to the sulfate groups. The

anionic charge of the micelles would concentrate the cationic
rhodium species, which induces rapid conversion of dienyne 1
(Scheme 2). The fact that cationic and neutral surfactants did

not work highlights the importance of the charge interaction
between the anionic micelle and the cationic rhodium species.
Furthermore, sodium methyl sulfate instead of SDS yielded
none of the desired products (Table 1, entry 13). It is known
that sodium methyl sulfate does not form micelles.[9] Fur-
thermore, the reaction was significantly slow below the
critical micelle concentration of SDS (Table 1, entry 14).
Micelle formation is crucial for this reaction system. Fur-
thermore, both [{RhCl(nbd)}2] and the [{RhCl(nbd)}2]–SDS
combination did not exhibit catalytic activity at all in organic
solvents such as dichloromethane or benzene.

To our surprise, the reaction of 1g provided the inter-
molecular annulation product 4, the dimer of 1g, in 67% yield
as a single stereoisomer in an aqueous reaction system
(Scheme 3).[10] In organic solvents, the reaction of 1g usually
provides intramolecular annulation products under rhodium
catalysis. Very recently, Gilbertson and DeBoef reported

Table 1: Optimization of reaction conditions.

Entry Catalyst (mol%) Ligand (mol%) Additive (equiv) T [8C] t [min] Yield [%]
2a 3a

1 [{RhCl(cod)}2] (2.5) tppts (20) none 50 720 (12 h) 51 14
2 [{RhCl(cod)}2] (2.5) tppts (20) Oct3NMeCl (2.0) 50 120 32 –
3 [{RhCl(cod)}2] (2.5) tppts (20) TritonX-100 (2.0) 50 120 27 –
4 [{RhCl(cod)}2] (2.5) tppts (20) SDS (2.0) 50 120 91 –
5 [{RhCl(cod)}2] (2.5) tppts (20) SDS (2.0) 25 120 – –
6 [{RhCl(cod)}2] (2.5) dppb (5) SDS (2.0) 25 60 6 –
7 [{RhCl(cod)}2] (2.5) none SDS (2.0) 25 60 96 –
8 [{RhCl(cod)}2] (1.25) none SDS (2.0) 25 20 26 –
9 [RhCl(PPh3)3] (1.25) none SDS (2.0) 25 20 – –
10 [{RhOH(cod)}2] (1.25) none SDS (2.0) 25 20 – –
11 [{RhCl(nbd)}2] (1.25) none SDS (2.0) 25 20 93 –
12 [{RhCl(CH2=CH2)2}2] (1.25) none SDS (2.0) 25 20 – –
13 [{RhCl(nbd)}2 (1.25)] none MeOSO3Na (2.0) 25 20 – –
14 [{RhCl(nbd)}2 (1.25)] none SDS (0.025) 25 20 43 –

Table 2: Rhodium-catalyzed intramolecular [4+2] annulation in water.[a]

Entry Dienyne t
[min]

Product Yield
[%]

1 1a 25 2a 93

2 1b 10 2b 97

3 1c 60 2c 99

4 1d 120 2d 95

5[b] 1d 120 2d 92

6 1e 30 2e 96

7[c] 1 f (24h) 2 f 71

[a] Reaction conditions: [{RhCl(nbd)}2] (0.0031 mmol), sodium dodecyl
sulfate (0.5 mmol), H2O (2.5 mL), 1 (0.25 mmol), room temperature.
[b] The reaction was carried out under air. [c] E=CO2Et.

Scheme 1. Dissociation of the Rh�Cl bond in water.

Scheme 2. Presumed formation of micellar catalyst.

Scheme 3. Rhodium-catalyzed intermolecular [2+2+2] annulation.
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intermolecular [4+2+2] annulation of 1g with terminal
alkynes.[11] It is intriguing that 1g undergoes three distinct
modes of annulation reactions under rhodium catalysis:
intramolecular [4+2], intermolecular [4+2+2], and intermo-
lecular [2+2+2] annulations, depending on the fine-tuned
reaction conditions.

In conclusion, the combination of [{RhCl(nbd)}2]–SDS in
water provides cationic rhodium species that act as a highly
active catalyst system for intramolecular [4+2] annulation of
1,3-dien-8-ynes. Further research on the exact nature of the
catalyst combination is currently underway in our laboratory.

Experimental Section
In a 20-mL flask, [{RhCl(nbd)}2] (1.5 mg, 0.00313 mmol) and sodium
dodecyl sulfate (144 mg, 0.5 mmol) were placed under an argon
atmosphere. Pure water (2.5 mL) was introduced, and the mixture
was stirred at room temperature for 10 min. A clear, yellow solution
was obtained. Hexa-2,4-dienyl 3-phenylprop-2-ynyl ether (1a,
52.3 mg, 0.246 mmol) was added to the mixture through a micro-
syringe. The mixture was stirred vigorously for 20 min and then
extracted with ethyl acetate. The organic extracts were dried through
a short pad of silica gel on a Na2SO3 layer. Concentration followed by
purification of the residual oil afforded 6-methyl-7-phenyl-1,3,3a,6-
tetrahydroisobenzofuran (2a, 48.6 mg, 0.23 mmol) in 93% yield.
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Microreactors

Nanocapillary Arrays Effect Mixing and Reaction
in Multilayer Fluidic Structures**

Tzu-C. Kuo, Hee-K. Kim, Donald M. Cannon, Jr.,
Mark A. Shannon, Jonathan V. Sweedler,* and
Paul W. Bohn*

Chemical and biochemical manipulations carried out in
integrated devices have generated considerable interest in
total-analysis microsystems (mTAS)[1,2] and in micrometer-
scale laboratory chemical manipulations.[3–6] Microfluidics
enable significant reductions in sample size. However, the
low Reynolds numbers can lead to laminar flow.[4] Mixing, a
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basic requirement for reactions in solution, between parallel
laminar streams depends on diffusion, which, except in special
geometries,[7,8] may be too slow. To decrease the mixing times,
workers have exploited moving parts, external forces, or
changes in channel geometry to achieve both active (vortex
chambers[9] and microstirrers,[10,11] sinusoidally alternating elec-
tric fields[12,13] and ultrasonic vibration[14]) and passive (alter-
nating microchannel geometry or complex channel networks)
mixing.[15] Electrokinetic mixing has been demonstrated,[16] and
chaotic flow can be induced, with oriented ridges, serpentine 3D
channel structures,[17] microplume arrays[18] and microbead-
packed channels,[19] which generate efficient mixing by reducing
the effective thickness of fluid laminae.

Herein we report an alternative that opens the possibility
of rapid mixing and reaction in the important class of 3D
fluidic architectures.[20–25] Mixing is implemented in structures
with characteristic length scales of nanometers, such that
diffusive transport occurs on experimentally convenient
millisecond timescales; mixing occurs within micron distances
rather than the centimeters that are often needed for laminar
microflows. To illustrate the advantages of nanoscale features,
consider two parallel fluid streams, separated by 500 nm,
injected into a solution that contains a complementary
reactant. With a diffusion coefficient of 5 8 10�7 cm2 s�1

linear diffusion mixes the reactants in only 2.5 ms. This
arrangement is implemented by nanocapillary membranes
with monodisperse distributions of nanometer diameter
channels, which are used to control molecular transport in
multilevel microfluidic systems.[21,23–25] Typically, these mem-
branes contain about 3 8 104 nanopores in 100 8 100 mm2, that
is, the mean interpore separation is about 580 nm. Because
fluid is transferred under electrokinetic control at appreciable
velocity (umax� 2.5 mm s�1), there is significant convective
mixing in the receiving stream. Also, because active flow is
maintained in the receiving channel, the reactants are trans-
ported while they react, which means that the flow axis is
linearly related to time of reaction, so that kinetics may be
monitored directly by spatial imaging.

To test these ideas, confocal fluorescence microscopy was
used to study mixing and reaction in a two-layer structure
coupled by a nanocapillary array membrane (inset Figure 1c
and Supporting Information) under conditions in which the
receiving channel flow was maintained. The capacity of these
structures to achieve rapid mixing was initially tested by
injecting 2 mm fluorescein in phosphate buffer from a source
channel into a receiving channel that contained only buffer
(Figure 1a). The source channel solution emerges from
individual nanopores and is mixed (diluted) in a volume
whose lateral dimensions are determined by the interpore
spacing. Under 1 mms�1 flow velocities cross-sectional fluo-
rescence imaging indicates that complete mixing, both
laterally and in depth, is achieved within the first half of the
channel overlap region (45 mm, position 3 of Figure 1a),
consistent with the simple estimate above.

Since rapid mixing is observed, it is natural to ask whether
these structures can be used for kinetic studies of reactions in
which the reagent amounts preclude bench-scale studies.
Derivatization of glycine with o-phthaldialdehyde (OPA) and
2-mercaptoethanol (ME) was used to test this possibility. The

Figure 1. a) Cross-sectional fluorescence images normal to the flow
axis at positions upstream (1) through to downstream (5), of the
90 mm wide nanocapillary array intersection. The fluorescein solution
in the horizontal channel was injected through the nanocapillary array
into the receiving (observation) channel. Positions (2), (3), and (4) are
at the upstream edge, in the middle, and at the downstream edge of
the intersection, respectively. b) Fluorescence images of the reaction of
glycine with OPA/ME as a function of distance along the receiving
channel with V1=V2 and V4=0; Vn is the voltage applied in the
respective reservoirs. Top, fast-channel flow {V1,V3}= {200,160}. Fluo-
rescence intensity (I, arbitrary units) as a function of distance (time) in
the reaction of glycine with OPA/ME along the receiving channel
under applied voltages at fixed Rv=1.25
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reactants are nonfluorescent, but OPA reacts with primary
amines in the presence of ME to form a fluorescent isoindole.
Fluorescence images of the reaction of glycine with OPA/ME
as a function of distance along the receiving channel are
shown in Figure 1b. The reaction time within the observation
window was varied by controlling the ratio, RV=V1/V3, of the
potential controlling forward bias, V1 =V2, to that controlling
the flow rate in the receiving channel, V3 (V4 = 0). As
indicated in the inset of Figure 1c, V1 and V2 are the voltages
applied to the respective source reservoirs and V3, V4 for the
receiving channel. In all cases, the flow direction is from the
source channel into the receiving channel towards the waste
(V4) reservoir when forward bias is applied. All data shown
are for fluorescence detection in the receiving channel. It is
immediately evident from Figure 1b that the reaction pro-
ceeds further towards completion within the observation
window under low-voltage conditions (slow flow rate) than at
high-voltage conditions (fast flow rate). A variation of RV
shows that optimum reaction kinetics are achieved at an
intermediate RV, thus indicating a trade-off between delivery
of sufficient reagent to saturate the second-order reaction and
making the forward bias potential so high that backflow is
observed. At a fixed RV the reaction can be observed at
various flow rates, Figure 1c, and the experimental data fit to
a model which depends on the flow rate (/V3) and the
reaction rate. As detailed in the Supporting Information, the
time constant for the reaction to reach steady state is
independent of flow rate, as expected, and gives a second-
order rate constant 530� 40m�1 s�1 for the reaction of OPA/
ME adduct with glycine. This result agrees with the reported
value after the OPA/ME equilibrium and amine group
dissociation are included.[26] We note that the nanofluidically
gated microfluidic scheme presented here is well-suited to
screening of combinatorial chemistry products because it
allows product formation to be followed in real time for
sequential reactions on the same target under identical
experimental conditions.

Ca2+ ion binding to calcium green-labeled dextrans
(CGD) was also studied in the presence of ethylene glycol-
bis(2-aminoethylether)-N,N,N,N-tetraacetic acid (EGTA).
The modest fluorescence of native CGD increases drastically
when it binds Ca2+ ions. Fluorescence microscopy, Figure 2a,
shows that the low background fluorescence in the receiving
channel increases dramatically when Ca2+ ions are injected
through the nanocapillary array. Monitoring of the change in
fluorescence intensity at a single position enables metal-ion
sensing as shown in Figure 2b and c. The series of injections
detected at the intersection in Figure 2b demonstrate the
rapid approach to steady-state fluorescence of this chemical-
sensing reaction and the trial-to-trial repeatability, while the
concentration response is shown in Figure 2 c. The rapid
mixing utilizing the nanofluidic membrane is a key for fast
chemical sensing. In applications in which the nanofluidic
membrane injection is to be used for chemical sensing, the
mass-transfer efficiency of the membrane is of interest.
Previous work in this laboratory has shown that under the
right operating conditions, 100% mass-transfer efficiency can
be achieved,[24] which means that the reactive coupling
through nanocapillary arrays can be used quantitatively.

A number of interesting problems are sample-limited,
either due to the danger of acquiring samples, for example,
biotoxins, or inherent sample size limitations, for example,
single subcellular organelles. The capacity of the hybrid
nanocapillary/microchannel architectures to serve as effi-
cient, externally gatable microreactors promises to open the
full armamentarium of chemical reactivity studies to mass-
limited samples. By simple manipulation of the physical
design of the nanofluidic interconnect control can be exerted
over the spatial and temporal characteristics, for example,
mixing ratio, of analytes and solvents between microfluidic
channels. Compared to other mixer designs, it is simple and

Figure 2. a) Fluorescence images of Ca2+–CGD binding reaction. Top:
membrane reverse bias; bottom: membrane forward bias. Ca2+ is
injected into the horizontal CGD channel. b) Fluorescence intensity (I,
left ordinate) and applied bias state (right ordinate, -·-·) as a function
of time, which shows the transport of Ca2+ ions across a nanocapillary
array (pore diameter 200 nm) to the CGD-containing channel (2 mm).
c) Fluorescence intensity of Ca2+–CGD in the receiving channel as a
function of [Ca2+] .
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versatile. The Ca2+ ion detection is proof-of-concept in using
the nanocapillary-mixer construct for microsensing, a result
which we are currently extending to other sensing schemes for
metals and volatile organics.

Received: November 7, 2003
Revised: December 18, 2003 [Z53279]

.Keywords: fluorescent probes · kinetics · microreactors ·
nanostructures · sensors

[1] S. C. Terry, J. H. Jerman, J. B. Angell, IEEE Trans. Electron
Devices 1979, 26, 1880.

[2] A. Manz, N. Graber, H. M. Widmer, Sens. Actuators B 1990, 1,
244.

[3] G. J. M. Bruin, Electrophoresis 2000, 21, 3931.
[4] D. J. Beebe, G. A. Mensing, G. M. Walker, Annu. Rev. Biomed.

Eng. 2002, 4, 261.
[5] D. R. Reyes, D. Iossifidis, P. A. Auroux, A. Manz, Anal. Chem.

2002, 74, 2623.
[6] P. A. Auroux, D. Iossifidis, D. R. Reyes, A. Manz, Anal. Chem.

2002, 74, 2637.
[7] C.-K. Chan, Y. Hu, S. Takahashi, D. L. Rousseau, W. A. Eaton, J.

Hofrichter, Proc. Natl. Acad. Sci. USA 1997, 94, 1779.
[8] J. B. Knight, A. Vishwanath, J. P. Brody, R. H. Austin, Phys. Rev.

Lett. 1998, 80, 3863.
[9] S. BJhm, K. Greiner, S. Schlautmann, S. de Vries, A. van den

Berg in Micro Total Analysis Systems 2001 (Eds.: J. M. Ramsey,
A. van den Berg), Kluwer, Monterey, CA, USA, 2001, pp. 25.

[10] L.-H. Lu, K. S. Ryu, C. Liu in Micro Total AnalysisSystems 2001
(Eds.: J. M. Ramsey, A. van den Berg), Kluwer, Monterey, CA,
USA, 2001, pp. 28.

[11] D. B. Beebe, G. Mensing, J. Moorthy, C. Khoury, T. Pearce, in
Micro Total Analysis Systems 2001 (Eds.: J. M. Ramsey, A.
van den Berg), Kluwer Academic Publishers, Monterey, CA,
USA, 2001, pp. 453.

[12] J. Choi, C. Hong, C. Ahn in Micro Total AnalysisSystems 2001
(Eds.: J. M. Ramsey, A. van den Berg), Kluwer, Monterey, CA,
USA, 2001, p. 621 – 622.

[13] M. Oddy, J. Santiago, J. Mikkelsen, Anal. Chem. 2002, 74, 5822.
[14] Z. Yang, H. Goto, M. Matsumoto, R. Maeda, Electrophoresis

2000, 21, 116.
[15] F. G. Bessoth, A. J. deMello, A. Manz, Anal. Commun. 1999, 36,

213.
[16] J. P. Kutter, S. C. Jacobson, J. M. Ramsey, Anal. Chem. 1997, 69,

5165.
[17] A. D. Stroock, S. K. W. Dertinger, A. Ajdari, I. Mezić, H. A.
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Sigmatropic Rearrangement

Palladium-Catalyzed [3,3] Sigmatropic
Rearrangement of
(Allyloxy)iminodiazaphospholidines: Allylic
Transposition of C�O and C�N Functionality**

Ernest E. Lee and Robert A. Batey*

The principle of driving reactions thermodynamically through
the conversion of PIII reagents into PV=O products is well
established, as exemplified by the Wittig and Mitsunobu
reactions, and the [2,3] sigmatropic rearrangement of allyl
phosphites into allyl phosphonates.[1] Herein we describe a
novel [3,3] sigmatropic rearrangement in which allylic trans-
position is driven by a PV=N to PV=O interconversion
(Scheme 1). We envisaged a process whereby conversion of

an allylic alcohol 1 into a phosphoramidite 2, followed by a
Staudinger reaction[2] would generate a phospholidine 3. A
[3,3] sigmatropic 3-aza-2-phospha-1-oxa-Cope[3] rearrange-
ment of 3 would then generate a phosphoramide 4, which on
deprotection would lead to the transposed allylic amine 5.[4]

The overall process is analogous to the aza variants of the
Cope [3,3] sigmatropic rearrangement,[5] the most important
example of which is the well-known Overman rearrangement
of allylic imidates into allylic amides.[6] The estimated
thermodynamic driving force for a phospholidine–phosphor-
amide interconversion,[7] such as would occur in a sigmatropic
rearrangement, is approximately 25 kcalmol�1.[8]

The feasibility of this approach was tested by using
(allyloxy)iminodiazaphospholidines 6 and 7 as substrates.

Scheme 1. Proposed route to allylic amines based on the [3,3] sigma-
tropic rearrangement of phospholidines 3.
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These compounds were cleanly prepared in a one-pot process
by the sequential treatment of the corresponding allylic
alcohols with the phospholidine 8,[9] as described by Alexakis
et al. ,[10] followed by tosyl azide and diphenylphosphoryl
azide (DPPA),[11] respectively (Table 1).[12] The reaction was
monitored by 31P NMR spectroscopy to ensure complete
conversion of the intermediate phosphoramidite (d�
130 ppm for 2, whereas d� 24 ppm for 6 and d� 24 and
�10 ppm for 7). The iminodiazaphospholidines were then
purified by chromatography on silica gel, with Et3N as an
additive to prevent acid-promoted decomposition.

Initial attempts at the thermal rearrangement of com-
pounds 6 were unsatisfactory and led to products arising from
pathways of both the desired [3,3] and formal [1,3] sigma-
tropic rearrangement. As PdII and HgII catalysts are known to
catalyze the [3,3] sigmatropic rearrangement of allylic imi-
dates,[6] a variety of PdII catalysts were screened for the
rearrangement of 6a into 9a, but only [PdCl2(MeCN)2] was
found to be an active catalyst.[13] In the presence of
[PdCl2(MeCN)2] (5 mol%), the rearrangement of both 6
and 7 proceeded smoothly at room temperature to yield only
the products of [3,3] rearrangement 9 and 10, respectively
(Table 2). In the reactions of the DPPA-derived substrates 7,
the addition of 4-< molecular sieves was required to ensure
complete conversion into 10. The rearrangements were
conveniently monitored by
31P NMR spectroscopy (d�
20 ppm for 9, and d� 20 and
�4 ppm for 10). The phosphora-
mides 9 and 10 were cleaved under
acidic conditions to yield the allylic
tosylamines 11 and free allylic
amines 12, respectively.[14] As
mild, acidic conditions are used
for the final hydrolysis, this overall
process complements the Overman
rearrangement of allylic imidates.
Strongly basic conditions (3–5m
NaOH) are employed for the
hydrolysis of the intermediate tri-
chloroacetamides in the Overman
protocol.

A variety of substitution pat-
terns are tolerated on the allylic
substrates 6 and 7, including sub-
stitution in the allylic group a, b,
and g to the oxygen atom. Notably,
the reaction worked well for sub-
strates substituted at the b position
(6c and 7c), as previous attempts
at metal-catalyzed rearrangements
of the corresponding allylic imi-
dates have had mixed success.[15]

Substrates 6 f and 7 f both under-
went rearrangement in good yield
to afford only the E isomers 9 f and
10 f. The reaction of the substrates
6d and 7d, derived from a simple
secondary allylic alcohol, to give

Table 1: Preparation of (allyloxy)iminodiazaphospholidines.

R1OH Yield [%][a] R1OH Yield [%][a]

6a 92 6g 94
7a 87 7g 91

6b 93 6h 92
7b 90 7h 84

6c 95 6 i –[b,c]

7c 92 7 i –[b,c]

6d 91 6 j 92
7d 89 7 j 87

6e 89 6k 86
7e 89 7k 78

6 f 93 6 l 87
7 f 86 7 l 80

[a] Yield of isolated product, 0.6-mmol scale. [b] These compounds could
not be purified by column chromatography on silica gel and were used
crude in subsequent transformations. [c] Reaction conducted in [D6]ben-
zene. Ts=p-toluenesulfonyl.

Table 2: Pd-catalyzed [3,3] sigmatropic rearrangement of (allyloxy)iminodiazaphospholidines and
subsequent hydrolysis.

R1 R3 Yield [%][a] Yield [%][a]

6a 9a 95 11a 88
7a 10a[b] 90 12a[f ] 81
6b 9a 93 11a 88
7b 10a[b] 89 12a[f ] 81
6c 9c 95 11c 97
7c 10c[b] 91 12c[f ] 87
6d 9d 91 11d 93
7d 10d[b] 86 12d[f ] 85
6e 9e[c,d] 88 11e 90
7e 10e[b] trace 12e[f ] –
6 f 9 f[c] 90 11 f 83
7 f 10 f[b] 93 12 f[f ] 79

6g 9g[c,d] 75 11g 85
7g 10g[b] n.r.[e] 12g[f ] –

6h 9h[c,d] 76 11h 80
7h 10h[b] n.r.[e] 12h[f ] –

6 i 9 i[c] 80 11 i 78
7 i 10 i[b] n.r.[e] 12 i[f ] –

6 j 9 j n.r.[e] – –
7 j 10 j[b] n.r.[e] – –
6k 9k 90 11k 82
7k 10k[b] 84 12k[f ] 78

6 l 9 l 88 11 l 90
7 l 10 l[b] 83 12 l[f ] 79

[a] Yield of isolated product, 0.6-mmol scale. [b] Reaction conducted in the presence of 4-E molecular
sieves. [c] Reaction conducted in toluene. [d] Reaction conducted at 45 8C. [e] Only starting material was
observed by 31P NMR spectroscopy. [f ] Reaction conducted with HCl (1m) in MeOH.
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the corresponding primary allylic phosphoramides occurred
in excellent yields at room temperature. However, reactions
of the 2-cyclohexenyl substrates were far more sluggish, with
6e requiring heating at 45 8C and 7e yielding only trace
amounts of products after 48 h at 80 8C. A similar trend was
observed with substrates 6g–i and 7g–i. It is apparent that
substrates with sterically demanding substituents react more
slowly in the case of tosyl-derived, and are unreactive in the
case of DPPA-derived substrates. The steric limitations of this
reaction are further emphasized by the lack of reactivity of
the substrates 6j and 7j, which are derived from a g,g-
disubstituted allylic alcohol.

The transposition of the enantioenriched E substrates 6k
and 7k produced only theE phosphoramides 9k and 10kwith
clean transfer of chirality. The Z substrates 6 l and 7 l under-
went rearrangement to the E products 9 l and 10 l, albeit with
diminished enantiomeric excess.[16] The [3,3] sigmatropic
rearrangement presumably proceeds through intramolecular
attack on the palladium-coordinated double bond by the lone
pair of electrons on the nitrogen atom of PV=N, followed by
rearrangement of the resulting phosphonium intermediate.
For example, in the case of 6k the reaction proceeds via the
p complex 13 and phosphonium ion 14 in a fashion analogous
to that proposed for the rearrangement of allylic imidates
(Scheme 2).[6a,d] The absolute configuration[17] and olefin
geometry of the products in both cases are consistent with
this mechanism.

Comparison of the results of the PdII-catalyzed [3,3]
sigmatropic rearrangement at ambient temperatures with the
thermal rearrangement of substrates 6 clearly demonstrates
the advantages of metal catalysis to facilitate clean rearrange-
ments. For example, the thermal rearrangement of the
diazaphospholidine 6a at 130 8C led to the [3,3] product 9a
and [1,3] product 15a in a ratio of 3.5:1 (Scheme 3).
Furthermore, the thermal rearrangement of 6g only yielded
the [1,3] product 15g, whereas that of 6m only yielded the
[3,3] product 9m. In the last two examples, only the
thermodynamically more stable allylic phosphoramide was
formed. These results suggest that ionization and subsequent
recombination is competitive with the [3,3] sigmatropic
rearrangement under thermal conditions.

In conclusion, a novel palladium(ii)-catalyzed rearrange-
ment of (allyloxy)iminodiazaphospholidines has been devel-
oped for the synthesis of allylic amines and tosylamines.
Investigations into diastereo- and enantioselective variants
are currently underway in our laboratory.
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Bond Cleavage

Homolytic Ca�Cb Bond Cleavage in a Chiral
Alkylarene Radical Cation: Effects of
Asymmetric Microsolvation**

Daniele Catone, Anna Giardini Guidoni,
Alessandra Paladini, Susanna Piccirillo,
Flaminia Rondino, Mauro Satta, Debora Scuderi, and
Maurizio Speranza*

In memory of Fulvio Cacace

A “microsolvated” ion consists of an ion that interacts
electrostatically with a single neutral molecule. It represents
the simplest model for ions generated in a dynamic environ-

ment, such as the solvent cage in solution. The main differ-
ence is that the behavior of a “microsolvated” ion is not
perturbed by those environmental factors (solvation, ion
pairing, etc.) that normally affect the fate of intimate ion-
dipole pairs in the condensed phase. Hence, a detailed study
of the dynamics and the reactivity of microsolvated ions may
provide valuable information on the intrinsic factors that
govern the reaction and how these factors may be influenced
by the solvent cage in solution.
Radical ions are open-shell elusive species of paramount

importance in many organic reactions and in biological
processes. Oxidative bond breaking and forming involve
radical ions and are common processes that take place in
asymmetric enzyme cavities. Hence, the knowledge of the
effects of an asymmetric microenvironment on the behavior
of chiral radical ions is crucial for a more exhaustive
comprehension of chiral recognition and rate acceleration
by enzymes. Its impact extends to another important field: the
abiogenic origin of chirality. Indeed, knowledge of the effects
of asymmetric microsolvation on the evolution of chiral
species in the isolated state may be key to the elucidation of
the “chiral-enrichment” mechanism of chirogenesis, that is,
the preferential destruction of a specific enantiomer bound to
a chiral selector.
Herein we report a first step in this direction: the

measurement of the activation energy for the C�C bond
cleavage in the side chain of a chiral alkylarene radical cation
and its sensitivity to chiral monosolvation. Side chain Ca�Cb

bond fragmentation in the radical cations of aromatic alcohols
is a common process in solution[1–3] whose efficiency is
enhanced in polar solvents such as water. Hydrogen bonding
between the ion and the solvent in the relevant transition
structure is thought to be responsible for the rate acceler-
ation.[4] This hypothesis has been corroborated by recent
photoionization studies.[5,6] Mass-resolved resonant two-
photon ionization spectroscopy (R2PI-TOF) on a supersoni-
cally expanded molecular beam represents a highly accurate
tool for determining the energetics of radical ions and their
microsolvated derivatives. The energetics of solvation at the
microscopic level has been obtained by measuring vibronic
spectra, bond-dissociation energies, and IPs (ionization
potentials) of various molecular systems.[7] The same exper-
imental approach, combined with computational methods,
was recently applied to the first quantitative measurement of
the activation barrier of the Ca-Cb bond cleavage in the (R)-
(+)-1-phenyl-1-propanol radical cation ([(BZC2H5)R]

+)
(BZ=PhCHOH) and its monohydrated complex
([(BZC2H5)RCH2O]+).[8] The results indicated that the activa-
tion energy of the Ca-Cb bond cleavage in the bare ion is
remarkably higher than that in the monohydrated form. This
effect was ascribed to the perturbation induced by the solvent
molecule on the position of the intersection between the
potential energy surfaces of the two lowest-energy electronic
states of the radical cation (Figure 1).
Herein we extend the study to chiral solvent molecules,

such as (2R,3R)-(� )-butanediol (BDRR) and (2S,3S)-(+)-2,3-
butanediol (BDSS) with the aim of measuring the influence of
the asymmetric microenvironment represented by the chiral
solvent molecule on the efficiency of the Ca�Cb bond
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cleavage in [(BZC2H5)R]
+. The ionization and fragmentation

thresholds of (BZC2H5)R and its clusters with BDRR

([(BZC2H5)RCBDRR]) and BDSS ([(BZC2H5)RCBDSS]) were
inferred from the onset of the relevant photoionization- and
photofragmentation-efficiency curves, respectively, by using a
two-color R2PI (2cR2PI) sequence: 1) the first exciting laser
(hn1) is tuned to the S1

!S0 transition of the species of interest;
2) the laser intensity is lowered to about 1% of the initial
laser-power density to minimize the multiphoton hn1 absorp-
tion; 3) a second laser (hn2) is scanned through the cluster
ionization and fragmentation threshold regions of the studied
molecular species.
Figure 2a shows the 1cR2PI (hn1= hn2) absorption spec-

trum of (BZC2H5)R (m/e= 136).The three most intense bands
were assigned to the three stable conformers of (BZC2H5)R
originating from the rotation of the ethyl group around the
Ca
�Cb bond.

[9] The S1

!S0 electronic origin of the most stable
anti conformer and of the two gauche rotamers were
identified at 37618 (peak B), 37577 (peak A), and
37624 cm�1 (peak C), respectively. Figures 1b and 1c show
the 1cR2PI absorption spectrum of the heterochiral
[(BZC2H5)RCBDSS] and the homochiral cluster
[(BZC2H5)RCBDRR] , respectively. The origin of the relevant
p!p* electronic transition falls at 37581 cm�1 (band w of
Figure 1b) and 37561 cm�1 (band q of Figure 1c), respec-
tively. When the same species were submitted to 2cR2PI
experiments, the low-energy (hn2< 5.5 eV) ionization
([Eq. (1)] and [Eq. (2)]) and dissociation pathways ([Eq. (3)]
and [Eq. (4)] were observed.

Ionization : ½ðBZC2H5ÞR�* þ hn2 ! ½ðBZC2H5ÞR�þ þ e ð1Þ

½ðBZC2H5ÞR Csolv�* þ hn! ½ðBZC2H5ÞR Csolv�þ þ e ð2Þ

Dissociation : ½ðBZC2H5ÞR�* þ hn2 ! ½BZ�þ þ CC2H5 þ e ð3Þ

½ðBZC2H5ÞR Csolv�* þ hn2 ! ½BZC solv�þ þ CC2H5 þ e ð4Þ

In these experiments, a particular isomer of a molecular
species can be selectively excited by fixing the hn1 photon

energy at the wavelength of its S1

!S0 electronic transition
and by varying the hn2 energy of the second photon. The
ionization and fragmentation thresholds of (BZC2H5)R
(peak B of Figure 2a; n1= 37618 cm

�1) are reported in
Figure 3a.
The onset of the photoionization curve provides a

measure of the phenomenological IP of (BZC2H5)R (8.820�
0.002 eV). A further increase in the hn2 energy leads to the
Ca
�Cb bond fragmentation of [(BZC2H5)R]* with formation

of the [BZ]+ ion [Eq. (3)]. The onset of the photofragmenta-
tion curve falls at 78610� 20 cm�1 and provides a value for
the ethyl-loss barrier of 7470� 40 cm�1 above the phenom-
enological IP of (BZC2H5)R. The fragmentation thresholds of
Figure 3b were obtained by fixing n1 at 37581 cm

�1 (peak w
of Figure 2b attributed to the most stable isomer
of [(BZC2H5)RCBDSS]). The ethyl-loss barrier for
[(BZC2H5)RCBDSS]

+ cation was estimated as falling 740�
40 cm�1 above the phenomenological IP of [(BZC2H5)RCBDSS]
(70930� 20 cm�1). In the same way, the fragmentation
thresholds of Figure 3c were obtained by fixing n1 at
37561 cm�1 (peak q of Figure 2c attributed to the most
stable isomer of [(BZC2H5)RCBDRR]). The ethyl-loss barrier
for [(BZC2H5)RCBDRR]

+ cation was estimated as falling 1140�
40 cm�1 above the phenomenological IP of [(BZC2H5)RCBDRR]
(70580� 20 cm�1).
The Ca�Cb bond fragmentation energies (DE=) of

(BZC2H5)R and of its homochiral [(BZC2H5)RCBDRR] and
heterochiral [(BZC2H5)RCBDSS] clusters are compared in
Table 1 with those previously measured for
[(BZC2H5)RCH2O]. The marked effect of monosolvation on

Figure 1. Pictorial crossing between the two lowest-energy electronic
states of [(BZC2H5)R]

+ (full lines) and [(BZC2H5)RCsolv]+ (broken lines).

Figure 2. 1cR2PI mass-resolved absorption spectra: a) (BZC2H5)R at
m/e=136; b) its heterochiral [(BZC2H5)RCBDSS] cluster, and c) its
homochiral [(BZC2H5)RCBDRR] cluster at m/e=226. BZ=PhCHOH,
BD=2,3-butanediol.
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DE= is evident. It essentially reflects the strong stabilization
of the incipient closed-shell [BZ]+ ion caused by the solvent
molecule. As shown in Figure 1, the intersection between the
PES (potential energy surface), adiabatically correlated with
the ionic open-shell biradical C[BZ]+C ion, and the PES,
adiabatically correlated with the closed shell [BZ]+ ion,
generates the energy barrier for the ethyl radical loss in
[(BZC2H5)R]

+. In the [(BZC2H5)R]
+ fragmentation, the

unpaired Ca electron, which arises from the homolytic Ca�
Cb bond cleavage, is transferred to the ring of C[BZ]+C to pair
its singly occupied pSOMO orbital. As a consequence, the
positive charge, initially dispersed over the entire C[BZ]+C
structure, is essentially localized on the +Ca

�OHQCa
=OH+

group of the closed-shell [BZ]+ ion. The solvent dipole

interacts more favorably with the +Ca�OHQCa=OH
+ group

of [BZ]+ than with the Ca�OH group of [(BZC2H5)R]+ as most
of the positive charge in this latter ion is dispersed over the
aromatic ring.
Along these lines, the more basic the solvent molecule, the

more pronounced is the Ca
=O···H+···solv proton transfer and

the larger is the stabilization of the [(BZCsolv]+ fragment.
Therefore, the activation barrier of the homolytic Ca�Cb bond
cleavage in [(BZC2H5)RCsolv]* should decrease appreciably
from solv=H2O (proton affinity= 165 kcalmol�1)[10] to
solv= 2,3-butanediol (proton affinity= 206 kcalmol�1),[11] as
actually observed (Table 1). However, closer inspection of
Table 1 reveals that the activation barrier of the homolytic
Ca�Cb bond cleavage in the heterochiral [(BZC2H5)RCBDSS]

+

complex (DE== 740� 40 cm�1) is significantly lower than
that in the homochiral [(BZC2H5)RCBDRR]

+ complex (DE==

1140� 40 cm�1), in spite of the identical basicity of the
isolated diol enantiomers.
This difference must therefore be related to the opposite

configuration of the diol molecule in the diastereomeric
[(BZC2H5)RCBDSS]

+ and [(BZC2H5)RCBDRR]
+ complexes. It is

well established that cooperative intramolecular O�H···O�H
interactions are present in these systems,[12] whose geometric
features depend on the specific configuration of the diol
moiety (Figure 4). In particular, the heterochiral complex

exhibits shorter O�H···O�H and O�H···p hydrogen-bond
distances than the homochiral adduct. This implies that BDSS

is a better H-bond acceptor than BDRR when associated with
the chiral (BZC2H5)R moiety. The measured difference in the
activation barrier of the homolytic Ca�Cb bond
cleavage in the diastereomeric [(BZC2H5)RCBDSS]

+ and
[(BZC2H5)RCBDRR]

+ complexes can be rationalized if they
are formed with the same structure of their neutral precursors,
that is, by a vertical electronic transition.
In conclusion, the activation barriers of the homolytic Ca

�
Cb bond cleavage in (BZC2H5)R and its homochiral
[(BZC2H5)RCBDRR] and heterochiral [(BZC2H5)RCBDSS] clus-
ters are much lower than the typical C�C bond energies (80–
90 kcalmol�1). Their magnitude decreases when the chromo-
phore is bound to solv=water or 2,3-butanediol. The barrier
is influenced by the hydrogen-bonding interaction between
solv and the OH group of (BZC2H5)R in [(BZC2H5)RCsolv]+,

Figure 3. a) 2cR2PI appearance thresholds of the [(BZC2H5)R]
+ ion and its

ethyl-loss fragment as a function of the total absorbed energy. The excitation
photon n1 is fixed at 37618 cm�1 (see peak B of Figure 2a); b) 2cR2PI appear-
ance thresholds of the [(BZC2H5)RCBDSS]

+ ion and its ethyl-loss fragment as a
function of the total absorbed energy. The excitation photon n1 is fixed at
37581 cm�1 (see band w of Figure 2b); c) 2cR2PI appearance thresholds of
the [(BZC2H5)RCBDRR]

+ ion and its ethyl-loss fragment as a function of the total
absorbed energy. The excitation photon n1 is fixed at 37561 cm�1 (see band q

of Figure 2c).

Table 1: Ethyl-loss fragmentation energies DE= for the unsolvated
[(BZC2H5)R]

+ and monosolvated [(BZC2H5)RCsolv]+ ions, and the IPs of
the corresponding neutral systems.

DE= [cm�1] IP [eV]

[(BZC2H5)R] 7470�40 8.820�0.002
[(BZC2H5)RCH2O] 3390�40 8.709�0.002
[(BZC2H5)RCBDRR] 1140�40 8.740�0.002
[(BZC2H5)RCBDSS] 740�40 8.776�0.002

Figure 4. [(BZC2H5)RCBDSS] and [(BZC2H5)RCBDRR] cluster equilibrium
geometries predicted by molecular-dynamics conformational minima
search.[12]
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which affects the charge-transfer process from the ring to the
Ca of the incipient [BZ]

+ moiety. The different basicities of
water and 2,3-butanediol is reflected in the larger Ca�Cb

bond-cleavage activation barrier for [(BZC2H5)RCH2O]+ than
those for the ionic clusters with diols as solv. The activation
barrier of the Ca

�Cb bond cleavage for the heterochiral
[(BZC2H5)RCBDSS]

+ cluster is about two thirds that for the
homochiral [(BZC2H5)RCBDRR]

+. This difference may be
attributed to structural factors that make solv in the former
adduct a better H-bond acceptor than in the latter, although
other hypotheses, such as that involving the interaction of the
solvent molecule with the Ca center of [(BZC2H5)R]

+ cannot
be excluded.

Experimental Section
The experimental setup combines a supersonic molecular beamwith a
homebuilt TOF spectrometer. The supersonic expansion is produced
by a General valve pulsed nozzle (T= 120 8C, opening time 200 ms,
internal diameter 400 mm). The carrier gas (Ar, stagnation pressure:
2–4 atm) is mixed with (BZC2H5)R and BDRR or BDSS (T= 120 8C).
The relevant 1:1 clusters are formed in the adiabatic supersonic
expansion. The concentration of the seeding molecules is maintained
low enough to minimize the production of larger clusters. The
skimmed supersonic jet (1 mm skimmer diameter) enters a second
chamber equipped with the TOF mass spectrometer. Molecules and
clusters are excited and ionized by one or two tunable dye laser
beams. The detection of the ionized species is performed through a
channeltron. The signals, recorded and averaged by a digital oscillo-
scope, are stored and processed on a PC.
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Coupling Catalyst

A Rationally Designed Universal Catalyst for
Suzuki–Miyaura Coupling Processes**

Shawn D. Walker, Timothy E. Barder,
Joseph R. Martinelli, and Stephen L. Buchwald*

Despite advances in the Suzuki–Miyaura cross-coupling
process,[1] the need for an operationally simple and general
system remains. The minimum criteria for an optimum system
that must be met include: 1) a broad substrate scope, 2) the
ability to make truly hindered biaryls, 3) the ability to operate
at low levels of catalyst for a range of substrates not just with
the most simple examples (e.g., other than phenyl boronic
acid),[2] and 4) the ability to operate at room temperature.
Moreover, it is most desirable to develop protocols that do
not necessitate the use of a glovebox. Herein we report a
catalyst system based on a new ligand that meets the above
four criteria, has unprecedented scope, reactivity, and stabil-
ity, uses only commercially available, air-stable components,
and is experimentally simple to employ.

Our previous work on cross-coupling methodology dem-
onstrated that dialkylphosphanylbiphenyls were excellent
supporting ligands. We have reported that these can be
prepared by the addition of an aryl Grignard reagent to an in-
situ-generated benzyne intermediate, followed by trapping of
the newly formed organomagnesium complex with ClPR2.

[3]

The thought process that led to the design of the new ligand 1
is shown in Scheme 1.

Mechanistic studies in our laboratory indicated that the
elimination of ortho hydrogens on the bottom ring (that not
bearing the dialkylphosphanyl group) was important for
catalyst activity and longevity.[4] We believe that this is due to
two effects: 1) prevention of cyclometalation[5] (to form a
palladacycle), which diminishes catalyst lifetime, and
2) increased steric bulk relative to complexes with two ortho
hydrogens. We also feel that it is important that the two
methoxy groups are smaller in size than two alkyl groups as in
our previously reported ligands. Moreover, the lone pairs of
the alkoxy groups might interact with the Pd center and/or
add electron density to the ligand backbone. The latter could
be important as the interaction of the metal with the bottom
ring is well documented[6] and could help stabilize intermedi-
ate complexes.[2c,7] Furthermore, the 1,3-dimethoxybenzene
moiety offers the advantage that it can be installed by means
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of direct metalation of 1,3-di-
methoxybenzene, eliminating the
need to use an aryl halide as the
precursor for this section of the
ligand. In this report we demon-
strate that a catalyst employing 1 is
the most active and general of
those reported to date. This
includes the construction of the
most hindered biaryls ever pre-
pared by Pd-catalyzed cross-cou-
pling methods and the efficient
operation at room temperature.
We also present structural infor-
mation consistent with our ligand-
design scheme.

The Suzuki–Miyaura coupling
of aryl chlorides has been reported
to occur with myriad catalysts[8]

including ones that operate at low
levels of catalyst and at room
temperature. In order to gauge
the performance of our new ligand, we decided to employ a
moderately hindered substrate combination as a test case: the
reaction of 1-chloro-2,6-dimethylbenzene with 2-methyl-
phenyl boronic acid to form a biaryl that possesses three
substituents ortho to the aryl–aryl connection [Eq. (1)].

This reaction has been studied previously by several
groups.[7a,9] However, good yields of isolated product were
possible only with either high quantities of catalyst (usually

2–3%) and/or long reaction times. In the
best previously reported result, in which 2
was employed as the ligand, the reaction
occurred in 3 h to give a 92% yield of
product using 1% Pd at 100 8C.[7a]

Using 1 as the supporting ligand with
0.2% Pd, the reaction has a half-life of less
than 2 min at 90 8C.[10] Under these condi-

tions, workup after 12 min provided the biaryl product in a
yield of 98% [Eq. (1)]. Increasing the L:Pd ratio to 5:1 and

heating at 100 8C for 20 h with only 0.02% Pd
furnished a 97% yield of the desired biaryl (Table 1,
entry 1). With this finding indicating the high level of
activity of the catalyst system derived from 1, we
went on to examine a number of examples, which are
listed in Table 1. In general, the reactions proceed at
100–110 8C in near-quantitative yield. This includes
the reaction of an electron-rich aryl chloride with the
very hindered 2,4,6-triisopropylphenyl boronic acid

to afford the coupled product in near-quantitative yield
(entry 3). This result suggests that the transmetalation step
(which is often rate limiting for Suzuki–Miyaura couplings)
must be facile with 1/Pd0. The reaction of phenyl boronic acid
can be carried out with 0.005% Pd and a L:Pd ratio of 2.5:1.
Replacing the anhydrous base with powdered K3PO4·H2O
and using a L:Pd ratio of 5:1 permitted efficient cross-
coupling at 0.003% (30 ppm) Pd, which corresponds to a
turnover number (TON) of over 31000 for this reaction. Thus,
this catalyst system shows excellent levels of activity even for
the reactions of 2,6-disubstituted aryl chlorides as well as with
easier substrates.

This new catalyst system was also found to be remarkably
active for the cross-coupling of unactivated aryl bromides
with 2-methylphenyl boronic acid (Table 2). The reaction can
be carried out with 10 ppm Pd in 90 min at 110 8C to give a
98% yield of isolated product (Table 2, entry 1). Decreasing
the quantity of catalyst to 5 ppm, the process can be carried
out at 100 8C in 24 h in 89% yield. If the size of the ortho
substituent on the boronic acid is significantly increased, here
for 2-phenylphenyl boronic acid, the reaction at 10 ppm Pd
can be carried out under similar conditions to provide 85% of
the desired product in 24 h (Table 2, entry 2). To our knowl-
edge these results represent the lowest quantities of catalyst
ever used to couple an ortho-substituted aryl boronic acid
with an unactivated aryl bromide.[11]

Scheme 1.

Table 1: Suzuki–Miyaura coupling of unactivated aryl chlorides using ligand 1.[a]

Entry Halide Boronic acid Product Pd
[mol%]

Conditions Yield
[%][b]

1 0.02 100 8C, 20 h 97[c]

0.2 90 8C, 12 min 98

2 0.05 110 8C, 12 h 99

3 1 100 8C, 20 h 99[d]

4 0.005 100 8C, 10 h 96
0.003 100 8C, 24 h 93[d,e]

[a] Reaction conditions: 1.0 equiv aryl chloride, 1.5 equiv boronic acid, 2.0 equiv K3PO4, toluene
(2 mLmmol�1 halide), cat. Pd(OAc)2, ligand 1, L:Pd=2.5:1. [b] Yield of isolated product. [c] L:Pd=5:1.
[d] In this case 2.0 equiv boronic acid and 3.0 equiv K3PO4 were used. [e] Here, 2.0 equiv K3PO4·H2O was
used.
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A particularly challenging issue in Suzuki–Miyaura cou-
pling processes is the ability to couple sterically encumbered
substrates. This is especially difficult when both of the
coupling partners have one or multiple large substituents in
the ortho positions. We recently described
the first catalyst system for the Suzuki–
Miyaura coupling that was capable of effi-
ciently constructing biaryls with four ortho
alkyl substituents.[6a] We further described
the assembly of a variety of biaryls through
the formation of a C�C bond in demanding
steric environments. While significant, this
system had several limitations: 1) No 2,6-
disubstituted aryl halides with ortho alkyl

groups larger than methyl
were effectively trans-
formed. 2) In most
instances, 4–10% Pd was
necessary. 3) The most
generally efficient ligand,
3, is not commercially
available.

Given the remarkably
high levels of catalytic
activity displayed with

catalysts employing 1, we investigated its
use for the preparation of hindered biaryls;
a summary of our results is shown in
Table 3. Our initial goal was to compare 1
with 3. We found that for the coupling of 2-
bromomesitylene with 2,6-dimethylphenyl
boronic acid (4), the reaction rate and yield
of the coupling product was nearly identical
using either 1 or 3 ; with 4% Pd, the
coupling processes provided an 82% yield
of isolated product in 18 h at 110 8C
(Table 3, entry 1). Another challenging process involved the
combination of 4 and very electron-rich 2,6-dimethoxybro-
mobenzene which proceeded in 86% yield (Table 3, entry 2).
We next investigated whether 2,4,6-triisopropylbromoben-
zene could be utilized as a substrate. To our delight, we found
that using phenyl boronic acid, the very hindered aryl
bromide could be converted to product with as little as
0.01% Pd in 10 h at 100 8C in nearly quantitative yield
(Table 3, entry 3). To our knowledge, this is the most highly

hindered aryl bromide to be uti-
lized in a Suzuki–Miyaura coupling
process. To ascertain if this process
is general with respect to the bor-
onic acid component, we examined
the reaction of 2,4,6-triisopropyl-
bromobenzene with 2-methyl-
phenyl boronic acid, 2-biphen-
ylboronic acid, and 1-naphthylbor-
onic acid; these coupling processes
all proceeded in > 90% yield
(Table 3, entries 4–6) using as
little as 0.1% catalyst. These
results indicate that the catalyst

system based on 1 is generally effective for the construction of
hindered biaryls.

Among the most important and most challenging appli-
cations of cross-coupling methodology are those involving

heterocyclic substrates. We have examined the use of 1 as a
supporting ligand in Suzuki–Miyaura coupling with a variety
of heterocycles; our results are shown in Table 4. As can be
seen, the method worked well for a number of different
heterocyclic bromides and chlorides including a pyrazole,
tetrazole, quinoline, indole (possessing a free N�H), and
pyridine. The reaction with 4-chloroquinoline was complete
in 15 min at 100 8C (Table 4, entry 3). In the case of
unprotected 5-chloroindole, the reaction proceeded nearly

Table 2: Suzuki–Miyaura coupling of unactivated aryl bromides using ligand 1.[a]

Entry Halide Boronic acid Product Pd
[mol%]

Conditions Yield
[%][b]

1 0.001 110 8C, 1.5 h 98
0.0005 100 8C, 24 h 89

2 0.001 100 8C, 24 h 85[c]

[a] Reaction conditions: 1.0 equiv aryl bromide, 1.5 equiv boronic acid, 2.0 equiv K3PO4, toluene
(2 mLmmol�1 halide), cat. Pd(OAc)2, ligand 1, L:Pd=2.5:1. [b] Yield of isolated product. [c] L:Pd=2:1.

Table 3: Suzuki–Miyaura couplings of hindered substrates using ligand 1.[a]

Entry Halide Boronic
acid

Product Pd
[mol%]

Conditions Yield
[%][b]

1 4 110 8C, 18 h 82[c]

2 3 100 8C, 10 h 86

3 0.01 100 8C, 16 h 97

4 3 100 8C, 2 h 94
0.1 100 8C, 24 h 95

5 3 100 8C, 18 h 93

6 0.1 100 8C, 12 h 96

[a] Reaction conditions: 1.0 equiv aryl bromide, 2.0 equiv boronic acid, 3.0 equiv K3PO4, toluene
(2 mLmol�1 halide), cat. [Pd2(dba)3] (dba=dibenzylideneacetone), ligand 1, L:Pd=2:1. [b] Yield of
isolated product. [c] Here 4.0 equiv K3PO4 was used.
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quantitatively in 15 h at 100 8C using 0.1% Pd (Table 3,
entry 4). The coupling of 3-chloropyridine with 2-methyl
phenylboronic acid produced a 97% yield of product in 24 h
at 100 8Cwith only 0.005% Pd (Table 4, entry 5). We note that
Beller et al. reported the coupling of 3-chloropyridine with
phenyl boronic acid under similar conditions.[2e]

Given the high reactivity of this catalyst system, we
decided to explore its use in
Suzuki–Miyaura cross-couplings
at room temperature. Recently,
Glorius et al. have shown that a
carbene exhibiting “flexible steric
bulk” can serve as a ligand for the
room-temperature coupling of aryl
chlorides.[9c] Although a step for-
ward, the reactions were relatively
slow (24 h) and required 3% of the
palladium catalyst. Subsequently,
Nolan et al. reported that with a
palladacyclic carbene complex sim-
ilar reactions could be carried out
in 0.75–2 h using 2% palladium
catalyst.[9d] Unfortunately, the util-
ity of this method for many appli-
cations is compromised by the
need to employ slow addition of
the aryl chloride to prevent deha-
logenation as a side reaction. Our
results for the room-temperature
Suzuki–Miyaura couplings using
ligand 1 are shown in Table 5. In
preliminary experiments to gener-
ate biaryl products using a 2:1 L:Pd
ratio, only low conversions of the

starting aryl chlorides were observed. How-
ever, adjusting the L:Pd ratio to 1:1 dra-
matically accelerated the reaction and
allowed smooth cross-coupling at room
temperature. Thus, clean conversions to
the desired biaryls were observed at room
temperature in THF using powdered
K3PO4·H2O as base. With this protocol, an
indole boronic acid was successfully cou-
pled with 1-chloro-2,6-dimethylbenzene in
2 h using 2% catalyst (Table 5, entry 1).
Introduction of an additional quantity of
water (0.6 equiv) to the reaction mixtures
was beneficial in many instances and
allowed the efficient coupling of a variety
of substituted boronic acids with electron-
rich, electron-deficient, and hindered aryl
chlorides at room temperature using only
0.5% catalyst (Table 5 entries 2–5).

In addition to aryl boronic acids, we
found that alkyl-9-BBN derivatives (BBN=

9-borabicyclo[3.3.1]nonane) as well as alkyl
boronic acids could also be utilized as
shown in Table 6. Interestingly, for efficient
alkyl couplings the use of powdered

K3PO4·H2O was found to be essential, and markedly lower
conversions were observed with anhydrous base. Under these
conditions, the process works well even with normally difficult
substrates such as 3-dimethylamino-2-bromoanisole (Table 6,
entry 1). Furthermore, the coupling reactions of alkyl boronic
acids with aryl chlorides could be carried out at 0.05–0.1% Pd
to give near-quantitative yields of product. Thus the catalyst

Table 4: Suzuki–Miyaura coupling of heteroaryl halides using ligand 1.[a]

Entry Halide Boronic
acid

Product Pd
[mol%]

Conditions Yield
[%][b]

1 1 100 8C, 24 h 95

2 1 100 8C, 24 h 85

3 1 100 8C, 15 min 97

4 0.1 100 8C, 15 h 96

5 0.005 100 8C, 24 h 97[c]

[a] Reaction conditions: 1.0 equiv aryl chloride, 1.5 equiv boronic acid, 2.0 equiv K3PO4, toluene
(3 mLmmol�1 halide), cat. Pd(OAc)2, ligand 1, L:Pd=2.5:1. [b] Yield of isolated product. [c] L:Pd=5:1.

Table 5: Suzuki–Miyaura couplings at room temperature using ligand 1.[a]

Entry Halide Boronic
acid

Product Pd
[mol%]

Conditions Yield
[%][b]

1 2 RT, 2 h 97

2 0.5 RT, 3 h 90[c,d]

3 0.5 RT, 3 h 96[c]

4 0.5 RT, 3 h 98[c]

5 0.5 RT, 3 h 80[c]

[a] Reaction conditions: 1.0 equiv aryl chloride, 1.5 equiv boronic acid, 3.0 equiv K3PO4·H2O, THF
(1 mLmmol�1 halide), cat. Pd(OAc)2, ligand 1, L:Pd=1:1, RT= room temperature. [b] Yield of isolated
product. [c] H2O (10 mLmmol�1 halide) was added. [d] Corrected yield, contains �4% 2,2’-dimethylbi-
phenyl.
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1/Pd0 represents the most active system yet reported for this
subset of Suzuki–Miyaura couplings.[12]

To gain some insight into the high activity of our new
catalyst system, we obtained an X-ray crystal structure of the
[1/Pd0(dba)] complex 5 (Figure 1).[13] A striking feature of this

complex is the unusual Pd0 h1-arene interaction with C7. This
mode of bonding appears to be mainly a p interaction, as the
Pd is located directly above C7 and only slight deviations of
bond lengths in the arene that participates in this interaction,
relative to the unbound arene, are observed. Fink et al.
recently reported the structure of [L2Pd

0], L= 2-dicyclohex-

ylphosphanylbiphenyl, in which a p interaction at the ortho
carbon of the bottom (unsubstituted) ring was observed.[6b]

Related PdII–phosphane complexes have been reported in
which electrophilic addition to the ipso carbon has taken
place, resulting in a s complex stabilized by an ortho
heteroatom with lone pair(s) of electrons. In these cases,
much larger distortions of the arene bonds are observed when
a Pd–arene interaction is present.[14] Two facts argue against
this electrophilic-like addition occurring in the case of 5. First,
unlike the other complexes where a Pd–arene interaction is
observed, the Pd center in 5 is in the zero valent state. Second,
the O3�C8 and O2�C12 bond lengths are 1.362(3) and
1.370(0) I, respectively, which are identical to those observed
in an X-ray structure of [L2PdCl2], L= 1,[15] where no
Pd–arene interaction exists, arguing against the donation of
the lone pairs of electrons on O2 and O3 into the arene. The
stability engendered by this type of interaction, as has been
previously suggested,[7a,14a] may contribute to the impressive
catalytic activity[16] and catalyst lifetime that we observe. An
in-depth analysis of this structure and its relationship to the
catalytic properties using 1 will be presented in a future
publication.

In conclusion, we have demonstrated that tuning of steric
and electronic properties have afforded a new ligand, 1. Its
application leads to a catalyst system with unprecedented
scope, reactivity, and stability for Suzuki–Miyaura cross-
coupling processes. Further work to apply the concepts
learned in these studies to other transition-metal-catalyzed
processes is underway our laboratories.

Received: December 23, 2003 [Z53615]

.Keywords: aryl chlorides · boronic acids · cross-coupling ·
palladium · phosphane ligands

[1] Recent reviews: a) N. Miyaura, Top. Curr. Chem. 2002, 219, 11;
b) J. Hassan, M. Sevignon, C. Gozzi, E. Schulz, M. Lemaire,
Chem. Rev. 2002, 102, 1359; c) S. Kotha, K. Lahiri, D. Kashinath,
Tetrahedron 2002, 58, 9633.

[2] The majority of the examples demonstrating high turnover
numbers for the coupling reactions of unactivated substrates use
phenyl boronic acid as the coupling partner. However, success

Table 6: Suzuki–Miyaura couplings with alkylboranes and alkylboronic acids using ligand 1.[a]

Entry Halide Alkylboron
reagent

Product Pd
[mol%]

Conditions Yield
[%][b]

1 1 65 8C, 18 h 78[c]

2 (HO)2B-Me 0.1 100 8C, 20 h 97[d]

3 (HO)2B-Me 0.05 100 8C, 24 h 99[d]

[a] Reaction conditions: 1.0 equiv aryl halide, 1.5 equiv alkylboron derivitive, 2.0 equiv K3PO4·H2O, cat. Pd(OAc)2, ligand 1, L:Pd=2:1. [b] Yield of
isolated product. [c] The reaction was carried out in THF (3 mLmmol�1 halide). [d] The reaction was carried out in toluene (3 mLmmol�1 halide).

Figure 1. X-ray crystal structure of 5 (ORTEP diagram) and graphical
representation. Hydrogen atoms are omitted for clarity. Thermal ellip-
soids are at 30% probability. Selected bond lengths [I] and angles [8]:
Pd-C7 2.374(3), C7-C8 1.415(4), C7-C12 1.423(4), O3-C8 1.362(3), O2-
C12 1.370(4); Pd-C7-C6 110.26(17).

Angewandte
Chemie

1875Angew. Chem. Int. Ed. 2004, 43, 1871 –1876 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


with this substrate rarely translates into similiar levels of activity
or generality with even slightly more hindered or functionalized
substrates. For recent examples of cross-couplings employing
phenyl boronic acid see: a) A. Zapf, R. Jackstell, F. Rataboul, T.
Riermeier, A. Monsees, C. Fuhrmann, N. Shaikh, U. Dingerdis-
sen, M. Beller, Chem. Commun. 2004, 1, 38; b) N. Leadbeater,
M.Marco,Angew. Chem. 2003, 115, 1445;Angew. Chem. Int. Ed.
2003, 42, 1407; c) R. B. Bedford, C. S. J. Cazin, S. J. Coles, T.
Gelbrich, P. N. Horton, M. B. Hursthouse, M. E. Light, Organo-
metallics 2003, 22, 987; d) J. P. Stambuli, R. Kuwano, J. F.
Hartwig, Angew. Chem. 2002, 114, 940; Angew. Chem. Int. Ed.
2002, 41, 4746; e) A. Zapf, A. Ehrentraut, M. Beller, Angew.
Chem. 2000, 112, 4315; Angew. Chem. Int. Ed. 2000, 39, 4153.

[3] a) S. Kaye, J. M. Fox, F. A. Hicks, S. L. Buchwald, Adv. Synth.
Catal. 2001, 343, 789; b) H. Tomori, J. M. Fox, S. L. Buchwald, J.
Org. Chem. 2000, 65, 5334.

[4] E. R. Strieter, D. G. Blackmond, S. L. Buchwald, J. Am. Chem.
Soc. 2003, 125, 13978.

[5] For a review see: A. D. Ryabov, Chem. Rev. 1990, 90, 403.
[6] a) J. Yin, M. P. Rainka, X.-X. Zhang, S. L. Buchwald, J. Am.

Chem. Soc. 2002, 124, 1162; b) S. M. Reid, R. C. Boyle, J. T.
Mague, M. J. Fink, J. Am. Chem. Soc. 2003, 125, 7816; c) T. E.
Barder, X.-X. Zhang, S. L. Buchwald, unpublished results.

[7] a) J. P. Wolfe, R. A. Singer, B. H. Yang, S. L. Buchwald, J. Am.
Chem. Soc. 1999, 121, 9550; b) R. B. Bedford, S. L. Hazelwood,
M. E. Limmert, Chem. Commun. 2002, 2610. The presence of
underligated Pd complexes may promote the formation of Pd
black. For a recent study on the deactivation processes of
homogeneous Pd catalysts see: M. Tromp, J. R. A. Sietsma, J. A.
van Bokhoven, G. P. F. van Strijdonck, R. J. van Haaren, A. M. J.
van der Eerden, P. W. N. M. van Leeuwen, D. C. Koningsberger,
Chem. Commun. 2003, 128.

[8] For a review on Pd-catalyzed couplings of aryl chlorides see:
A. F. Littke, G. C. Fu, Angew. Chem. 2002, 114, 4350; Angew.
Chem. Int. Ed. 2002, 41, 4176.

[9] a) A. F. Littke, C. Dai, G. C. Fu, J. Am. Chem. Soc. 2000, 122,
4020; b) S.-Y. Liu, M. J. Choi, G. C. Fu, Chem. Commun. 2001,
2408; c) G. Altenhoff, R. Goddard, C. W. Lehmann, F. Glorius,
Angew. Chem. 2003, 115, 3818; Angew. Chem. Int. Ed. 2003, 42,
3690; d) O. Navarro, R. A. Kelly III, S. P. Nolan, J. Am. Chem.
Soc. 2003, 125, 16194; e) The best previous results for this
reaction are described in ref. [2c], although no yield of isolated
product is reported.

[10] The half-life was determined by GC analysis.
[11] While exceedingly high turnover numbers have been realized for

the coupling of phenyl boronic acid with 4-bromoacetophenone,
this is a particularly trivial process and does not extend to the
efficient coupling of unactivated and ortho-substituted sub-
strates at low catalyst levels. We have previously shown this
reaction to proceed even in the absence of added ligand and
recommend that it not be used as a benchmark to test new
catalysts, see ref. [7a].

[12] For a recent report describing the cross-coupling of aryl
chlorides with alkyl boronic acids, see: N. Kataoka, Q. Shelby,
J. P. Stambuli, J. F. Hartwig, J. Org. Chem. 2002, 67, 5553. For a
report describing the coupling of an alkyl boronic acid with an
alkyl bromide, see: J. H. Kirchhoff, M. R. Netherton, I. D. Hills,
G. C. Fu, J. Am. Chem. Soc. 2002, 124, 13662.

[13] Crystals suitable for X-ray diffraction were obtained by stirring a
solution of [Pd2(dba)3] and 1 in benzene for 5 d, concentrating
the resulting mixture, and inducing crystallization by slow
evaporation from hexane (in a glovebox). Crystal data for 5 :
C41H49O3PPd, crystals from hexane, Mr= 727.17, 0.20 N 0.18 N
0.14 mm3, triclinic, space group P1̄ (No. 2), a= 11.4552(15),
b= 11.6697(15), c= 15.5298(19) I, a= 94.058(2), b= 96.084(2),
g= 114.705(2)8,V= 1860.1(4) I3,Z= 2, 1calcd= 1.298 gcm

�3, T=
193(2) K, F(000)= 760, 2qmax= 46.588, monochromated MoKa

radiation, l= 0.71073 I, m= 0.577 mm�1, Siemens Platform
three-circle diffractometer equipped with a CCD detector,
7703 measured and 5293 independent reflections, Rint= 0.0200,
4858 reflections with I> 2s(I). Data processed using the
program SAINT supplied by Siemens Industrial Automation,
Inc., structure determination by direct methods (SHELXTL
V6.10, G. M. Sheldrick, University of GQttingen, and Siemens
Industrial Automation, Inc.), structure refined on F2 by full-
matrix least-squares methods, absorption correction applied
with SADABS. All non-hydrogen atoms were refined aniso-
tropically. All hydrogen atoms were located in the electron
density map and refined isotropically. The refinement of 435
parameters using 5293 reflections and 0 restraints gave R1=

0.0286, wR2= 0.0676 (I> 2s(I) data), goodness of fit on F
2=

1.052,D1max/min= 0.509/�0.338 eI�3. CCDC-227390 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).

[14] a) P. Kocovsky, S. Vyskocil, I. Cisarova, J. Sejbal, I. Tislerova, M.
Smrcina, G. C. Lloyd-Jones, S. C. Stephen, C. P. Butts, M.
Murray, V. Langer, J. Am. Chem. Soc. 1999, 121, 7714; b) T.
Hayashi, H. Iwamura, M. Naito, Y. Matsumoto, Y. Uozumi, M.
Miki, K. Yanagi, J. Am. Chem. Soc. 1994, 116; 775; c) P. Dotta,
P. G. A. Kumar, P. S. Pregosin, A. Albinati, S. Rizzato, Organo-
metallics 2003, 22, 5345.

[15] T. E. Barder, S. L. Buchwald, unpublished results.
[16] Enhanced activity in C�N bond-forming processes with a related

ligand have been attributed to the formation of a PdII palladate
species.[14a] While we cannot unequivocally rule this out, the fact
that higher levels of catalytic activity for analogous C–N
couplings have been observed for catalysts derived from 2-
dicyclohexylphosphanyl-2’,4’,6’-triisopropylbiphenyl than for 1
(E. R. Strieter, S. L. Buchwald, unpublished results) cast doubt
on this explanation of the high level of catalytic activity
manifested with 1.

Communications

1876 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 1871 –1876

http://www.angewandte.org


H2 Activation Mechanism

Heterolytic Cleavage of H2 at a Sulfur-Bridged
Dinuclear Ruthenium Center**

Dieter Sellmann, Raju Prakash,* Frank W. Heinemann,
Matthias Moll, and Maria Klimowicz

Activation of H2 is a vital process in hydrogen metabolism,[1]

nitrogen fixation,[2] and fossil-fuel desulfurization.[3] Dihydro-
gen activation mediated by transition-metal complexes pro-
ceeds either homolytically or heterolytically.[4] There is ample
evidence that metal hydrides derived from heterolytic cleav-
age of H2 are among the key intermediates in the reactions of
hydrogenases,[5] the active sites of which consist of thiolate-
bridged dinuclear metal centers.[6] In recent years, intensive
research in this area has been further motivated by the fact
that the metal hydrides can act as convenient sources of
hydrogen and may therefore have potential application in the
hydrogen economy.[7]

Heterolytic cleavage of the H�H bond is well-docu-
mented only in the case of mononuclear complexes.[8] There
are a few soluble dinuclear complexes that bring about this
reaction, but they usually contain sulfido bridges.[9] Even
though many thiolate-bridged dinuclear[10] and trinuclear[11]

complexes are known, reports on their activity in heterolytic
H�H cleavage are rare. One such example, which contains
iron, catalyzes the light-induced heterolytic cleavage of H2,
and a metal-bound hydride is postulated to be the basic site
for the H2 heterolysis.[10a] We describe herein the synthesis
of [Ru(pybuS4)]2 (2) (pybuS4

2�= 2,6-bis(2-sulfanyl-3,5-di-tert-
butylphenylthio)dimethylpyridine(2�)) and its remarkable
reactivity towards H2 to afford a protonated thiolate hydride
with unusual reactivity.

UV irradiation of the 18-valence-electron complex
[Ru(NO)(pybuS4)]Br (1)[12] dissolved in MeOH proceeds
with the extrusion of NO and subsequent coordination of
bromide ion to afford [RuIII(Br)(pybuS4)], which may be
reduced with an equimolar amount of zinc to give 2 according
to [Eq. (1)].

Compound 2 is diamagnetic, highly stable, and sparingly
soluble in most common solvents. 1H and 13C NMR spectra
recorded in [D8]THF are typical for a complex having C1

symmetry, which has also been confirmed by an X-ray
structure determination (Figure 1).[13] Each ruthenium
center (Ru1, Ru2) is surrounded by one N and five S atoms

in a pseudooctahedral geometry. The thioether and thiolate
donors are trans to each other, and one of the thiolate donors
forms a bridge to the other ruthenium center. The distances
and angles around ruthenium are in the range usually found
for diamagnetic six-coordinate RuII thiolate complexes.[12]

The Ru�S(thioether) distances are shorter than the
Ru�S(thiolate) distances. The bridging Ru�S(thiolate) dis-
tances (243.0(2) pm) are, however, distinctly longer than the
terminal Ru�S (thiolate) distances (239.2(2) and
238.1(2) pm), suggesting that a dissociation into the [Ru-
(pybuS4)] monomers may be feasible. The Ru···Ru distance of
2 (354.0(2) pm) excludes a direct Ru�Ru bond. The four-
membered ring [Ru1-S1-S5-Ru2] has a dihedral angle of
155.78 along the S1�S5 line.

The diruthenium complex 2 reacts with H2 (15 bar) at
room temperature to give the mononuclear protonated
thiolate hydride [Ru(H)(pybuS4-H)] (3)[14] presumably via a

Figure 1. Molecular structure of 2 (50% probability ellipsoids; H
atoms omitted). Selected distances [pm] and angles [8]: Ru1-N1 204.1
(6), Ru1-S1 239.1(2), Ru1-S2 234.1(2), Ru1-S3 227.7(2), Ru1-S4
239.1(2), Ru1-S5 243.0(2), Ru1···Ru2 354.0(2), S1-Ru1-N1 89.5(2), S1-
Ru1-S2 84.24(7), S1-Ru1-S3 95.71(7), S1-Ru1-S4 178.09(7), S1-Ru1-S5
82.58(6), S2-Ru1-S3 165.75(7), S2-Ru1-S4 94.04(6), S2-Ru1-S5
102.69(6), S2-Ru1-N1 82.3(2), N1-Ru1-S5 170.1(2), Ru1-S1-Ru2
94.53(6).
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transient h2-H2 species and subsequent H2 heterolysis. In the
course of the reaction, the pink suspension of 2 in THF
changes to a clear red solution. The 1H NMR spectrum shows
a sharp hydride resonance at d=�14.54 ppm in the region
typical for terminal RuH protons, and a broad resonance at
d= 4.69 ppm (integration: 1H) is assigned to the SH proton
of compound 3. When the same reaction is performed with
D2, the corresponding RuD and SD resonances appear in the
2H NMR spectra over the course of 48 h (Figure 2a,b). The
new RuH and SH resonances disappear, and the spectrum of
2 reappears when H2 pressure is released, showing this
conversion to be reversible.

With a view to stabilizing the hydride species by abstract-
ing the proton with an external base, we performed suitable
NMR experiments. With one equivalent of NaOMe per Ru
the complex Na[Ru(H)(pybuS4)] (4) and MeOH were
obtained. 1H NMR monitoring of this reaction revealed a
sharp singlet for RuH at d=�14.85 ppm, and a weak
resonance at d= 4.89 ppm, which presumably is due to the
OH proton of MeOH, apart from the signals of the
[Ru(pybuS4)] fragment. The number and pattern of 1H NMR
signals are characteristic of complexes with C2 symmetry.
Complex 4 can be isolated in the solid state.[15] Figure 3
depicts the molecular structure of 4 as determined by X-ray
crystallography.[13] The ruthenium center is coordinated in a
pseudooctahedral fashion by one N, one H, and four S atoms.
The thioether and thiolate donors adopt trans positions, and
the hydride ligand occupies the position trans to the N atom.
The Na+ ion is bound to the [Ru(H)(pybuS4)]

�moiety through
thiolate and hydride ligands. One THF molecule completes
the coordination of the Na+ ion. In the solid state, there is a
crystallographic inversion center between two units of 4,

which assemble by means of S···Na···S(thiolate) and S···Na···H
bridges.

In the presence of both CO (1 bar) and H2 (15 bar), 2
reacts exclusively with CO to give the carbonyl complex
[Ru(CO)(pybuS4)]. A 13C NMR experiment with 2 in
[D8]THF, in the presence of 13CO (1 bar) and H2 (15 bar),
confirms the formation of [Ru(13CO)(pybuS4)], as inferred
from the appearance of a new resonance at d= 202.8 ppm
after 12 h, well separated from the resonance of dissolved
13CO at d= 184.5 ppm. No RuH or SH resonances were
observed in 1H NMR spectra even after four days. This
indicates that CO competes with H2 for the same coordina-
tion site and thus inhibits the reaction.

Interestingly, 4 undergoes D2/H
� exchange with D2 to give

[Ru(D)(pybuS4)]
� (4a) and HD.[16] During 1H NMR monitor-

ing, the RuH resonance at d=�14.85 ppm disappeared, and a
1:1:1 triplet of HD grew in at d= 4.60 ppm. The 2H NMR
spectrum is complementary with the appearance of a
corresponding HD doublet and RuD signals (Figure 2c).[17]

Protonation of 4 and 4a with HBF4/CD3COOD always
regenerates 2 by releasing H2, HD, or D2.

Taken together, these results demonstrate that complex 2
is capable of heterolyzing H2. The proposed mechanism
(Scheme 1) involves the initial dissociation of Ru�S bridges
and subsequent binding of H2 to the Ru center to form a labile
h2-H2 species A, which undergoes heterolytic cleavage by the
concerted action of Lewis acidic Ru and Brønsted basic sulfur
centers to give the protonated thiolate hydride complex 3. An
external base (NaOMe) can abstract the proton to form the
hydride complex 4. The D2/H

� exchange reaction of 4 with D2

to give 4a may proceed via transitory intermediate B.

Figure 2. 2H NMR spectra of 2 in THF under D2 (20 bar) after a) 1 h
and b) 48 h. c) 2H NMR spectrum of 4 in THF at D2 atmosphere, 1 h
at 20 8C.

Figure 3. Molecular structure of 4 (50% probability ellipsoids; H
atoms (except H1) omitted). Selected distances [pm] and angles [8]:
Ru1-N1 210.2(3), Ru1-S1 236.4(2), Ru1-S2 230.5(2), Ru1-S3 227.5(2),
Ru1-S4 239.7(2), Ru1-H1 161(5), H1···Na1 221(5), S1···Na1 293.5(2),
S4···Na1A 286.4(2), Na1···O60 228.6(3), S1-Ru1-N1 94.3(1), S1-Ru1-S2
85.96(4), S1-Ru1-S3 91.81(4), S1-Ru1-S4 177.69(4), S1-Ru1-H1 90(2),
S2-Ru1-S3 165.97(4), S2-Ru1-S4 95.42(4), S2-Ru1-N1 82.0(1), S2-Ru1-
H1 100(2), S3-Ru1-H1 95(2), S4-Ru1-N1 84.1(1), N1-Ru1-H1 176(2).
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Protonation of 4 or 4a regenerates 2 by releasing H2 or HD
and completes the cycle. The identification of 3 and the
isolation of 4 unambiguously prove the heterolytic H2

cleavage at the Ru�S centers of 2. Salient features are the
breaking of Ru�S bridges of 2 by incoming H2, subsequent
cleavage of the H�H bond to give H+ and H� , transfer of the
proton to the external base, and the D2/H

� exchange reaction
of 4 with D2. Compound 2 is a rare example of thiolate-
bridged dinuclear complex that can heterolyze the H�H bond
of dihydrogen. The proposed mechanism of the heterolytic
cleavage at the Ru�S centers is intriguing with relevance to
the activation of H2 by hydrogenases. Work to prepare
analogous NiFe and FeFe complexes is in progress.

Experimental Section
All reactions andmanipulations were carried out in dried and distilled
solvents under argon using standard Schlenk techniques.

2 : A violet solution of 1 (800 mg, 0.97 mmol) in MeOH (40 mL)
was irradiated in a quartz immersion lamp apparatus with a Hg lamp
(150 W) for 15 min at 20 8C. The resulting green suspension was
treated with zinc powder (32 mg, 049 mmol) to give pink-red micro-
crystals of 2. Yield: 640 mg (92%). Elemental analysis calcd (%) for 2
(C70H94N2S8Ru2): C 59.12, H 6.66, N 1.97, S 18.04; found: C 58.85, H
7.00, N 2.10 S 17.76; 1H NMR (269.7 MHz, [D8]THF, 20 8C): d= 7.80
(d, 2H; C6H2), 7.55 (d, 2H; C6H2), 7.03 (d, 2H; C6H2), 7.01 (d, 2H;
C6H2), 6.80–6.40 (m, 6H; C5H3N), 4.92 (d, 2H; CH2), 4.58 (d, 2H;
CH2), 4.41 (d, 2H; CH2), 3.96 (d, 2H; CH2), 1.42 (s, 18H; tBu), 1.41 (s,
18H; tBu), 1.34 (s, 18H; tBu), 1.05 ppm (s, 18H; tBu); 13C{1H} NMR
(67.8 MHz, [D8]THF, 20 8C): d= 160.4, 159.5, 154.9, 152.7, 150.8,
148.9, 148.4, 142.6, 140.6, 136.8, 134.4, 130.6, 127.1, 126.6, 123.2, 122.9,
119.9, 119.6 (C6H2/C5H3N), 57.7, 56.5 (CH2), 38.4, 38.2, 35.4, 34.8, 32.0,
31.8, 30.1, 29.9 ppm (tBu); MS (FD, THF);m/z (%): 1422 (100) [M+].
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S. C. Davis, D. L. Hughes, C. J. Pickett, Chem. Commun. 2001,
847 – 848.

[11] a) D. Sellmann, R. Prakash, F. Geipel, F. W. Heinemann, Eur. J.
Inorg. Chem. 2002, 2138 – 2146; b) D. Sellmann, F. Lauderbach.
F. Geipel, F. W. Heinemann, M. Moll, Angew. Chem. 2004,
submitted.

[12] D. Sellmann, T. Gottschalk-Gaudig, D. HNußinger, F. W. Heine-
mann, Z. Naturforsch. B 2000, 55, 723 – 729.

[13] X-ray structural analysis of 2 and 4 : Red fragments of 2·6THF
were obtained from a saturated solution of 2 in THFat 5 8C. Red
needles of 4·THF were obtained from a THF/pentane solution
after 10 d at �25 8C. Suitable single crystals were embedded in
protective perfluoro polyether. Data were collected on either a
Siemens P4 diffractometer (2) or a Nonius Kappa CCD
diffractometer (4) using MoKa radiation (l= 71.073 pm), and a
graphite monochromator. A semiempirical absorption correc-
tion using Psi-scans was performed for 2, and a numerical
absorption correction applied to 4. The structures were solved by
direct methods; full-matrix least-squares refinement was carried
out on F2 using SHELXTL NT 5.1. All non-hydrogen atoms
were refined anisotropically. The H atoms of 2·6THF were
geometrically positioned while all H-atom positions of 4·THF
were derived from a difference Fourier synthesis and refined
with a fixed common isotropic displacement parameter. Selected
crystallographic data for 2 : C94H142N2O6Ru2S8, crystal size 0.50P
0.40P 0.32 mm, orthorhombic, space group Pna21, a= 2997.2(3),
b= 1223.6(2), c= 2634.8(2) pm, V= 9.663(2) nm3, Z= 4, 1calcd=

1.275 gcm�3, T= 200 K, m= 0.536 mm�1, (3.6< 2q< 52.08),
Tmin= 0.522, Tmax= 0.556, 18561 measured reflections, 17630
unique reflections, 12279 observed reflections(I> 2s(I)), 1033

Scheme 1. Cyclic mechanism for the heterolytic H2 activation reaction
of 2.
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parameters, R1= 0.0601 (I> 2s(I)), wR2= 0.1340(all data). 4 :
C39H56NNaORuS4, crystal size 0.29P 0.07P 0.06 mm, triclinic,
space group P1̄, a= 1008.4(2), b= 1449.8(1), c= 1464.8(2) pm,
a= 88.81(1), b= 73.58(1), g= 77.42(1)8, V= 2.0029(5) nm3, Z=

2, 1calcd= 1.338 gcm�3, T= 100 K, m= 0.641 mm�1, (6.0< 2q<
54.08), Tmin= 0.851, Tmax= 0.936, 36687 measured reflections,
8691 unique reflections, 5870 observed reflections (I> 2s(I)),
592 parameters, R1= 0.0529(I> 2s(I)), wR2= 0.1059 (all data).
CCDC 228286 (2) and CCDC 228287 (4) contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.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).

[14] In a high-pressure NMR tube, a solution of 2 (50 mg) in
[D8]THF/THF (0.6 mL) was pressurized with H2/D2 (15 bar).
The reaction was monitored by recording 1H/2H NMR spectra at
various time intervals over 2 d.

[15] 4 : In an autoclave, a mixture of 2 (500 mg, 0.35 mmol) and
NaOMe (38.5 mg, 0.71 mmol) in THF (15 mL) was stirred at
20 8C under H2 (20 bar) for 2 d. The autoclave was cooled to
�80 8C, the pressure released, and the solution filtered through a
cannula into pentane at �80 8C to give 4 as a red solid. Yield:
236 mg (46%). 1H NMR (269.7 MHz, [D8]THF, 20 8C): d= 7.51
(d, 2H; C6H2), 6.99 (d, 2H; C6H2), 6.90–6.83 (m, 3H; C5H3N),
4.65 (d, 2H; CH2), 4.42 (d, 2H; CH2), 1.51 (s, 18H; tBu), 1.28 (s,
18H; tBu),�14.85 ppm (s, 1H; Ru-H); 13C{1H} NMR(67.8 MHz,
[D8]THF, 20 8C): d= 155.7, 154.9, 148.9, 142.2, 137.7, 129.7,
127.2, 122.5, 119.1 (C6H2/C5H3N), 62.4 (CH2), 38.4, 34.8, 32.0,
30.0 ppm (tBu).

[16] 4a : A solution of 4 (150 mg, 0.10 mmol) in THF (5 mL) was
stirred under a D2 atmosphere for 2 h at 20 8C. Then the solution
was concentrated to dryness. 1H NMR: as 4, no RuH signal.
2H NMR: d=�14.85 ppm (RuD).

[17] In a Youngs NMR tube, the reaction of 4 (50 mg) in [D8]THF/
THF (0.6 mL) under D2 atmosphere was monitored by recording
1H/2H NMR spectra at 20 8C.
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Heck Reactions

In Situ Generation of Highly Active Dissolved
Palladium Species from Solid Catalysts—A
Concept for the Activation of Aryl Chlorides in
the Heck Reaction

Sandra S. Pr�ckl, Wolfgang Kleist, Markus A. Gruber,
and Klaus K�hler*

Heck reactions [Eq. (1)], typically catalyzed by palladium
complexes in solution, are of growing interest in organic and

fine-chemical synthesis.[1] Expensive and often sensitive
ligands are necessary to activate palladium and to stabilize
it against agglomeration (palladium-black formation). On the
other hand Reetz et al.[2] and de Vries et al.[3] achieved
surprisingly high activity with “ligand”-free (if acetate is
ignored) palladium acetate in reactions even with non-
activated aryl bromides. Genuinely ligand-free, heterogene-
ous palladium/activated carbon catalysts[4] convert bromo-
benzene with similarly high activity. It was proposed that
dissolution of palladium species from the surface of the solid
support led to the formation of the active species in solution.[4]

However, the efficient activation of aryl chlorides, which are
of particular interest for industrial applications,[5] remains a
serious challenge that can only be overcome by some
homogeneous systems.[6] Herein we report for the first time
that specifically prepared heterogeneous Pd/MOx catalysts
(M=metal center) convert even non-activated aryl chlorides
in Heck reactions, in short reaction times. The highly active
palladium species are generated in situ by dissolution from
the support and stabilized against agglomeration by repreci-
pitation onto the surface. These processes can be controlled
by a specific choice of catalyst and tuning of the reaction
conditions.

To achieve control of palladium leaching and redeposi-
tion, heterogeneous catalysts with high dispersions of PdII

centers were synthesized by various preparation methods.[7]

The solid catalyst functions as a reservoir for molecular

palladium species in solution. Their concentration in solution
correlates exactly with the course of the reaction. An
experiment using bromobenzene and styrene as reactants
shows that, during the first 25 min (while the temperature is
raised), there is only a little leaching and no conversion
(Figure 1). After reaching the reaction temperature of 140 8C,

about one third of the palladium is leached from the surface
of the support. Simultaneously the majority of the aryl halide
is converted. After the reaction was finished, the palladium
was completely re-deposited onto the support. For the most
active systems, the total palladium concentration in the
reaction mixture was less than 1 ppm. The clear correlation
between palladium content in solution and reaction rate
affirms earlier theories postulating that palladium particles
leached from heterogeneous supports are the catalytically
active species.[8] Analogous investigations were performed
with different aryl chlorides under modified conditions.
Comparable qualitative results were obtained in all cases.
Even small divergences of palladium content in solution
correlated with fluctuations in the reaction rate.

The optimized Pd/MOx catalysts exceed the activity of all
heterogeneous catalysts for Heck reactions known to date by
at least one order of magnitude.[9] Turnover numbers (TON;
moles of aryl halide converted/moles of Pd) of more than
100000 can be achieved in short reaction times (< 4 h) with
palladium concentrations of less than 0.001 mol% in the Heck
reaction of bromobenzene with styrene (Table 1).

Also activated aryl chlorides, such as 4-chloroacetophe-
none, are converted completely in few hours (6 h, Table 1)
using optimized reaction conditions and with the addition of
tetra-n-butylammoniumbromide (TBAB). The conversion of
non-activated aryl chlorides is only possible if the formation
of palladium colloids in solution is suppressed. The best
results were achieved with palladium incorporated into the
cages of a zeolite (Pd/NaY).[10] With this system, agglomer-
ation of palladium species is avoided, possibly by diffusion
control. Using this catalyst 85% conversion was obtained in
the Heck reaction of chlorobenzene and styrene in 6 h
(TON= 1400, Table 1). Alternatively, similar results could be
achieved with metal oxide or zeolite supports, as long as

Figure 1. Kinetic investigation and palladium leaching: Heck coupling
of bromobenzene with styrene; & conversion, * amount of palladium
in solution XPd.
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specific redox conditions are controlled in the system (Pd re-
oxidation by oxygen and/or the support, compare Table 1,
entries 6 and 7).

In conclusion, we show for the first time clear experi-
mental evidence for the correlation between dissolution of
palladium from the catalyst surface and the reaction rate.
Palladium dissolution and re-precipitation are crucial and
inherent parts of the catalytic cycle, which clearly also
involves heterogeneous reactions. Controlling these steps by
careful choice of catalyst and reaction parameters (e.g.
addition of oxidizing or reducing agents) allows deactivated
aryl chlorides to be converted in Heck reactions.

Experimental Section
Catalytic reactions were performed in sealed pressure tubes after
5 min of purging with argon. Educts and solvents were used without
additional drying.

Heck reaction with bromobenzene: bromobenzene (10 mmol),
styrene (15 mmol), NaOAc (12 mmol), Pd (about 0.001 mol%;
supported on MOx), 1-methyl-2-pyrrolidone (10 mL; NMP), 140 8C,
4 h.

Heck reaction with aryl chlorides: aryl chloride (10 mmol),
styrene (12 mmol), Ca(OH)2 (12 mmol), Pd (0.01–0.1 mol%; sup-
ported on MOx), NMP (10 mL), 160 8C, 6 h.

Filtered samples were extracted with water/CH2Cl2 and dried
over MgSO4. Products were identified by GC/MS. Conversion and
yields were quantified by GLC using diethylene glycol dibutylether as
internal standard (Drel=� 5%).

Kinetic investigations: bromobenzene (180 mmol), styrene
(270 mmol), NaOAc (216 mmol), NMP (200 mL), and Pd/TiO2

catalyst (0.2 mol%) were heated to 140 8C in a round bottom flask.
After defined reaction times an aliquot of the reaction mixture was
removed. For palladium leaching the filtered sample (5 mL) was
evaporated and the palladium content of the residue was analyzed by
flame atomic absorption spectroscopy (AAS).
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Table 1: Heck coupling of aryl halides and styrene.

Entry Aryl halide Catalyst Catalyst concentration Conv. Yield[a]

[mol%] [%] [%]

1 bromobenzene Pd/TiO2
[b] 0.0011 95 86

2 bromobenzene Pd/Al2O3
[b] 0.0009 96 87

3 4-chloroacetophenone[c] Pd/Al2O3
[b] 0.01 98 90

4 4-chloroacetophenone[c] Pd/Al2O3
[d] 0.01 87 83

5 4-chloroacetophenone Pd/NaY 0.005 99 95
6 chlorobenzene[c] Pd/NaY 0.05 49 45
7 chlorobenzene[c] Pd/NaY 0.05 85 83[e]

8 4-chlorotoluene[c] Pd/NaY 0.05 40 36[e]

9 4-chloroanisole[c] Pd/NaY 0.05 21 19[e]

[a] Of 3 [Eq. (1)]. [b] Prepared by precipitation of Pd(OH)2 on MOx. [c] Addition of TBAB (6 mmol).
[d] Prepared by coprecipitation. [e] Under O2 atmosphere.
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Chemical Constituents of Fungi

Unusual Pulvinic Acid Dimers from the Common
Fungi Scleroderma citrinum (Common Earthball)
and Chalciporus piperatus (Peppery Bolete)**

Monika Winner, Alberto Gim�nez, Helga Schmidt,
Bernd Sontag, Bert Steffan, and Wolfgang Steglich*

Dedicated to Professor Sir Jack E. Baldwin
on the occasion of his 65th birthday

The common earthball (Scleroderma citrinum Pers.) occurs
worldwide on sour, nutrient-poor soils in mykorrhiza with
deciduous trees and conifers. Little is known about the
chemical constituents of this familiar fungus,[1] which is rather
surprising given that its fruit bodies contain a structurally
unique yellow pigment. Extraction of the crushed fruit bodies
and subsequent purification yields two pure major pigments,
one of which proved to be norbadione A (1).[2] The other,

named sclerocitrin, occurs in mature fungi in remarkable
amounts: we could isolate 400 mg of the brilliant yellow
pigment from 1 kg of fresh fruit bodies. Interestingly, the ratio

of sclerocitrin to 1 increases as the fruit bodies age. Besides
the twomain pigments, small amounts of badione A (2)[2a] and
xerocomic acid (3)[3] can be detected by HLPC.[4]

Sclerocitrin is the major pigment of the bright yellow stalk
base and the mycelium of the peppery bolete [Chalciporus
piperatus (Bull. : Fr.) Bat.] as well. We have previously
isolated 3, variegatic acid, variegatorubin,[5] and the unusual
2H-azepine derivative chalciporone[6] from this fungus, the
last of which is responsible for the pungent taste of the fruit
bodies. As already described for the earthball, sclerocitrin is
accompanied by 1 and 3 in the peppery bolete; in addition, the
latter contains a second yellow pigment, chalcitrin.[7] Here we
describe the structure elucidation of these new pigments and
propose a biosynthetic route for their generation, which can
be traced back to xerocomic acid (3) in all three cases.

The optically active sclerocitrin (4) has the molecular
formula C36H22O17 as determined by high-resolution ESI mass
spectrometry and exhibits characteristic maxima at l= 223,
255, 322, and 388 nm in the UV/Vis spectrum, which are
noticeably distinct from those of norbadione A. The 1H NMR
spectrum displays remarkably few peaks and couplings
(Figure 1). The 13C NMR spectrum has signals for all 36
carbon atoms. Among them, two sets of 12 signals can be
assigned to two 4-hydroxypulvinic acid residues (Pu), as they
appear in norbadione A (1). This results in a formula
Pu[C12H8O5]Pu for sclerocitrin. Based on the 13C NMR
spectrum this central unit contains three C=O groups and
one C=C bond and must, therefore, be tetracyclic. The

Figure 1. 1H NMR (top) and 1H-13C HMBC (bottom) spectra of
sclerocitrin (4).
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unusually complex HMBC spectrum (Figure 1) exhibits up to
seven correlations per CH group, in accordance with a
compact structure for the molecule. The complete analysis of
the 2D NMR data employed a pulse sequence for definitive
identification of 3JCH couplings[8] and leads to proposal 4 for
the structure of sclerocitrin. The position of the side chains
arises from the long-range couplings to C2’ and C2’’ in the
pulvinic acid residues. Given that certain signals observed in
the 1H NMR spectrum of 4 appear as pseudosinglets but
nevertheless show a cross peak in the COSY spectrum, we
assumed that the dihedral angle between the corresponding
protons is approximately 908 or that the protons are linked by
a 4J coupling. This results in the relative configuration given
in formula 4, which is confirmed by NOESY experiments.
The central ring system incorporates the hitherto unreported
2-oxadicyclopenta[a,cd]pentalene skeleton.

An assignment of the absolute configuration of scleroci-
trin can be made based on the exciton chirality method of
Nakanishi.[9] In the CD spectrum of 4 we observed a Davydov
splitting of the UVmaximum at the longest wavelength due to
spatial interaction of the two chromophores. Given that the
first Cotton effect is negative (negative chirality) by defini-
tion, we can assume that the absolute stereochemistry for
compound 4 is as shown.

Like sclerocitrin, chalcitrin (5) occurs in various propor-
tions in the stalks of Ch. piperatus. According to its high-
resolution mass spectrum, 5 has the formula C35H22O15 and
differs from 4 by loss of CO2. The HMBC spectrum of
chalcitrin is as complex as that of 4, and the compound
incorporates two 4-hydroxypulvinic acid residues as well. The
HMBC and COSY spectra of chalcitrin lead to assignment of
the bridged tricyclic structure 5 shown. The absolute config-
uration of 5 remains to be established.

The biogenesis of norbadione A (1) and badione A (2)
begins with the oxidation of xerocomic acid (3)[2a] to
dehydroxerocomic acid (6). The quinoid ring in 6 has both
an electrophilic and a nucleophilic center, which is suitable for
the stereocontrolled enzymatic C�C coupling that results in
dimer A (Scheme 1). Afterwards, the enolic portion within A
reacts with one of the three electrophilic centers associated
with the other half of the molecule (see the colored arrows),
thus giving dimers B–D. Thus, if the C�C coupling follows the
red arrow (b), the reaction yields a formal [4+2] cycloadduct

B, which can be converted to norbadione A (1) in a few steps
(Scheme 2). This reaction sequence has been verified in
vitro[10] and confirmed in vivo by conversion of xerocomic

acid (3) into badione A (2) through application of the
former to the cap skin of Xerocomus badius (bay bolete).[2a]

The hypothetical precursor to sclerocitrin (4) can be
assembled from the primary adductA through formation of

the bond corresponding to the blue arrow (c) (Scheme 1). The
resulting dimer C, which formally corresponds to a [2+2]
cycloaddition product of 6, can be converted in few plausible
reaction steps into sclerocitrin (Scheme 3). Initially, one of the
two 1,2-diketo groups could yield a g-lactone through
oxidative cleavage and subsequent cyclization of the resulting
dicarboxylic acid.[11] This lactone can undergo, after reduction
of the second 1,2-diketone to the enediol, a disrotatory
electrocyclic 6p ring opening.[12] A cyclooctatrienediol results,
which can react with the neighboring activated carboxylic
group to form the cyclopentanone ring and subsequently
sclerocitrin (4) in a transannular and vinylogous aldol
addition.[13] Formation of a triquinane from two 3,4-dihy-
droxyphenyl units is unprecedented. All previously known
natural compounds of this sort are of terpenoid origin.[14]

The third pigment, chalcitrin (5), can also be attributed to
the common precursor A, if one assumes a reaction of the
enol moiety with the enone carbonyl group in the opposite
part of the molecule (Scheme 1, green arrow (d)). In this way

Scheme 1. Dimerization of dehydroxerocomic acid (6) to give the hypo-
thetical precursor A and possible subsequent reactions.

Scheme 2. Suggestion for the biogenesis of norbadione A (1)[2a,10]

(Pu=4-hydroxypulvinic acid residue).
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the carbonyl-bridged dimer D is formed which yields, after
oxidative cleavage of the a-hydroxyketone and decarboxyla-
tion of the resulting vinylogous b-keto acid, a cis-linked
bicyclic triketone. Reduction of the 1,2-dione group within
this last compound to give an enediol followed by intra-
molecular Michael addition would then lead to chalcitrin (5)
(Scheme 4).

These results indicate that peppery bolete and common
earthball are able to synthesize various dimers of xerocomic
acid in a straightforward manner. Although experimental
proof for the proposed biosyntheses of 4 and 5 from 3 is
lacking, existing evidence is compelling. In both cases the
oxidative cleavage of a C�C bond is followed by reduction of
the second 1,2-dione unit to give an enediol group. In the final
analysis, the dimeric pigments 1, 4, and 5 all arise from four
molecules of tyrosine.[15] Like badione A and norbadione A,
sclerocitrin (4) forms stable alkali-metal complexes[2,16,17] and
occurs as a potassium salt in the fungi.

Compounds 1 and 4 can be found
also in other Scleroderma species,[18] a
further indication for the close rela-
tionship of Sclerodermataceae and
boletes (Boletales).[2b,19] The fact that
the parasitic bolete [Pseudoboletus (=
Xerocomus) parasiticus (Bull. : Fr.)
Šutara], growing on S. citrinum, owes
its strawlike color to norbadione A
indicates a close connection between
the metabolism of the host and the
parasite.[20]

Experimental Section
Isolation of 4 : Fresh fruit bodies (100 g) of S.
citrinum with black spores (collected in
September 2001 near Kerschstein, Bavaria,
Germany) were crushed, defatted with
petroleum ether, and subsequently

extracted with MeOH (500 mL). The concentrated extracts were
dissolved in H2O (100 mL) and partitioned against EtOAc (3G
100 mL). Finally, the combined aqueous phases were acidified with
2n HCl. The yellow pigment was transferred to the organic phase by
reextraction with EtOAc and separated into the components 1 and 4
by repeated preparative reverse-phase HPLC. tR(4)= 27.8 min,
tR(1)= 31.5 min (column: Nucleosil 100 C-18, 7 mm, 16G 250 mm
(Knauer); mobile phase A: H2O/CH3CN 9:1 + 0.5% trifluoroacetic
acid; mobile phase B: CH3CN; gradient: start 100%A, linear to 50%
A/50% B in 30 min, then to 100% B in 10 min, flow rate:
5 mLmin�1).

4 : Yield: 40 mg (0.04% of the fresh weight); m.p. 120 8C; [a]25D =

�172.5 (c= 0.88 in CH3CN); UV/Vis (CH3CN): lmax (lge)= 223
(0.21), 255 (0.24), 322 (0.21), 388 nm (0.22); CD (CH3CN): l (De)=
218 (0.00), 226 (+ 2.80), 247 (0.00), 254 (�0.47), 266 (�0.27), 302
(�4.54), 337 (0.00), 348 (+ 0.52), 360 (0.00), 410 nm (�3.54); IR
(KBr): ñ= 3415 (br), 1765 (s), 1721 (s), 1608 (s), 1572 (s), 1514 (s),
1456 (s), 1272 (m), 1217 (m), 1132 (m), 1023 (m), 997 (m), 837 (w), 764
(w), 568 (w), 530 cm�1 (w); 1H NMR (600 MHz, [D6]acetone,
reference: d= 2.05 ppm, 25 8C): d= 2.67 (d, 2JH,H= 17.1 Hz, 1H, 3-
Hb), 3.06 (s, 1H, 4a-H), 3.68 (dd, J= 17.1, 5.2 Hz, 3-Ha), 4.23 (s, 1H,
7b-H), 4.30 (s, 1H, 7a-H), 5.75 (d, 3JH,H= 5.2 Hz, 1H, 2a-H), 6.88 (s,
1H, 6-H), 6.89 (br, 2H, 9’’-H), 6.90 (br, 2H, 9’-H), 7.27 (d, 3JH,H=

8.2 Hz, 2H, 8’’-H), 7.30 ppm (d, 3JH,H= 8.2 Hz, 2H, 8’-H); 13C NMR
(151 MHz, [D6]acetone, reference: d= 29.3, 25 8C): d= 40.4 (C7a),
45.7 (C3), 51.3 (C7b), 53.3 (C7c), 63.0 (C4a), 79.6 (C-2a), 88.6 (C4b),
98.6 (C2’’), 100.9 (C2’), 115.4 (2 GC9’’), 115.6 (2 GC9’), 118.7 (C5’),
120.3 (C5’’), 121.6 (C6), 124.4 (C7’), 124.9 (C7’’), 132.4 (2 GC8’’), 132.6
(2 GC8’), 152.4 (C4’), 153.8 (C4’’), 158.6 (C10’), 158.6 (C10’’), 159.0
(C7), 165.6 (C3’), 165.9 (C3’’), 167.5 (C1’), 169.2 (C1’’), 173.2 (C1),
174.3 (C6’’), 174.3 (C6’), 196.3 (C5), 205.9 ppm (C4); (�)-ESI-MS:
m/z (%)= 726 (5) [M]� , 725 (100) [M�H]� ; HR-ESI-MS: m/z:
725.0768 [M�H]� , calcd. for C36H21O17: m/z : 725.0779.

Isolation of 5 : 300 g crushed fresh stems of C. piperatus (collected
in September 2001 near Harzgerode, Saxony-Anhalt, Germany) were
worked up as described for 4 ; tR (5)= 37.2 min.

5 : Yield; 2 mg (0.0007% of the fresh weight, strongly dependent
on the age and the condition of the fruit bodies; in addition to
approximately 20 mg of 4 and traces of 1). [a]25D =�36 (c= 0.10 in
CH3OH); UV/Vis (MeOH): lmax (lge)= 227 (4.18), 332 (4.16), 397 nm
(4.17); CD (MeOH): l (De)= 213 (+ 0.49), 220 (+ 1.39), 250 (�1.39),
255 (�1.33), 286 (�2.94), 343 (�0.62), 356 (�0.76), 426 nm (+ 0.39);
IR (KBr): ñ= 3436 (br), 2927 (w), 1731 (s), 1677 (s), 1629 (s), 1577 (s),
1514 (m), 1442 (m), 1400 (m), 1207 (m), 1442 (m), 838 cm�1 (w);
1H NMR (400 MHz, [D6]DMSO, reference: d= 2.49 ppm, 25 8C): d=

Scheme 3. Proposed biosynthetic pathway leading to sclerocitrin (4).

Scheme 4. Proposed biosynthesis of chalcitrin (5).
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2.21 (d, 2JH,H= 17.0 Hz, 1H, 2-H), 2.58 (br, 1H, 3a-H), 2.84 (dd, J=
17.0, 6.0 Hz, 1H, 2-H), 4.00 (d, 3JH,H= 6.0 Hz, 1H, 1-H), 4.56 (m, 1H,
4-H), 6.42 (d, 3JH,H= 6.5 Hz, 1H, 8-H), 6.59 (s, 1H, 6-H), 6.70 (d,
3JH,H= 8.5 Hz, 2H, 9’’-H), 6.75 (d, 3JH,H= 8.5 Hz, 2H, 9’-H), 6.97 (d,
3JH,H= 8.5 Hz, 2H, 8’’-H), 7.10 ppm (d, 3JH,H= 8.5 Hz, 2H, 8’-H);
13C NMR (100 MHz, [D6]DMSO, reference: d= 39.7 ppm, 25 8C): d=
37.8 (C4), 41.9 (C1), 48.1 (C2), 58.5 (C3a), 77.9 (C7a), 91.3 (C2’’), 93.7
(C2’), 113.9 (2 GC9’’), 114.4 (2 GC9’), 116.6 (C5’’), 117.1 (C6), 117.6
(C5’), 121.7 (C8), 125.2 (C7’’), 126.5 (C7’), 131.1 (2 GC8’’), 131.4 (2 G
C8’), 134.4 (C9), 149.0 (C4’’), 151.9 (C4’), 156.4 (C10’’), 156.8 (C10’),
160.1 (C5), 166.5 (C3’’), 166.7 (C3’), 167.8 (C1’), 168.2 (C1’’), 171.1
(C6’’), 176.8 (C6’), 198.2 (C7), 202.3 ppm (C3); (�)-ESI-MS: m/z
(%)= 682 (78) [M]� , 681 (100); (�)-HR-ESI-MS: m/z : 681.0881
[M�H]� , calcd. for C35H21O15: m/z : 681.0911.
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Prebiotic Chemistry

Prebiotic Formation of Amino Acids in a Neutral
Atmosphere by Electric Discharge**

Kristof Plankensteiner, Hannes Reiner,
Benjamin Schranz, and Bernd Michael Rode*

Amino acid formation in a prebiotic scenario is the first
precondition on the way to formation of peptides, proteins,
and the first living organisms. Amino acids could have been
formed by many processes but until now this step could only
be achieved under the assumption of a reducing prebiotic
atmosphere with various kinds of energy inputs,[1,2] and not
under the conditions of a neutral, mildly reducing, or slightly
oxidizing atmosphere as proposed for the primitive earth by
geochemists today.[3,4] On the way to the origin of life several
groups of biomolecules, such as proteins, nucleic acids, lipids,
and saccharides had to be formed on the primordial earth so
that they could later form aggregates and finally living
organisms.

Our experiments were focused on peptides/proteins,
which are known to be produced in several prebiotically
relevant reactions, such as in the salt-induced peptide
formation (SIPF) reaction, or to form on the surface of
minerals, such as clays (montmorillonite, hectorite), silica,
and alumina,[5] or under volcanic or hydrothermal vent
conditions in the presence of (Fe,Ni)S catalysts.[6,7] As an
educt for these reactions amino acids are essential and,
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therefore, their formation under prebiotic conditions is the
most basic, literally “vital” reaction in the long chain of
processes until the first emergence of life. In former times, a
reducing atmosphere on the prebiotic earth was assumed and
thus the pioneering prebiotic chemistry experiments of Miller
and Urey were performed with a reducing gas mixture
comprising methane, hydrogen, ammonia, and water, and
demonstrated the formation of several amino acids and other
organic compounds under the influence of electric dis-
charges.[1] Miller himself and other researchers repeated the
experiments using various types of energy input and atmos-
pheric compositions,[8–16] but none of them was able to find
amino acids within their products when using nonreducing
gases.[8,17,18]

According to newer geochemical research the secondary
atmosphere on the earth, around 4 billion years ago, was
mainly formed by volcanic outgassing, after hydrogen and
helium had escaped the earth's weak gravitational field. As
ammonia and methane were too unstable under the UV
irradiation of the sun,[3,19] this atmosphere should mainly have
consisted of water, carbon dioxide, nitrogen,[3,4] and much
smaller amounts of carbon monoxide, methane, hydrogen,
sulfur dioxide,[20–22] and even some oxygen[19,23–25] that could
have formed through decomposition of water and carbon
dioxide. Ammonia was continuously formed (e.g. by synthesis
from the elements) and would have been partially decom-
posed by UV irradiation in the gas phase and owing to its
good solubility in water, also dissolved in the oceans, where it
could further react with other compounds.[8]

In our experiments (over liquid water) a simulated
prebiotic atmosphere of carbon dioxide, nitrogen, and water
was subjected to electric discharges. The “atmosphere” in the
reactor (Figure 1) was formed from the continuously supplied

gases CO2 and N2, and water evaporating from the liquid
phase at the temperature of 80 8C. The use of gas wash bottles
filled with ultrapure water on both sides ensured a closed
system, a cooler on the efflux side kept all but very volatile
compounds inside the reaction system. The electric discharges
of approximately 60 kV and 30 mA took place at a rate of 20
per second between the electrode in the gas phase and the
water surface. Video pictures of the discharges showed

multiple sparks and a strong luminescence in the surrounding
area indicating ionization of the gases.

After two weeks the copper electrode showed some signs
of oxidation to CuO on its surface, demonstrating the
formation of oxygen during the reaction. By this time, the
liquid had turned green, which indicated that oxidation of the
copper metal of the electrode beneath the water had also
occurred. The color suggested the formation of CuII ions and a
partial complexation of these ions by ligands other than
water. The liquid was removed, concentrated, and analyzed
for dissolved products by reversed-phase HPLC with amino-
specific precolumn derivatization.[26] In this first identification
run the products of the reaction were compared to pure
glycine and alanine standards, which are the simplest and
most easily formed amino acids. The presence of these
products could be confirmed with two different gradient
methods (Figure 2a and b). Several yet unidentified peaks in

the chromatograms lead to the conclusion that besides glycine
and alanine, significant amounts of other, as yet unidentified,
substances are being produced. Furthermore we assume the
intermediate production of ammonia in the course of our
experiments, that would then have participated in the follow-
up reactions leading to the above-mentioned products.

Figure 1. Experimental design to simulate electrical discharges in a
prebiotic atmosphere consisting of nitrogen, carbon dioxide, and water
vapor, above liquid water.

Figure 2. a) Chromatogram of the sample compared with the
standards using gradient 1 and FLD detection. b) Chromatogram of
the sample compared with the standards using gradient 2 and FLD
detection S=FLD signal, tR= retention time.
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The availability of copper(ii) ions in a prebiotic scenario
based on the contemporary view of the composition of the
primordial secondary atmosphere, as indicated in our experi-
ments, enables the formation of peptides and proteins, which
are the basic components of living organisms. Additionally,
the apparent availability of copper(ii) ions in this scenario is a
significant feature, as the presence of CuII ions is a precondi-
tion for the condensation of amino acids to peptides in the
SIPF reaction,[5] and thus for a subsequent formation of
biopolymers. The formation of oxygen under the reaction
conditions is a possible explanation for its availability at an
early state of chemical evolution and explains the continuous
presence of CuII, at least in the experiment, as CuII can be kept
in its oxidation state by trace amounts of O2.

[27]

A possible precipitation of CuII as CuS would only have
been possible around hydrothermal vents where an elevated
H2S concentration would be expected. The overall H2S
concentration on the early earth should have been rather
low,[3,4] also indicated by the observation of large amounts of
CuII minerals, such as malachite and azurite, in the so-called
“green-zones” in precambrian rocks.[28,29] These might have
formed from native copper or through oxidation of other
copper minerals by atmospheric O2. The low H2S concen-
tration on the early earth is also indicated by the presence of
oxidized banded iron formations that date back to the earliest
observable geochemical period.[30] Furthermore the availabil-
ity of oxygen on the early earth is of importance for the
formation of some of the first electron-transfer proteins, with
iron–sulfur clusters as their “coenzymes”.[31]

Experimental Section
The gases used were of high purity (CO2 4.8, N2 5.0; Messer Austria).
The tubing used was made of highly inert Tygon (VWR Interna-
tional), the ultrapure water (18.5 MW) was made in-house of
deionized water in a Barnstead water-purifying system. The resulting
solution was reduced to 1

7th of its volume by heating it on a heating
plate with magnetic stirring and then filtered through a 0.2 mm
hydrophilized polypropylene GHP membrane (Pall Gelman). The
resulting solution and the standard substances (p.a. quality; Fluka)
were derivatized according to Waters AccQ·Tag method for amino
acids,[26] adding Waters borate buffer (70 mL) to the solution (10 mL)
in a 2-mLHPLC vial with 250 mL low-volume insert, briefly shaking it
and then adding Waters AccQ·Fluor Reagent (20 mL; 6-amino-
quinolyl-N-hydroxysuccinimidyl carbamate, AQC), followed by vig-
orous shaking for one minute, capping it, and incubating it at 55 8C in
a sand bath for ten minutes. The resulting solutions were analyzed by
reversed-phase HPLC on an Agilent 1100 system with an Agilent
ODS column (5 mm, 2.1 G 200 mm) using the following conditions (all
segments linear): gradient 1: 0 min 0% B (100% A), 0.5 min 2% B,
15 min 7% B, 19 min 13% B, 33 min 32% B, 34 min 100% B, 39 min
100% B, 40 min 0% B, stop time 50 min; gradient 2: 0 min 0% B
(100%A), 0.5 min 5% B, 15 min 10% B, 19 min 16% B, 33 min 37%
B, 34 min 100% B, 39 min 100% B, 40 min 0% B, stop time 50 min.
For both gradients a flow of 0.45 mLmin�1, a column thermostat

temperature of 37 8C, and 10-mL injection volume were used.
Fluorescence detector (FLD) settings were 250 nm excitation wave-
length, 395 nm emission wavelength and a PMT-gain of 11. Sol-
vent A: 140 mm sodium acetate in water with 17 mm triethyl amine
(TEA), titrated to pH 5.05. All reagents used were obtained in p.a.
quality (Fluka). Solvent B: 60% acetonitrile (super gradient grade for
HPLC, Fluka) in ultrapure water.
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Intercalation-mediated assembly is a powerful method for the template-directed
ligation of oligonucleotides. In their Communication on page 2004 ff., Hud and co-
workers demonstrate that proflavine, drawn in yellow, enhances the rate of
oligonucleotide ligation by three orders of magnitude. The possibility that small
molecules played a similar role in the origin of life is suggested by the cover-picture
background, which is from M. C. Escher#s woodcut The Second Day of Creation
(1925).
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Power to the (bio)masses : Effective (and
cheap!) catalysts provide clean and prac-
tical sources for hydrogen. The new
heterogeneous Pt- and Ni-based catalysts
allow the production of H2 from biomass,
a renewable resource (see picture).

Guided by the principles of Green
Chemistry, the new systems have impor-
tant implications for establishing the role
of hydrogen fuel cells as future power
sources.
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Porphyrins, N-confused porphyrins,
sapphyrins, corroles, and a variety of
expanded porphyrins are possible
products of one-pot pyrrole–aldehyde
condensations, depending on the reaction
conditions (see picture). A review of these
remarkably versatile covalent self-assem-
bly processes is presented.

The synthesis of chiral building blocks has
been stimulated by the title oxabicyclic
compounds (see example) which are
readily accessible, simple scaffolds with
defined stereochemical features. Strat-

egies for their enantioselective synthesis
include asymmetric cycloaddition,
desymmetrization, and the “racemic
switch” operation.

Short, bent, strongly hydrogen-bonded
chains, with strong interchain interactions
and very little branching are the basis of
the structure of liquid hydrogen fluoride
(see picture), as determined at the partial
radial distribution function level.
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Give and take: A cationic N-heterocyclic
carbene (NHC)–phosphenium adduct is
prepared (see picture; orange=P,
lilac=N, gray=C, white=H). On reac-
tion with [Pt(PPh3)3] it splits into its
constituent parts, delivering an NHC
ligand (a strong s donor) and a phos-
phenium ligand (a p acceptor) from one
reagent. These first platinum phosphe-
nium complexes are characterized by
short Pt�P bonds and large Pt–P coupling
constants.

Simultaneous coordination of an aromatic
electron donor and acceptor to lithium
leads to the formation of highly stable
colored pseudorotaxane complexes (see

picture). The lithium templated pseudo-
rotaxane is an effective precursor to a
[2]catenane.

A colorless neutral receptor with no
particular chromogenic substituents
selectively recognizes fluoride ions with a
concomitant development of a yellow
color (see scheme). The receptor contains
two equivalent arms, each equipped with

a thiourea fragment. Color originates from
the extended p delocalization induced by
the strong hydrogen-bonding interaction
of the F� ion with the internal NH groups
of thiourea moieties.

A salt and battery : The charge-transfer
reaction at the electrode/electrolyte inter-
faces is important in the fabrication of
high-power-density lithium-ion secondary
batteries. This reaction rate is increased
by adding a poly(ethylene glycol)–borate
ester Lewis acid to the electrolyte.
Because the Lewis acid interacts prefer-
entially with anions (X�), an increase in
the activity of lithium ions is induced by
enhancing the dissociation of lithium
salts (Li+X�, see scheme).
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Helical self-assembled columns form
supramolecular chiral cubic and columnar
liquid-crystalline phases (see picture). The
complexation of hydrogen-bonded disks
of folic acid derivatives that have oligo-
(glutamic acid) moieties and lipophilic
alkyl chains with nonchiral ions leads to
the self-assembly of chiral Pm3n cubic
and hexagonal columnar structures.

A highly ordered helical columnar packing
in single crystals (see picture) can be
generated from a simple and nonchiral
aromatic system based on pyrene by
rational design. The packing preference
can be attributed to the combined effect
of maximized dipole–dipole interaction
and the compatible accommodation of
bulky tert-butyl groups.

Ultrafast energy transfer has been
observed in mixed supramolecular stacks
of mono-functionalized oligo(phenylene
vinylene)s (MOPVs) in solution. Extended
columnar aggregates of MOPV3 incorpo-
rating MOPV4 show a very efficient

quenching of the MOPV3 fluorescence,
which indicates that energy transfer (ENT)
occurs within the supramolecular stacks
from the shorter oligomer to the longer
one (see schematic representation).

Two compounds in one : The boron-rich
ternary compound Gd5Si2B8 represents a
new structure type containing independ-
ent ordered boron and silicon substruc-
tures of compositions GdB4 and Gd3Si2,
respectively, alternating along the c direc-
tion (see structure). The compound
exhibits metallic character, which is sup-
ported by theoretical investigations, and
has a rather complex magnetic structure.
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Just add water to improve the perform-
ance of direct aldol reactions like that
shown. Previously, aldehydes with high

water-affinity or -solubility were consid-
ered unsuitable for asymmetric synthesis.

Steric effect dominates: Ab initio valence
bond and block-localized wavefunction
methods are used to estimate the contri-
butions of hyperconjugation and steric
effects to the ethane rotation barrier. The
results show that hyperconjugation sta-
bilizes the staggered conformer by about
4 kJmol�1 relative to the eclipsed form
(see picture) and steric hindrance is the
major driving force behind the favoring of
the staggered conformation in ethane.

Back to the fold : A new method to
determining the stability of a b hairpin is
described. A b hairpin forming sequence
(b4) is introduced into native ubiquitin
(see structure) enabling the contribution
to protein stability of this structural motif
to be estimated. This data provides both
an upper limit on stability for autono-
mously folding b hairpins, and a spectro-
scopic reference state for estimating the
stability of related peptides in solution.

Generous diiodine? [(AgI2)n]·nMF6
(M=Sb, As) prepared by the reactions of
AgMF6 with I2 in liquid SO2, contain
polymeric 1D chains [(AgI2)n]n+ stacked
down the c axis separated by sheets of
[MF6]� ions (see picture). The [(AgI2)n]n+

ion is the first example in which a
dihalogen molecule is coordinated to an
uncomplexed metal cation, that is, a metal
dihalogen homoleptic species and is a
simple and rare example of molecular
diiodine acting as a donor.
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A rhodium-catalyzed alkyne cyclotrimeri-
zation, domino electrocyclic reactions,
and a hydroxy-directed dihydroxylation are
key steps in an efficient synthesis of the
bioactive furanosteroid viridin (1) from a
simple acyclic triyne.

Step-economy and stereocontrol are
highlighted in a novel three-component
sequential reaction to access substituted
piperidines (see scheme). Through com-
bining boronate-substituted hydrazono-
butadienes, chiral sulfinimide dieno-

philes, and aldehydes in a highly regio-
and diastereoselective fashion, a concise
synthesis of the palustrine derivative
(�)-methyl dihydropalustramate was
accomplished.

Molecular midwifery : A nucleic acid
intercalating molecule, proflavine (repre-
sented by blue lines), increases the cou-
pling rate of short oligonucleotides in a
template-directed synthesis by three
orders of magnitude. Several proflavine
molecules act cooperatively to function as
a concentration-dependent multi-
molecular “enzyme”.

The caging and photolytic release of
alcohols has enormous potential for
application in biological chemistry. A
variety of stable 1-(2-nitrophenyl)-2,2,2-
trifluoroethyl ether derivatives, which were

readily prepared through Mitsunobu cou-
pling reactions with an alcohol (ROH),
underwent photolytic cleavage in high
quantum yields (see scheme; R=alkyl,
R’=H, OCH3).
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An example from nature : Analogous to
the surface structure of the lotus leaf, the
micro- and nanostructured rough surfaces
of a teflon-coated mesh film engender it
with both super-hydrophobic and super-
oleophilic properties. The result is a
variable film with contact angles of
�1508 for water and almost 08 for diesel
oil, which makes it an ideal tool for the
separation of oil and water (see figure).

The extraordinary power of high-pressure/
solvent-free conditions for the Diels–Alder
reaction of thiophene has been estab-
lished. For example, maleic anhydride
(X=O) reacted with thiophene at 0.8 GPa
and 100 8C to give the desired exo adduct

in almost quantitative yield (see scheme).
Further application of this method to
maleimide (X=NR) and acrylic dieno-
philes demonstrated its remarkable
potential.

Silicates, the most abundant minerals in
the Earth’s crust, have been successfully
prepared as uniform nanotubes with high
surface area and thermal stability (see
picture). Preliminary studies suggest that
such materials have great potential for use
in gas adsorption and separation, as well
as in catalytic processes.

A key intermediate in the first asymmetric
synthesis of the marine alkaloid (�)-
nakadomarin A (1), isolated from the
marine sponge Amphimedon sp., was the
optically active hydroisoquinoline 2. Two
separate ring-closing-metathesis reac-
tions were crucial to the construction of
the 15- and 8-membered rings.
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Ligands with potential : Hydrogenation
catalysts similar to Noyori’s complexes
are assembled on the surface of a chemi-
cally modified platinum electrode, and the
immobilized organometallic species are

characterized by cyclic voltammetry,
revealing a chelate-type structure. The
organometallic compound is bound by a
single chain to the modified platinum
surface (see picture).

Directed catalyst evolution : IR-thermog-
raphy and combinatorial library design
(doping and composition spread) lead in
a few generations to new, noble-metal-free
catalysts for the low-temperature oxida-
tion of CO in air. The picture shows the
emissivity-corrected IR thermographic
image of a catalyst library; the red dots
denote the hits.

A surprising substitution of Cu by Li has
been observed during the intercalation
reaction of Cu3N with n-butyllithium,
besides an expected incorporation of Li.
The twofold coordinated Cu+ ions are
shifted into cuboctahedral cavities along
with a reduction to Cu0 (see picture). The
chemical bonding of the compounds
LixCu3N is analyzed in comparison to
Cu4N on the basis of band-structure
calculations.
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Green Chemistry

“Heterogreeneous” Chemistry: Catalysts for Hydrogen
Production from Biomass
Heiko Jacobsen*

Keywords:
green chemistry · heterogeneous catalysis · hydrogen ·
nickel · platinum

The World Summit on Sustainable
Development, held in 2002 in Johannes-
burg, South Africa, provided ample
evidence of a growing consensus that
the world faces serious challenges to its
sustainability. The list of major issues
includes aspects concerned with energy,
resource depletion, as well as the gen-
eration and dispersion of toxic substan-
ces.[1] To achieve the goal of sustainabil-
ity, “Green Chemistry”[2,3] is clearly
evolving as quintessential part of the
foundation from which efficient and
sensible solutions to the challenges at
hand are derived. Green Chemistry is
characterized by a move away from the
“command and control” approach to
environmental protection to a more
scientifically based and economically
beneficial approach.[4] Significant prog-
ress is being made in several key areas
including environmental catalysis, which
is undergoing a transformation from
pollution abatement to pollution pre-
vention.[5]

In this context, the concerns about
the depletion of fossil-fuel reserves and
pollution caused by continuously in-
creasing energy demands make hydro-
gen an attractive alternative energy
source. Hydrogen is currently derived
from nonrenewable natural gas and
petroleum,[6] but could in principle be
generated from renewable sources, such
as biomass and water.

Recently, Dumesic and co-workers
have demonstrated that hydrogen can
be produced from sugars and alcohols at
temperatures near 500 K in a single-
reactor aqueous-phase reforming proc-
ess using a platinum-based catalyst (Pt/
Al2O3).

[7] The selectivity for hydrogen
production greatly increases when oxy-
genated hydrocarbons are employed
that have a C:O ratio of 1:1 and an H2

content relative to carbon that is not
equal to, but greater than one. Their
findings suggest that catalytic aqueous-
phase reforming might prove useful for
the generation of hydrogen-rich fuel gas
from carbohydrates extracted from re-
newable biomass and biomass waste
streams.

The transformation of oxygenated
hydrocarbons into H2 and CO2 occurs
according to the stoichiometric reaction
in Equation (1).

CnOnH2nþ2 þ nH2OÐ
ð2nþ 1Þ H2 þ nCO2

ð1Þ

However, the selective generation of
hydrogen by this route proves to be
difficult, since the products readily react

at low temperatures to form alkanes and
water [Eq. (2)].

nCO2 þ ð3nþ 1ÞH2 Ð
CnH2nþ2 þ 2nH2O

ð2Þ

Dumesic and co-workers propose
that the steps illustrated in Scheme 1
are involved in the formation of hydro-
gen and alkanes. The reactant under-
goes dehydrogenation steps on the met-
al surface to yield adsorbed intermedi-
ates before the cleavage of C�C or C�O
bonds occurs. With the catalyst em-
ployed, Pt�C bonds are found to be
more stable than Pt�O bonds, and the
adsorbed species are probably bonded
preferentially to the catalyst surface
through Pt�C bonds. Subsequent cleav-
age of C�C bonds leads to the formation
of CO and H2, and CO reacts with water
to form CO2 and H2 by the water-gas
shift (WGS) reaction [Eq. (3)], a reac-

COþH2OÐ CO2 þH2 ð3Þ

tion which very recently has been shown
to be catalyzed by ceria-based active
nanoparticles.[8]

Scheme 1. Reaction pathways for hydrogen production by reactions of oxygenated hydrocarbons
with water (adapted from ref. [7]; F–T Fischer–Tropsch reactions, * surface metal site; [M] metal
surface; bond cleavage).

[*] Dr. H. Jacobsen
KemKom
15 Gwynne Avenue
Ottawa, Ontario, K1Y 1X1 (Canada)
Fax: (+1)613-729-2789
E-mail: jacobsen@kemkom.com
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Dumesic and Davda have also
shown how this equilibrium can be
tuned such that hydrogen is produced
with a low CO content.[9] The expansion
of gas bubbles formed in the process by
the vaporization of water leads to de-
creasing partial pressures of H2 and
CO2, thereby favoring the WGS reac-
tion and lowering the CO concentration.
This process leads to the production of
fuel-cell-grade H2 at high pressures.

Dumesic and co-workers have iden-
tified two reactions that influence the
selectivity of the hydrogen production
from hydrocarbons.[7] . One is a “series
selectivity” problem, that is, the subse-
quent consumption of the H2 produced
by its reaction with CO and/or CO2. This
reaction pathway leads to alkanes and
water by methanation and Fischer–
Tropsch (F–T) reactions.[16] The other is
a “parallel selectivity” problem, that is,
parallel to the main reaction, the cleav-
age of C�O bonds and hydrogenation of
the resulting species leads to the forma-
tion of undesired alkanes on the catalyst
surface. The control of series and paral-
lel selectivity is one of the great chal-
lenges in catalysis.

The proposed reaction scheme
(Scheme 1) has been further investigat-
ed in a theoretical study based on self-
consistent periodic density functional
calculations.[10] In a model reaction, the
relative stabilities and reactivities of the
surface species on Pt(111)—derived by
sequential removal of hydrogen atoms
from ethanol—have been considered.
Transition states for C�C and C�O
bond-cleavage reactions have been lo-
cated, and the results from these calcu-
lations, combined with transition-state
theory, predict that on Pt(111) at tem-
peratures over 550 K the rate constant
for C�C bond cleavage is higher than for
C�O bond cleavage. In addition, the
calculated value of the rate constant for

C�C bond cleavage in ethanol on
Pt(111) is predicted to be much higher
than for C�C bond cleavage in ethane
on Pt(111). Similarly, the rate of C�O
bond cleavage in ethanol is predicted to
be much higher than for C�O bond
cleavage in carbon monoxide on
Pt(111). These calculations explain the
effectiveness of the employed platinum
catalyst, which disfavors elemental re-
action steps occurring in reactions com-
peting with hydrogen formation.

Presented in Table 1 are the exper-
imental results for aqueous-phase re-
forming of sorbitol (C6O6H14), glycerol
(C3O3H8), and glycol (C2O2H6). Sorbitol
can be produced by hydrogenation of
glucose,[11] a compound that is directly
relevant to biomass utilization. Glycerol
and glycol, in turn, can be obtained from
hydrogenolysis of sorbitol.[12] A variety
of other biomass-related sources readily
provide additional access to glycerol and
glycol. The reactions were performed
over a 3 wt% Pt catalyst supported on
nanofibers of g-alumina. Reactions were
carried out under pressure in a tubular
reactor at 498 K by continuously feeding
an aqueous solution with a 1 wt% feed
concentration of the organic compound.

The data in Table 1 indicate that an
H2 selectivities of up to 96% were
achieved which increase in the order
C6O6H14<C3O3H8<C2O2H6. The cor-
responding alkane selectivities range
from 4% to 19%. The fractions of feed
carbon detected in effluent gaseous and
liquid streams yield a complete carbon
balance, which indicates that negligible
amounts of carbon are deposited on the
catalyst. The catalyst performance was
stable for times on stream of at least one
week.

While the data in Table 1 establish
that Pt-based catalysts show high activ-
ities and good selectivity for the pro-
duction of hydrogen from biomass-de-

rived alcohols, improvements are neces-
sary to make the process industrially
useful. Highly active catalytic materials
that satisfy the series and parallel selec-
tivity challenges (Scheme 1) at lower
costs are particularly desirable. Very
recently, Dumesic and co-workers intro-
duced a new active system for hydrogen
production by aqueous-phase reforming
of biomass-derived oxygenated hydro-
carbons, namely a tin-promoted Raney
nickel catalyst (SnNi*).[13] The addition
of tin to nickel decreases the rate of
methane formation from C�O bond
cleavage while maintaining the high
rates of C�C bond cleavage required
for hydrogen formation. The right-hand
side of Table 1, shows that the results for
the same experiments under the same
experimental conditions but using a
SnNi* rather than a Pt/Al2O3 catalyst
indicate that the cheap non-precious-
metal catalyst compares favorably with
the expensive platinum-based catalyst.

The above described reactions obey
a number of the twelve principles that
guide Green Chemistry, [4,14] such as use
of feedstock derived from renewable
raw materials, use of efficient and cheap
catalysts, as well as avoidance of exten-
sive use of auxiliary materials, and
prevention of waste. Currently, further
research guided towards the effective
reduction of compounds, such as glu-
cose, that are directly related to biomass
utilization is underway and it can be
expected that the new catalysts will
provide impetus for the implementation
of “greener” industrial processes and
technologies.[15]
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1. Introduction

The total syntheses of porphyrin-type macrocyclic mole-
cules, such as chlorophyll a[1,2] and vitamin B12,

[3] each of
which involved more than fifty steps, are among the greatest
achievements in organic chemistry. On a perhaps less
monumental, but still impressive scale, porphyrin chemists
have developed the art of synthesizing complex, unsym-
metrical porphyrins and porphyrin analogues, such as hetero-
porphyrins and expanded porphyrins, to a high level.[4–9] At
the other end of the spectrum of synthetic complexity are one-
pot porphyrin syntheses involving the oxidative cycloconden-
sation of four pyrrole and four aldehyde molecules.[10] These
simple syntheses—which may be described as self-assembly
processes[11]—have contributed in a major way to the devel-
opment of porphyrin-based coordination chemistry in recent
decades and have resulted in the commercial availability of
many porphyrin ligands at moderate costs. A major develop-
ment within the last decade—and the main subject of this
Minireview—is the isolation of a wide variety of nonporphy-
rin macrocyclic ligands from one-pot pyrrole–aldehyde con-

densations. In a series of largely acci-
dental discoveries, porphyrin research-
ers have “fished out” a wealth of
macrocyclic ligands from the crude
black mixtures that are typically ob-
tained prior to workup as the products
of pyrrole–aldehyde condensations.
These discoveries have led to an ap-

preciation of the remarkable versatility of these reactions and
set the stage for much new coordination chemistry. We
provide herein an account of these developments and, in
conclusion (Section 8), attempt to provide a unified perspec-
tive of these syntheses in terms of key concepts in self-
assembly,[11] supramolecular chemistry,[12, 13] dynamic covalent
chemistry (DCC),[14] and combinatorial chemistry.[15] Also
mentioned briefly are some of the chemical properties of
these novel macrocycles.

2. Porphyrins from One-Pot Pyrrole–Aldehyde
Condensations

The first one-pot porphyrin syntheses were reported in
1935 by Rothemund.[16,17] He treated a variety of aldehydes,
such as acetaldehyde, propionaldehyde, and benzaldehyde,
with pyrrole in methanol at various temperatures in a sealed
tube, to prevent loss of the volatile aldehyde, and obtained
crystalline porphyrin products. Some thirty years later, Adler
et al. examined the condensation of benzaldehyde and
pyrrole in a variety of acidic solvents. The classic Adler–
Longo synthesis ofmeso-tetraphenylporphyrin[18] involves the
reaction of pyrrole and benzaldehyde (each approximately
0.27m) in refluxing propionic acid (b.p. 141 8C) for half an
hour in an open reaction vessel, followed by cooling of the

Regarded as the classic one-pot synthetic route to symmetrical
porphyrins for well over half a century, pyrrole–aldehyde cyclo-
condensations have yielded a cornucopia of nonporphyrin macro-
cycles, such as N-confused porphyrins, corroles, sapphyrins, and
expanded porphyrins, and have thus emerged as versatile self-
assembly processes. A highlight in this field is the remarkably general
one-pot corrole synthesis. The manifold of intermediates generated in
the anaerobic phase of a Lindsey-type synthesis have been viewed as a
dynamic covalent self-assembly system. This raises the possibility that
the addition of a suitable host may alter the equilibrium concentrations
of these intermediates by molecular recognition and related
phenomena and thus determine the major product formed after
oxidative quenching.
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reaction mixture and filtration to yield crystalline tetraphe-
nylporphyrin (TPP). The product is contaminated by tetra-
phenylchlorin (about 2–10%), but this is easily removed by
treatment of the crude product with 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) in refluxing toluene.[19, 20] A variety
of aromatic aldehydes have been condensed with pyrrole
under the Adler–Longo or slightly modified conditions, all of
which involve protic-acid catalysis and aerial oxidation,[21] to
yield the corresponding meso-tetraaryl porphyrins.

In the late 1980s, Lindsey et al. reported a milder variant
of the one-pot porphyrin synthesis, in which a pyrrole and an
aromatic aldehyde (each 10 mm) undergo reaction at room
temperature in CH2Cl2 during 30–60 min under anaerobic
conditions in the presence of catalytic amounts of BF3·Et2O or
trifluoroacetic acid, and the resulting porphyrinogen is
subjected to aromatization by heating the solution at reflux
with DDQ or p-chloranil.[22,23] Recently, Lindsey and co-
workers reported detailed studies of this procedure[24–27]—as
applied to the synthesis of meso-tetraphenylporphyrin—as a
function of a wide variety of protic and Lewis acid catalysts,
an interesting finding being that MgBr2·Et2O and CuCl2 were
effective catalysts for this procedure and afforded Mg and Cu
TPP complexes, respectively.[28] Other effective catalysts
included p-TsOH·H2O, CH3SO3H, Montmorillonite K10,
SbF5, GeBr4, PBr5, TiCl4, TiBr4, FeCl3, GaCl3, and SnCl4.

[28]

The porphyrin products of Lindsey syntheses are purified by
chromatography and yields are as high as 58%.[28] Avariety of
porphyrins with sensitive functional groups have been pre-
pared by this method.

The Lindsey synthesis provides a good example of the
concept of dynamic covalent chemistry (DCC).[14] The first
anaerobic phase of the Lindsey procedure is reversible,[23–27] in
which linear polypyrromethanes, porphyrinogens, and ex-
panded porphyrinogens coexist and interconvert, and quali-
fies as DCC. DCC involves the reversible formation and
cleavage of covalent bonds, in contrast with the major part of
“normal” organic synthesis, in which the irreversible, kineti-
cally controlled construction of covalent bonds tends to
dominate.[14] In a recent Review on DCC, Rowan et al.
emphasized that DCC-based synthesis generally takes place
under equilibrium control.[14] Herein we use the term DCC in
a slightly broader sense, recognizing that for synthetic
purposes the immediate, reversibly generated products of
pyrrole–aldehyde condensations may be oxidatively

quenched well before they have reached an equilibrium
distribution. Indeed, the complex temporal variation (as
opposed to a static equilibrium distribution) of the diverse
reversibly produced intermediates of pyrrole–aldehyde con-
densations lies at the root of the great variety of porphyrin-
type products isolated in recent years from such reactions.

For an eight-component reaction involving the cyclo-
oligomerization of four pyrrole and four aldehyde units, the
one-pot porphyrin synthesis—regardless of the exact var-
iant—is a remarkably general synthetic reaction.[4] Thus, not
only the aldehyde component, but also the pyrrole compo-
nent, can be varied significantly in this reaction. 3,4-Dialkyl
and 3,4-diaryl pyrroles, 3,4-dialkoxy pyrroles, 3,4-difluoropyr-
role, and 3,4-bis(methylsulfanyl)pyrrole have all been con-
densed with aldehydes to yield the corresponding b-octaal-
kyl,[29, 30] b-octaaryl,[31, 32] and b-octaalkoxy porphyrins,[33,34] b-
octafluoroporphyrins,[35] and b-octakis(methylsulfanyl)por-
phyrins,[36, 37] respectively. There are few self-assembly proc-
esses that exhibit a comparable degree of generality and
predictability: Such processes are typically very specific for
particular reactants and do not lend themselves readily to
systematic variation and optimization.[38]

3. N-Confused Porphyrins[39,40]

In 1994, a Japanese research group led by Furuta[41] and a
Polish research group led by Latos-Grażyński[42] independ-
ently announced the serendipitous discovery of the somewhat
fancifully named N-confused porphyrins as by-products of the
one-pot porphyrin synthesis (Scheme 1). Furuta et al.[41] used

a modified Adler–Longo procedure in which pyrrole and
benzaldehyde were stirred for two days in tBuOH/CH2Cl2
(1:1) with HBr (1 equiv), followed by oxidation with p-
chloranil and a standard workup. N-confused tetraphenylpor-
phyrin ((CTPP)H3), was obtained in 5–7% yield along with
the normal porphyrin (� 20%). The authors noted that the N-
confused porphyrin was formed in the presence of Cl� or Br� ,
but not in the presence of F� , NO3

� , CF3CO2
� , or H2PO4

� ,
and postulated that anions play a crucial templating role in
this synthesis. In contrast, the research group of Latos-
Grażyński obtained N-confusedmeso-tetra(p-tolyl)porphyrin
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assembly processes and high-valent transi-
tion-metal complexes.

Scheme 1. The first preparations of N-confused porphyrins by Furuta
et al. (top, Ar=Ph) and Latos-Grażyński and co-workers (bottom,
Ar=p-tolyl). However, the recent high-yielding synthesis of (CTPP)H3

described by Lindsey and co-workers[44] appears to have rendered these
original procedures obsolete, from a synthetic point of view.
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((CTTP)H3, along with four times as much of the ordinary
porphyrin), by using a 1.75-fold molar excess of pyrrole
relative to p-tolualdehyde in the Lindsey procedure.[42]

However, in 1999 Geier and Lindsey showed[43] that
(CTPP)H3 is a common by-product (with yields up to 7.5%)
of Lindsey syntheses of (TPP)H2 (with yields up to 50%) for a
wide variety of acid catalysts when equimolar quantities of
pyrrole and benzaldehyde (each 10 mm, in CH2Cl2) are used
as starting materials, and thus that no special conditions are
required for the production of (CTPP)H3.

[28] In the same year,
Lindsey and co-workers reported a synthetic breakthrough in
this area by showing that the use of methanesulfonic acid as
the acid catalyst under otherwise standard Lindsey conditions
(10 mm in both pyrrole and benzaldehyde in CH2Cl2, 15–
30 min at room temperature, followed by oxidative quench-
ing) led to the selective formation of (CTPP)H3 in 39% yield,
with (TPP)H2 only obtained as a minor by-product in about
5% yield.[44] As discussed below, this efficient, one-pot
synthesis of (CTPP)H3 now permits the wide-ranging explo-
ration of the already promising coordination chemistry of N-
confused porphyrins. To conclude our discussion of the
synthesis of the N-confused porphyrin ring system, we note
that rational, multistep syntheses of N-confused porphy-
rins[45, 46] (not shown) and of a doubly N-confused porphyrin
(Scheme 2;[47,48] note the formation of the remarkable “cor-
rolin” product) have also been reported in recent years.

Perhaps the most interesting property of the N-confused
porphyrins is that their central C�H bond can be readily
activated by d8 metal ions such as NiII and PdII to yield
organometallic complexes (Scheme 3).[42, 49–53] A proposed
rationale for this, based on DFT (density functional theory)
calculations,[54] is that the ligand in the metal-complexed N-
confused porphyrins may be regarded as a stabilized nucle-
ophilic singlet carbene (see, for example, the structures of
[NiII(CTPP)] and [NiII(2-Me-CTPP)] in Scheme 3). The view
of certain carbaporphyrins as masked carbenes seems quite

useful, as DFT calculations led to the prediction[55] that
azuliporphyrin[56] should readily act as a ligand for transition
metal ions. This has recently been verified experimentally
(Scheme 4, right).[57] Although not strictly relevant to the
subject of this Minireview, we note that azuliporphyrin
(Scheme 4, right) acts as a dianionic ligand,[57] whereas other
“true” carbaporphyrins (Scheme 4, left) act as trianionic
ligands.[58] Both N-confused porphyrins and “true” carbapor-
phyrins are more strongly s-donating ligands than ordinary
porphyrins and are better able to stabilize high-valent
transition-metal ions.[58, 59]

N-confused porphyrin ligands exhibit a variety of coordi-
nation modes. For example, the centrally C-deprotonated
form of the ligand can act as both a dianionic and a trianionic
ligand for divalent and trivalent transition metal ions,
respectively. Thus, NiII, NiIII,[59] PdII,[52] AgIII,[60] and MnIII[61]

complexes with approximately planar CTPP/CTTP ligands
have been reported (Scheme 3). However, the central carbon
atom tends to remain protonated in a number of transition-
metal–CTPP derivatives, in particular in CuII,[62,63] ZnII,[64]

high-spin MnII,[65] and high-spin FeII complexes[66] (Scheme 5).
It appears that occupancy of the metal ds-type dx2-y2 orbital
discourages deprotonation of the central methine carbon
atom. The possibility of an agostic interaction between the
metal center and the central CH unit has been suggested for
these complexes.[65,66] Finally, the outer nitrogen atom can also
participate in metal-ion coordination to give dimeric and
other complex structures (Scheme 5).[52, 64–68]

It is interesting to note that the availability of N-confused
porphyrins through one-pot pyrrole–aldehyde condensations
is largely limited to (CTPP)H3 and (CTTP)H3 at present.
There have been no reports of practical, one-pot access to N-
confused porphyrins with meso substituents, such as alkyl
groups, perfluoroalkyl groups, or aryl groups with electro-
negative substituents. Does this simply reflect a lack of
sufficient trial and exploration? We do not know. However,
Furuta and co-workers have reported a key development
relevant to this area, namely a multistep synthesis of N-
confused meso-tetrakis(pentafluorophenyl)porphyrin,
(CTPFPP)H3 (Scheme 6).[69] Like (CTPP)H3, (CTPFPP)H3

coordinates a variety of metal ions, such as NiII, CuII, PdII, and
AgIII, but with a few twists: For example, the authors
emphasize that the electron-withdrawing pentafluorophenyl
groups confer a particular stability on the CuII complex. Thus,
whereas [CuII(2-H-CTPP)] undergoes ring-opening decom-
position under oxidative conditions (Scheme 5), this is not
observed for [CuII(2-H-CTPFPP)].

Finally, Scheme 7 presents additional examples of the
carbon nucleophilicity of N-confused porphyrins. Thus, the
nitration of (CTPP)H3 under mild conditions leads to (21-
NO2-CTPP)H2 in a regiospecific manner.[70] Similarly, the
bromination of (CTPP)H3 with N-bromosuccinimide (NBS)
occurs regioselectively, with the first bromination taking place
at the central carbon atom C21, and the second bromination
occurring at the outer a carbon atom on the inverted pyrrole
ring. The dibrominated N-confused porphyrin turned out to
be unstable in solution, undergoing spontaneous dehydro-
bromination to yield a unique molecule with three fused five-
membered rings—a so-called N-fused porphyrin

Scheme 2. Synthesis of a dicarbaporphyrin, with a corrolin as a by-
product.
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(Scheme 7).[71,72] This N-fused porphyrin exhibits a complex
electronic absorption spectrum, which is red-shifted to a
remarkable extent. As mentioned in Section 6, N-fused
expanded porphyrins have been obtained directly as products
of pyrrole–aldehyde condensations.

4. Sapphyrins

The pentapyrrolic sapphyrin ring system, which in-
corporates a bipyrrole unit, was first synthesized seren-
dipitously in the early 1960s by Woodward's research
group in the course of their synthetic studies on vita-
min B12.

[73] The ring system was named sapphyrin on
account of the brilliant blue color of the compounds
prepared. Subsequently, the research groups of Wood-
ward[74] and Johnson[75,76] published “rational” syntheses
of sapphyrins. In their publication of 1983,[74] the research
group of Woodward also reported the first one-pot
[1+1+1+1+1] synthesis of a sapphyrin; they observed
the formation of small amounts of b-decamethylsapphy-

rin (Scheme 8) in acid-catalyzed condensations of 3,4-dime-
thylpyrrole with 2,5-diformyl-3,4-dimethylpyrrole. However,
this approach to sapphyrin synthesis was not appreciated until
1995, when Latos-Grażyński and co-workers[77] reported the
isolation of meso-tetraphenylsapphyrin [(TPS)H3, Scheme 9]

Scheme 3. Some electrophilic-substitution and d8-metal-ion-complexation reactions of N-confused porphyrins.[49–53, 59,60]

Scheme 4. Metallocarbaporphyrinoids prepared by Lash and co-workers.[57, 58]
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in about 1% yield from a pyrrole–aldehyde condensation
under Lindsey-type conditions. Subsequently, Lindsey and co-
workers observed (TPS)H3 as a minor by-product (� 1%) in
the course of their mechanistic studies of the Lindsey
procedure, but did not obtain it in more substantial yields.[46]

Latos-Grażyński and Chandrashekar and their co-workers
have also reported apparently useful one-pot syntheses of
sapphyrin derivatives—although these are not based on
simple pyrrole–aldehyde condensations—under Lindsey-type
conditions,[78, 79] an example[79] of which is shown in
Scheme 10.

According to Latos-Grażyński and co-workers,[77] the
condensation of benzaldehyde (8 mm) and pyrrole (24 mm)
in CH2Cl2 (1 L), catalyzed by BF3·Et2O (3 mm) and conducted
over 1 h under nitrogen at room temperature, followed by
oxidation with p-chloranil under reflux for 1 h, gave a mixture
of (TPP)H2, (CTPP)H3, and (TPS)H3. As for other previously
reported sapphyrins, NMR spectroscopy indicated (TPS)H3

to be aromatic, but with a twist: The pyrrole ring opposite the
bipyrrole unit was found to be inverted, with its NH group

Scheme 5. Preparation and chemical reactivity of some Cu,[62, 63] Zn,[64] Mn,[61, 65] and Fe[66,69] N-confused porphyrin derivatives.

Scheme 6. A multistep synthesis of (CTPFPP)H3 by using dipyrro-
methane and N-confused dipyrromethane intermediates.
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pointing outward (Scheme 9).[77] However, the tetraphenyl-
sapphyrin skeleton proved uniquely flexible in that diproton-
ation of the macrocycle resulted in all the pyrrole units
adopting a “normal” orientation with the NH groups pointing
inward (Scheme 9).[77]

Interestingly, Schmidt and Chmielewski have reported the
formation of yet another macrocyclic product under modified
Lindsey conditions, namely an N-confused porphyrin with a
pendant pyrrole, which is also an isomer of (TPS)H3

(Scheme 11).[80] An independent synthesis of this compound
from (CTPP)H3 and pyrrole in refluxing dimethyl formamide
(DMF) in the presence of BF3·Et2O suggests a possible
pathway for its formation.

The metal-complexation chemistry of sapphyrins is much
more limited than that of porphyrins. However, the chemistry
of sapphyrins has blossomed in another direction. In 1990, the
first X-ray crystallographic analysis of a sapphyrin derivative,
showing a planar diprotonated sapphyrin with five hydrogen
bonds to a central fluoride anion, led to the suggestion that
sapphyrins may act as anion receptors.[81] This prospect has
been investigated and verified, as reviewed by Sessler and
Davis, and a significant body of sapphyrin-based supramolec-
ular chemistry has emerged.[82]

5. One-Pot Corrole Syntheses

Compared with the chemistry of porphyrins, the chemistry
of corroles remained comparatively underdeveloped for a
long time, largely as a result of a lack of simple methods for
their synthesis.[83,84] As early as 1996, Rose et al. [85]reported
the isolation of meso-tris(4-tert-butyl-2,6-dinitrophenyl)cor-
role as a minor by-product of a classical porphyrin synthesis,
but the significance of this finding went almost unnoticed. The
situation changed in 1999 with reports by Gross et al.[86,87] and
Paolesse et al.[88,89] of one-pot corrole syntheses—initially still
serendipitous—involving pyrrole–aldehyde condensations.

Scheme 7. Reactions of (CTPP)H3 with electrophilic reagents.[70–72]

Scheme 8. b-Decamethylsapphyrin.

Scheme 9. Structural changes in meso-tetraphenylsapphyrin on
protonation.[77]

Scheme 10. A one-step synthesis of a sapphyrin from a dipyrro-
methane, reported by Chandrashekar and co-workers.[79] TFA=
trifluoroacetic acid.

Scheme 11. An isomer of a sapphyrin, isolated from a reaction under
modified Lindsey conditions.[80]

Pyrrole–Aldehyde Condensations
Angewandte

Chemie

1923Angew. Chem. Int. Ed. 2004, 43, 1918 –1931 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


The research group of Paolesse prepared a wide variety of
free-base triaryl corroles under Adler–Longo-type protic-
acid-catalyzed reaction conditions with glacial acetic acid as
the solvent but with a pyrrole/aldehyde molar ratio of 3:1
(Scheme 12).[89] In contrast, the research group of Gross

reported a fast,[86,87] essentially solvent-free, catalyst-free
condensation of pyrrole with aldehydes in an open vessel in
the presence of basic alumina as a solid support, followed by
oxidation with DDQ in CH2Cl2 to yield the correponding
corroles. Gross and co-workers reported solvent-free synthe-
ses of meso-tris(pentafluorophenyl)corrole ((TPFC)H3),
meso-tris(2,6-dichlorophenyl)corrole, and meso-tris(hepta-
fluoropropyl)corrole[90] (Scheme 13), mentioning that their
procedure worked best for relatively electron-deficient alde-
hydes.[87]

Our own contribution to one-pot pyrrole–aldehyde con-
densation reactions consisted of an investigation into the
scope of the solvent-free corrole synthesis. In our hands, the
solvent-free corrole synthesis turned out to be more general
than originally claimed,[85,86] as both electron-rich and elec-
tron-deficient aromatic aldehydes yielded the corresponding
meso-triaryl corroles (Scheme 14).[91] Moreover, we found

that 3,4-difluoropyrrole reacts with a variety of para-substi-
tuted benzaldehydes to yield the corresponding b-octafluoro-
meso-tris(p-XC6H4)corroles (X=CF3, H, CH3, or OCH3;
Scheme 14).[92] Interestingly, no condensation of 3,4-difluoro-
pyrrole with pentafluorobenzaldehyde took place to produce
perfluorinated triphenylcorrole ((F8TPFC)H3). Chang and
co-workers also failed to isolate (F8TPFC)H3 by using the
original conditions of the one-pot corrole synthesis.[93] How-
ever, they did isolate what appeared to be a linear bilene
intermediate that had apparently failed to cyclize, presumably
because of the low nucleophilicity of the 3,4-difluoropyrrole
units. Irradiation of this species in CH2Cl2 under an ammonia
atmosphere then led to the formation of (F8TPFC)H3

(Scheme 14). Chang and co-workers also reported that a

Scheme 12. Contributions from the Paolesse laboratory:[89] One-pot cor-
role syntheses under relatively standard Adler–Longo-type protic-acid-
catalyzed conditions. The reaction did not occur with mesitaldehyde,
2,6-dichlorobenzaldehyde, or 2,6-dimethoxybenzaldehyde.

Scheme 13. The one-pot “solvent-free” corrole synthesis: examples
from the Gross laboratory.[86, 87,90] Note that a solvent is used in the
second step.

Scheme 14. Our general one-pot “solvent-free” corrole synthesis,
including the synthesis of a family of b-octafluoro-meso-triaryl
corroles.[91, 92] Shown against the green background is perfluorinated
triphenylcorrole ((F8TPFC)H3), recently prepared by Chang and
co-workers.[93]

Angewandte
Chemie A. Ghosh

1924 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 1918 –1931

http://www.angewandte.org


relatively long period of heating in the solvent-free procedure
also led to the formation of (F8TPFC)H3 in a low but
acceptable yield of 5%.[93] We believe that these findings
greatly expand the scope of the solvent-free corrole synthesis,
because not only does the reaction occur with a variety of
aldehydes, but it appears that it may be possible to use a
variety of 3,4-substituted pyrroles as well. Thus, like the one-
pot porphyrin synthesis, the one-pot corrole synthesis has
emerged as a member of an exclusive group of self-assembly-
based synthetic reactions that lend themselves to a substantial
degree of systematic variation and optimization.[38]

Recently, Collman and DecrPau reported that a fast
microwave-assisted version of the solvent-free corrole syn-
thesis enhances the yields by about 30% relative to those that
Gross and co-workers and that we observed. Thus, an 8–11%
yield of meso-tris(pentafluorophenyl)corrole was improved
to about 13–15% in the microwave-assisted version of the
reaction.[94] A variety of fluorinated aromatic aldehydes and
4-pyridylcarbaldehyde were condensed with pyrrole to yield
the corresponding meso-triaryl corroles by the microwave-
assisted procedure.

Another interesting development was the one-pot syn-
thesis reported recently by Gross and co-workers of
[CoIII(TPFC)(PPh3)] in 5–7% yield, without the intermediate
isolation of the free-base corrole (Scheme 15).[95] A number of
by-products were isolated and characterized, including a free-
base hexaphyrin in 2.5–3% yield.

Finally, a number of research groups, most notably Gryko
and co-workers, have described a multistep version of the
one-pot corrole synthesis, involving the isolation of an aryl
dipyrromethane intermediate, for preparing trans-A2B-type
meso-triaryl corroles (for example,[96] see Scheme 16).[97–102]

The serendipitous discovery of one-pot syntheses of
corrole ligands has catapulted corrole chemistry to a prom-
inent position within coordination chemistry. A major finding
in terms of the coordination chemistry of corroles prior to the
discovery of the one-pot syntheses was the discovery by Vogel
and co-workers that trianionic corrole ligands stabilize high-
valent transition-metal ions such as CuIII [103] and FeIV,[104] at
least in a formal sense (that is, regardless of the exact

description of its electronic structure). Subsequently, Gross
and co-workers developed the coordination chemistry of
meso-tris(pentafluorophenyl)corrole extensively[105] and used
some of the complexes as catalysts for oxygen-atom trans-
fer,[106–108] cyclopropanation,[107] and other reactions. Our

laboratory[109,110] and that of Walker[111–113]

have studied the description of the electronic
structure of high-valent transition-metal cor-
roles, a key finding being that corroles often
act as highly noninnocent ligands.[114–116]

6. Expanded Porphyrins

Soon after the isolation of (TPS)H3 from
a one-pot pyrrole condensation by Latos-
Grażyński and co-workers,[77] Dolphin and
co-workers reported the isolation of another
expanded porphyrin from a reaction carried
out under Adler–Longo conditions, namely
the [26]annulenic meso-hexaphenylhexa-
phyrin depicted in Scheme 15.[117] In 1999,
Cavaleiro and co-workers isolated [26]- and
[28]annulenic meso-hexakis(pentafluorophe-

nyl)hexaphyrins as by-products from a modified Adler–
Longo reaction to form meso-tetrakis(pentafluorophenyl)-
porphyrin.[118] Soon afterward, expanded porphyrins were
obtained from Lindsey-type syntheses. In 2001, Furuta,
Osuka, and co-workers reported that modified Lindsey
conditions with relatively high concentrations of pyrrole and
pentafluorobenzaldehyde (each 67 mm) in CH2Cl2 and with
BF3·Et2O (4.2 mm) and long reaction times (8 h), followed by
oxidative quenching with DDQ, led to a veritable palette of
meso-aryl-substituted expanded porphyrins, including the N-
fused pentaphyrin (14–15%),[119] hexaphyrin (16–20%), hep-
taphyrin (4–5%), octaphyrin (5–6%), nonaphyrin (2–3%),
and even higher homologues, as well as the normal porphyrin

Scheme 15. One-pot synthesis of a cobalt(iii) corrole from pyrrole and pentafluorobenzal-
dehyde, with a hexaphyrin by-product.

Scheme 16. Synthesis of a trans-A2B-type meso-triaryl corrole.
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(11–12%) (Scheme 17).[120] In 2003, Furuta, Osuka, and co-
workers reported that the reaction of 3,4-difluoropyrrole with
pentafluorobenzaldehyde under similar modified Lindsey-
type conditions yielded a mixture of perfluorinated [n]phy-
rins, including the porphyrin (6–9%), pentaphyrin (1%),
hexaphyrin (2–5%), heptaphyrin (6%), octaphyrin (4–6%),
nonaphyrin (2%), and decaphyrin (2%), as determined by
mass-spectrometric analysis (Scheme 17).[121] Furuta, Osuka,

and co-workers recently used dipyrromethane and tripyrro-
methane starting materials to obtain a degree of selectivity in
one-pot syntheses of expanded porphyrins (however, these
are not simple pyrrole–aldehyde condensations and are, thus,
somewhat outside the scope of this article).[122,123]

Furuta, Osuka, and co-workers have determined the X-
ray crystal structures of a number of their expanded
porphyrin products, both for the b-perfluorinated series and
for the series without b-fluoro substituents.[119–121] (The meso
positions carry pentafluorophenyl groups in all these com-
pounds.) Twisted figure-eight conformations were found for
the octaphyrin without b-fluoro substitution[119] and for the b-
perfluorinated hexaphyrin,[120] which are reminiscent of the
figure-eight conformations of the first cyclooctapyrroles
described by Vogel et al.[124] In contrast, the X-ray crystal
structure of the b-perfluorinated octaphyrin revealed a
circular conformation.[120]

Like other expanded porphyrins, the [n]phyrins reported
by Dolphin, Cavaleiro, Furuta, Osuka, and their co-workers
are of great interest from the point of view of macrocyclic
aromaticity. Thus, in the meso-pentafluorophenyl series with-
out b-fluoro substitution,[119] NMR chemical shifts, in partic-
ular of the b protons, indicated the 36-p-electron octaphyrin
to be nonaromatic and the 42-p-electron nonaphyrin to be
aromatic. However, the [36]octaphyrin could be “aromat-
ized” both through DDQ oxidation and NaBH4 reduction to
the 34-p and 38-p macrocycles, respectively, as indicated by
NMR spectroscopy and the appearance of intense Soret-like
bands in the electronic spectra.[119] Such facile redox trans-
formations, also seen for the hexaphyrin without b-fluoro
substituents,[119] appear to reflect the small energy gains
associated with aromaticity as well as the conformational
flexibility of these macrocycles.

In addition to these rather serendipitous, one-pot synthe-
ses of expanded porphyrins, a variety of elaborate, multistep

synthetic strategies for expanded porphyrins have emerged in
recent years. These synthetic methods are largely outside the
scope of this Minireview. Nevertheless, a few examples that
are interesting from a self-assembly viewpoint may be worth
mentioning. Thus, in 1999, Setsune et al. reported that
tetraethylbipyrrole undergoes a condensation reaction with
2,6-dichlorobenzaldehyde under acid catalysis in the presence
of Zn2+ ions to yield, among other products, the giant
macrocycles [48]dodecaphyrin(1.0.1.0.1.0.1.0.1.0.1.0) and
[64]hexadecaphyrin(1.0.1.0.1.0.1.0.1.0.1.0.1.0.1.0).[125] In 2002,
Sessler and co-workers reported a similarly spectacular self-
assembly process involving the FeIII-mediated oxidative
coupling of substituted bipyrroles to give cyclooctapyrroles,
unique 30[annulenic] macrocycles that completely lack meso
carbon atoms, in yields of over 70%.[126] Critical to the success
of this reaction was the use of biphasic reaction conditions
(bipyrrole in CH2Cl2, FeCl3 (0.1m) in H2SO4 (1m)). The reader
is referred to other recent Reviews for a comprehensive
survey of these and related synthetic developments.[7,8]

7. A Digression on Calixpyrroles

Self-assembly, as a research discipline, started in organic
chemistry in the late 1960s with multicomponent one-pot
syntheses of crown ethers, cryptands, spherands, and other
macrocyclic and macropolycyclic molecules by the research
groups of Pedersen, Lehn, Cram, and others.[13] From a
historical perspective, it is interesting that the Rothemund
reaction[16,17] preceded these developments by a quarter of a
century. Yet, despite its relative antiquity, the history of the
covalent self-assembly of macrocyclic compounds goes back
much further. In 1886, Baeyer obtained octamethylporphyrin-
ogen from the acid-catalyzed condensation of pyrrole and
acetone;[127] other research groups subsequently optimized
this synthesis.[128–130]

This brings us to a discussion of calixpyrroles.[131, 132] In
1996, Sessler and co-workers coined the term calixpyrrole[133]

for meso-octaalkyl porphyrinogens and their homologues,
because these are not true precursors of porphyrins and other
fully conjugated macrocycles. The term also emphasizes the
analogy with calixarenes.[134, 135] Sessler and co-workers also
discovered that calix[4]pyrroles act as receptors for anions as
well as for neutral substrates, a finding that has been extended
to other calixpyrroles.[136–138] Not surprisingly in view of the
discussion in Sections 5 and 6 on the synthesis of b-perfluori-
nated porphyrins, corroles, and expanded porphyrins from
3,4-difluoropyrrole and an aldeyhyde, Sessler and co-workers
found that 3,4-difluoropyrrole undergoes a condensation
reaction with acetone to yield octafluorocalix[4]pyrrole
(Scheme 18) selectively;[139] carefully optimized conditions
also permitted the isolation of decafluorocalix[5]pyrrole and
hexadecafluorocalix[8]pyrrole.[140] Octafluorocalix[4]pyrrole
was found to exhibit a dramatically enhanced affinity toward
anionic ligands relative to nonfluorinated calixpyrroles.[139]

A few additional syntheses of calixarene derivatives may
be of interest in this connection. Dehaen and co-workers have
reported that a variety of N-confused and doubly N-confused
calix[4]pyrroles are obtained in addition to normal calix[4]-

Scheme 17. Synthesis of [n]phyrins under Lindsey conditions by Furuta,
Osuka, and co-workers.[120, 121] Note that n= x+3, where n refers to
[n]phyrins.
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pyrrole when pyrrole and cyclohexanone are heated in
solvents such as ethanol or chloroform at reflux with p-
toluenesulfonic acid as the catalyst.[141] This provides a good
illustration of the ability of pyrrole to undergo cycloconden-
sation in both an a,a’ and an a,b’ fashion. Chen and Dolphin
have recently reported the synthesis of a variety of calixpyr-
role derivatives of different ring sizes.[142] Another interesting
development is the synthesis of calixphyrins,[143,144] which are
hybrids of calixpyrroles and porphyrins, and even of N-
confused calixphyrins.[145] Scheme 19 depicts the self-assembly

of an N-confused calixphyrin and examples of its metal
complexation. Finally, the recent syntheses of calix[4]azu-
lene[146] andmeso-tetraphenylazuliporphyrin[147] by Colby and
Lash provide fascinating examples of the cyclocondensation
potential of azulene (Scheme 20).

8. Pyrrole–Aldehyde Condensations as Covalent
Self-Assembly Processes

In Sections 1–7, along with a few digressions, we have
presented an account of recent developments in one-pot
pyrrole–aldehyde condensations, which have resulted in the
isolation of many different porphyrin-type macrocycles. For

the general reader, two practical considerations emerge as
“take-home messages”. First, chemists have developed reac-
tion conditions—albeit in a largely empirical manner—under
which one or a few of the many possible products are yielded
selectively. Thus, porphyrins, corroles, N-confused tetraaryl
porpyhrins and expanded porphyrins can all be synthesized in
remarkably selective one-pot procedures. Second, and this is
important from a practical viewpoint, these synthetic proce-
dures are exceptionally straightforward to carry out. The
macrocyclic products of these reactions are readily available
for many novel applications in areas such as coordination
chemistry and photodynamic therapy.

Leaving practical considerations aside, we now turn to the
problem of conceptualizing the diverse chemistry described
herein in terms of a unified framework. This is indeed possible
and the ideas of self-assembly,[11] supramolecular chemis-
try,[12,13] DCC,[14] and combinatorial chemistry[15] provide the
relevant unifying themes. Some definitions of concepts are in
order.

Self-assembly, unfortunately, is not easy to define,
although it is fairly easy to recognize self-assembly when we
see it. In an interesting discussion entitled “Is anything not
self-assembly?”,Whitesides and Grzybowski[148] have written,
“SSelf-assemblyT is not a formalized subject, and definitions of
the term Sself-assemblyT seem to be limitlessly elastic. As a
result, the term has been overused to clichP. Processes ranging
from the noncovalent association of organic molecules in
solution to the growth of semiconductor quantum dots on
solid substrates have been called self-assembly.” We believe
that the multicomponent pyrrole–aldehyde condensations
described herein qualify as genuine self-assembly processes.

Like the syntheses of compounds such as crown ethers,
calixarenes, and calixpyrroles, pyrrole–aldehyde condensa-
tions are covalent self-assembly processes and differ from

Scheme 18. Calix[4]pyrroles.

Scheme 19. Synthesis and metal-complexation of an N-confused
calixphyrin.

Scheme 20. Synthesis of calix[4]azulene and meso-tetraphenylazulipor-
phyrin by Lash and co-workers.[146,147]
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noncovalent syntheses, in which supramolecular structures
arise as a result of multiple, cooperative, weak interactions,
such as hydrogen bonds, between the molecular components.
Weak interactions, a dynamic character and reversibility,[144]

and multiple, competitive processes (multimode character)[12]

have been recognized as some of the common, although not
universal, ingredients of self-assembly and supramolecular
chemistry. As examples of DCC or covalent self-assembly,[14]

pyrrole–aldehyde condensations share several of these attrib-
utes with noncovalent self-assembly processes.

Our view of pyrrole–aldehyde condensations as covalent
self-assembly processes or DCC is admittedly little more than
a qualitative concept and nothing like a quantitative math-
ematical model. Nevertheless, we believe that it is useful to
conceptualize pyrrole–aldehyde condensations in this man-
ner, because it leads us to explore additional synthetic
concepts. For example, the potential relevance to dynamic
combinatorial chemistry is evident. In the absence of
oxidative quenching, for example, in the anaerobic step of
the Lindsey procedure, the manifold of pyrrole–aldehyde
condensation products may be regarded as dynamic combi-
natorial materials (DCMs). Lehn[15] has defined dynamic
materials as those “whose constituents are linked through
reversible connections and undergo spontaneous and contin-
uous assembly/deassembly processes in a given set of
conditions.” He further adds, “They are… either of molecular
or supramolecular nature depending on whether the links
between the components are reversible covalent connections
or noncovalent ones. Because of their intrinsic ability to
exchange their constituents, dynamic materials also offer
combinatorial capability thus giving access to dynamic

combinatorial materials, whose composition, and therefore
also properties, may change by the reversible incorporation of
different components in response to internal or external
factors …” Our view of nonoxidized pyrrole–aldehyde
condensates as DCMs raises the possibility of molecular
recognition, selection, and evolution phenomena in pyr-
role–aldehyde condensations. For example, it seems possible
that the addition of a suitable host molecule may perturb a
pyrrole–aldehyde-based DCM in such a way—by favoring a
particular expanded porphyrinogen or the formation of a
completely new structure—that oxidative quenching of the
reaction mixture will give a very different product profile in
comparison to the same reaction carried out in the absence of
the host. The realization of this and related ideas in practice
remains an exciting goal for the future.

9. Conclusion

Over the last decade, pyrrole–aldehyde condensations
have emerged as remarkably versatile self-assembly processes
and as a seemingly endless source of macrocyclic porphyrin-
type ligands. Although we empirically appreciate the impor-
tance of such factors as the pyrrole/aldehyde ratio, the solvent
or lack of one, the conditions for oxidative quenching of the
reaction, the presence and nature of a catalyst, and the
temperature in controlling the nature of the main product,
there is no detailed mechanistic understanding of their
interplay as yet. In the absence of such knowledge, it is
gratifying that we can choose reaction conditions empirically
under which one or just a few of the large number of possible

Scheme 21. Schematic diagram illustrating the versatility or “multimode” character of pyrrole–aldehyde condensations.
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macrocyclic products are yielded in a highly selective manner.
In Scheme 21, we attempt to summarize this remarkable
multimode character of pyrrole–aldehyde condensations
schematically. Systematic mechanistic studies of pyrrole–
aldehyde condensations are clearly an important goal for this
field. Finally, one can not help but wonder whether additional
porphyrin-type macrocycles still remain, waiting to be “fished
out” of pyrrole–aldehyde condensations. Time will tell, but we
remain optimistic.
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Handbook, Vol. 1 (Eds.: K. M. Kadish, K. M. Smith, R.
Guilard), Academic Press, San Diego, 2000, chap. 14; for a
recent detailed review, see: J. D. Harvey, C. J. Ziegler, Coord.
Chem. Rev. 2003, 247, 1.

[41] H. Furuta, T. Asano, T. Ogawa, J. Am. Chem. Soc. 1994, 116,
767.

[42] P. J. Chmielewski, L. Latos-Grażyński, K. Rachlewicz, T.
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1. Introduction

Polyketide-type natural products are attractive targets for
total synthesis. Aside from the purely synthetic challenge,
many of these metabolites are evolutionary optimized
modulators of biological events, as well as potential leads
for the development of promising pharmaceuticals. The
steadily increasing number of asymmetric syntheses of poly-
ketide natural products relies on readily available chiral
building blocks, which are conveniently synthesized on a
multigram scale and have to be functionalized for subsequent
convergent coupling of the fragments. In principle, these
chiral building blocks can be derived from the inexpensive
chiral pool (the “chiron” approach[1]) or by chemical or
enzymatic means from achiral or racemic starting materials.
In the polyketide field, biomimetically inspired iterative aldol
processes have been applied widely for the construction of
polyoxygenated open-chain as well as cyclic (for example,
tetrahydropyran) building blocks.[2] Furthermore, asymmetric
allylation and crotylation protocols are now ubiquitous in
polyacetate and polypropionate synthesis.[3] Nontraditional
approaches involving epoxide rearrangements[4] and nitrile
oxide dipolar additions[5] have also been reported.

Cycloadditions can be especially useful as they provide a
noniterative access to multiple stereocenters in one step and
deliver cyclic compounds which are readily amenable to
further stereocontrolled transformations as a result of their
defined conformation and rigidity. In this regard, the hetero-
Diels–Alder cycloaddition has offered an efficient entry for
tetrahydropyran systems in total synthesis, especially since
asymmetric catalytic variants have been developed.[6]

In contrast, the [4+3] cycloaddition[7] reaction, although
widely investigated for over three decades,[8] has not been
adapted on a broad basis for asymmetric total synthesis.
However, ring opening of oxabicyclo[3.2.1]octanones to yield
racemic compounds with multiple stereocenters are now well
established.[9] During the last decade much effort has been
focused on the challenge of synthesizing cyclic and acyclic
chiral polyacetate- and polypropionate-type building blocks
based on [4+3] cycloaddition reactions.

In general, three strategies have been followed to gain
access to chiral 8-oxabicyclo[3.2.1]oct-6-en-3-ones and related
structures. The most direct approach has relied on the

development of asymmetric cycloaddition protocols involving
either the generation of chiral allyl cations and their external
capture with p-facial selectivity by furans or asymmetric
induction by chiral furan derivatives in cycloadditions with
achiral oxyallyl compounds. Secondly, meso-configured
[4+3] cycloadducts have been desymmetrized by enzymatic
or chemical means, thus providing enantiomerically enriched
and enantiomerically pure compounds.[10] Thirdly, the racemic
switch operation has been developed by us and applied to
racemic, nonsymmetric 8-oxabicyclo adducts. The resulting
diastereomeric or constitutionally isomeric oxabicyclic pairs
have been separated and individually transformed into
enantiopure polyoxygenated building blocks.

2. Asymmetric [4+3] Cycloaddition Reactions

In the first studies pinofuran was used as a chiral
C4 component in diastereoselective [4+3] cycloadditions.[11]

As an alternative, we applied menthone and carbomen-
thone-derived dibromoketones as precursors of oxyallyl
cations with complete stereoinduction.[12] While the under-
lying principles remain valid, the approaches are not appli-
cable as a general entry to chiral oxabicyclo[3.2.1]octenones,
although chiral cyclohexenyl cations continue to be useful
(see Scheme 8, Section 2).

Multiple challenges have to be faced for this task: A self-
organizing chiral environment for the cycloaddition event has
to be developed in situ, and this must be accompanied by a
loss of entropy in an intermolecular reaction involving
formation of two C�C single bonds. To this end, a mild and
chemoselective protocol for generating (oxy)allyl cations is
required, which allows productive turnover and maximum
functional group tolerance.

[*] Dr. I. V. Hartung, Prof. H. M. R. Hoffmann
Institut f"r Organische Chemie
Universit&t Hannover
Schneiderberg 1B, 30167 Hannover (Germany)
Fax: (+49)511-762-3011
E-mail: hoffmann@mbox.oci.uni-hannover.de

The development and design of reliable and efficient methods for
the construction of chiral building blocks are crucial in modern
natural product synthesis. 8-Oxabicyclo[3.2.1]oct-6-en-3-ones are
readily accessible scaffolds with defined stereochemical features
which have been exploited for non-aldol approaches to the
preparation of chiral building blocks. Strategies for their enan-
tioselective synthesis, including asymmetric cycloaddition
methods, desymmetrization protocols, and “racemic switch
operations”, are presented and evaluated.
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M. Lautens (1996)

A route to enantiomerically enriched oxabicyclic com-
pounds by application of a chiral diene component in
[4+3] cycloadditions was reported by Lautens et al.
(Scheme 1).[13] For example, reaction of furyl alcohol 1 with
2,4-dibromopentan-3-one under reductive debromination
conditions in the presence of a chelating zinc base yielded
cycloadduct 2a with high diastereoselectivity. The formation
of the syn-diaxial-substituted oxabicycle 2a can be explained
by a W-configured oxyallyl cation intermediate and an
extended p-transition state (Figure 1).

Unlike lower order cycloadditions such as the Diels–
Alder reaction, two sets of descriptors are required for an

unequivocal assignment of the transition state in [4+3] cyclo-
additions, since a seven-membered ring with a higher
conformational flexibility is involved. The orientation of the
oxyallyl cation relative to furan is described as compact (boat-
shaped p interaction) or extended (chair-shaped p interac-
tion), whereas the relative position of the terminal substitu-
ents of the oxyallyl cation is described as endo or exo, in an
analogous manner to the descriptors in the Diels–Alder
cycloaddition.[8a,h] In the case of furyl alcohol 1, the extended
transition state is stabilized by a zinc tether between three
oxygen atoms, which also results in an effective shielding of

one furan face by the tert-butyl group. Essen-
tially, the cycloaddition takes place in an intra-
molecular fashion, thus reducing the loss of
entropy in the cycloaddition step. The initially
formed boat conformation (Bee)

[14] of cycload-
duct 2a undergoes spontaneous ring-flip to the
more stable chair (Caa) conformation. In con-
trast, the diastereomeric side product 2b (Cee

conformation) results from cycloaddition via a
compact p-transition state with endo-configured
methyl substituents.

Slightly higher yields and comparable dia-
stereoselectivities were achieved when diethyl-
zinc was employed for formation of the oxyallyl
cation.[15] Removal of the chirality inducer was
achieved by cleavage of the glycol unit after
opening of the ether bridge (Scheme 1). Thus,
the synthesis of cycloheptenol 6 which possesses

four contiguous stereocenters has been realized in five steps
starting from cycloadduct 4, which already contains all the
necessary stereochemical information.

Cycloheptenes such as 6 (Scheme 1) are polypropionate
equivalents as they can be converted into acyclic compounds
by oxidative cleavage of the ring double bond.[16] In this
regard, Lautens et al. applied their asymmetric [4+3] cyclo-
addition methodology to the asymmetric synthesis of cally-
statin A,[17] a member of the leptomycin natural product
family. A reaction sequence starting from enantiopure cyclo-
adduct 4 (Scheme 2) and involving a substrate-controlled
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Scheme 1. a) 1. nPrZnI, THF, 0 8C, 10 min; 2. Zn-Ag, 2,4-dibromopentan-3-one, 0 8C!RT, 49%
(2a/2b/2c=94:3:3); b) 1. ZnEt2 (2.0 equiv), THF, 0 8C; 2. 2,4-dibromopentan-3-one, 0 8C!RT,
60–80%, d.r. 95:5 (4 : all other isomers); c) LiBH4, THF, 0 8C!RT; 2. Bu3SnH, Pd(OH)2/C
(cat.), THF, RT, 68% (2 steps); d) 1. nBuLi, THF, RT; 2. H5IO6, THF, H2O; 3. DIBAH, THF,
�78 8C, 66% (3 steps). DIBAH=diisobutylaluminum hydride.

Figure 1. Transition states for the formation of 2a and 2b.
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reduction established the C19 stereocenter. Diastereo-
selective SN2’ opening[18] of the ether bridge with
methyllithium in the presence of CeCl3 yielded the all-
cis cycloheptenol 8 with five contiguous stereocenters.
Ozonolytic ring opening, regioselective acetal forma-
tion, glycol cleavage, Wittig homologation, and finally
hydrogenolysis provided the C15–C22 segment 10 of
callystatin A containing four of the six stereocenters of
the natural product.

A. S. Kende (1997)

An intellectually appealing concept for asymmetric
[4+3] cycloadditions was introduced by Kende and Huang
in 1997 (Scheme 3).[19] Chiral 2-aminoallyl cations, formed

from chiral a-chloroimines (for example, 11) by action of
AgBF4, were trapped with furan to yield bicyclic iminium salts
(for example, 12), from which the parent oxabicyclic ketones
could be isolated after acidic work-up. Highest yields and
ee values were achieved with imines derived from (S)-1-
phenylethylamine as the chirality inducing agent, although

currently both the chemical and optical yields are rather low.
The diastereoselectivity of the cycloaddition step was ration-
alized by a p-shielding model.

H. M. R. Hoffmann (1998)

Mixed chiral acetals[20] have been used by us as precursors
for chiral oxyallyl cations (Scheme 4).[21] 1-Phenylethanol was
chosen as the readily available source of chirality as both
enantiomers are enzymatically accessible. The synthesis of the
mixed acetal 15 involves addition of (S)-1-phenylethanol to 1-
bromo-1-methoxypropan-2-one (14) under basic conditions
to suppress racemization and homoether formation. It has
been shown that the simple and sterically least demanding
methoxide substituent of 15 was removed chemoselectively
by TMSOTf. Thus, ionization of the TES enol ether 15 by a
Lewis acid provides a planar allylic cation in a chiral
environment. The TES enol ether proved to be superior to
the corresponding TMS and TIPS enol ethers with respect to
yield and facial selectivity.[22] Fine-tuning of the reaction
conditions resulted in dichloromethane being used as the
solvent instead of stronger donor solvents such as Et2O or
THF. Moreover lowering the reaction temperature from
�78 8C to �95 8C was also decisive.

Cycloaddition to furan delivered a 7.5:1.0 mixture of
oxabicycles 16 and 17 in 67% combined yield, from which the
major diastereomer 16 was readily separated in diastereo-
merically pure form by chromatography. The enantiomeric
purity of the chiral auxiliary was fully transferred to the
cycloaddition product. The observed diastereoselectivity can
be rationalized by involvement of a p-stacking transition state
that is rigidified by intramolecular coordination of the enol
ether silicon atom with the a-ether oxygen atom. Addition of
furan to the top face of the oxyallyl cation via a compact
transition state results in formation of the major product.[23]

The chiral auxiliary serves as a benzylic-type protecting group
after the cycloaddition event. This novel cycloaddition pro-
tocol has allowed the multigram synthesis of enantiomerically
pure oxabicycle 16 (up to 17 g per batch) without loss of yield
or diastereoselectivity.[24]

Additional methyl substituents at the acetal carbon atom
or at the silyl enol ether terminus are tolerated and the
reactions yield furan cycloadducts in 42% yield (81% d.r.)
and 53% yield (87% d.r.), respectively.[24] In the latter case,
four stereocenters are created in one step. Our stereoinduc-

Scheme 2. a) 1. LiBH4, THF, 0 8C!RT; 2. TIPSOTf, 2,6-lutidine, CH2Cl2,
0 8C, 90%; b) MeLi, CeCl3, THF/Et2O, �78 8C!�15 8C, 85%; c) O3,
CH2Cl2/MeOH, �78 8C; NaBH4, RT, 91%; d) 1. PMPCH(OMe)2, CSA
(cat.), CH2Cl2, RT, 52%; 2. Pb(OAc)4, benzene/MeOH, 0 8C, 97%;
3. Ph3PCH2, THF, �15 8C!RT, 95%; 4. Pd(OH)2/C, H2, iPrOH, RT,
97%. TIPS= triisopropylsilyl, OTf= triflate (trifluoromethanesulfonate),
PMP=p-methoxyphenyl, CSA=comphorsulfonic acid.

Scheme 3. a) AgBF4 (1.0 equiv), furan/CH2Cl2, RT; b) 2n HCl, acetone,
reflux, 37% (60% ee).

Scheme 4. a) 1. (S)-(�)-1-Phenylethanol, nBuLi, Et2O, �20 8C; then 14, �78 8C, 92%;
2. LDA, TESCl, THF, �78 8C, 85%; b) furan (1.0 equiv), TMSOTf (0.1 equiv), CH2Cl2,
�95 8C, 67% (16/17=7.5:1.0). LDA= lithium diisopropylamide, TES= triethylsilyl,
TMS= trimethylsilyl.
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tion model (Scheme 4),[21] which places the methyl group of
the auxiliary at the less encumbered position, has correctly
predicted the absolute configuration in all the reactions
studied. All the cycloaddition products of this type contain
three additional pro-stereogenic sp2 carbon atoms that are
ready for further stereocontrolled elaboration.

Substitution of 1-phenylethanol by 1-(2-naphthyl)ethanol
delivered the cycloadduct 19a with perfect stereocontrol in
50% yield (Scheme 5). The cycloadducts 19b and 20b were

formed in 91% combined yield as a separable 10.2:1 mixture
in the case of the corresponding methyl-substituted silyl enol
ether 18b. Chromatographic separation of the diastereomeric
cycloadducts (for example, Scheme 4–6) appears to be
facilitated by the proximity rule. The stereogenic center of
the chiral auxiliary is oriented towards the two new stereo-
centers C1 and C2 which are separated by only three and two
s bonds, respectively.

The reaction of 2,5-dimethylfuran with silyl enol ethers 15
and 18a resulted in an almost 1:1 diastereomeric mixture of
cycloadducts.[25] In contrast, high regioselectivities and dia-
stereoselectivities were achieved in cycloadditions with C3-
substituted furans (Scheme 6). For example, [4+3] cycloaddi-

tion of silyl enol ether 21 with 3-thiobenzoylfuran provided
cycloadduct 22a in 67% yield with 17:1 regioselectivity and
17:1 diastereoselectivity! Even C3-stannylated furan was
successfully transformed into the corresponding cycloadduct
22b which possessed a vinylstannane functionality. The
“obvious” displacement of tin through an attack by an
electrophile and ipso substitution did not take place under
the mild conditions of the cycloaddition.

An asymmetric synthesis of the C-ring fragment of the
potent protein kinase C modulator bryostatin 1[26] was devel-
oped by employing this novel cycloaddition methodology as a
starting point.[27] Furthermore, this ready access to enantio-
merically pure oxabicyclo[3.2.1]octenones has been demon-

strated by the synthesis of seven stereochemically diverse C-
glycosides (see Section 3.2.1, Scheme 20). Strategies for the
synthesis of tricyclic building blocks from chiral [4+3] cyclo-
adducts have been developed which have resulted in an
asymmetric synthesis of the densely oxygenated tricycle 23,
which corresponds to the 2,7-dioxatricyclo[4.2.1.03,8]nonane
core of the secondary marine metabolite dictyoxetane.[28]

M. Harmata (1999)

Diastereoselective [4+3] cycloadditions of cyclic chiral
acetal 25[29] through a Lewis acid induced in situ formation of
a chiral vinyl alkoxycarbenium ion and intermolecular trap-
ping were reported by Harmata et al. (Scheme 7).[30] The

synthesis of the C3 component 25 started from either the
chiral furfuryl aldehyde acetal 24 through oxidative degrada-
tion of the furan ring, subsequent double Grignard addition,
and base-induced Peterson olefination or, alternatively, from
ethyl diethoxyacetate 26 through double Grignard addition
followed by transacetalization and concomitant acid-induced
Peterson elimination. TiCl4-mediated [4+3] cycloaddition
with furan proceded with a high level of facial selectivity to
give cycloadducts 27a and 27b (27a/27b= 15.8:1.0), both
resulting from a compact transition state.[31] Attempts at
employing 2,5-dimethylfuran as the diene component were
unsuccessful and methylated derivatives of 25 have not been
investigated to date. A two-step sequence was required to
selectively cleave the exocyclic ether bond in the presence of
the ether bridge and thus remove the auxiliary: Dess–Martin
oxidation was followed by base-induced elimination to yield
the free alcohol derived from 27a in 65% yield.

Scheme 5. a) Furan (1.0 equiv), TMSOTf (0.1 equiv), CH2Cl2,
�95 8C, for R=H: 50% (single diastereomer); for R=Me: 91%
(19b/20b=10.2:1.0).

Scheme 6. a) 3-Thiobenzoylfuran (1.0 equiv), TMSOTf (0.1 equiv),
CH2Cl2, �95 8C, 67% for 22a (+8% for three minor diastereomers);
b) 3-(tributylstannyl)furan (1.0 equiv), TMSOTf (0.1 equiv), CH2Cl2,
�95 8C, 51% for 22b (single isolated cycloadduct).

Scheme 7. a) 1. RuCl3, NaIO4; 2. CH2N2, 75% (2 steps);
b) 1. TMSCH2MgCl, CeCl3; 2. NaH, 66% (2 steps); c) 1. TMSCH2MgCl,
CeCl3, 98%; 2. (2S,4S)-2,4-pentanediol, TsOH, C6H6, reflux, 79%;
d) TiCl4 (1.1 equiv), EtNO2 (0.2m), �78 8C, 78% (27a/27b=15.8:1).
Ts= toluene-4-sulfonyl.
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J. K. Cha (1999)

Cha and co-workers effected the diastereoselective cyclo-
addition of a chiral a-substituted a-chlorocyclohexanone to
furan (Scheme 8).[32] Cycloaddition of chloroketone 28 with

furan under dehydrohalogenation conditions provided 11-
oxatricyclo[4.3.1.12,5]undec-3-en-10-one 30 in 77% yield and
greater than 90% ee.

The observed diastereoselectivity is in accord with a
sterically dictated approach of furan from the top face of the
electrostatically preferred conformation of the oxyallyl cation
29. The oxyallyl cation is forced into a U configuration by the
six-membered ring (n= 6), whereas oxyallyl cations derived
from larger rings (n= 12, 13) exclusively adopt the W confi-
guration.[14] In the cyclohexyl case (Scheme 8), cycloaddition
takes place via an obligatory compact exo transition state
which leads to cycloadduct 30 in the frozen Caa6 conforma-
tion. In contrast, cyclic W-shaped oxyallyl cations (n= 12, 13)
and furan react via a compact transition state and lead to an
equilibrium of Ceen and Baan atropisomers (n= 12, 13;
activation barrier DG�= 16.0 kcalmol�1 for n= 12 in
CCl4).

[14]

The facial selectivity of the cycloaddition was inverted by
liberating the side-chain alcohol, thus allowing intramolecular
hydrogen bonding between the hydroxy group and the
enolate oxygen atom. It was shown with racemic materials
that these reaction conditions are also applicable to cyclo-
additions of various a-chlorocyclohexanones with 2-methyl-
furan and cyclopentadiene as the diene components.

R. P. Hsung (2001)

A recent approach to asymmetric [4+3] cycloadditions
was presented by Hsung and co-workers (Scheme 9).[33] The
chiral allenamide 31 was converted into a chiral nitrogen-
substituted oxyallyl cation by epoxidation with 1,1-dimethyl-

dioxirane (DMDO). Trapping the product with excess furan
in the presence of chelating ZnCl2 provided the cycloadduct
32 as a single diastereomer.

The zinc salt was thought to enhance the conformational
rigidity of the intermediate oxyallyl cation by chelation

between the oxyallyl and oxazolidinone oxygen
atoms. In accordance with the Evans aldol
motif, the facial selectivity is dictated by the
oxazolidinone substituent, which shields one
face of the oxyallyl cation. Cycloaddition via a
compact transition state delivered cycloadduct
32, which in turn was transformed into 1,2-
amino alcohol 33 in three steps. Hsung and co-
workers later reported on the transformation of
oxazolidinone-derived enamides to chiral a-
keto half aminals, which served as precursors
for chiral nitrogen-substituted oxyallyl cat-
ions.[34] As yet, only single examples have
been reported and yields were modest. The

scope of this methodology remains to be explored on a
broader basis.

In a recent study by Myers and Barbay, a comparable
nitrogen-substituted chiral oxyallyl intermediate 35[35] was
generated from a chiral a-amino-a’-fluoro ketone 34 in a
strongly ionizing medium and trapped with cyclopentadiene
to yield a diastereomeric mixture of [4+3] cycloadducts, from
which the endo diastereomer (36) was isolated in 65% yield

(Scheme 10).[36] It is not clear whether cycloaddition to furan
is feasible under these conditions or whether simple electro-
philic substitution would occur. As a rule, an activation which
is too electrophilic without a matching donor functionality (as
a terminator) at the central carbon atom results in simple
electrophilic substitution (class C) reactions, especially in
cycloadditions with furan.[8c]

A. M. Monta+a (2002)

MontaIa and Grima have employed 13 chiral C2-sub-
stituted furans to study stereoinduction in [4+3] cycloaddi-
tions (Scheme 11).[37]

Scheme 8. a) Furan, Et3N, CF3CH2OH, 77%, >90% ee. TBS= tert-butyldimethylsilyl,
TFA= trifluoroacetic acid.

Scheme 9. a) DMDO (2–3 equiv), furan (10.0 equiv), ZnCl2 (2.0 equiv),
THF/acetone, �78 8C, 80%; b) 1. H2, Pd/C, EtOAc; 2. DIBAH, CH2Cl2;
3. Na, NH3, THF, tBuOH, 71% (3 steps). DMDO=dimethyldioxirane.

Scheme 10. a) (CF3)2CHOH, Et3N, cyclopentadiene, RT, 65%.

Scheme 11. a) Zn, ultrasound, RT, 47% (39 :40=3:1).
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The observed p-facial selectivity was increased on reduc-
ing the distance between the stereocenter of the side chain
and the prochiral carbon atoms of furan, thus reflecting the
proximity rule for asymmetric induction. The highest diaster-
eoselectivity was achieved with chiral furyl sulfoxide 38[38] and
yielded a 3:1 mixture of oxabicycles 39 and 40, both of which
result from compact transition states.

M. Harmata (2003)

Very recently, Harmata et al. reported an example of
asymmetric organocatalysis in [4+3] cycloaddition reactions
with furans (Scheme 12).[39] The in situ formed chiral iminium
ion 42, which is a vinylogous silyl enol ether analogue of
Myers' iminium intermediate 35 (see Scheme 10), functions
as a stabilized oxyallyl cation.

Addition of 42 to the electron-rich 2,5-dimethylfuran
results in the liberation of the chiral secondary amine 44 by
acid-catalyzed hydrolysis, which can then participate in
further reaction cycles. Thus, a catalytic amount of the
chiral amine 44 was sufficient to effect the formation of
keto aldehyde 43 in 64% yield and 89% ee. The relative
configuration of the cycloaddition product 43 is in agreement
with a compact transition state, although the absolute
configuration of 43 remains to be elucidated. A limitation
of this novel transition-metal-free methodology is that only
2,5-disubstituted furans provided [4+3] cycloadducts in rea-
sonable yield and enantioselectivity. For example, 2-methyl-
furan led to a complex product mixture including alkylation
products. Once again, in a presumably asynchronous cyclo-
addition, the importance of a matching combination of a
sufficiently electrophilic C3 component with a built-in nucle-
ophilic terminator is underscored.

3. Desymmetrization of meso-Configured 8-Oxabicy-
clo[3.2.1]oct-6-en-3-one Derivatives

3.1. Enzymatic Desymmetrization

Cha and co-workers reported on the enzymatic desym-
metrization of an oxabicyclic meso-configured diol in 1995
(Scheme 13).[40] Towards this end, the tricyclic ketone meso-
45 (Caa6 conformation[14]), which is conveniently prepared in
multigram quantities by [4+3] cycloaddition of 3-chloro-2-

pyrrolidinocyclohexene with furan,[41] was converted by
oxidative cleavage of the olefinic bridge intomeso-configured
diol 46. Enzymatic desymmetrization was accomplished with
Amano PS-30 lipase to provide monoacetate 47 in 76% yield
and 85% ee. Regioselective cleavage of the keto bridge was
effected by a SuLrez oxidation with iodosobenzene diacetate
and iodine under irradiation to yield oxocane 49, which was
subsequently converted into (+)-cis-lauthisan.

Desymmetrization ofmeso-diol 51, which was synthesized
from bicyclic alcohol 50 by nickel-catalyzed reductive ether
cleavage (see Section 3.2.3), was achieved by enzymatic
transesterification (Scheme 14).[42] The lipase Candida cyclin-

dracea (CCL) as well as Amano lipase AY-30 gave mono-
acetate 52 in 80% yield and 94–95% ee. Enzymatic hydrolysis
of the bisacetate derived from diol 51 was less efficient, and
led to monoacetate 52 in only 54% yield.[43] Monoprotected
diol 52 was transformed in three straightforward steps into
lactone 53, which corresponds to the lactone moiety of
lovastatin and compactin, two potent inhibitors of HMG-
CoA reductase (see also Scheme 24 for a nonenzymatic
route).

Desymmetrization ofmeso-diacetate 55, synthesized from
parent oxabicyclic ketone 54[44] by ozonolytic olefin cleavage,

Scheme 13. a) Amano PS-30 lipase, isopropenyl acetate, 76%
(85% ee); b) PhI(OAc)2, I2, benzene, reflux, 80–85%. TBDPS= tert-
butyldiphenylsilyl.

Scheme 14. a) DIBAH (2.5 equiv), [Ni(cod)2] (0.11 equiv), DIBACl,
RT!60 8C, 85%; b) CCL, isopropenyl acetate, RT, 80% (94% ee);
c) 1. TBSCl, imidazole, DMF, 96%; 2. RuCl3·xH2O, NaIO4; 3. HF,
CH3CN, 57% (2 steps). Cod= cyclooctadiene.

Scheme 12. a) 44 (0.2 equiv), CH2Cl2, 2,5-
dimethylfuran (5.0 equiv), TFA (0.2 equiv),
�78 8C, 64% (89% ee).
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was achieved with PS lipase (Scheme 15).[45] Thus, monoace-
tate 56 was obtained in nearly quantitative yield and perfect
enantioselection. Subsequent elaboration of the masked
ketone functionality of ketal 56 delivered the C10–C16

fragment of bryostatin 1 in 50% overall yield over eight
steps from meso-configured ketone 54.[46] By employing the
optimized conditions, meso-configured benzyl ether 58 was
transformed into bisacetate 59 and then enzymatically
desymmetrized to yield enantiomerically pure tetrahydro-
pyran 60 containing three stereogenic centers in 60% overall
yield from cycloadduct meso-54 (Scheme 16).

In contrast to enzymatic desymmetrization of meso-
configured building blocks, enzymatic kinetic resolutions of
racemic mixtures[47] are less efficient as they allow amaximum
yield of 50% of the desired enantiomer. This disadvantage is
overcome if one enantiomer of the starting racemic mixture is
converted into a meso-configured product, thus allowing
further resolution cycles upon reconversion into the racemic
mixture. Carnell et al. applied this “meso trick” concept for
the two-step desymmetrization of oxabicyclic ketones
(Scheme 17).[48] The presence of bridgehead substituents
and the olefinic bridge have been crucial for the success of
the enzymatic resolution employing a lipase from Humico-
la sp. The enol acetates 61 were isolated in 30–40% yield with
high enantiomeric purity (91–99% ee) after one cycle.

3.2. Nonenzymatic Desymmetrization
3.2.1. Asymmetric Deprotonation

Very efficient desymmetrization protocols of oxabicy-
clo[3.2.1]octanones with homochiral lithium amide (HCLA)
bases that yield enantiomerically enriched TMS enol ethers or
a-hydroxyketones after subsequent oxidation were reported
by Simpkins and co-workers (Scheme 18).[49]

The highest level of enantioselection was initially ach-
ieved at �94 8C under internal quenching (in situ quenching)
conditions (63!65), whereas external quenching conditions
led to a dramatic drop in enantioselectivity unless a catalytic
amount of LiCl was added (64!66). This LiCl effect, which is
also known from enolization reactions,[50] was thought to
result from modifications to the reactive lithium amide
species. It was assumed that the addition of LiCl induces
conversion of a poorly selective lithium amide dimer/mono-
mer mixture into a significantly more enantioselective mixed
aggregate of an unknown composition.

Oxidation of the initially formed silyl enol ether was
effected with iodosobenzene and gave rise to ketone 67 with
an equatorial a-hydroxy group. The stereochemical outcome
of this transformation was rationalized by initial exo-facial
iodination of the silyl enol ether followed by SN2 displacement
of the iodide. In contrast, direct oxidation of silyl enol ether 65
with DMDO yielded the corresponding a-hydroxyketone
with an axial hydroxy group. More conveniently, oxidation to
the axial a-hydroxy ketone was effected cleanly with meta-

Scheme 15. a) 1. 2-Ethyl-2,5,5-trimethyl-1,3-dioxane, p-TsOH (cat.), RT,
75%; 2. O3, MeOH/CH2Cl2, �78 8C!�20 8C; NaBH4, 0 8C, 98%;
3. Ac2O, DMAP (cat.), Py, RT, 91%; b) Amano-PS lipase, toluene/phos-
phate buffer 1:4, pH 7, RT, 38 h, 96% (98% ee); c) 1. [PdCl2(CH3CN)2]
(cat.), acetone, RT, 93%; 2. TrCl, Et3N, DMAP (cat.), CH2Cl2, RT, 84%;
3. K2CO3, H2O/MeOH, 0 8C, 99%; 4. NaH, toluene (0.02m), (iPrO)2-
P(O)CH2CO2iPr, 99% (E/Z=98:2). Tr= trityl (triphenylmethyl),
DMAP=4-dimethylaminopyridine, Py=pyridine.

Scheme 16. a) 1. L-Selectride, THF, �78 8C!0 8C; 2. BnBr, NaH, THF,
reflux, 71% (2 steps); b) 1. O3, MeOH/CH2Cl2, �78 8C!�20 8C;
NaBH4, 0 8C, 100%; 2. Ac2O, DMAP (cat.), Py, RT, 95%; c) Amano-PS
lipase, toluene/phosphate buffer 1:4, pH 7, RT, 22 h, 88% (>98% ee).
Bn=benzyl.

Scheme 17. a) Humicola sp. lipase (on SiO2), nBuOH, hexane.

Scheme 18. a) OsO4, tBuOH, Et2O, H2O2, acetone; b) H2, Pd/C, EtOH;
c) (R,R)-A (2.0 equiv), TMSCl (5.0 equiv, in situ quench), �94 8C, 88%
(85% ee); d) (R,R)-A (1.5 equiv), LiCl (0.1 equiv), TMSCl (5.0 equiv,
external quench), �78 8C, 75% (84% ee); e) PhIO, BF3·OEt2, H2O,
67%; f) Pb(OAc)4, MeOH; NaCNBH3, 93%; g) TiCl4, CH2Cl2, �78 8C,
76%.
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chloroperbenzoic acid (mCPBA) in wet THF.[54] Further
transformations underscoring the scope of this methodology
included oxidative cleavage of the a-hydroxyketone (67!68)
and opening of the ether bridge (66!69).[51] Similar to the
LiCl effect already described, the addition of 0.1–0.5 equiv-
alents of ZnCl2 resulted in the desymmetrization of the
oxabicyclo[3.2.1]octan-3-one meso-64 with a high level of
enantioselectivity under external quenching conditions.[52]

The chiral enolate generated in situ was efficiently trapped
with benzaldehyde to give rise to the enantiomerically
enriched cross-aldol product (70–74% ee).

A modified Simpkins protocol was applied by Hoffmann
and co-workers to the desymmetrization of parent unsatu-
rated oxabicycle meso-54 (Scheme 19).[53] a-Hydroxyketone

71 was prepared in 72% overall yield and 91% ee by
employing external quenching conditions with LiCl as an
additive and subsequent oxidation with DMDO. The enan-
tiomerically enriched bicycle 71 still harbors three additional
pro-stereogenic carbon atoms in the form of an olefinic bridge
and a ketone, thus allowing further diastereoselective func-
tionalizations. Analogously, a-siloxyketone 72 was obtained
by using (+)-bis[(R)-1-phenylethyl]amine for enantioselec-
tive deprotonation followed by Rubottom oxidation of the
silyl enol ether and silylation. Diastereoselective methylation
(72!73) and reduction of the ketone was followed by
ozonolytic cleavage of the olefin to yield the highly function-
alized THP fragment 74 with five contiguous stereocenters
(10 steps, 32% overall yield from meso-54), which corre-
sponds to the C38–C44 segment of spongistatin A.

Desymmetrization of meso-configured [4+3] cycload-
ducts by asymmetric deprotonation and the asymmetric
[4+3] cycloaddition were employed by us for the de novo
synthesis of a set of seven C-glycosides with diverse and fully
resolved stereochemistry of the C7 backbone (Scheme 20).[54]

Either stepwise a,a’-bisoxygenation of the meso-configured
starting material (meso-54!75) or regioselective a-oxygen-
ation of the enantiopure cycloadduct (16!80) were

employed to adjust the oxygenation pattern. Substrate-
controlled reduction protocols in combination with epimeri-
zations were applied for the elaboration of the configuration
of all the hydroxy-bearing stereocenters[55] before the target
C-glycosides were liberated from their bicyclic precursors by
ozonolysis. Complete anomeric control and multiple stereo-
chemical coalescence simplify the task at hand. In principle,
all 16 stereoisomeric C-glycosides of this series are accessible.

Conversion of the bismethylated oxabicycle meso-86[56]

into the corresponding TBS enol ether was investigated by
Hunt and Grieco (Scheme 21).[57] Contrary to the results
obtained by Simpkins and us, the use of HMPA as a co-solvent
and exclusion of LiCl were apparently crucial for obtaining
the desired product. HMPA is often recommended in the
formation of a TBS enol ether to suppress competing C-
silylation pathways. Interestingly, the asymmetric induction
observed in this case is opposite to all previous reports (see
Schemes 18–20).

Enantioenriched silyl enol ether 87 was used for ring-
opening reactions. Ether cleavage was effected in the
presence of a silyl ketene acetal or DIBAH in 4.0–5.0m
lithium perchlorate/diethyl ether solutions[58] to give rise to
cycloheptenols 89 and 90, respectively. The presence of the
silyl enol ether functionality allowed direct cleavage of the

Scheme 19. a) (S,S)-A, LiCl, THF, �100 8C; TESCl, Et3N, 77%
(91% ee); b) DMDO, acetone, 94% (R=H, TES); c) 1. (R,R)-A, LiCl,
THF, �115 8C; TESCl, Et3N, �78 8C, 95% (83% ee); 2. mCPBA, CH2Cl2,
�35 8C!�25 8C; TFA, 71%; 3. TBSCl, imidazole, DMF, 96%;
d) 1. LDA, TMEDA, MeI, THF, �78 8C, 91%; 2. 2n HCl, EtOH, RT; 3.
PMB trichloroacetimidate, CSA, CH2Cl2, 84%; e) 1. L-Selectride, THF,
�78 8C, 87%; 2. TIPSOTf, 2,6-lutidine, CH2Cl2, �40 8C, 97%; f) 1. O3,
CH2Cl2/MeOH, �95 8C; NaBH4, RT, 94%; 2. DDQ, CH2Cl2, �60 8C!
0 8C, 82%. PMB=para-methoxybenzyl, DDQ=2,3-dichloro-5,6-
dicyano-1,4-benzoquinone.

Scheme 20. a) 1. (R,R)-A, TESCl/Et3N (in situ quench), THF, 88%;
2. mCPBA, THF/H2O, 83%; 3. TBSCl, imidazole, CH2Cl2, 99%; 4. LDA,
TESCl/Et3N (in situ quench), THF, 94%; 5. mCPBA, THF/H2O;
6. TESCl/imidazole, CH2Cl2, 91% (2 steps); b) 1. NaBH4, MgBr2,
MeOH, 99%; 2. BzCl, Py, DMAP, 86%; 3. TFA, THF/H2O, 89%;
4. Tf2O, Py, DMAP, CH2Cl2, 80%; 5. Bu4NONO, DMF, 69%; c) 1. LDA,
TESCl/Et3N (in situ quench), THF, 98%; 2. mCPBA, THF/H2O, 78%;
3. PivCl, Et3N, DMAP, CH2Cl2, 95%; d) DBU, CH3CN, ultrasound,
85%. Piv=pivaloyl. Bz=benzoyl.
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ether, whereas SN2’ reaction pathways are favored for
parent oxabicycle meso-86 (see Section 3.2.3 and
Scheme 25). Cycloheptenones 89 and 90 are important
building blocks for the synthesis of polypropionate
fragments of scytophycin C and rifamycin S.

3.2.2. Asymmetric Hydroboration and Dihydroxylation

In early work aimed at the asymmetric synthesis of
the C19–C27 fragment of the ansamycin antibiotic
rifamycin S, asymmetric hydroboration was applied by
Yadav et al. for the desymmetrization and subsequent
opening of an 8-oxabicyclo[3.2.1]oct-6-en-3-one
(Scheme 22).[59] Asymmetric hydroboration of benzyl
ether meso-91 derived in two steps from cycloadduct
86 provided the enantiomerically pure alcohol 92 in high yield
by employing (+)-Ipc2BH. Oxidation by PCC followed by a
Baeyer–Villiger oxidation and diastereoselective a-methyla-
tion furnished the bicyclic lactone 93, which was subsequently
opened by exhaustive reduction. After regioselective acetal-
ization, the fully resolved stereopentade 95 corresponding to
the C19–C25 polypropionate unit of the rifamycins was made
accessible in only seven steps from achiral ketonemeso-86,[56]

which once again demonstrated its status as a workhorse for
exploring novel chemistry.

We applied the Ipc2BH protocol for the desymmetrization
of parent [4+3] cycloadduct 58 (Scheme 23).[60] The chiral
alcohols (+)-96 or (�)-96 were prepared in high chemical and
optical yields by using either (+)-Ipc2BH or (�)-Ipc2BH.
Transformation to the methyl acetal 98 was achieved by using
PCC followed by Baeyer–Villiger oxidation under buffered
conditions and finally acid-catalyzed cleavage of the lactone.
Opening of the THP ring with concomitant formation of
dithian delivered the polyacetate fragment 99.

This methodology was shown to be broadly applicable for
the enantioselective synthesis of various d-valerolactones and
polyacetate segments.[61] For example, meso-configured alco-
hol 50 with an equatorial hydroxy group, which was accessible
by reduction of the parent bicyclic ketone 54 under single-
electron-transfer (SET) conditions, was desymmetrized to
secondary alcohol 100 (Scheme 24).[62] Subsequent stepwise

oxidation led to bicyclic [3.3.1]lactone acetal 101, which was
converted into the lactone fragment 102 of lovastatin. The
synthesis of lactone 102 from meso-50 by a chemical
desymmetrization was thus realized in seven steps with an
overall yield of 51%, whereas the enzymatic route to a
comparable fragment (see Section 3.1, Scheme 14) involved
five steps but resulted in a lower overall yield (37% from
meso-50).

Scheme 21. a) (R,R)-A, THF/HMPA, TBSCl, �78 8C, 97% (75% ee);
b) 1-(tert-butyldimethylsiloxy)-1-methoxy ethylene (2.0 equiv), 4.0m
LiClO4/Et2O, 0 8C, 83% (+17% diastereomeric product); c) TBAF,
HOAc, THF, 100%; d) DIBAH (2.0 equiv), 5.0m LiClO4/Et2O, 0 8C!
RT, 65%.TBAF= tetrabutylammonium fluoride, HMPA=hexamethyl
phosphoramide.

Scheme 22. a) 1. DIBAH, CH2Cl2, �10 8C; 2. NaH, BnBr, THF, 65 8C;
b) (+)-Ipc2BH, �20 8C, 24 h, 96% (>99% ee); c) 1. PCC, CH2Cl2, RT,
95%; 2. H2O2, SeO2, tBuOH, reflux, 40%; 3. LDA, MeI, THF, �78 8C;
d) LiAlH4, THF, 0 8C; e) 2,2-dimethoxypropane, p-TsOH, acetone, RT.
Ipc= isopinocampheyl, PCC=pyridinium chlorochromate.

Scheme 23. a) (+)-Ipc2BH, THF, �15 8C!�10 8C, 48 h, 80% (97% ee); b) (�)-Ipc2BH,
THF, �15 8C!�10 8C, 48 h, 70% (96% ee); c) 1. PCC, CH2Cl2, RT, 92%; 2. mCPBA,
NaHCO3, CH2Cl2, RT, 88%; d) MeOH, H2SO4 (cat.), RT, 98% (a/b=7.5:1); e) BF3·OEt2,
propane-1,3-dithiol, CH2Cl2, 0 8C!RT, 89%.

Scheme 24. a) 1. SmI2, iPrOH, THF, reflux, 78%; b) 1. NaH, BnBr,
Bu4NI (cat.), THF, reflux, 88%; 2. (�)-Ipc2BH, THF, �25 8C!�10 8C,
92% (98% ee); c) 1. PCC/SiO2, CH2Cl2, 0 8C!RT, 92%; 2. mCPBA,
NaHCO3, CH2Cl2, 0 8C!RT, 95%; d) 1. MeOH, H2SO4 (cat.), RT, 92%;
2. CH3CO2H, H2O, THF, 50 8C, 82%; 3. TPAP (cat.), NMO, 3-I MS,
CH2Cl2, RT, 95%. TPAP= tetrapropylammonium perruthenate,
NMO=4-methylmorpholine N-oxide, MS=molecular sieves.
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Bicyclic [3.3.1]lactone acetals such as 101 (Scheme 24)
and methyl deoxypyranosides such as 98 (Scheme 23), which
were synthesized by chemical desymmetrization from
[4+3] cycloadducts, are versatile substrates in various SN1-
type ring-opening reactions that deliver enantiopure 2,4-
dideoxy-C-glycosides.[63]

Desymmetrization ofmeso-configured dimer 104 by using
the Sharpless asymmetric dihydroxylation method was
accomplished by Schwenter and Vogel.[64] The dicycloheptene
meso-104 is accessible in five steps from oxabicyclic dimer
meso-103 (Scheme 25), which in turn results from a double

[4+3] cycloaddition by employing 2,2’-methylenefuran as the
bisdiene. Dihydroxylation of meso-104 using the AD-mix-b
delivered a 4:1 mixture of diastereomers from which diol 105
was separated as a pure compound in 72% yield and 98% ee.
Stepwise ring opening of both seven-membered rings and
diastereoselective substrate-controlled reduction protocols
were combined to deliver partially resolved polyacetate
chains with up to six stereocenters (for example, triol 106).

3.2.3. Asymmetric Ring Opening

Lautens et al. published the desymmetrization of oxabi-
cycle meso-107 by cleavage of the ether bridge through an
SN2’ attack of n-butyllithium in the presence of the chiral
diamine (�)-sparteine (Scheme 26).[65] Since no ring-opening

reaction was observed at �40 8C in the absence of sparteine,
the desymmetrization was conducted with only catalytic
amounts of the chiral diamine (0.15–0.2 equiv). As yet,
irrespective of the amount of sparteine used, only a moderate
enantiomeric excess was achieved.

An efficient and enantioselective protocol for reductive
ring opening of [3.2.1]oxabicycloalkenes has, however, been
developed by the same research group.[66] Reductive ring
opening has been effected with DIBAH as the hydride donor
in the presence of a nickel(0) catalyst and with (R)- or (S)-
binap as the chiral ligand (Scheme 27). Ring opening ofmeso-

configured bicyclic ethers 109 and 111 in the presence of
14 mol% [Ni(cod)2] and 24 mol% binap yielded chiral cyclo-
heptenols 110 and 112, respectively. Furthermore, the amount
of catalyst and ligand could be reduced without decreasing the
enantiomeric excess if DIBAH was added more slowly (see
113!114).

It is assumed that the reaction involves an enantioselec-
tive hydronickelation (after oxidative addition of nickel(0) to
DIBAH) followed by b-elimination of the bridgehead oxygen
atom from an organonickel species. Interestingly, higher
reaction temperatures were necessary to obtain high yields
and enantioselectivities. For example, desymmetrization of
oxatricycle meso-115 at 80 8C furnished the methylene-
bridged nine-membered ring 116 in 74% yield and 97% ee,
whereas at room temperature 116 was only formed in 20%
yield (56% ee).

Enantioselective methylative ring-opening reactions of
oxabicyclo[3.2.1] systems are feasible by employing a zinc
nucleophile in the presence of a palladium catalyst and a
chiral ligand (Scheme 28).[67] The use of dimethylzinc is
crucial for obtaining high enantioselectivities, as this nucle-
ophile reacts slowly in the absence of the catalyst. Methylative
ring-opening of alcohol meso-117 as well as TBDPS ether
meso-119 have led to the respective cycloheptenols 118 and
120 in high chemical and optical yields. In the latter case the
addition of a catalytic amount of zinc triflate was beneficial
with respect to turnover. The ferrocene-derived dipof ligand
(Scheme 28) was the ligand of choice for obtaining high yields
and enantioselectivities.

Scheme 25. a) 1. K-Selectride, THF, 100%; 2. Ac2O, Et3N, DMAP, 95%;
3. BCl3, CH2Cl2, 96%; 4. PMBzCl, Py, 99%; 5. Bu3SnH, AIBN, toluene,
80 8C, 84%; b) AD-mix-b, tBuOH/H2O/MeCN, CH3SO2NH2, 98%
(d.r. 4:1). PMBz=para-methoxybenzoyl, AIBN=azobis(isobutyroni-
trile).

Scheme 26. a) (�)-sparteine (0.2 equiv), nBuLi (5.0 equiv), pentane/
hexane, �40 8C, 63% (50% ee).

Scheme 27. a) [Ni(cod)2] (14 mol%), (R)-binap (24 mol%), DIBAH
(1.1 equiv, addition over 4 h), toluene, 60 8C; 110 : 83–95% (97% ee),
112 : 88% (95% ee); b) [Ni(cod)2] (3 mol%), (R)-binap (5.4 mol%),
DIBAH (2.1 equiv, addition over 12 h), toluene, 65 8C, 99%
(99.5% ee); c) [Ni(cod)2] (14 mol%), (R)-binap (24 mol%), DIBAH
(1.1 equiv, addition over 4 h), benzene, 80 8C, 74% (97% ee).
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Inversion of the planar chirality of the ligand did not
affect the sense of enantioselectivity in the desymmetrization
step, which suggests that the sense of enantioselectivity is
predominantly induced by the chirality of the asymmetric
oxazoline moiety. Detailed mechanistic investigations led to
the proposal that the alkylative palladium-catalyzed ring
opening of oxabicycles commences with transmetalation of
the palladium catalyst with the zinc nucleophile to form an
alkyl palladium species.[68] The Lewis acidic zinc agent
furthermore transforms the neutral alkyl palladium inter-
mediate into a more reactive cationic palladium species. Thus,
desymmetrization appears to occur by enantioselective car-
bopalladation followed by ring opening by direct b-oxygen
elimination or after transmetalation to zinc.

The applicability of enantioselective ring-opening proto-
cols for the synthesis of complex polyoxygenated compounds
was illustrated in the total synthesis of the calcium-chelating
polyether antibiotic, ionomycin.[69] Reductive ring opening of
oxabicycle meso-121 catalyzed by the Ni0/(S)-binap couple

followed by inversion of configuration at the free hydroxy
group provided the all-syn cycloheptene 123 (Scheme 29).
Cleavage of the double bond by ozonolysis and oxidative
PMP-acetal formation delivered the C17–C23 precursor 124
of ionomycin in 62% overall yield frommeso-121. The C3–C9
fragment 126 was in turn synthesized starting from the meso-
configured alcohol 117 by methylative ring opening, subse-
quent regioselective protection steps, and ozonolytic cyclo-
heptene cleavage.

4. The Racemic Switch Operation

Before the development of asymmetric induction meth-
odology, natural product synthesis was based on the use of
racemic compounds which were converted into enantiopure
compounds by derivatization with chiral auxiliaries and
subsequent classical separation, which was accompanied by
loss of 50% of the starting material. In contrast, a racemic
mixture can be regarded as two key single isomeric starting
materials. A racemic mixture is eventually converted into a
pair of diastereomers or constitutional isomers by reagent-
controlled asymmetric stereoinduction, thus allowing their
separation into enantiomerically enriched compounds.
During a racemic switch operation, the racemic starting
material with suitable pro-stereogenic carbon centers as
branching points is transformed into a diastereomeric pair
or a constitutionally isomeric pair by an efficient synthetic
route.

We have developed this novel operation for the synthesis
of a library of bicyclic [3.3.1]lactone acetals, anomeric acetals,
and acyclic stereotetrades (Scheme 30).[70] Starting from the
racemic mixture of oxabicyclic ketones 127 and ent-127,[71]

stereoselective reduction either under SET conditions or with
DIBAH followed by benzyl protection led to racemic
equatorial benzyl ether rac-128 (as early syn-diol equivalents)
and racemic axial benzyl ether rac-129 (as early trans-diol
equivalents), respectively. Asymmetric hydroboration using
(�)-(Ipc)2BH or (+)-(Ipc)2BH and subsequent stepwise
oxidation gave rise to either of four diastereomeric pairs of
[3.3.1]lactone acetals (+)-130/(�)-131, (+)-131/(�)-130, (�)-
132/(�)-133, and (+)-133/(+)-132, which were easily sepa-
rated by chromatography to yield eight enantiomerically
enriched (89–96% ee) bicyclic building blocks. The stepwise
and selective oxygenation of bicylic starting materials
amounts to a “chemical metabolism in a test tube”. Subse-
quent acidic methanolysis and ring-opening thioacetalization
(Schemes 30 and 31) provided eight monocyclic anomeric
acetals (134–141) and eight fully differentiated stereotetrades
(142–145).

Scheme 28. a) Me2Zn (2.5 equiv), [PdCl2(CH3CN)2]
(0.05 equiv), (S)-iPr-(S)-dipof (0.05 equiv), ClCH2CH2Cl, reflux,
84% (95% ee); b) Me2Zn (2.5 equiv), [PdCl2(CH3CN)2]
(0.05 equiv), (S)-iPr-(S)-dipof (0.05 equiv), Zn(OTf)2
(0.1 equiv), ClCH2CH2Cl, reflux, 92% (88% ee).

Scheme 29. a) [Ni(cod)2] (5 mol%), (S)-binap (10 mol%), DIBAH (1.1 equiv, addition
over 20 h), toluene, 65 8C, 95% (93–95% ee); b) 1. DMSO, (COCl)2, Et3N, CH2Cl2,
�78 8C; 2. DIBAH, toluene, �78 8C; 3. PMBCl, KHMDS, THF, 82% (3 steps); c) 1. O3,
MeOH/CH2Cl2, �78 8C; NaBH4, RT; 2. DDQ, CH2Cl2, 4-I-MS, RT, 79% (2 steps);
d) Me2Zn (2.5 equiv), [PdCl2(CH3CN)2] (5 mol%), (R)-iPr-(R)-dipof (5 mol%), Zn(OTf)2
(10 mol%), ClCH2CH2Cl, reflux, 80% (94% ee); e) 1. TBSCl, imidazole, DMF; 2. PMBBr,
NaH, Bu4NI (cat.), DMF; 3. O3, MeOH/CH2Cl2, �78 8C; NaBH4, RT, 78% (3 steps).
HMDS=1,1,1,3,3,3-hexamethyldisilazane.
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Overall, 8+ 8+ 8= 24 enantiomerically enriched building
blocks were synthesized in as little as 32 single-flask
operations by using the “racemic switch” approach. Stereo-
chemical libraries are especially useful when relative or
absolute configurations of natural products or their degrada-
tion products are unknown and have to be assigned by
synthesis, or for structure–activity relationship (SAR) studies
of interesting bioactive compounds. In this regard, operation
of the racemic switch can facilitate access to stereochemically

diverse building blocks by reducing reaction operations,
cutting waste, and saving time.[72] Alternatively, a single
diastereomer from a racemic switch can serve as the starting
point in a target-oriented natural product synthesis. For
example, bicyclic lactone acetal skeleton (�)-132 already
stores all the chiral information for conversion into the central
C18–C27 stereopentade of the promising antitumor agent
phorboxazole,[73] while the diastereomeric lactone acetal (�)-
133[74] served as a building block for the C1–C7 stereotetrade

Scheme 30. a) 1. SmI2, iPrOH, THF, reflux, 85%; 2. NaH, THF, BnBr, reflux, 95%; b) 1. DIBAH, THF, �78 8C, 89%; 2. NaH, THF, BnBr, reflux,
99%; c) 1. (�)-(Ipc)2BH, THF, �25!�10 8C, 7 d, 83%; 2. PCC, 4-I MS, NaOAc, CH2Cl2, RT, 97%; 3. mCPBA, NaHCO3, CH2Cl2, RT, 83% ((+)-
130 : 39%, 96% ee ; (�)-131: 44%, 89% ee); d) 1. (�)-(Ipc)2BH, THF, �15 8C, 14 d, 98%; 2. PCC/SiO2, CH2Cl2, RT, 96%; 3. mCPBA, NaHCO3,
CH2Cl2, RT, 85% ((�)-132 : 47%, >95% ee ; (�)-133 : 38%, 93% ee); e) 1. (+)-(Ipc)2BH, THF, �25!�10 8C, 7 d, 87%; 2. PCC, 4-I MS, NaOAc,
CH2Cl2, RT, 98%; 3. mCPBA, NaHCO3, CH2Cl2, RT, 83% ((+)-131: 47%, 91% ee; (�)-130 : 40%, 94% ee); f) 1. (+)-(Ipc)2BH, THF, �25!�10 8C,
7 d, 82%; 2. PCC, 4-I MS, NaOAc, CH2Cl2, RT, 99%; 3. m-CPBA, NaHCO3, CH2Cl2, RT, 82% ((+)-133 : 37%, 95% ee; (+)-132 : 45%, 96% ee).

Scheme 31. a) MeOH, H2SO4, RT; b) 1,3-propanedithiol, TMSOTf, MeCN, �40!�10 8C.
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of the prominent microtubule-stabilizing agent (�)-discoder-
molide.[75]

Similarly, the geminally dimethylated oxabicyclic ketone
rac-146[76] (Scheme 32) was converted into either of two pairs

of constitutional isomers (148/149 and ent-148/ent-149), which
were subsequently isolated as single compounds by chroma-
tography.[77] Each of these four distinct compounds is a
valuable building block for natural product synthesis as was
illustrated by the enantioselective syntheses of segments of
pederin, the aurisides, and (combined with parent meso-54)
the bryostatins (Scheme 33).[46c]

The transformation of racemic monomethylated
[4+3] cycloaddition products into highly enantioenriched
building blocks was applied to the synthesis of the C1–C16
segment of the antitumor macrolide lasonolide A,[78] the
C29–C37 segment of spongistatin 1,[79] and the C14–C24
segment of the G1-phase arresting agent (�)-ratjadone.[80]

5. Conclusions

8-Oxabicyclo[3.2.1]oct-6-en-3-ones have shown broad
utility as chiral building blocks that are not derived from
aldol chemistry. Their special stereochemical features and
versatility have been exploited en route to polyketides,

(deoxy-)C-glycosides, and other natural products. Enantiose-
lective [4+3] cycloadditionmethodology and enantioselective
desymmetrization protocols for meso-configured oxabicyles
have expanded the synthetic repertoire of organic chemists. In
addition, the racemic switch operation has been developed
and exemplified for creating stereochemical diversity and also
targeting individual stereoisomers. Synthetic targets of stead-
ily increasing complexity are now within reach. Cyclic allyl
cations of medium and large rings offer a route to complex
molecular ensembles with dynamic conformational
changes.[14] Further steps forward could involve asymmetric
cycloadditions of unconventional allyl cation equivalents
generated, for example, from 3-alkoxy-2-oxo-3-alkeneni-
triles[81] by employing chiral Lewis acids. Also of interest
would be the desymmetrization of meso-configured
[4+3] cycloaddition products with chiral cross-metathesis
catalysts.[82]

Aside from the synthetic aspects, the challenge to under-
stand and analyze the multifaceted mechanistic details has
been intellectually stimulating and rewarding. Central aspects
of these higher order cycloadditions are HOMO–LUMO
matching, fine-tuning of electrophilicity, and the hidden
nucleophilicity of the terminator group, as well as self-
organization with entropy loss in multicomponent transition
states.
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Powerful neutron and high-energy X-ray diffraction methods have been
used to elucidate the partial structure factors of liquid hydrogen
fluoride. Structural details of the short, strongly hydrogen-bonded
chains provide a rigorous test for models of this fundamentally
important solvent. For more information see the Communication by
J. F. C. Turner and co-workers on the following pages.
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Structure of Liquid HF

On the Structure of Liquid Hydrogen Fluoride**

Sylvia E. McLain, Chris J. Benmore, Joan E. Siewenie,
Jacob Urquidi, and John F. C. Turner*

The liquid state is the most complex phase of matter.
Densities of liquids are comparable to densities of the
solids, implying that the forces between particles in the
liquid are of the samemagnitude as those forces present in the
solid. However, there is no simplification due to the presence
of a lattice and no satisfactory analytic theory of the liquid
state exists. However, despite this complexity, the liquid state
is an outstandingly important chemical milieu in which many
reactions take place.

Strongly associated fluids are particularly complex and
the structure and properties of these fluids provide an
exacting and stringent test of theory. Here, we report the
first investigation of the structure of hydrogen fluoride at the
level of the distributions of pairwise interatomic distances, the
partial pair correlation functions.

Liquid HF is an important chemical and it is widely used
in the petrochemical industry, as a catalyst for hydrocarbon
management, and in the glass and ceramics industries.[1,2]

Academically, its superior properties as a solvent have
found application in both organic and inorganic chemistry,
and the superacidic properties have been exploited in both
disciplines, in the study of reactive intermediates and reaction
mechanisms[3,4] That these highly desirable properties are not
more widely applied is mainly due to the exceedingly toxic
and corrosive nature of the material,[5] which is severe when
anhydrous and only somewhat lessened in solution. Indeed,
given the properties of liquid HF, it has been stated that the
calculation of its properties is to be preferred over measure-
ment.[6]

The true importance of this fluid does not solely rest with
its industrial and academic applications; it is the simplest
archetype for the strong hydrogen bond, and the molecular

simplicity of HF makes it an attractive model for strongly
hydrogen-bonded systems. That hydrogen bonding should be
so important to understand need not be reiterated, once the
importance of this interaction in structural biology, materials
science, chemistry and physics is appreciated.[7–9] This impor-
tant, directional structural interaction is responsible, inter
alia, for protein conformations, the stability of the structure of
DNA and the properties of water and other associated fluids.

Both the bulk properties[6, 10,11] and microscopic struc-
ture[12–15] of HF have been the focus of intense theoretical
investigation; there have been many calculational approaches
to the structure and properties of HF using a variety of
methods.[6,10–24] The overarching feature of these calculations
is the complete lack of experimental data with which to
compare the results of calculation at the pair correlation
function level. The only structural data reported to date are
two total structure factor measurements for DFat a variety of
thermodynamic state points.[25,26] Given that the total struc-
ture factor is the weighted sum of the partial structure factors,
it is unsurprising that there is a variance in the results of the
calculated structural models of HF at the pair correlation
function level.

The hydrogen bond is the dominant feature of the
structural chemistry of HF in all phases; the solid is composed
of unbranched, zigzag chains[27] while the vapor is composed
of cyclic oligomers and clusters.[28] In the liquid, the macro-
scopic properties are consistent with strong hydrogen bonds,
though until this report, there has been no experimental data
to confirm this at the pair correlation function level.

To determine the atomic structure and therefore the
hydrogen-bonded nature of HF, high-energy X-ray and
neutron diffraction measurements were performed on sam-
ples of HF and DF at 296� 2 K and 1.2� 0.1 bar. Both types
of radiation were used to provide complementary information
on the structure.[29,30] X-rays scatter from electron density,
weighting the contribution of each atom to the scattering
pattern by Z the atomic number. In contrast, the interaction
of neutrons with matter is dependent on the composition of
the nucleus and therefore the isotopic nature of each sample
defines magnitude of the scattering interaction. Assuming
isostructurality between isotopomeric samples, it is possible,
by taking linear combinations of diffraction patterns, to solve
the structure factor equations and explicitly determine each
of the individual structure factors. This technique has been
widely applied to diffraction studies of liquids[31–36] as well as
other disordered systems.[37] The pair correlation function is
related to the scattered intensity by Fourier transformation as
given in Equation (1), where 1 is the atomic number density.

SðQÞ ¼ 1þ 4p1
Q

Z

r½GðrÞ�1�sinðQrÞdr ð1Þ

Extraction of the partial structure factors therefore allows
the determination of the distribution of pairwise atomic
distances—the pair correlation functions.

The diffraction pattern of a sample of HF, collected with
radiation source A and written as SAT(Q), is related to the
partial structure factors according to Equation (2), where aAYY0
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SATðQÞ ¼ aAHHSAHHðQÞ þ aAFFSAFFðQÞ þ 2 aAHFSAHFðQÞ ð2Þ

(Y,Y’=H,F) is the weighting of the scattering from Y and Y’
due to number density and the inherent strength of the
scattering interaction.

For neutrons, this factor is written as aNYY0= cYcY’bYbY’; for
X-rays it is aXYY0= cYcY’ fY(Q) fY’(Q), where cY is the number
density of nucleus Y, bY is the elastic coherent scattering
length,[38] and fY(Q) corresponds to the form factor. The
weighting factors for these neutron and X-ray experiments
are shown in Table 1.

Our measured neutron diffraction pattern of DF is
presented in Figure 1. The diffraction pattern from our
experiments is in good agreement with that of Deraman
et al.[26] Given that the structure of the fluid at the partial
structure factor level is determined solely by SHH(Q), SHF(Q),
and SFF(Q), the collection of X-ray and neutron diffraction
data on three isotopomeric samples allows the extraction of

the partial structure factors and therefore, by way of Fourier
transformation, the pair correlation functions. These are
shown in Figure 2a in reciprocal space and in Figure 2b in
real space.

In the Fourier transform of the diffraction pattern of DF,
the intramolecular H–F peak position in theGN

DF(r) is found at
rDF= 0.93� 0.02 >, in good agreement with the previously
determined distances in liquid DF, namely 0.93 and
0.925 >.[25, 26]

The partial pair correlation functions, gHH(r), gHF(r), and
gFF(r) (Figure 2b), define the radial structure of the fluid at

the pair correlation function level.
gHF(r) illuminates the key structural
feature of the liquid, the intermo-
lecular hydrogen bond. The inter-
molecular peak position in gHF(r),
rHF, was found to be 1.60� 0.04 >.
This relatively short distance is
indicative of a very strong hydrogen
bond. Moreover, the average inter-

molecular hydrogen–fluorine coordination number, deter-
mined from integration of gHF(r), where

cHF ¼ 4p1
Z
2

1

r2 gHFðrÞdr

is given by cHF= 0.86� 0.10 which consistent with the
presence of hydrogen-bonded chains which are short and
therefore not infinite. This result is in agreement with Raman
and IR spectroscopy studies which have been interpreted by
using a model with chains of six or seven HF molecules.[39]

gHH(r) shows a large peak at rHH= 2.1� 0.1 > with a
coordination number of cHH= 1.69� 0.10. This peak extends
into the region at lower r and overlaps with the intermolecular
hydrogen bond in GN

DF(r). This phenomenon has also been
noted in the simulation literature, though at a different
thermodynamic state point of the liquid.[13] The accurate
separation of the overlapping peaks in gHH(r) and gHF(r) as
well as the extraction of the gFF(r) function, is essential in
understanding the complete structure of the liquid as well as
in making accurate comparisons between calculational
models.

The first peak in gFF(r) (Figure 2b) occurs at rFF= 2.51�
0.03 > with a coordination number cFF= 2.1� 0.1 >. In
addition, gFF(r) shows several peaks occurring beyond the
first peak, these peaks having been predicted to some extent
by several simulations,[12,14,21,24] with the ab initio molecular
dynamics and qm/mm simulations showing the closest agree-
ment.

Table 1: Weighting factors for DF and HF neutron experiments and X-ray experiments.

DF HF X-ray X-ray X-ray X-ray X-ray
neutron neutron 0 D�1 1 D�1 2 D�1 5 D�1 10 D�1

aA
HH 0.1113 0.0350 0.250 0.191 0.093 0.004 0.000
aA

FF 0.0799 0.0799 20.250 18.253 13.715 3.569 0.435
2aA

HF 0.1886 �0.1057 4.500 3.732 2.260 0.250 0.014

Figure 1. Total structure factor for DF measured by neutron diffraction
(circles) compared with previous diffraction measurements(solid
line).[26]

Figure 2. a) Partial structure factors, SHH(Q), SHF(Q), and SFF(Q).
b) partial pair correlation functions, gHH(Q), gHF(Q), and gFF(Q).
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Angular information is available from a diffraction
pattern from a liquid in a limited manner and represents a
statistical average of the bulk configuration of the fluid.

Taking the peak maxima from the extracted pair corre-
lation functions as the basis for intermolecular angular
calculations is instructive. The average H-F-H angle gives
an indication of the linearity of the hydrogen bonds and was
found to be qHFH= 104� 88, indicative of bent hydrogen
bonds. The polarizable pair potential model predicts this
value most accurately at qHFH= 1078, although the bond
lengths in this model vary from the present work.[15]

The average F-H-F angle is found to be qFHF= 165� 108
and defines the degree of orientation between different
molecules in the chain. The most accurate corresponding
simulation value, from the ab initio MD calculations, is qFHF=
1568.[14] Both non-polarizable and polarizable pair potential
models predict this angle to be qFHF= 1808.[15]

The degree of chain branching that occurs in the liquid
also varies widely between the different models, ranging from
0%[21] to 20% branching.[23] To visualize our data and to
assess the degree of branching we chose to model our data
using reverse Monte Carlo (RMC) modeling.[40–42] Widely
used in structural studies of disordered systems, the RMC
model is thought to give the most disordered configurations
that are consistent with the data[43,44] and has the advantage
that no potential is prescribed in the calculations. The RMC
simulation was performed simultaneously on the three
measured partial structure factors using a cubic box contain-
ing 5000 HF molecules with the constraint that the average
coordination number and peak positions in the simulation had
to agree with the values obtained from direct the Fourier
transform of the measured partial structure factor data. A
comparison between the RMC partial structure factors (solid
line) and the experimental partial structure factors (circles) is
shown in Figure 3.

A snapshot of the RMC simulation (Figure 4) indicates
that short, winding, unbranched, hydrogen-bonded chains

dominate the liquid state. Integration of gRMC
HF (r) to rmin=

2.15 >, reveals only 8% of the molecules form branched
chains, this compares to values of 3.5% predicted by the ab
initio simulation and 7% predicted by the polarizable
potential model.[14,15]

In summary, diffraction data from liquid hydrogen
fluoride at the temperature and pressure of this measurement
is consistent with the presence of short, bent, strongly
hydrogen-bonded chains, with strong interchain interactions
and very little branching. Despite the strength of the hydro-
gen bond in the liquid, the chains appear to be curtailed in
length at around an average of seven molecules per chain.

As well as defining the structure of liquid HFat the partial
pair correlation function level for the first time, these data
provide the theoretical community with detailed experimen-
tal information required to improve simulations of HFand the
methods for the calculational investigation of strongly
associated fluids.

Experimental Section
Isotopic samples of HF, DF, and an HF0.5DF0.5 mixture were prepared
as described elsewhere.[45] The chemical and isotopic purity of all the
samples was > 99.9% with < 0.1% H2O.

A series of neutron and high-energy X-ray diffraction measure-
ments were conducted on the liquid at 296� 2 K and 1.2� 0.1 bar.
Neutron diffraction data from DF and HF were recorded on the
Glass, Liquid and Amorphous Diffractometer at the Intense Pulsed
Neutron Source, Argonne National Laboratory (ANL), USA. High-
energy X-ray diffraction data from analogous samples were measured
on the 11-IDC line at BESSERC-CAT, Advanced Photon Source at
ANL. The neutron data were corrected for detector efficiency,
attenuation, multiple scattering, and inelastic scattering using stan-
dard methods.[46] The primary difficulties in the data correction arose
from Bragg scattering from the cell and achieving correct normal-
ization. Accordingly, each empty cell was measured separately and
filled with D2O, to correct each data set and to account for variations
in the cells used. Careful empirical subtraction of the individual Bragg
peaks was then performed.

High-energy X-ray data were corrected for detector efficiency,
instrumental geometrical effects, polarization, and empty container
scattering, and were then normalized to the sum of the form factors
plus Compton scattering. X-ray experiments were performed on all of
the isotopic mixtures at the same state conditions as the neutron
experiments and showed no significant isotopic quantum effect,
within the limits of the experimental error (~ 5%), supporting the use

Figure 3. RMC fit (solid line) to the experimental partial structure fac-
tors (circles).

Figure 4. Two representative molecular groups taken from the RMC
simulation show winding hydrogen-bonded chains dominate the liquid
structure.
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of the isotopic substitution technique in neutron diffraction in this
case.
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The application of electrophilic late-transition-metal com-
plexes in catalysis has enjoyed widespread success in recent
years.[1–6] We have been investigating electrophilic platinum
complexes for catalysis and hydrocarbon C�H bond activa-
tion[7,8] and recently reported a simple strategy for obtaining
unsaturated electrophilic metal centers by addition of bulky
bis(N-arylamino)phosphenium cations, easily derived from
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the electronic structure of these phosphenium cations, their
donor–acceptor adducts, and transition-metal complexes
showed them to be excellent p acceptors, but poor s donors[11]

and thus complementary to N-heterocyclic carbenes (NHCs,
which are good s donors, poor p acceptors).[12]

Herein we report the synthesis, characterization, and
electronic structure of an N-heterocyclic carbene adduct
(CN2) of the bis(N-mesitylamino)phosphenium cation [PN2

+,
Eq. (1); mes= 2,4,6-Me3C6H2, Tf= SO2CF3]. In the reaction
of this adduct with [Pt(PPh3)3] to form the
[Pt(PPh3)(PN2)(CN2)]

+ ion, we demonstrate that NHC-phos-
phenium adducts are particularly well suited for preparing the
first platinum phosphenium complexes, supplying both excel-
lent s-donor and p-acceptor ligands from the same reagent.

Phosphenium cations[13] have experienced a resurgence as
ligands for transition metals[9,14] and main-group elements,[15]

and as p-acceptor ligands for homogeneous catalysis.[16] We
are interested in cyclic bis(N-arylamino)phosphenium cations
as “bulky CO” ligands that create electrophilic metal centers
and also offer a Lewis acid function in the metal's coordina-
tion sphere for bifunctional catalysis.[17] Given the poor s-
donor ability of phosphenium cations,[10b] stable donor–ac-
ceptor adducts (L!PN2)

+ could serve as useful reagents by
supplying both donor and acceptor ligands to the metal. As
our previously reported PMe3 adducts were formed rever-
sibly,[9] we investigated the stronger donor NHC ligand 2.[18]

Reaction of [PK N(mes)CH2CH2NL (mes)]OTf (1) with NHC
(2 ; CN2)

[19] afforded the donor–acceptor adduct [N2CD!
PN2]OTf (3) as a colorless solid in good yield.[20] Adduct 3 was
characterized by NMR spectroscopy and its electronic
structure determined using density functional theory (DFT).
The 31P chemical shift of 3 (d= 113.7 ppm) is significantly
upfield from that of 1 (d= 188.6 ppm) whereas the carbene
carbon resonance shifts from d= 214.4 ppm in CN2 to d=

165.7 ppm in 3 and exhibits a large one-bond C�P coupling
constant (199 Hz). Similar NHC–phosphinidene complexes,
albeit with two-coordinate phosphorus centers, feature JC-P
coupling constants of approximately 100 Hz.[21] In contrast to
the PMe3 adduct,[9] variable temperature 31P and 13C NMR
spectra of 3 showed no shifting of the resonance signals (as
would be expected for reversible adduct formation) but only a
gradual sharpening as the temperature was lowered. Hin-
dered rotation about the N�Cmes bond leads to very broad
resonances in the proton NMR spectrum at 25 8C, as observed
previously for PN2Cl

[9] and confirmed for 3 by observation of
six different mesityl methyl signals at �56 8C in the
13C NMR.[22] We have studied the model adduct [(MK eNN=
CMeNMe)CL !PK (NMeCH2CH2NL Me)]+ (Figure 1) with

hybrid DFT (B3LYP and the 6-31G* basis
set).[23] The calculation finds a P�C bond length
of 1.91 E and an angle between the vector
which bisects the PN2 angle and the P–C vector
of only 1038, indicative of partial rehybridiza-
tion at the phosphorus center. These parame-
ters can be contrasted with the other reported
NHC-phosphenium cation adduct,[18] [carb:!
PPh2]AlCl4 (4, carb= 2,3-dihydro-1,3-diiso-
propyl-4,5-dimethylimidazol-2-ylidene) in
which our calculated P�C bond length is

1.87 E (experimentally determined: 1.813(7) E) and the
analogous angle involving the PPh2 unit is 1138(experimen-
tally determined: 112.78). The NHC adduct of the more
electrophilic [PPh2]

+ ion may thus be better represented as an
imidazolatophosphane with a lone pair at phosphorus,
whereas the N donors in 3 stabilize the localized positive
charge on the phosphorus center. Adduct 3 is also distin-
guished from adducts of diaminophosphenium cations with
electrophilic carbenes, such as [(Me3Si)2C=P(NiPr2)2]

+ which
has d(13C)= 76.51 ppm (JC-P= 87.6 Hz) and dP-C=
1.620(3) E.[24]

Reaction of adduct 3 with [Pt(PPh3)3] displaces two
phosphane ligands to give three-coordinate [Pt(phosphane)-
(phosphenium)(carbene)]OTf [5, Eq. (2)].[25] While plati-

num(0) phosphane complexes participate readily in oxidative
addition reactions, cleavage of the P�C bond in 3 affords a
zerovalent product and may therefore be considered a “non-
oxidative addition” reaction similar to those of tetraamino-
ethylene derivatives that afford bis(diaminocarbene) metal
complexes.[26] Complex 5 may also be obtained from stepwise
reactions of the phosphenium cation with [Pt(PPh3)3] to yield
PPh3 and [Pt(PPh3)2(phosphenium)][OTf], (6)[27] followed by

Figure 1. Optimized structure (DFT) of model NHC–phosphenium
cation adduct. Orange=P, lilac=N, gray=C, white=H.
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treatment with NHC 2 to liberate another PPh3 and afford 5
[Eq. (2)]; in contrast, [Pt(PPh3)3] did not react readily with the
NHC ligand.

Complexes 5 and 6 were characterized by elemental
analysis and NMR spectroscopy and the molecular and
electronic structure of 5were determined by X-ray diffraction
(Figure 2)[28] and DFT calculations. The Pt-P coupling con-

stants for the phosphenium ligands in 5 (7354 Hz) and 6
(6498 Hz) were significantly larger than those for the
phosphane ligands (3795 and 4237 Hz, respectively). These
large coupling constants correlate with short Pt�P bond
lengths; that in 5 is the shortest reported to date[29]

(2.116(3) E) and is approximately 7% shorter than the
average bond length found in tricoordinate [Pt(PPh3)3] (ca.
2.266 E).[30] While the structure of the NHC ligand in 5
(C2 axis bisecting C(22) and N(4) and passing through the
N(3)–C(Ar) vector) allows hypothetically for binding through
the carbene carbon atom or the nitrogen atom of the central
ring, platinum coordination by the carbene carbon atom was
confirmed by 13C NMR spectroscopy (d= 194.5 ppm with
JPt-C= 1614 and 2JP-C= 84.5 Hz). The PN2 and CN2 planes of
the phosphenium and carbene ligands are nearly perpendic-
ular (87.8 and 79.28) to the distorted PtP2C trigonal plane, as
predicted by DFT calculations. The perpendicular orientation
of the PN2 and CN2 planes in 5 is also apparent in DFT studies
of the model complex in which all eight aryl substituents in 5
are replaced with methyl groups. This preference can be
understood in terms of Pt (dp)–P(pp) back bonding. The
ligand field arising from the three ligand lone-pair orbitals
constitutes a pseudo D3h environment about the platinum
center. In such a situation, the two energetically highest
d orbitals are dx2�y2 and dxy in character, where the z axis is
chosen perpendicular to the plane and the x direction is
chosen to lie along the Pt–Pphosphane axis. Both orbitals are
filled in the nominally d10 complex, but note that while the
dxy–PN2 s interaction is repulsive, the dx2�y2 orbital has the

correct symmetry to interact with the PN2 empty P(pp)
orbital as observed in the HOMO of the model complex (see
Supporting Information Figure S4). A similar argument holds
for the CN2 ligand, but it is a significantly poorer p acid than
the PN2

+ ligand.[31]

In conclusion, we have prepared a cationic NHC-phos-
phenium adduct from its constituents and shown that it can
replace two phosphane ligands of [Pt(PPh3)3] with strong s-
donor NHC and effective p-acceptor phosphenium ligands.
These first examples of platinum phosphenium complexes are
characterized by short Pt�P bonds and large Pt–P coupling
constants. We are currently conducting further additions of
NHC-phosphenium adducts to transition metals and inves-
tigating the reactivity and catalytic activity of the resulting
complexes.
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Host–Guest Chemistry

Lithium-Templated Synthesis of a Donor–
Acceptor Pseudorotaxane and Catenane**

Guido Kaiser, Thibaut Jarrosson, Sijbren Otto, Yiu-
Fai Ng, Andrew D. Bond, and Jeremy K. M. Sanders*

In memory of Norma Stoddart

One of the key goals of supramolecular chemistry is to
assemble structural building blocks into arrays with new
properties that emerge only in supramolecular architectures.
These new properties may improve our understanding of
noncovalent interactions, or they may endow useful function-
ality. Catalysts, sensors, and molecular machines or computers
are all possible applications. However, to achieve this aim we
need powerful methods for the synthesis of supramolecular
systems, and while there has been dramatic progress in the
past 30 years, we still have much to learn. We report herein an
efficient cation-templated approach to donor–acceptor pseu-
dorotaxanes and catenanes developed from an accidental
observation.
Rotaxanes and catenanes have for some time been the

subject of intense study[1–7] both because of their fascinating
architectures,[8–18] and because they may have useful proper-
ties as molecular-level switches and sensors.[5, 19–25] Our
approach has been to bring together neutral electron-rich
components such as crown ether 1 (the “donor”) and
electron-poor components such as pyromellitic diimide 2
(the “acceptor”) to create highly colored donor–acceptor
systems that are neutral, chemically robust, and capable of
postsynthetic modification.[3] Catenanes 4 and 5 are formed
from 2 and 3b by alkene metathesis, but we have used a
range of other bond-forming reactions with related build-
ing blocks.[3] Weak C�H···O hydrogen bonds and donor–-
acceptor (DA) interactions are both important driving
forces for complex formation,[26–28] but the charge-transfer
(CT) band resulting from DA interactions provides the key
diagnostic color test that led to the unexpected discovery
discussed below.
When 1 and 2 are mixed (each 5.5 mm concentration) in

chloroform solution they give a pale yellow solution due to
a very weak CT band at 440 nm; the NMR spectrum of
such a solution is essentially the sum of the two compo-
nents, that is, there is insufficient complexation to be detected

by NMR. We found that the addition of solid LiI gave a
brightly colored orange solution (Figure 1) with a CT band at
498 nm, and a 1H NMR spectrum with broadened and shifted
peaks that could not be readily interpreted.

Further investigation revealed that 98:2 chloroform–
methanol was the best solvent mixture for spectroscopic and
crystallographic study, and all results below are reported for
that system. A 1:1 mixture of 1 and 2 allows two equivalents of
LiI to become soluble over a period of hours, thus giving
intense orange coloration to the solution in close proximity to
the solid salt. This implies, but does not prove, formation of a
1:1:2 complex of 1:2 :LiI. Sonication greatly increases the rate
of solubilization to give a clear orange solution. On heating,
the complex dissociates and color is lost; cooling restores
color as expected.

1H NMR spectra of a solution of 1 and 2 following the
addition of 1 and 2 equivalents of LiI are shown in Figure 2.
The most striking observation (Figure 2B) is that after the

Figure 1. Observed color change after the addition of lithium iodide to a CHCl3 sol-
ution of 1 and 2 (5.5 mm in each component).
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addition of 1 equivalent of LiI, 50% of the organic material
remains unchanged, while 50% is present in a new species in
slow exchange on the chemical shift timescale. This is
unambiguous confirmation of the 1:1:2 stoichiometry, and
implies a dramatic cooperativity between binding of the first
and second cations. In the spectrum of the solution that
contains 2 equivalents of LiI, the pyromellitic diimide signal
from Ha is shifted upfield by 1.6 ppm, which implies close
proximity to the naphthalene aromatic ring current. Smaller
upfield shifts are observed for H3 and H2 of the naphthalene
unit. Complexation does not alter the symmetry of this unit,
whereas the methylene protons of the ethylene glycol chains
show splitting owing to a loss of effective local symmetry: an
HMQC spectrum confirms that each pair of CH2 protons is
diastereotopic, but the effective number of carbon-atom
environments is unchanged. A NOESY spectrum shows
pyromellitic diimide–glycol and naphthalene–hexenyl inter-
actions consistent with the same relative pyromellitic dii-
mide–naphthalene diimide geometry observed in the crystal
structure of 4.[29]

These results are consistent with the formation in solution
of a highly symmetrical pseudorotaxane that consist of one
crown and one pyromellitic diimide held together by two Li
ions, presumably through the coordination of oxygen atoms of
both organic components. Isolation of orange crystals from a
concentrated chloroform/methanol 98:2 solution of a 1:1
mixture of crown ether 1 and pyromellitic diimide 2 with an

excess of LiI confirmed the following conclusions
(Figure 3):[30]

a) The interplanar separation between the effectively copla-
nar donor and acceptor rings is 3.2 F, which is consistent
with related catenanes.

b) The lithium cations are five-coordinate, in a distorted
trigonal bipyramidal arrangement. Three glycol oxygen
atoms and one pyromellitic diimide carbonyl are bound to
each cation, the fifth coordination site is taken by a water
molecule. The preference for water over methanol to fill
the fifth coordination site is remarkable considering the
large excess of methanol in solution. The iodide anions are
not coordinated to the lithium cations.

c) The unit cell structure does not involve any significant
stacking of the pseudorotaxanes, that is, no p–p stacking
or hydrogen bonding between different complexes has
been observed. The unit cell contains chloroform mole-
cules but no further water or methanol molecules.

We have studied the binding of 1 to 2 in the absence and
presence of LiI by using isothermal titration calorimetry
(ITC). ITC is a powerful technique, which in two automated
experiments[31] gives the enthalpy (DHo), the equilibrium
constant (hence, DGo), and the stoichiometry of binding.
From the enthalpy and free-energy changes, the entropy of
binding can also be obtained. The results are shown in
Table 1.[32] The equilibrium constant for binding of 1 to 2 is

modest in the absence of LiI, but increases tenfold in the
presence of 10 equivalents of LiI. In both cases binding is
completely enthalpy-driven with an almost negligible contri-
bution of entropy.
One successful example of a lithium templated synthesis

of [2]-catenanes by using metathesis has been reported
previously.[33] We have explored the influence of Li-templated
complexation on catenane formation in our system: as

Figure 2. Room temperature 1H NMR spectra (500 MHz) of a 98:2 CDCl3:MeOH
solution of 1 and 2 (5.5 mm each) following the addition of A) 0, B) 1, and
C) 2 equivalents of LiI.

Figure 3. Crystal structure of [Li2·1·2]
2+. Ortep representation (thermal

ellipsoids set at the 50% level of probability), hydrogen atoms have
been omitted for clarity.

Table 1: Equilibrium constants and thermodynamics of binding of 1 to 2
in the absence and presence of LiI.

K [m�1] DGo [kJmol�1] DHo [kJmol�1] TDSo [kJmol�1]

0 equiv LiI 21 �7.6 �7.5 0.1
10 equiv LiI 2.1I102 �13 �12 1
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previously reported, catenanes 4 and 5 could be synthesized
by using the reversible-alkene-metathesis reaction.[34] The
yield obtained was in accordance with the strength of the
donor–acceptor interactions giving a 20% yield of 4 and 60%
yield for 5. We found that the metathesis was successful in a
dichloromethane/methanol 98:2 solution that contained LiBr
and by using the second-generation Grubbs’ catalyst.[35] While
there was almost no template effect on the synthesis of the
naphthyl diimide catenane 5, a major improvement was
observed for the formation of pyromellitic diimide catenane 4
(60% yield compared to 20% without lithium).
The pseudorotaxane formation of naphthyl diimide 3a

was also investigated in presence of lithium. Surprisingly, no
color change was observed after the addition of lithium
bromide. Further NMR experiments also showed no lithium
effect, which could explain why the same yield of the naphthyl
diimide catenane 5 is obtained with and without lithium.
Taking advantage of this observation, we investigated the
switchable nature of the pseudorotaxane system. The starting
point was a pale yellow solution of the pyromellitic diimide 2
with the crown ether 1. The 1H NMR signals are not shifted
because of the weakness of the donor–acceptor complex.
After the addition of the naphthalene diimide 3a, the solution
changed color from pale yellow to light purple (Figure 4). The
corresponding 1H NMR spectrum displays the characteristic
shifts and broadening of the naphthalene diimide complex,
thus showing that naphthalene diimide unit is bound selec-
tively by the macrocycle. When lithium bromide was added,
this situation was reversed. The solution changed to bright
orange, which suggests that the pyromellitic diimide 2

replaces the naphthalene diimide 3a. This assumption was
confirmed by the corresponding 1H NMR spectrum, which
displays the characteristic signal pattern for the lithium-
templated pseudorotaxane. The aromatic signal of the
pyromellitic diimide 2 shifted to d= 6.72 ppm, whereas the
aromatic signal of the naphthalene diimide 3a shifted down-
field to the unbound position at d= 8.73 ppm. This experi-
ment confirms that switching between the naphthalene
diimide and the pyromellitic diimide pseudorotaxane can be
induced by lithium cations.
In conclusion we have shown that simultaneous coordi-

nation of an aromatic electron donor and acceptor to metal
cations can lead to the formation of highly stable colored
pseudorotaxane complexes. In at least one favorable case
described here, the pseudorotaxane is an effective precursor
to a [2]-catenane. Elsewhere we will describe the application
of this donor–acceptor template to the synthesis of switchable
covalent rotaxanes and additional catenanes.
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Colorimetric Anion Sensing

AColorimetric Approach to Anion Sensing: A
Selective Chemosensor of Fluoride Ions, in which
Color is Generated by Anion-Enhanced
p Delocalization**

Miguel V�zquez, Luigi Fabbrizzi,* Angelo Taglietti,
Rosa M. Pedrido, Ana M. Gonz�lez-Noya, and
Manuel R. Bermejo*

There is a growing interest in the design of receptors for
anions, because of the important role anions play in biological
systems of environmental chemistry and food science.[1]

Selective recognition is important, with full discrimination
from other negatively charged interferents; this is a factor
addressed in the design of a receptor, whose size and shape
must be complementary to those of the envisaged analyte.
The energy of interaction can be provided by positively
charged groups (ammonium, alkyl ammonium, guanidinium,
pyridinium, transition-metal ions),[2] which should be sym-
metrically positioned within the receptors cavity. The primary
drawback of this approach is that the positively charged
receptor brings with it anions, which may be interferents.
However, neutral receptors for anions exist that are based on
urea and thiourea fragments, whose -NH groups are able to
establish hydrogen-bonding interactions with the substrate.[3]

The nature of the interaction restricts the use of such
receptors to anions containing the most electronegative
atoms: fluorine (F�) and oxygen (carboxylates, phosphates).
Thiourea-based systems are, however, good receptors for
fluoride ions,[4] but selective recognition and subsequent
signaling of their presence, with respect to oxygen-containing
anions as possible interferents, are limited to a restricted
number of examples.[5] Recognition is important, but its
occurrence must be communicated to the outside by a visual
signal, for example, a color change. The classical strategy
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involves the covalent linking of a chromogenic fragment to
the receptor. Anion binding then in some way modifies the
dipole of the chromophore, thus altering the energy of the
optical transition and changing the color.[6]

We describe here a simple and easy way to prepare a
thiourea-based receptor, which allows naked-eye detection of
fluoride ions, but which does not contain any particular
chromophore. In particular, we have designed molecule 1,
which possesses two thiourea-containing unsaturated arms
appended to a pyridine ring. The interaction of the thiourea

hydrogen atoms with the substrate enhances p delocalization
and shifts the p–p* transition from the UV to the visible
region and results in the generation of a yellow color.

Single crystals of 1 suitable for X-ray diffraction studies[7]

were grown by vapor diffusion of diethyl ether into an
acetone solution of the compound (Figure 1, top). The

structure reveals the formation of a symmetrical Schiff base,
which adopts an open configuration in the solid state, with the
two thiosemicarbazone arms disposed on either side of the
pyridine ring. Multiple hydrogen-bonding interactions also
exist between neighboring molecules (Figure 1, bottom). In
particular, each molecule is connected to two others through
hydrogen bonds between sulfur atoms and the internal -NH
groups of the thiourea moieties. The final result is the
assembly of discrete molecules into supramolecular 1D zig-
zag chains. It must be noted that the terminal -NH groups of
the thiourea units are not involved in any intra- or intermo-
lecular hydrogen-bonding interactions.

The interaction of 1 with a variety of anions was
investigated through spectrophotometric titrations in MeCN
by addition of a standard solution of the tetraalkyl ammonium
salt of the envisaged anion to a solution of 1. Figure 2 shows

the spectra obtained during the titration with fluoride ions. It
is seen that addition of salt results in the intensity of the
absorption band at 324 nm decreasing and the development
of a new band at 412 nm. The presence of a well-defined
isosbestic point indicates that only two species are present at
equilibrium: 1 and a 1·F� adduct. Figure 2 (inset) also shows
the titration profile, that is, the plot of the absorbance at
412 nm versus the number of equivalents of F� ions, whose
nonlinear least-squares processing[9] indicated the 1:1 stoichi-
ometry of the adduct and with an association constant
logKass= 4.14� 0.02.

Moreover, the 1H NMR spectrum in CD3Cl of 1 shows
dramatic changes on addition of fluoride ions: The internal -
NH signal (s, 2H, d= 8.94 ppm in the free ligand) disappears
rapidly and the pyridine aromatic proton signals shift upfield
when F� ions are added. On the other hand, the signal of the
terminal -NH groups of the thiourea moieties (s, 2H, d=
2.50 ppm in the free ligand) does not dissappear and only
shows a trivial upfield shift. This observation suggests that the
fluoride ion interacts only with the internal -NH protons of
the receptor.

Figure 3 shows the structure of the 1·F� adduct, as
calculated by a semiempirical method (AM1), with the
symmetrical hydrogen-bonding interactions between the
anion and the two thiourea fragments. Noticeably, the
fluoride ion interacts with the two internal -NH groups,
whereas the two terminal -NH groups of the thiourea
fragment are not involved in the bonding, which is in
accordance with the 1H NMR results. Conversely, a strong
interaction of the F� ion with one hydrogen atom of the
thiourea unit may account for the large red-shift of the intense
p–p* absorption band. We can tentatively describe the
bonding situation through the tautomeric equilibrium shown
in Scheme 1. First, a hydrogen ion is released from one of the

Figure 1. Top: Molecular structure of 1 showing the atomic numbering
scheme. Thermal ellipsoids are drawn at the 40% probability level.
Bottom: Part of the unit cell of 1 exhibiting the network of hydrogen-
bonding interactions between neighboring units that give rise to the
assembly of discrete molecules into infinite supramolecular zig-zag
1D chains.

Figure 2. Titration of a 10�5m solution of 1 in acetonitrile with a stan-
dard solution of tetrabutylammonium fluoride in acetonitrile. Inset:
absorbance at 412 nm versus number of equivalents of F� ions (n)
added.
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two internal -NH groups to the F� ion to give an LH�·HF
adduct (LH2= 1); then, a tautomeric equilibrium takes place
within the LH�·HF species, in which a hydrogen ion is
transferred from an internal nitrogen atom of LH� to the
other, by bond formation/breaking with the fluoride ion. In
each one of the two equivalent formulas, it is assumed that
availability of a lone pair of electrons on the thiourea nitrogen
atom induces extended p conjugation, which ultimately gen-
erates a negative charge on the pyridine nitrogen atom.

Enhanced p delocalization on the organic backbone is
expected to reduce the energy of the p–p* transition. As a
consequence, the absorption band is shifted from the UV to
the visible region and a yellow color appears. The presence of
anionic character, as a consequence of the interaction with a
F� ion, has been hypothesized for naphthalene-based recep-
tors equipped with two urea-containing arms.[5b]

Moreover, p delocalization generates a dipolar situation
in the 1·F� adduct, with a partial negative charge on the
pyridine ring and a partial positive charge on the hydrogen
atom interacting with the fluorine atom. The dipolar nature of
the transition is demonstrated by the fact that the spectra of
the 1·F� adduct change moderately, but significantly on
varying the solvent. One would expect that solvents with
higher dielectric constants would stabilize the dipole, thus
causing a red-shift of the charge-transfer transition. Indeed, a
roughly linear relationship exists between the lmax value of
the 1·F� adduct absorption band and the dielectric constant of
the medium (Figure 4).

Among the other anions investigated, the highest affinity
was observed with acetate. The association constant logKass,

calculated by processing the titration profiles, is 2.01� 0.01.
Lower values were observed for H2PO4

� (logKass= 1.70�
0.03) and Cl� ions(logKass= 1.27� 0.08), while Br� , I� , and
HSO4

� ions have logKass� 1. It is noticeable that, among the
previously investigated optical chemosensors for F� ions,
higher association constants for the 1:1 adducts were observed
in the case of a triarylborane–porpyrin conjugate (logKass=

5.0, in THF),[10] and a dipyrrolyl–quinoxaline conjugate
(logKass= 5.1 in CH2Cl2).

[11] However, comparison with the
system described here is not intrinsically correct, because of
the much lower dielectric constant of THF (7.5) and CH2Cl2
(9.1) with respect to MeCN (36.6). Thus, logKass data are
reported here only for informational purposes. No Kass values
were reported for other systems, and in most cases the
competition by oxyanions (acetate, phosphate) was not
considered.[5, 11,12]

In this regard, the spectrophotometric response of 1 to the
fluoride concentration does not suffer interference from any
other anionic analyte even when present at millimolar
concentrations. This is illustrated in Figure 5, in which the
plot of the absorbance of the adduct versus anion concen-
tration (in a logarithmic scale) emphasizes the selectivity of
receptor 1 towards fluoride ions.

Scheme 1. The tautomeric equilibrium illustrating the bonding situa-
tion in the 1·F� adduct.

Figure 4. The relationship between the lmax value of the absorption
band of the 1·F� adduct and the dielectric constant of the medium e

(solvents used from lower to upper e values: THF, acetone, acetoni-
trile, DMF, and DMSO), which demonstrates the dipolar character of
the transition.

Figure 5. Titration of solutions of 1 (10�5m) in acetonitrile with stan-
dard solutions of selected anions. A=molar absorbance at 412 nm.

Figure 3. Optimized structure of the 1·F� adduct, as calculated with a
semiempirical method (AM1), showing the hydrogen-bonding interac-
tions of the fluoride ion with the two internal hydrogen atoms of the
thiourea fragments.
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Thus, system 1 appears to be a specific sensor for the
fluoride ion. It is notable that in a medium such as MeCN the
counterion of the investigated salt can interact with the anion.
To minimize such an effect we used in all cases tetra-n-
butylammonium salts, with the exception of chloride, for
which the benzyltrimethylammonium salt was used.

Finally, Figure 6 displays the visual aspects of fluoride ion
recognition and sensing. Each vial contains a 10�4m solution

of 1 in MeCN. The addition of one equivalent of F� ions
induces the appearance of a bright yellow color (vial b) while
the addition of ten equivalents of the other anions (vials c–h)
does not induce any color development.

Thus, it is demonstrated that a chromogenic sensor for
fluoride ions can be designed even in the absence of any
defined chromophore. It is the very strong interaction
between the F� ion and the internal -NH fragment of the
thiourea group that enhances p delocalization over the
receptor's framework, thus causing the p–p* transition to
shift from the UV to the visible region. The presence of two
equivalent unsaturated arms extends the p delocalization and
increases the red-shift as well as enhancing the affinity and
selectivity for F� ions.
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Lithium-Ion Batteries

A High Electrode-Reaction Rate for
High-Power-Density Lithium-Ion Secondary
Batteries by the Addition of a Lewis Acid**

Yuki Kato, Takenobu Ishihara, Hiromasa Ikuta,
Yoshiharu Uchimoto, and Masataka Wakihara*

Lithium-ion secondary batteries using polymer electrolytes
based on lithium-salt complexes of polyethers have attracted
much attention because of their potential for practical
applications, such as electric-, hybrid-, or fuel-cell vehicles.[1]

Although enhancement of the charge-transfer reaction rate is
important to fabricate high-power-density batteries, only a
few investigations have been focused on the charge-transfer
reaction at the electrode/polymer electrolyte interfaces.[2]

Herein we describe a significant enhancement of the
charge-transfer reaction rate by addition of Lewis acid to
polymer electrolytes. This is, to our knowledge, the first report
about the achievement of a high rate by the addition of
additives to electrolytes.

Recently, we reported that poly(ethylene glycol) (PEG)-
borate ester increases the ionic conductivity and transport
number of lithium ions or magnesium ions of polymer
electrolytes.[3] Since the borate ester groups, which act as
Lewis acids, prefer to interact with anions, the increase in the
conductivity and transport number is induced by enhancing
the dissociation of the salts in polymer electrolytes.[3] These
results indicate that the activity of lithium ions in the polymer
electrolytes increases on addition of the PEG-borate ester.
Therefore, the charge-transfer reaction rate should be
enhanced by the addition of the Lewis acid, because the
rate is proportional to the activity of lithium ions.[4]

Herein, we investigate the influence of the PEG-borate
ester on the electrokinetics of the Li+/Li couple in poly-
(ethylene glycol) dimethyl ether (PEGDME) based electro-
lytes. PEGDME solutions of LiCF3SO3 are used as a model of
polymer electrolytes, and is similar to the amorphous
conducting phase in high-molecular-weight poly(ethylene
oxide). To evaluate the charge-transfer reaction rate at the
electrode/electrolyte interfaces, the exchange current densi-
ties were studied by chronoamperometry with a microelec-

trode technique. Microelectrodes have several properties that
facilitate the electrochemical analyses, such as minimization
of the ohmic (IR) drop and charge current, and enhancement
of the transport of electroactive ions to the electrode surface
by spherical diffusion.[2, 5]

Chronoamperometry was performed to obtain the
exchange current densities. The measured coulombic effi-
ciency of lithium deposition and dissolution was over 90% in
all cases, which means that no significant secondary reaction
occurred at the interfaces. The exchange current densities
obtained in the electrolytic solutions with various amounts of
the PEG-borate ester are summarized in Figure 1. Significant

increases in the exchange current densities of the electrolytes
were found when the PEG-borate ester was added. Further-
more, the values of the exchange current densities show a
maximum at each temperature with a PEG-borate ester
content of 25 wt% to the standard solvent, PEGDME, which
corresponds to a molar ratio of PEG-borate ester:the anion of
almost 1:1. The maximum value at 333 K was 2.88 mAcm�2

which was 2.8 times larger than that without the PEG-borate
ester.

The exchange current density i0 can be expressed as
Equation (1),[2a,4] whereA is the pre-exponential factor, aLi+ is

i0 ¼ A
ffiffiffiffiffiffiffiffi

aLiþ
p

expð�DG*=RTÞ ð1Þ

Figure 1. Bottom: The exchange current density i0 versus the amounts
of the PEG-borate ester in 0.5m LiCF3SO3/PEGDME at various temper-
atures: * 313 K, * 323 K, ~ 333 K, ~ 343 K. Top: The PEG-borate ester
acting as a Lewis acid should increase the activity of the lithium ions
by interacting with the counteranions (X�) and thus bringing about the
increases in the exchange current densities.
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the activity of lithium ions,DG* is the Gibbs activation energy
of the Li+/Li couple reaction.

To investigate the factor for the increase in the exchange
current density of the standard electrolyte with the PEG-
borate ester, the activity of lithium ions and the Gibbs
activation energy were studied. The activation energy was
evaluated with the exchange current densities at various
temperatures. The activation energy of the Li+/Li couple
reaction depends mainly on the solvation of the lithium ions.
The activation energies were found to remain almost constant
even with the addition of the PEG-borate ester (Table 1).
Consequently, the main reason for the increase in the
exchange current densities is the increase in the activity of
lithium ions.

The internal vibration modes of the counteranions make
Raman spectroscopy very useful for the qualitative inves-
tigation of the activity of lithium ions in electrolytes.[6] From
the Raman spectra of the polymer electrolytes, the ratio of the
free ion, which corresponds to activity of lithium ions, was
estimated (Figure 2). This result indicates that the ratio of free
ions increased when the PEG-borate ester was added into the
electrolytic solution but began to decrease once the amount of
PEG-borate ester exceeded a certain threshold level. The
ratio of the free ion was highest at the PEG-borate ester of
10–25 wt%, which agrees well with the observed changes in
the exchange current density (Figure 1). Therefore, the
Raman studies indicate an increase in the activity of lithium
ions in the electrolytic solutions on the addition of the PEG-
borate ester, which should bring the increases in the exchange
current densities (see Figure 1).

To investigate solvation state of a lithium ion in the
PEGDME and the PEG-borate ester in more detail, ab initio
calculations were carried out (Figure 3). These show that a
lithium ion coordinates with five oxygen atoms in the
PEGDME (Figure 3a), while with the PEG-borate ester,
the lithium ion coordinates to four oxygen atoms (Figure 3b).
Additionally, the binding energies E(bind) between a lithium
ion and the solvent molecule, PEGDME or the PEG-borate
ester, were calculated with Equation (2), where E(complex) is the

DEðbindÞ ¼ EðcomplexÞ�fEðsolventÞ þ EðlithiumÞg ð2Þ

total electron energy for a lithium ion with the PEGDME or
the PEG-borate ester. E(solvent) and E(lithium) are the total

electron energy of the solvent molecule and the lithium ion,
respectively.

DE(bind) for a lithium ion with the PEGDME was found to
be higher than that with the PEG-borate ester (Table 2). This

Table 1: Activation energies of the Li+/Li couple reaction in 0.5m
LiCF3SO3/PEGDME with various amounts of PEG-borate ester.

PEG-borate ester DG*
[wt%] [kJmol�1]

0 (only PEGDME) 28.9
5 30.7
10 30.3
25 29.7
35 29.4
50 29.2
100 29.9

Figure 2. Fraction of free ions versus the amounts of the PEG-borate
ester in 0.5m LiCF3SO3/PEGDME at 313 K. The fraction is estimated
from the Raman spectra (sample spectrum for 25 wt% of PEG-borate
ester in 0.5m LiCF3SO3/PEGDME is shown in the inset): The spectral
band of the SO3 symmetric stretching mode of CF3SO3

� (ns(SO3
�)),

which is observed around 1040 cm�1, has been deconvoluted into
three components: 1) the lower frequency component around
1034 cm�1 is attributed to “free ions”; 2) the component at about
1042 cm�1 is “ion pairs”; 3) the highest frequency component at
around 1052 cm�1 is “multiple aggregated ions”.[6] Therefore, the ratio
of the free ion corresponds to the ratio of the area arising from free
ions (dissociated ions) to that of all the components (aggregated and
ion-paired as well as free ions).

Figure 3. Stable geometries of the complexes from ab initio calcula-
tions: a) a lithium ion and the PEGDME, b) a lithium ion and the PEG-
borate ester, c) CF3SO3

� and the PEGDME, d) CF3SO3
� and the PEG-

borate ester.
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result suggests that a lithium ion coordinates preferably with
the PEGDME than with the PEG-borate ester. The inter-
actions between the CF3SO3

� ion and the solvent molecule
were also investigated by ab initio calculations. For simplifi-
cation of the calculations, the PEG-borate ester whose
ethylene oxide (EO) chain length is 1, B{(OC2H4)OCH3}3,
was chosen as a model solvent molecule, and accordingly, the
PEGDME with the corresponding EO chain length,
CH3O(CH2CH2O)5CH3, was also chosen. The stable geo-
metries obtained for the CF3SO3

� ion with the PEGDME or
the PEG-borate ester are shown in Figure 3c and d. The
binding energies between the CF3SO3

� ion and the solvent
molecule are also summarized in Table 2. Therefore, PEG-
borate ester prefers to interact with the CF3SO3

� ion as a
Lewis acid, which leads to the enhancement of dissociation of
a lithium salt. From these calculations for the solvation states
of a lithium ion and a CF3SO3

� ion in PEGDME or PEG-
borate ester, lithium ions are preferably solvated with the
PEGDME, where as the PEG-borate ester interacts pref-
erably with the CF3SO3

� ion. Therefore, when the PEG-
borate ester is added into the electrolytes, the activity of
lithium ions increases through the interaction between the
PEG-borate ester and CF3SO3

� ion, which is induced by the
Lewis acidity of the PEG-borate ester. Furthermore, in the
case of the excess amounts of the PEG-borate ester in the
electrolyte, the solvation state of lithium ions is less pref-
erable, and accordingly, the activity of lithium ions decreases.
This consideration coincides with the activity of lithium ions
obtained from the Raman spectroscopic studies (Figure 2).

In conclusion, the PEG-borate ester with its Lewis acidity
was found to be effective in the exchange current density in
PEGDME-based electrolytes. This increase is induced by the
enhancement of the activity of lithium ions because of Lewis
acidity of the PEG-borate ester. This novel method to achieve
high charge-transfer reaction rate is promising for the
development of high-power-density lithium-ion batteries for
large-scale applications, such as electric-, hybrid- or fuel-cell
vehicles.

Experimental Section
PEGDME (Mw= 500, CH3O(CH2CH2O)11CH3) (NOF Co. ltd.) was
used as a standard solvent for electrolytic solutions. LiCF3SO3

(99.995%, Aldrich) was used without further purification. The
concentration of the solution was 0.5 moldm�3. All experiments
were carried out in an Ar-filled glove box (dew point: �76 8C). The

PEG-borate ester (Mw= 500.4, B{(OC2H4)3OCH3}3) was prepared by
a literature method.[2]

To prepare the nickel microdisc electrodes used as a working
electrode a nickel wire with 50 mm diameter was sealed with a shrink-
on tube made of Teflon and then cut to expose the cross-section of the
wire surrounded by Teflon. The prepared microdisc electrode was
polished with 0.3 mm diameter alumina powder before every experi-
ment. As a reference/counter electrode, lithium foil was used. A
Solartron SI 1287 electrochemical interface was used for electro-
chemical experiments. The steady-state currents of the deposition and
stripping of lithium on the working electrodes at various over
potentials versus the Li+/Li couple were measured by chronoamper-
ometry. From the steady-state currents (i) obtained at various
overpotentials (h), the exchange current densities i0 were estimated
with the following Allen–Hickling equation [Eq. (3)] where F is the

ln
�

i
1�expðFh=RTÞ

�

¼ ln i0�
aF
RT

h ð3Þ

Faraday constant, R is the gas constant, T is an absolute temperature,
and a is the transfer coefficient.[4]

Raman spectroscopic studies were performed with a JASCO
NRS-2100. The excitation source was an Ar+ laser operating at
514.5 nm and the laser power was 10 mW. The spectral resolution was
2 cm�1. Ab initio calculations were carried out with the software
Gaussian98.[7] Calculations for geometry optimizations were carried
out at the HF level of the theory using standard 3-21G basis set.
Subsequently single-point calculation for investigation of the energies
of the optimized geometries was performed by using DFT methods
with B3LYP[8] form for exchange-correlation functional and 6-311G**
basis set.
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Liquid Crystals

Supramolecular Chirality of Thermotropic Liquid-
Crystalline Folic Acid Derivatives**

Takashi Kato,* Toru Matsuoka, Masayuki Nishii,
Yuko Kamikawa, Kiyoshi Kanie, Tatsuya Nishimura,
Eiji Yashima, and Seiji Ujiie

Supramolecular self-assembly of thermotropic columnar and
cubic liquid crystals has recently attracted a great deal of
attention because their structures in nanometer length scale
can be used for new dynamically functional materials.[1–6] The
aim of the present study is to introduce supramolecular
chirality into columnar and cubic liquid crystals for further
functionalization of these materials. The incorporation of
chirality into thermotropic columnar[5] and cubic[6] phases is a
relatively new and growing area, while a numerous number of
chiral materials have been prepared for nematic and smectic
materials.[7] Moreover, to the best of our knowledge, supra-
molecular chiral assemblies of thermotropic cubic materials
have not yet been reported except for rod aromatic chiral
molecules[6] although supramolecular chirality has been
developed for self-assembled molecules in solution.[8] It is of

interest that supramolecular chirality may occur for self-
assembled columnar and cubic materials in neat states. Our
design strategy here is to use hydrogen-bonded chiral
molecules derived from biomolecules to induce a supra-
molecular chiral assembly. Recently, we have shown that a
thermotropic liquid-crystalline (LC) folic acid derivative
exhibits a change from a smectic to a columnar phase in the
presence of alkali metal salts or a lipophilic solvent.[2, 3] These
results suggest that molecules that have several interacting
parts are able to show new self-assembly behavior that is
responsive to stimuli by tuning their molecular structures and
interactions.

Herein we report that folic acid derivatives 1a–c that have
oligo(glutamic acid) moieties and lipophilic alkyl chains
(Scheme 1) exhibit new chiral mesomorphic behavior. Supra-

molecular chirality is induced for these materials in the
hexagonal columnar and Pm3n cubic LC phases in the
presence of sodium triflate (NaOSO2CF3). Furthermore, the
transitions from the chiral columnar to the chiral cubic phases
are observed for the first time.

Compounds 1a–c and their complexes with NaOSO2CF3

exhibit stable thermotropic LC phases over a wide temper-
ature ranges as presented in Table 1. Compound 1a shows
only a hexagonal columnar phase, while 1b and 1c, which
both have longer alkyl chains, both exhibit columnar and
cubic phases (see Supporting Information). In our previous
papers, we reported that folic acid derivatives 2a–c
(Scheme 1), which have one glutamic-acid moiety, exhibit
smectic and columnar phases owing to the formation of
ribbonlike and disklike hydrogen bonds, respectively.[3] For
the columnar phases of compounds 1a–c, disklike hydrogen
bonds (Scheme 2) should be formed. The infrared spectra of
1a in the columnar phase are very similar to the spectra of 2c,
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which forms a tetramer (see Supporting Informa-
tion). The diameter of the tetramer of 1a is estimated
to be about 50 5 by molecular modeling, which is
consistent with the results of X-ray diffraction
measurements (intercolumnar spacing= 49.0 5).
The values of enthalpy changes for isotropization of
1a–c also support the formation of disklike aggrega-
tes[3b] (see Supporting Information). Cubic phases,
which are optically isotropic under the polarizing
optical microscope, are observed for 1b and 1c,
whereas the less bulky compounds 2a–c exhibit only
smectic and columnar phases.

The addition of NaOSO2CF3 to 1a induces a cubic
phase, while no cubic phase is seen for 1a alone. For
compounds of 1b and 1c, thermally stabilized columnar and
cubic phases are observed in the presence of the salts. The
small-angle X-ray diffraction (SAXD) patterns of the com-
plex of 1b/NaOSO2CF3 (1:0.25 molar ratio) indicate that on
heating, the complex forms hexagonal columnar and subse-
quent Pm3n cubic phases (Figure 1a). The SAXD spectrum
at 60 8C shows that intercolumnar spacing of the columnar
structure is 55.2 5,[9] which decreases to 53.4 5 at 120 8C. The
SAXD profile for the cubic phases at 160 8C exhibits
reflections of 50.0 (200), 44.6 (210) and 40.9 5 (211).[10] The
lattice parameter of the cubic phase is 100.0 5.

We have found that supramolecular chirality is induced
for both of the columnar and Pm3n cubic LC phases of 1a–c
by the addition of NaOSO2CF3. Circular dichroism (CD)
spectra for the complex of 1b/NaOSO2CF3 (1:0.25 molar
ratio) from 25 to 200 8C in thin film states (Figure 1b) show
the formation of chiral assemblies. For the columnar phases of

the complex, we observe coupled CD bands centered at
280 nm (a positive extreme at 290 nm and a negative extreme
at 268 nm) and a weaker negative CD band around 380 nm,
while no Cotton effect is seen for the columnar phases of 1b
alone. The Cotton effects become weaker as the temperatures
increase for the columnar phases. The UV absorption of the
pterin rings of 1b appears at 280 and 358 nm.[11] We observe
that the transition from chiral columnar to chiral cubic occurs
on further heating. After the transition to the cubic phase at
137 8C, a positive Cotton effect at 280 nm and a negative CD
band around 380 nm are induced. The intensities of the CD
bands for the complex in the cubic phases decrease as the
temperatures increase from 140 to 180 8C (Figure 1b). In
contrast, for the cubic phases of 1b alone, no induced CD
spectrum is observed. In the isotropic phase at 200 8C, no
Cotton effect is observed. These results indicate that supra-
molecular chiral order exists in the Pm3n cubic phases for the
complex of 1b/NaOSO2CF3.

Table 1: Thermal properties of 1 and the complexes of 1/NaOSO2CF3.

Compounds[a] Phase transition behavior[b]

1a G �28 Colh 162 Iso
1b Cr �9 Colh 135 Cub 187 Iso
1c Cr 55 Colh 117 Cub 200 Iso
1a/NaOSO2CF3 (0.25) G �22 Colh 143 Cub 169 Iso
1b/NaOSO2CF3 (0.25) Cr �10 Colh 137 Cub 195 Iso
1c/NaOSO2CF3 (0.25) Cr 54 Colh 167 Cub 222 Iso
1a/NaOSO2CF3 (1.00) G �29 Colh 146 Cub 171 Iso
1b/NaOSO2CF3 (1.00) Cr �10 Colh 169 Cub 211 Iso

[a] The ratio of NaOSO2CF3 to 1 is in parentheses. [b] Transition
temperatures (8C). G: glassy; Cr: crystalline; Colh: hexagonal columnar;
Cub: cubic; Iso: isotropic.

Scheme 2. Hydrogen-bonded tetramer of pterin rings.

Figure 1. Small angle X-ray diffraction profiles a) and CD spectra b) of the com-
plex of 1b/NaOSO2CF3 (1:0.25 molar ratio) on heating.
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Figure 2a shows the Pm3n cubic lattice, which is divided
into two interstitial sites (black) and three pairs of columnar
sites (gray).[1e,12,13] The columnar sites lie on the faces of unit
cells and may form mutually perpendicular and interlocking

columns (Figure 2b).[1e,12,13] Up to now, only a few examples
for thermotropic liquid crystals that display only nonchiral
Pm3n cubic phases were reported.[1e–g] These Pm3n cubic
phases were considered to be micellar cubic phases based on
TEM[1g] and conductivity measurements.[1e] Tschierske and
co-workers suggested that at the columnar Pm3n cubic
transition the columns are segregated into micelles.[1e] For
the folic-acid materials reported here, segmented columns
formed by increasing the motion of the alkyl chain on heating
can also form micelles in the cubic phases,[14] which should

induce supramolecular chirality. Based on the lattice param-
eter and density, each micelle is estimated to have eight disks
on average (see Supporting Information). A molecular model
of a micelle that consists of eight stacked disks of 1b is shown
in Figure 2c. The size of the micelle is consistent with a model
of the Pm3n cubic phase in Figure 2b.

Infrared measurements of the complexes of 1b in the
cubic phase also suggest that the disks are stacked. We
previously reported that the columnar LC structures formed
by the complex of 2b and NaOSO2CF3 comprise hydrogen
bonded disklike tetramers of the pterin rings as shown in
Scheme 2.[3] For the complex of 1b/NaOSO2CF3 in the
columnar phases, the IR spectrum (3000–3500 cm�1) is very
similar to that of 2b/NaOSO2CF3, which forms disklike
tetramers (see Supporting Information).[15] For the cubic
phases, the IR spectra of 1b/NaOSO2CF3 suggest that the
disklike tetramer is also formed (see Supporting Informa-
tion).[15] For guanosine derivatives, Gottarelli, Davis, and co-
workers reported the single-crystal structures that form the
same hydrogen-bonded tetramer pattern in the presence of
alkali metal ions.[16] In this case, the alkali metal ion is
sandwiched by the disks of the tetramer. These observations
suggest that the supramolecular chirality is induced for the
complex of 1b/NaOSO2CF3 by helicity locked through the
interaction between the ion and the disks along the axis of the
column. The molecular chirality of the oligo(glutamic acid)
part of compound 1b should induce chiral stacking of the
tetramers in the columnar and cubic phases.

The results presented here are the first example of the
cubic phase exhibiting supramolecular chirality. It should also
be noted that the supramolecular chirality is induced in the
presence of nonchiral ions.
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Helical Structures

Rational Design of Helical Columnar Packing in
Single Crystals**

Zhaohui Wang, Volker Enkelmann, Fabrizia Negri, and
Klaus M�llen*

Helices and superhelices are ubiquitous in nature and are key
structural features of proteins, nucleic acids, and oligosac-
charides. Therefore, chemists have made significant efforts to
introduce helicity into artificial systems.[1] The most widely
used strategy for generating supramolecular helices requires a
nonconvalent motif which can provide the desired connec-
tivity of the building blocks in a predictable manner. In this
regard, hydrogen bonds,[2] metal–ligand coordination,[3] and
p,p interactions[4] are often utilized.

We are actively involved in the design of molecular
crystals and liquid-crystalline materials based on the self-
assembly of polycyclic aromatic hydrocarbons (PAHs).[5]

While there are many reports of the inclusion of chiral
centers in discotic molecules inducing a regular helical
bias,[4c,6] it is otherwise relatively rare to experimentally
observe a helical columnar arrangement.[7] This is an attrac-
tive target for organic electronic materials, since such a helical
columnar arrangement leads to exceptional one-dimensional
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charge-carrier mobilities along the columns.[8] Herein we
report the remarkable highly ordered, helical columnar
packing of pyrene-4,5-dione derivatives in single crystals.
This study represents a first step towards the rational design
of crystalline helical columnar arrangements.

Recently, a weak dipole–dipole interaction has been
utilized for inducing a columnar phase.[9] We planned to use
a simple and nonchiral aromatic system to generate a helical
superstructure in a crystalline state with weak interactions.
We chose pyrene-4,5-dione derivatives (Scheme 1) as model

compounds as the CO-CO moiety would generate a dipole
which would be expected to organize the molecules in an
antiparallel manner to produce a columnar structure. Fur-
thermore, the introduction of bulky tert-butyl groups could
modify the helical columnar arrangement, the self-assembly
of which is controlled by a combination of dipole–dipole
interactions and steric factors.

Pyrene-4,5-dione has been used extensively to study the
corresponding K-region oxide.[10] In addition, pyrene-4,5-
dione participates in a variety of useful cyclization reac-
tions.[11] It is thus surprising that little effort has been devoted
to solving the crystal structures of its simple derivatives.[12] We
find that the crystal of pyrene-4,5-dione (1)[10b] is arranged in
an alternating stacked array (Figure 1a) and not the sandwich
herringbone packing exhibited by pyrene.[13] Unlike nitrated
triphenylenes that have a tilt angle of approximately 418,[9c]

the stacked columns are tilted at an angle of only approx-
imately 118 to the “best plane” through the aromatic core.
The average perpendicular separation between the discs is
3.54 ;, which is close to the distance between dimers found in
crystal structures of pyrene.

Figure 1b shows a pair of pyrene-4,5-dione molecules that
give the visual impression of a super disk, that is, a dimeric
species in which two rings of the near-planar portion of one
molecule effectively overlap with the corresponding rings of
the neighbor. Such an efficient overlap is highly unusual since
most of the smaller PAHs crystallize in a fashion such that
there is maximal packing density with only a small p,p inter-
action.[14]

According to quantum chemical calculations,[15] 1 has a
large dipole moment (6.1–6.7 D). The maximum dipole–
dipole stabilization would correspond to a configuration in
which cofacial molecules are not offset. However, this
molecular arrangement would lead to high p-electron repul-
sions.[16] Thus, the slightly offset geometry observed here with
a tilt angle of 118 can be rationalized as being the best balance
between the attractive dipole–dipole interaction and the p-
electron repulsions. The dipole–dipole interaction between
the pair of pyrene-4,5-dione molecules is estimated to be
around 9.8–11.6 kcalmol�1.[15]

A further step towards the control of supramolecular
helical species concerns the number of residues per turn and
the pitch of the helix, as well as the generation of the real
three-dimensional, organized helical columnar arrangement
by self-assembly. Inclusion of 2,7-di-tert-butylpyrene-4,5-
dione (2),[17] 2,7-di-tert-butylpyrene (3),[18] and 2,7-di-tert-
butylpyrene-4,5,9,10-tetraone (4)[18] will be revealing since
the face-to-face overlap of two neighboring rings is now
unfavorable. It is expected that the combination of the
dipole–dipole interaction and steric crowding should modify
the helical arrangement of this simple model system.

A common feature in the packing behavior of 3 (Figure 2)
and 4 (Figure 3) is the segregation of regions that contain the

tert-butyl groups and the aromatic cores. In both cases,
lamellar structures result from this microphase separation.
Another common feature is that no significant interactions
are observed between the aromatic cores. It is quite clear that
3 and 4 cannot form close cofacial packing without the driving
force of dipole–dipole interactions.

Scheme 1. Chemical structure of the model molecules.

Figure 1. Stacking of pyrene-4,5-dione (1): a) arrangement along a col-
umnar stack; b) view of two neighboring molecules projected onto the
molecular planes showing the displacement of the molecules in the
stacks.

Figure 2. Packing pattern of 2,7-di-tert-butylpyrene (3): a) crystal struc-
ture of 3 viewed along the b axis; b) view of two neighboring molecules
projected onto the molecular planes showing the displacement of the
molecules in the stacks.
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The enforced helical arrangement of compound 2 was
confirmed by single-crystal X-ray analysis. The molecules are
not strictly planar, but slightly bent; the largest deviation from
the plane is the C�O bond (up to 0.3 ;). Interestingly, the
crystal structure of 2 exhibits a modified three-dimensional,
highly organized, helical columnar packing as well as the
common feature of close cofacial packing of polar subunits.
The asymmetric unit cell contains three independent mole-
cules of 2 and one additional CH2Cl2 solvent molecule. The
successive disks are rotated relative to each other by a
“threefold” rotation of approximately 1208 to accommodate
the tert-butyl groups and obtain an efficient columnar packing
(Figure 4a). Thus, the packing of 2 in the crystal can be

described as a helical structure with three disks per turn and a
pitch of 10.77 ;. The circular-shaped columns are arranged
on a nearly square lattice with dimensions of 24.65 and
22.35 ;. The small deviation is probably a consequence of the
molecular shape (Figure 4b). The solvent molecules are
located between the columns in the interstitial volume, that
is, they are included to fill the voids and take no active part in
the interstack interactions.

It should be noted that the tendency of 2 to build up a
helical structure is independent of the solvent used in the

crystallization. Isomorphous crystals of the same composition
and with virtually identical lattice parameters and coordinates
were obtained from ethanol ((2)3·EtOH).[12] The observation
that identical structures are formed from different solvents is
strong evidence that the helical columnar packing is an
intrinsic property of 2.

The interplanar distances of 3.50–3.57 ; observed in the
crystal structure of 2 (Figure 4a) are also almost equal to that
found in pyrene and pyrene-4,5-dione (1). Figure 5 shows

three neighboring molecules projected onto the molecular
planes; this arrangement suggests that the dipole–dipole
interaction must be significant not only between two nearest
neighbor molecules but also between two second nearest
neighbor molecules. The role of dipole–dipole interactions in
determining the reciprocal orientation of two nearest neigh-
bor and two second nearest neighbor molecules is particularly
evident. Indeed, although steric hindrance prevents the best
reciprocal antiparallel orientation, dipole–dipole interactions
drive the reciprocal orientation close to 1208, which still
ensures a large attractive contribution. The dipole–dipole
interaction between two nearest neighbors is estimated to be
around 5.5–6.1 kcalmol�1.[15] This packing preference can thus
be attributed to a combination effect of maximized dipole–di-
pole interactions and the compatible accommodation of bulky
tert-butyl groups.

We have illustrated a rational approach towards helical
superstructures with predictable three-dimensional organiza-
tion in the crystalline state. While other strategies for
encoding helicity in self-assembled columnar arrangements
have been reported,[6a, 9c] this approach offers advanced
control of the overall superstructure. Further investigations
are necessary to assess whether our approach can be
generalized to control the self-assembly of molecules with
aromatic cores. In addition, the CO-CO moiety provides
active sites for further coordination, for example, towards
potential application as molecular magnetic materials. This
strong tendency to form self-assembled, well-defined helical
columns also makes the title molecules promising candidates

Figure 3. Packing pattern of 2,7-di-tert-butylpyrene-4,5,9,10-tetraone
(4): a) crystal structure of 4 viewed along the b axis; b) view of two
neighboring molecules projected onto the molecular planes showing
the displacement of the molecules in the stacks.

Figure 4. Stacking of 2,7-di-tert-butylpyrene-4,5-dione (2): a) arrange-
ment along a columnar stack; b) view of the helical columns perpen-
dicular to the plane of the molecules.

Figure 5. View of three neighboring molecules projected onto the
molecular planes showing the displacement of the molecules in the
stacks.
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for liquid-crystalline materials. We are currently investigating
this by introducing long alkyl chains.
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Extended Columnar Aggregates

Efficient Energy Transfer in Mixed Columnar
Stacks of Hydrogen-Bonded Oligo(p-phenylene
vinylene)s in Solution**

Freek J. M. Hoeben, Laura M. Herz, Cl�ment Daniel,
Pascal Jonkheijm, Albertus P. H. J. Schenning,*
Carlos Silva, Stefan C. J. Meskers, David Beljonne,
Richard T. Phillips, Richard H. Friend, and
E. W. Meijer*

Long-range ordering in well-defined aggregates of p-conju-
gated structures is the key feature in energy-transfer processes
in photosynthetic systems[1] as well as electronic devices based
on organic compounds.[2] All the studies on artificial anten-
na–target systems[3] have indicated the need for precise control
of distance and orientation. However, detailed insight into the
subtleties of the organizational demands of these artificial
systems is lacking. Dynamic structures in solution are not shape
persistent, while semi-crystalline bulk samples lack the uniform
positioning of chromophores. Our design of a modular
supramolecular approach enables us to create molecular
stacks which are both dynamic and well-defined.[4]

Previously, we synthesized and fully characterized mono-
functionalized oligo(p-phenylene vinylene)s MOPV3 and
MOPV4, which are essentially the same molecules but with
a different conjugation length.[4] Temperature-dependent

UV/Vis, circular dichroism (CD), and fluorescence measure-
ments in dodecane show that these oligomers are helically
aggregated at low temperatures and molecularly dissolved at
high temperatures, with melting temperatures of Tm=

ca. 33 8C (1.6 1 10�5m) for MOPV3 and Tm= ca. 53 8C (1.4 1
10�5m) for MOPV4 (Figure 1a). Small angle neutron scatter-
ing (SANS) and atomic force microscopy (AFM) measure-
ments[5] have demonstrated that the aggregates are composed
of stacked hydrogen-bonded dimers.

The presence of highly ordered columnar structures in
solution provides an attractive scaffold for studying energy
transfer between the two oligomers if mixed stacks of
oligomers can be formed (Figure 1b).

Temperature-dependent fluorescence measurements
were performed on a dilute dodecane solution with
1.2 mol% MOPV4 in MOPV3. The addition of MOPV4 to
MOPV3 at low temperatures results in the spectrum closely
resembling the spectrum of aggregated MOPV3 (lem=
483 nm and lem= 513 nm). This result is to be expected
since the solution consists mainly of MOPV3, and no
exchange is possible between the two different oligomeric
stacks at temperatures below the melting transition of the
MOPV3 aggregates. Raising the temperature results in the
aggregates breaking up into molecularly dissolved species and
the total fluorescence intensity increasing (Figure 2). The
spectrum now displays the characteristics of molecularly
dissolved MOPV3 (lem= 471 nm and lem= 495 nm). The
peaks characteristic of molecularly dissolved MOPV4 can
not be distinguished because of the excess of MOPV3.
Cooling the solution results in the appearance of new peaks
(lem= 512 nm and lem= 548 nm) which are ascribed to
molecularly dissolved MOPV4. This behavior suggests that
the MOPV4 oligomers have now been incorporated into the
MOPV3 stacks and that their presence becomes apparent as a
consequence of a highly efficient energy transfer to the lowest
lying electronic state. The shape of the spectrum at low
temperatures is representative of molecularly dissolved
acceptor MOPV4, thus indicating its isolated existence
inside the donor MOPV3 aggregates. Residual MOPV3
fluorescence is expressed as a small shoulder around lem=

470 nm, which indicates there is incomplete energy transfer
because of the exciton diffusion length being smaller than the
donor–acceptor distance. As shown in more detail below,
incorporation of MOPV4 into MOPV3 assemblies occurs
only when the samples have been heated above the melting
temperature of the aggregates, that is, energy transfer is not
observed if this thermal cycling is omitted.

Titration experiments were performed in dodecane sol-
ution to determine how the number of acceptor molecules in
the donor stack influences the excitation transfer. Measure-
ments were carried out at 80 8C and 10 8C (Figure 3), that is,
above and below the melting temperature of the MOPV3
aggregates [MOPV3= 1.9 1 10�5m], respectively. Energy
transfer to MOPV4 was monitored by measuring the
fluorescence spectra as a function of MOPV4 concentration.
To study the energy-transfer process accurately, excitation
was performed either at the top or at the high-energy edge of
the MOPV3 absorption band, because of the strong spectral
overlap of both components.
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At 80 8C, in the molecularly dissolved state, the quenching
behavior at low MOPV4 concentration (up to about 3 1
10�6m) can be described by using the Stern–Volmer equa-
tion[6] as a consequence of formation of a donor–acceptor

heterodimer (KSV= 1.8 1 105m�1).[7] The Stern–Volmer equa-
tion does not suffice in describing the quenching at 10 8C
because of the presence of aggregated structures.[7] The
fluorescence drastically changes at this temperature upon
addition of MOPV4. The fluorescence of MOPV3 is strongly
quenched (lem= 483 nm), while signals characteristic of
isolated MOPV4 start to appear (lem= 512 and lem=

548 nm). In contrast to the behavior in the molecularly
dissolved state, the initial decrease at l= 483 nm is very
strong in the aggregated state. Apparently, the supramolec-
ular assemblies present at 10 8C provide an effective pathway
for the transfer of excitation energy. Further addition of
MOPV4 results in its fluorescence reaching a maximum and
then decreasing again while simultaneously displaying a
bathochromic shift (lem= 524 nm and lem= 553 nm), which
is caused by interaction between its oligomers. This result
indicates that at low MOPV4 incorporations (up to about
2 mol%) it exists as isolated energy traps in MOPV3 stacks.
At high incorporation ratios the trap molecules are able to
interact, thus making it more difficult to distinguish between
energy transfer from MOPV3 to MOPV4 and direct excita-
tion of MOPV4.

The resonance energy transfer process in mixed MOPV
stacks (2.6 mol% MOPV4 in MOPV3) displays a very fast
(Figure 4) component which is absent when the stacks are
dissociated at higher temperature. We have recently shown
that excitons undertake fast diffusion along MOPV4 stacks in

Figure 1. a) Thermochromic behavior of MOPV3 (1.6F10�5m) and MOPV4 (1.4F10�5m) in dodecane solution, as monitored by UV/Vis, photolu-
minescence, and CD spectroscopy (solid line 10 8C, dotted line 80 8C. b) Mixed columnar stacks of MOPV dimers in an apolar environment. The
formation of mixed stacks is enabled by the identical hydrogen-bonded motif of both molecules. Energy transfer (ENT) within mixed stacks is
studied from MOPV3 (blue) to MOPV4 (red).

Figure 2. Temperature-dependent photoluminescence spectra
(lexc=412 nm) of a solution of MOPV3 (blue) in dodecane with
1.2 mol% trap molecules of MOPV4 (red). The arrows indicate a tem-
perature rise from 0–90 8C. At high temperatures, when the oligomers
are molecularly dissolved, the presence of MOPV4 can not be distin-
guished. At low temperatures, when mixed stacks are present, the
spectrum resembles a spectrum of molecularly dissolved MOPV4. This
is a consequence of very efficient energy transfer from MOPV3 to the
isolated trap molecules in the ordered assembly.
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the first 50 ps before becoming localized in local potential
minima.[8] The diffusion of the exciton over the chiral
structure was found to cause a decay of the photolumines-
cence polarization anisotropy.[8] We are able to relate the

previously measured anisotropy decay time to the dis-
tance travelled by the excitons along the stacks by using a
simple MonteCarlo scheme.[9] From these calculations we
estimate that, for the given concentration of acceptors,
around 17% excitons will have reached an acceptor site
within the first 20 ps after excitation. These predictions
are consistent with the experimentally observed relative
decay of the donor luminescence with time (Figure 4).

Such a fast diffusion process can be exploited to
achieve efficient resonance energy transfer in artificial
light-harvesting nanostructures. It has been demonstrated
that intermolecular electronic coupling can be compara-
ble to the intramolecular relaxation energy in oligo(phe-
nylene vinylene) assemblies with controlled intermolec-
ular order.[10] We consider that our observation of an early,
fast energy-transfer component is compatible with such
an exciton transfer in an intermediate coupling regime.

The localization of excitons by configurational and
energetic disorder at later times leads to weaker elec-
tronic coupling between chromophores and a significant
reduction of the transfer rate. The transfer dynamics of
localized excitons at timescales greater than a few
hundred picoseconds is most likely dominated by direct
FBrster energy transfer to the guest chromophores
(Figure 4 and Figure 5a). Energy transfer is not observed
if thermal cycling (as described previously) is not under-
taken (Figure 5b). Hence, the electronic properties of the
assemblies can be tailored reliably by altering the
environmental parameters.

Figure 3. Photoluminescence spectra for mixtures of MOPV4 and MOPV3 in do-
decane solution (lexc=412 nm). The MOPV3 concentration is fixed at 1.9F10�5m :
a) at 80 8C, 0—30 mol% MOPV4; b) at 10 8C, 0—30 mol% MOPV4; c) at 10 8C, 0–
1.2 mol% MOPV4. The quenching at 80 8C can be described by using the Stern–
Volmer equation. At 10 8C, MOPV3 fluorescence is quenched instantly, in favor of
enhanced MOPV4 luminescence. This is most visible at low incorporation ratios. The
luminescence is strongly diminished at 10 8C, but this is veiled by the fact that differ-
ent slit widths were used in the experiments.

Figure 5. Fluorescence decay of MOPV3 and blends of MOPV4 in
MOPV3 at 14 8C and lem=475 nm. The MOPV3 concentration was
kept around 1.4F10�4m while the mole fractions of MOPV4 were
varied as shown). The decays displayed in (a) were obtained by heating
the solutions to 80 8C prior to measurement, while for the decays dis-
played in (b), the thermal cycling was omitted.

Figure 4. Relative changes in the photoluminescence decay dynamics
caused by the introduction of 2.6% mole fraction of MOPV4 into
MOPV3. For supramolecular stacks formed in the cold (19 8C) solu-
tion, a fast relative increase is observed in the spectral region where
the MOPV4 guest emits (lem=557 nm), with a corresponding decay in
the region where the MOPV3 host emits (lem=486 nm). In contrast,
the relative decay of the host in the dissociated phase (66 8C) occurs
to a much smaller extent and over a timescale of more than one nano-
second. The curves were obtained by dividing the photoluminescence
decay measured for MOPV3 containing 2.6% mole fraction MOPV4 by
the decay curves obtained from MOPV3 without MOPV4.
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In conclusion, ultrafast energy transfer has been observed
in mixed supramolecular stacks of oligo(phenylene vinylene)s
in solution. Extended columnar aggregates of MOPV3
incorporating MOPV4 show a very efficient quenching of
the MOPV3 fluorescence, which indicates that energy trans-
fer occurs within the supramolecular stacks from the shorter
oligomer to the longer one. We have demonstrated that
control of nanoscale order provides a strategy for tailoring
macroscopic electronic properties of organic semiconductor
systems. To achieve these objectives, we make use of a
comprehensive set of processing variables, such as temper-
ature, blend composition, functional side groups, and solvent.
In addition, we aim to extend this concept to longer oligomers
in the near future.
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borides[1] and silicides[2] of the rare-earth metals (RE), there
are comparatively few investigations of ternary silicide
borides. Indeed, only a few boron-rich rare-earth metal
silicide borides such as RESiB44, RESi4.6B17.6, RESi1.2B41
(RE=Gd!Er, Y),[3] and Tb3�xC2Si8B36[4] containing icosahe-
dral B12 cages, are known. This situation is in contrast with the
ternary boride carbide phases of rare-earth metals which have
received increasing attention over these last few years both
experimentally and theoretically.[5] In an attempt to extend
this chemistry to the RE-Si-B systems, we have explored
different synthesis techniques, such as tin flux, and novel
silicon-rich compounds, such as Er8Si17B3, have thus been
characterized.[6]

Herein we describe Gd5Si2B8, a novel boron-rich rare-
earth-metal silicide boride, which has been obtained from the
peritectic reaction between the binary boride GdB4 and
silicide Gd5Si3. Indeed, the solid-state phase diagram of the
ternary Gd-Si-B system established at 1270 K,[7] shows a
thermodynamic equilibrium between Gd5Si2B8 and the two
binary compounds GdB4 and Gd5Si3. In addition, numerous
tie lines connect Gd5Si2B8 to the other binary phases Gd2B5,
Gd5Si4, and GdSi. Parallepiped-shaped single crystals of the
ternary compound Gd5Si2B8 could be extracted from solidi-
fied samples (arc melted and annealed in evacuated silica
tubes at 1270 K for one month) and used for structure
determination (Figure 1).[8] The structure shows that there are
two crystallographically distinct gadolinium atoms (Gd1 and
Gd2) and three types of boron atoms (B1, B2, B3). On the
other hand, there is only one silicon position, which is not
fully occupied (t= 0.92(2)). The structure of Gd5Si2B8 can
easily be described as an intergrowth of ThB4-like

[9] and
U3Si2-like

[10] slabs of compositions GdB4 and Gd3Si2, respec-
tively, alternating along the [001] direction. It can be
considered as the topochemical sum Gd5Si2B8= 2GdB4 +
Gd3Si2.

The salient characteristics of the structure result from the
occurrence of two independent, ordered, boron and silicon
substructures. The silicon atoms within the U3Si2-like slab
form Si–Si pairs with a Si–Si separation of 2.36(2) ;. These
separations are consistent with those in binary U3Si2
(2.30 ;).[10] The boron atoms within the ThB4-like slab form
distorted B6 octahedra, which are built from four basal B3 and
two apical B2 atoms. These octahedra, which are inserted into
gadolinium cubes, are close to idealOh symmetry, as shown by
the intra-octahedral B2–B3 and B3–B3 distances which are
quite similar (1.84(3) ; and 1.81(2) ;, respectively). B1–B1
units link four B6 octahedra in the ab plane through B1–B3
bonds (Figure 1, bottom). Being linked to one B1 and two B3
boron atoms, every B1 boron atom is three-connected and
adopts the sp2-type coordination mode with bonding angles of
123(1)8 for B3-B1-B1 and 113(2)8 for B3-B1-B3.

The B1–B3 and B1–B1 bonds of 1.78(2) ; and 1.80(5) ;,
respectively, are slightly shorter than the intra-octahedron
distances. The B–B units (z= 1/2) and Si–Si pairs (z= 0) align
on top of each other along the c direction. Finally, the Gd1
atoms are octahedrally surrounded by two boron and four
silicon atoms, whereas the Gd2 atoms are twelve-coordinate,
being bound by nine boron and three silicon atoms in a rather
complex arrangement.

Magnetic susceptibility and magnetization measurements
were performed on the title compound. In the paramagnetic
regime, the reciprocal susceptibility data follow a Curie–
Weiss law (Figure 2). The derived value of the effective
moment leads to meff= 8.25 mB (mtheoreff = 7.94 mB) with the
paramagnetic Curie temperature Vp= 50 K. The absolute
values of the real part c’ (B= 0.001 T) of the dynamic
susceptibility as well as cDC measured in external fields B=

0.01 T (not shown) and 0.1 T are in good accordance (a weak
field dependence is encountered, only). The curves pass
pronounced maxima at TN1= 72 K and 70 K, respectively,
which must be attributed to the onset of antiferromagnetic
order of the rare-earth-metal substructure (Figure 2, upper
inset). However, the imaginary part c’’ also reveals a rather
weak temperature dependency around TN1, which in general
is the typical fingerprint of ferro- or ferrimagnetic ordering.

The isothermal magnetization curve versus applied fields
at 1.8 K is fully reversible and practically linear up to B= 2 T
confirming an antiferromagnetic spin alignment at low
temperatures and moderate applied magnetic fields
(Figure 2, lower inset).

The temperature dependence of the electrical resistivity
1(T) (Figure 3) which clearly indicates that Gd5Si2B8 is

Figure 1. Crystal structure of Gd5Si2B8: 3D representation showing the
ThB4-like and U3Si2-like slabs, along the [001] direction (top) and a
view of the ThB4-like slab down the c axis (bottom).
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metallic in character, shows on the other hand a pronounced
change of slope at TN2= 44 K, which is close to Vp. The
negative temperature gradient of 1(T) above the ordering
temperature is a clear indication of Brillouin zone (super
zone) scattering owing to the onset of antiferromagnetic
ordering. Furthermore a less pronounced kink in the 1(T) plot
is observed at TN1= 72 K, which corroborates with the
magnetic measurements above (Figure 2, upper inset).

The following is concluded: the sample undergoes a weak
(canted) ferrimagnetic-like order at TN1 followed by a
collinear antiferromagnetic spin alignment at TN2. The
positive value of Vp, however, favoring an overall ferromag-
netic coupling of the moments suggests a rather complex spin
structure, that is, the two crystallographically different Gd1
and Gd2 atoms eventually form planar ferromagnetic sheets,
which are coupled antiparallel inter-plane or, for example, a
square-wave modulation of the magnetic moments could be
established below TN2= 44 K. In the temperature interval
TN2<T<TN1 a small canting angle of both ferromagnetic
substructures might lead to the weak net magnetization,M=

0.5 mB per formula unit (f.u.), observed at a field of B= 0.1 T

(ferrimagnetism). The gradual upturn ofM(B) in higher fields
is reminiscent of a metamagnetic-like transition as shown in
the lower inset of Figure 2. The derived value of the
ferromagnetic “saturation” moment mS= 16 mB/f.u. at B=

7 T is far below the expected value gJ= 35 mB/f.u. in case of
collinear ferromagnetic ordering.

In the ordered state, the resistivity follows only a T1.14 law
(dashed line in Figure 3), which also supports the assumption
of a more complex spin structure above when compared with
the expected T3–4 dependence of isotropic antiferromagnets.
Neutron-diffraction experiments have already shown the
coexistence of ferromagnetic and antiferromagnetic compo-
nents in heavy rare-earth silicides[11] and germanides,[12] and
recently for Eu3Si4.

[13]

The assignment of the oxidation states of fragments is a
useful starting point to understand the structural arrangement
of the non-metal substructure.[5] The isolated Si2 pairs should
satisfy the octet rule, that is, be considered as Si2

6�, with a Si�
Si single bond (2.36(2) ;).[14] The favored electron count for
the boron octahedra corresponds to B6

4� units.[15] Charge
assignment of the B1–B1 units is less straightforward. The B1
atoms are sp2 hybridized and coplanar. Assuming 2-electron,
2-center bonding (2e–2c), they can either obey the sextet or
the octet rule.[15] The sextet rule assumes B1�B1 single bonds
and leads to the formal electron partitioning
(Gd2+)5(Si2

6�)(B6
4�)(B2) which is unlikely for its unrealistic

metal oxidation state. The octet rule allows the possibilities
for double or single B1�B1 bonds, corresponding to
(Gd2.4+)5(Si2

6�)(B6
4�)(B2

2�) and (Gd2.8+)5(Si2
6�)(B6

4�)(B2)
4�,

respectively. None of these charge distributions is fully
satisfactory, since the first one disagrees somewhat with the
rather long B1�B1 separation (1.80(5) ;) whereas in the
second one (single bond), a nonplanar, sp3 hybridization of
the (B1)2� atoms is expected.

Nevertheless, in any of the charge partitionings consid-
ered above, the metal atoms are not fully oxidized, which
suggests metallic behavior as observed experimentally (see
Figure 3). This behavior is confirmed by density functional
calculations conducted on Gd5Si2B8 within the LMTO formal-
ism.[16] The resulting total and projected spin-polarized
density of states (DOS) are shown in Figure 4. There is a
large participation of the metal 5d orbitals around the Fermi
level, but also significant contribution of B and Si orbitals.
This situation reflects strong metal–nonmetal covalent inter-
actions. Both spin-up and spin-down 4f states form rather
sharp bands separated by approximately 6.5 eV weakly
spread out over around 1 eV, which reflect some poor
mixing with other Gd orbitals as well as with B and Si
orbitals. Except for the 4f states, hardly any polarization of
the conduction band is observed.

Crystal orbital Hamiltonian populations (COHP) which
indicate energetic contributions of crystal orbitals between
orbitals and/or atoms were computed for the different B–B
contacts encountered in Gd5Si2B8 and compared.

[17] It appears
that B1–B1 p* antibonding states are occupied as a result of a
formal electron transfer from the Si2 nonbonding electron
pairs, which favors the proposed electron distribution (B2)

4�.
Indeed, rather similar integrated COHP (ICOHP) values of
�0.410 and �0.450 Ry/cell are computed for the B1�B1

Figure 2. Reciprocal susceptibility versus temperature for Gd5Si2B8.
Upper inset: temperature dependence of the ac and dc susceptibilities.
Lower inset: isothermal magnetization versus applied magnetic field at
T=1.8 K (open symbols in increasing fields, filled symbols in decreas-
ing field, dashed line extrapolated linear region).

Figure 3. Temperature dependence of the electrical resistivity for
Gd5Si2B8 (dashed line calculated after 1=1o + ATa). Inset: reduced
scaling.
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(1.80(5) ;) contacts and the B1�B3 (1.78(2) ;) single bonds,
respectively. This result is more in favor of a B1�B1 single
bond. As expected, the ICOHP values of �0.265 and
�0.316 Ry/cell corresponding to the B2�B3 (1.84(3) ;) and
B3�B3 (1.81(2) ;) bonds of the octahedra, respectively,
imply weaker bonding than in the former B1�B1 and B1�B3
bonds, reflecting their 2e–3c character.

The electron localization function (ELF) which helps to
visualize chemists' intuitive ideas of bonding and nonbonding
electron pairs in solids and molecules was calculated.[18] The
distribution plot of ELF in the (002) plane containing B1 and
B3 atoms (Figure 5), shows maxima between B1�B1 (B2 unit)
and also between B1�B3 (B2 unit–octahedron) and in the
center of the (B3)4 square (octahedron). The latter reflects
the electron deficiency of the B6

4� octahedra. Integration of
the valence electron density gives roughly the same number of
electrons for the B1�B1 and B1�B3 bonds, in agreement with
the comparable B–B separations experimentally measured
and supporting the (Gd2.8+)5(Si2

6�)(B6
4�)(B2)

4� charge distri-
bution.

In summary, we have realized the synthesis and the
characterization of an unprecedented ternary silicide boride
which differs strongly from the handful of reported exam-
ples.[3,4] Isostructural analogues with Sm, Tb, Dy, and Y[19]

have been characterized. There is some uncertainty in the
possible electron counts for the boron network, which arises

from questions of bonding at the B2 units linking the B6
4�

octahedra. Nevertheless, our calculations support a formal
electron partitioning B2

4� accounting for the long B1–B1
separations which are experimentally measured. This situa-
tion is in contrast to the electron count of B2

2� proposed for
the related binary compound GdB4 in which the correspond-
ing B�B bonds are shorter.[15]

Experimental Section
Suitable amounts of powder and freshly filed chips of the constituents
were mixed together and pressed into pellets. The melting of the
samples (about 800 mg each) was performed with the help of an arc
furnace using a nonconsumable thoriated tungsten electrode under
Ti/Zr-gettered argon atmosphere. To ensure homogeneity, the
samples were turned over and remelted several times. Finally, to
reach thermodynamic equilibrium, the samples were sealed in
evacuated silica tubes, heat treated at 1270 K for one month and
subsequently quenched in cold water. Single crystals of Gd5Si2B8,
resulting from a peritectic reaction between GdB4 and Gd5Si3,

[7] were
obtained by crushing the solidified samples. Energy dispersive
spectroscopy (EDS) and wavelength dispersive spectroscopy
(WDS) using scanning electron microscopy (Jeol JSM-6400), and
electron microprobe analysis (Camebax SX 50) confirmed gadoli-
nium, silicon, and boron as the only components in the samples.[7]

The magnetic properties were studied using a Faraday balance
(SUS 10) in the temperature range 80 K<T< 300 K and in external
fields up to 1.3 T and a Lake Shore AC susceptometer (AC 7000, f=
133.3 Hz, BAC= 1 mT) for temperatures 4.2 K�T� 100 K. The dc
magnetization was measured in the temperature range 1.8–100 K and
in fields up to 7 tesla using a superconducting quantum interference
device (SQUID) magnetometer Quantum Design MPMS XL7.
Measurements of the electrical resistivity were performed applying
a common four-probe Lake Shore ac-resistivity option (f= 133.3 Hz,
i= 10 mA) in the temperature range 4.2–300 K. The alloy buttons
were cut into bars of approximately 1 mm2N 5 mm using a diamond
saw (BOhler Isomet). Electrical contacts were made with commercial
silver paint (Degussa, Hanau, Germany) and 25 mm gold wire.
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Figure 4. Spin-up and spin-down DOS for Gd5Si2B8: a) Total, b) Gd
d orbitals, c) B6 octahedra, d) B2 units, and e) Si2 pairs.

Figure 5. ELF plot in the boron plane for Gd5Si2B8 (contour
line=0.73).
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Aldol Reaction

Asymmetric Direct Aldol Reaction Assisted by
Water and a Proline-Derived Tetrazole Catalyst**

Hiromi Torii, Masakazu Nakadai, Kazuaki Ishihara,
Susumu Saito,* and Hisashi Yamamoto*

Optically active 1,1,1-trichloro-2-alkanol groups are versatile
tools in the preparation of compounds with various functional
groups[1] including a-hydroxy- and a-amino acids. Obviously a
suitable approach to access such pivotal fragments would be
the asymmetric aldol reaction.[2–4] Unfortunately, however,
both reactive aldehydes, including chloral, that have a high
affinity to water resulting in the corresponding hydrates, and
water-soluble aldehydes have been considered unsuitable for
asymmetric syntheses to date.[3h] In this report, the proline-
derived tetrazole catalyst 1[5,6] displayed even greater catalytic
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activity and efficiency, which widened the substrate scope in
the water-assisted direct aldol reaction.

Spectacular improvement has been made recently in the
asymmetric direct aldol reaction with proline as a catalyst
described by List, Barbas III, and Lerner.[3] During our
continuous research on chiral diamine/protonic acid cata-
lysts,[7] we discovered that the acidity of protonic acids plays a
critical role in enhancing reactivity, catalyst efficiency, and to
an even great extent, enantioselectivity. A solution of chloral
in MeCN (� 10 ppm water) at room temperature was treated
with cyclopentanone (2), and then the tetrazole catalyst 1
(5 mol%) and water (100 mol%) were added (Scheme 1).

The mixture was stirred at 30 8C for 50 h under air to give the
aldol product 4 in 85% yield with 84% ee and 80% de
(remarkably, the major product was the syn isomer). In
marked contrast, without water, the reaction was far from
complete (< 1% conversion) even after 60 h. More interest-
ing is the fact that the addition of more than 100 mol% of
water led to similar acceleration effects. The greater the
amount of water (200 and 500 mol%), the greater the
enantioselectivity of the reaction (92% ee and 94% ee,
respectively), and the less the diastereoselectivity (67% de
and 52% de, respectively, syn major). The ee of the anti
product was also exceedingly high (> 98% ee). In contrast,
catalytic amounts of water (20 or 50 mol%) uniformly
disabled the catalytic cycle (� 5% conversion). When chloral
was replaced by its monohydrate, the reaction proceeded
smoothly without water with a similar level of productivity
(83%) and selectivity (82% ee ; 76% de, syn major). When
proline (5 mol%) was used instead of 1 with either chloral or
its monohydrate in CHCl3 or MeCN, the reactions were
sluggish (4 : � 10% after 46 h). In general, lower catalyst and
ketone loading is possible with 1.[8]

For the purpose of better understanding these findings, we
determined the kinetic profile of each reaction course
(Figure 1). The reaction was obviously initiated and accel-
erated at the point where water participated. The yield
gradually increased after the addition of water at a rate
comparable to that exhibited in the reaction with chloral
monohydrate. Although moderate, rate acceleration was also
seen in the reaction of cyclohexanone (3) with the mono-
hydrate in MeCN in the presence of 1 (5 mol%) to give (2S,
1’R)-5 in 78% yield with 98% ee and 92% de (anti major).
The result is superior in all respects to that with anhydrous
chloral (72% yield; 79% ee; 76% de (anti major)).

Although water effects that shift the aldehyde–iminium
ion equilibrium to the formation of aldehydes by decom-
position of iminium ions might be possible, we were unable to
identify any 1H NMR peaks corresponding to the formation

of the iminium ion during the reaction. We also could not
exclude the following additional role of water. The generation
of the hydrate form might prevent the formation of the
iminium ion from 1 and chloral. In fact, a catalytic amount of
water (20 or 50 mol%) totally disabled the catalytic cycle,
indicating that the remaining chloral poisoned the catalyst
activity.[10] In contrast, addition of 100 mol% of water
markedly improved the catalysis, as mentioned above. In
addition, the following and other[9a] investigations support the
involvement of the monohydrate in the catalysis: N-(1-
cyclopentenyl)pyrrolidine was subjected to the reaction with
either chloral or its monohydrate at 30 8C for approximately
50 h. With chloral almost no reaction took place, but with the
monohydrate the product was obtained in � 36% yield,
which indicates the importance of the hydrogen bonding
between the nitrogen and the hydroxy group. In any event,
the identical 1’R configuration[11] at the chloral moiety
predominated owing to a tight conformation in the transition
structure through hydrogen-bond networks. It should be
emphasized that a simple Zimmerman–Traxler model cannot
explain the present diasterochemical reversal, because in this
model, syn and anti selectivities arise from the Z and E
enolates, respectively.[12]

Other ketones were tested to expand the substrate scope
of this reaction; for operational simplicity the monohydrates
were used (Table 1). In the reaction of 6 (entries 1 and 2) no
regioisomers nor dehydration products were detected by
1H NMR analysis, indicating 7 to be the sole product
(97% ee). Other examples are listed in (Table 1), which
shows the characteristic nature of the reaction. 1) Methyl and
aromatic ketones, which showed scant reactivity in aldol
reactions with with catalytic amounts of proline,[3c,d] exhibited
sufficient reactivity and gave high enantioselectivities
(82–97% ee). 2) In general, reactions of aliphatic ketones
are better with chloral than with its monohydrate in terms of
both reactivity and selectivity (entries 1–6). By contrast, the
reactions of aromatic ketones showed higher selectivity and
reactivity in reactions with the monohydrate (entries 9–12).
3) Although prone to self-dimerization[4f] the pyruvate
afforded the crossed-aldol product in 86% ee (entries 7 and 8).

Scheme 1. Direct aldol reaction of cyclic ketones catalyzed by 1.

Figure 1. Reaction of 2 (2 equiv) in the presence of catalyst 1
(5 mol%) in MeCN. ^: chloral monohydrate; &: anhydrous chloral,
then water (100 mol%) was added after 24 h; ~: anhydrous chloral.
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This method was further extended to other aldehydes
having a high affinity to water. The monohydrate and ethanol
hemiacetal of trifluoroacetaldehyde[9b] were both subjected to
the catalytic cycle to give the identical product 14 in � 65%

yields (with 5 mol% 1) and with high enantio-
(94% and 92% ee, respectively) and diaster-
eoselectivities (> 95% de, syn major). Even
more striking is the level of enantioselectivity
(99% ee) obtained in the reaction of aqueous

formaldehyde, though the turnover number is still modest
(Scheme 2).[13] The absolute configuration of product 16a is
consistent with that of the a-carbon of 5, suggestive of the
favorable creation of the two stereogenic centers by doubling
the effects of enantio- and diastereofacial control.

In summary, we have demonstrated that the tetrazole
catalyst 1 functions as a highly efficient catalyst when the
overall reaction conditions are precisely adjusted. The present
experimental results strongly suggest that other ketones may
have potential to participate in the asymmetric intermolec-
ular direct aldol reaction occurring by means of a keto–
enamine mechanism.[10] The exploitation of more efficient
catalysts, which in the transition state make better positioned
hydrogen bonds, is now in progress in our laboratory.

Experimental Section
The reaction with cyclopentanone in the presence of tetrazole catalyst
1 is representative: To amixture of tetrazole 1 (3.5 mg, 0.025 mmol) in
MeCN (1.0 mL) was added cyclopentanone (2) (88.5 mL, 1.0 mmol)
and chloral monohydrate (82.7 mg, 0.5 mmol) at 23 8C under air in a
closed system. The reaction mixture was stirred at 30 8C for 48 h. The
reaction mixture was quenched with aq NaCl. The organic layer was
extracted with EtOAc, dried over Na2SO4, and concentrated. The
residue was purified by column chromatography on silica gel (hexane/
Et2O, 4:1) to give product 4 in 83% yield. (2R,1’R)-2-(1’-Hydroxy-
2’,2’,2’-trichloroethyl) cyclopentan-1-one ((2R,1’R)-syn-4): IR (KBr):
ñ= 3372, 2974, 2895, 2689, 1728, 1423, 1329, 1259, 1145, 1041, 925,
808 cm�1; 1H NMR(300 MHz, CDCl3): d= 4.75 (1H, dd, J= 5.4,
1.2 Hz, CHO), 3.22 (1H, br s), 2.85 (1H, t, J= 9.9 Hz), 2.44–2.06
(5H, m), 1.88–1.72 ppm (1H, m); typical chemical shifts of the anti
product: d= 5.55 (1H, d, J= 5.7 Hz, -OH), 4.23 (1H, t, J= 5.7 Hz,
CH-O), 2.75–1.80 ppm (7H, m); 13C NMR (75 MHz, CDCl3): d=
217.9, 103.0, 80.6, 50.9, 37.6, 23.1, 20.7 ppm; Elemental analysis
calcd (%) for C7H9Cl3O2: C 36.32, H 3.92; found: C 36.25, H 3.94.
[a]20D =++ 69.9 (c= 1.01, CHCl3, for the syn product of 99% ee), The
chiral HPLC analytical data (column AD-H): retention times: tR=
24.98 min ((2S,1’S): syn, minor enantiomer) and tR= 34.90 min
((2R,1’R): syn, major enantiomer) using iPrOH/hexane (1/50) as
eluent at a flow rate of 1.0 mLmin�1; tR= 22.86 (anti, major
enantiomer) and tR= 30.05 (anti, minor enantiomer).

Received: August 27, 2003 [Z52724]
Published Online: March 16, 2004

.Keywords: aldol reaction · amines · asymmetric catalysis ·
tetrazole · water

[1] For example, see: a) E. J. Corey, J. O. Link, J. Am. Chem. Soc.
1992, 114, 1906; b) E. J. Corey, C. J. Helal, Tetrahedron Lett.
1993, 34, 5227; c) E. J. Corey, J. O. Link, Y. Shao, Tetrahedron
Lett. 1992, 33, 3435; d) T. Fujisawa, T. Ito, K. Fujimoto, M.
Shimizu, H. Wynberg, E. G. J. Staring, Tetrahedron Lett. 1997,
38, 1593; e) T. Fujisawa, T. Ito, S. Nishiura, M. Shimizu,
Tetrahedron Lett. 1998, 39, 9735; f) Z. Muljiani, S. R. Gadre, S.
Modak, N. Pathan, R. B. Mitra, Tetrahedron: Asymmetry 1991, 2,
239; g) C. E. Song, J. K. Lee, S. H. Lee, S. Lee, Tetrahedron:
Asymmetry 1995, 6, 1063; h) J. P. Benner, G. B. Gill, S. J. Parrot,
B. Wallace, J. Chem. Soc. Perkin Trans. 1 1984, 291; i) H.
Wynberg, E. G. Staring, J. Chem. Soc. Chem. Commun. 1984,
1181; j) C. E. Hatch III, J. S. Baum, T. Takashima, K. Kondo, J.
Org. Chem. 1980, 45, 3281; k) T. J. Donohoe, P. M. Guyo, J. Org.
Chem. 1996, 61, 7664; l) R. L. Tennyson, G. S. Cortez, H. J.
Galicia, C. R. Kreiman, C. M. Thompson, D. Romo, Org. Lett.
2002, 4, 533; m) E. Kiehlmann, P.-W. Loo, B. C. Menon, N.
McGillivray, Can. J. Chem. 1971, 49, 2964.

[2] For recent reviews, see: a) S. G. Nelson, Tetrahedron: Asymme-
try 1998, 9, 357; b) T. D. Machajewski, C.-H. Wong, Angew.
Chem. 2000, 112, 1406; Angew. Chem. Int. Ed. 2000, 39, 1352;

Table 1: Reaction of various ketones with chloral monohydrate in the
presence of 1.[a]

Entry Ketone Cond.
[8C, h]

Prod. Yield
[%][b]

Sel.
[% ee][c]

Method[d]
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Scheme 2. Asymmetric direct aldol reaction with aqueous formaldehyde.
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An understanding of the origin of the torsional barriers in
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chemistry. The barrier to rotation about the C�C bond in
ethane has been traditionally attributed to Pauli exchange
repulsions, or steric hindrance, between the vicinal C�H
bonds.[1] At first glance, this appears to be a simple problem
and indeed, this concept has been widely adopted as a
standard explanation in organic chemistry textbooks.[2] How-
ever, the steric-repulsion mechanism has been challenged in a
number of studies by using natural bond orbital (NBO)
analyses.[3–6] It was suggested that the dominant factor bring-
ing about the conformational preference in ethane is hyper-
conjugative interactions between the occupied sC�H orbitals of
one methyl group and the antibonding s*C�H orbitals of the
other methyl group and that such delocalization interactions
stabilize the staggered conformation more than the eclipsed
form. In this theory, the emphasis is on the stabilizing effects
owing to the delocalization of electron density in the
molecule. A surprising and somewhat counter-intuitive find-
ing in the study by Pophristic and Goodman is that the
eclipsed conformer is even more stable than the staggered
structure after the sC�H–s*C�H hyperconjugative interactions
are removed in the NBO analysis, which suggests that
electrostatic and Pauli repulsions actually favor the eclipsed
configuration.[5] This analysis has immediately led to the
suggestion that organic textbooks need be revised to reflect
the stabilizing features in conformational analysis.[7]

Although there have been numerous studies of the
conformational preference in ethane, the issue is still con-
troversial, differing mainly in the roles of steric hindrance
(repulsion model) and hyperconjugation (stabilization
model).[6,8, 9] Early studies based on valence theory suggest
that the torsional barrier in ethane is due to the repulsive
exchange interactions between electrons in the two methyl
groups.[1] More recently, Bickelhaupt and Baerends estimated
the energies owing to steric effects by constructing a localized
wavefunction with fragmental molecular orbitals of the two
methyl groups, and concluded that Pauli exclusion repulsions
are the driving force for the barrier in ethane.[9] Although
consistent with the traditional picture, the calculation has
been questioned because the localized wavefunction used in
that work was neither optimized self-consistently nor an
eigenfunction of the spin operator.[6] The possible role of
hyperconjugative interactions on the rotation barrier in
ethane was described by Mulliken as early as 1939[10] and
later by Epiotis et al.,[11] but its effects on hindered rotation
were considered to be small. Energetic estimates of the
hyperconjugation effects by using the NBO theory showed
that interactions between the sC�H occupied orbitals in one
methyl group and the s*C�H antibonding orbitals in the other
methyl group significantly stabilize the staggered conforma-
tion more than the eclipsed form, while the computational
results are very sensitive to the small difference in the C�C
bond length between the two conformers.[3,4]

Hyperconjugation interactions arise from the delocaliza-
tion of s electrons, which leads to net stabilization of the
system.[12] To quantitatively estimate the stabilization energy
of hyperconjugation effects, it is necessary to know the energy
of a hypothetical system that has no hyperconjugative
interactions. Computationally, this requires the construction
of a molecular wavefunction from localized bond orbitals.

Conventional molecular orbital (MO) theory does not
provide a unique procedure for strictly localizing the occupied
orbitals.[13, 14] As a result, post self-consistent-field (SCF)
analyses, such as the NBO theory, have been developed to
derive localized orbitals from a delocalized wavefunction.
Although major insights can be obtained on electronic
interactions, it is a serious drawback for the investigation of
small energy effects, such as the rotational barriers about a
single bond, because the NBO approach tends to yield a
higher energy for the localized reference state than that
generated by self-consistent field (SCF) calculations.[9, 13,15]

This situation leads to overestimations in the computed
hyperconjugation energy, which can be greater than the small
energy difference to be analyzed.[9]

Ab initio valence bond (VB) theory provides an ideal
approach for deriving localized wavefunctions through SCF
optimizations,[16–18] but it has not been used to study hyper-
conjugation effects in ethane previously, primarily because of
its very long computational time. The recently developed
computational algorithm in our laboratory is very efficient,[18]

making such calculations feasible, and we apply this method
to assess the hyperconjugation energy in ethane. Our
approach differs from other methods, in particular, the
energy decomposition approach[9] and the NBO analysis,[4,5]

in that the localized wavefunctions are derived by SCF
calculations in VB theory. In addition, we compare the VB
results with those obtained from a block-localized wave-
function (BLW) method.[13, 15,19]

With our definition of hyperconjugation we found that
both steric hindrance and hyperconjugative interactions
contribute significantly to the observed preference of the
staggered conformation in ethane. However, the larger effect
is the steric hindrance, whereas hyperconjugative interactions
stabilize the gauche conformer by about 4 kJmol�1 relative to
the eclipsed form, or one third of the overall barrier height
(12 kJmol�1). Thus, the traditional picture for the origin of
torsional barrier in ethane (steric hindrance) is basically valid,
but a more complete explanation should take account
contributions from hyperconjugation stabilization.

VB Interpretation of the Rotational Barrier : Within the
framework of resonance theory, the wavefunction for ethane
can be described by the resonance of one covalent structure
and a total of 18 singly ionic structures, each corresponding to
that with one proton in one methyl group and one hydride in
the other group [Eq. (1)].

Accordingly, the hyperconjugative stabilization energy
Ehc is defined as the energy difference between the lowest
energy state, which is a superposition of the covalent and ionic
resonance structures, and the charge-localized covalent
structure. The theoretical and computational details are
given in the Computational Methods section.
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We have carried out valence-bond calculations using the
6-31G(d) and 6-311G(d,p) basis sets for the localized and
delocalized electronic structures at the HF/6-31G(d) optimal
geometries for the staggered and eclipsed conformers. The
computed barrier heights for ethane are 11.3 and
11.7 kJmol�1 at the VB–SCF level using the 6-31G(d) and
6-311G(d,p) basis set, respectively. They are in accord with
the experimental value of 12.0 kJmol�1,[20] and consistent with
all other theoretical results.[21] In the work of Bickelhaupt and
Baerends,[9] a barrier height of 10.6 kJmol�1 was obtained at
the density-functional level using the Becke88–Perdew86
functional and a large STO basis set. Figure 1 depicts the

adiabatic (fully relaxed ethane geometries) torsional energy
profiles determined with and without the hyperconjugation
effects in ethane using the VB-SCF/6-31G(d) model. The
computed delocalization energies are listed in Table 1, and it

is reassuring that the size of the basis set has a relatively small
effect on the calculated hyperconjugation energies.[13,15]

Importantly, the effect is even smaller when we examine the
relative hyperconjugation energies between the staggered
and eclipsed conformations. We note that the total hyper-
conjugation stabilization energies in Table 1 also include
contributions from the geminal bonding and antibonding
orbital interactions with the C�C bond.[4] These geminal
interactions are constant with respect to internal rotation
owing to symmetry.
The data in Table 1 reveal that hyperconjugation stabili-

zation is only 3.8 to 4.1 kJmol�1 greater in the staggered
conformation than in the eclipsed structure, which accounts
for about 33% of the total rotational barrier in ethane.

Importantly, when hyperconjugative interactions are
screened out from the calculation using the wavefunction
defined by Equation (2) (Computational Methods) for the
localized reference state, there is still a significant barrier of
7.5 kJmol�1 using the 6-31G(d) basis set. In this case, the
rotational barrier in the reference state can be entirely
attributed to steric hindrance, which represents the collective
contributions from the Pauli exchange repulsion and electro-
static interactions between the vicinal methyl groups. Thus,
our ab initio VB–SCF study demonstrates that both steric
hindrance and hyperconjugation effects are important to the
understanding of the origin of the torsional barrier in ethane,
however, the contribution of the steric effects is twice as large
as that of the hyperconjugative, electron delocalization
interaction.
We also compare in Table 1 the estimates of relative

hyperconjugation energies derived from the NBO analyses,[4]

which yield values of 20.9 and 23.4 kJmol�1 in favor of the
staggered conformer, far greater than our results (about
4 kJmol�1) and also far greater than the total barrier height
(12 kJmol�1). This leads to the counter-intuitive result that
the eclipsed conformation is more stable than the staggered
conformation by 11.3 kJmol�1.[22] Bickelhaupt and Baerends
rationalized the exceptionally large hyperconjugative deloc-
alization energy as a result of the construction of the Lewis
determinant wavefunction for the localized reference state
from the occupied NBOs,[9] which is overly destabilized
relative to the Hartree–Fock determinant.[13] Clearly, the
concept and significance of steric hindrance and hyperconju-
gation in rationalizing the cause of the rotational barrier in
ethane depend on the method used to derive the wave-
function of the localized reference state. The present ab ini-
tio VB theory allows us to fully optimize the localized valence

bond orbitals in a self-consistent
fashion, which results in a reference
state that is more stable than that
constructed using orbitals derived
from localization methods.

The BLW Calculations : As a
further exploration of the role of
hyperconjugation in ethane, we
designed a computational model to
screen out the geminal interactions
contained in the ab initio VB–SCF
calculations.[13,15,19] If we reduce the

point-group symmetry of ethane fromD3d (staggered form) or
D3h (eclipsed form) to Cs, and take the plane H1C1C2H4 as
the principal plane (Figure 2), hyperconjugation in ethane can
be thought of as the resonance or conjugation between the pp
group orbitals in the two methyl groups, which is analogous
with the p delocalization in butadiene (Figure 2). Thus, an
examination of the conjugation energy in butadiene provides
an alternative way of verifying our computational approach in
the calculation of hyperconjugation energy. The conjugation
effects can be studied using the BLW method,[13,15,19] which
combines the advantages of both MO and VB theories. In the
BLW method, the wavefunction YBLW corresponds to a
localized Lewis structure, whereas the delocalized structure
is represented by the HF wavefunction YHF, and the

Figure 1. Comparison of energy profiles (energy E versus dihedral
angle) for the ethane rotation where the hyperconjugation effect is
considered (c) or screened out (b).

Table 1: Computed total hyperconjugation energies (Ehc) and contributions to the rotation barrier (DEhc)
using the ab initio valence bond method at the HF/6-31G(d) optimal geometries.[a]

Basis set Ab initio VB[b] NBO analysis[c]

Ehc

(eclipsed)
Ehc

(staggered)
DEhc Ehc

(eclipsed)
Ehc

(staggered)
DEhc

6-31G(d) �43.1 �46.9 3.8 �136.8 �160.2 23.4
6-31G(d,p) �50.7 �54.8 4.1 �137.7 �158.6 20.9

[a] Energies are given in kJ mol�1. [b] This work. [c] Ref. [4].
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conjugation delocalization energy Edel can be determined by
Equation (5) (Computational Methods).
In ethane, the relative hyperconjugation energies are 3.2

and 3.5 kJmol�1 in favor of the staggered conformer using the
6-31G(d) and 6-311G(d,p) basis set, respectively (Table 2).

This result is in agreement with the ab initio VB results
discussed above. Since geminal interactions are not included
in the BLW calculation, the agreement confirms that these
interactions, which are involved in the VB energy decom-
position analysis, do not change appreciably as a function of
the internal rotation.
The rotational barrier is not necessarily the sum of

hyperconjugative and steric effects since electronic relaxa-
tion, particularly in the central C�C bond, may be involved in
the process of rotation. Therefore, it is desirable to evaluate
the steric energy independently. A plausible strategy is to
examine the energetic change as a function of the torsional
angle by freezing the bond orbitals obtained either at the
staggered or the eclipsed conformation for the localized
reference state [Eq. (2); Computational Methods]. This can
be conveniently achieved by using the ab initio VB method
[localized wavefunction from bond orbitals of Equation (3)
(Computational Methods). We first obtain the optimal VB
function for the staggered conformation in SCFoptimizations.
Then, we vary the torsional angle and recompute the
electronic energy by fixing all bond orbitals without further
SCFoptimization. Since all orbitals are frozen without further
electronic relaxation in this step, the energy change is purely

due to the difference in Pauli exchange and electrostatic
interactions, which are collectively termed as steric effects.
Table 3 lists the change in total steric energy (DEsteric) by

rigid rotation from the staggered conformation to the eclipsed

conformation when all the orbitals are frozen at the optimized
staggered reference state, and from the eclipsed state to the
staggered state using fixed VB orbitals optimized at the
eclipsed configuration. Both basis sets are used for compar-
ison. In either direction, we obtain similar results, which are
independent of the two basis sets used. The net steric effect is
estimated to be 7.4 to 7.8 kJmol�1, which is similar to the
adiabatic results (Figure 1) where the geometry of ethane is
fully relaxed along the rotational coordinate. This conclusion
is in contrast to the findings of Pophristic and Goodman,[5]

who obtained a net stabilization of 11.3 kJmol�1 at the
eclipsed conformation. We note that Bickelhaupt and Baer-
ends further analyzed the intricate balance of exchange and
electrostatic interactions and their dependence on the C�C
bond distance,[9] which ultimately leads to greater steric
repulsion at the eclipsed form.
In conclusion, our results, which are obtained from

ab initio self-consistent field VB calculations, indicate that
both steric effects and hyperconjugative interactions play
important roles in stabilizing the staggered conformation.
While steric effects make the dominant contribution, hyper-
conjugation interactions contribute about one third of the
total torsional barrier in ethane.

Computational Methods
Ab initio valence bond theory : Within the framework of the VB
theory, the covalent resonance structure for ethane is constructed
using a Heitler–London–Slater–Pauling function[16–18] [Eq. (2) the
atomic labels are shown in Figure 2], where K1 and K2 represent the
core (1s) orbitals of the two carbon atoms C1 and C2, respectively,

YLoc ¼ ÂAðK1K2 sC1C2sC1H1sC1H2sC1H3sC2H4sC2H5sC2H6Þ ð2Þ

which are doubly occupied in the form of MOs. ff is the antisymmetry
operator, sij is a localized bond orbital between atoms i and j,
constructed from two group localized orbitals fi and fj that are
expanded over the basis functions on each methyl group [Eq. (3)]

sij ¼ ÂA½fifjðab�baÞ� ð3Þ

where a and b represent the spin states of electrons. The fully
delocalized wavefunction for ethane can be constructed by linear

Figure 2. Schematic comparison of the similarity between hyperconju-
gation interactions in ethane and p-conjugation in 1,3-butadiene.

Table 2: Computed delocalization (Edel) and differential (DEhc) hyper-
conjugation energies using the BLW method.[a]

Basis set Ethane Butadiene
Edel

(eclipsed)
Edel

(staggered)
DEhc Edel

(cis)
Edel

(trans)
DEdel

6-31G(d) �11.7 �13.3 3.2 �36.9 �42.5 5.6
6-311G(d,p) �14.3 �16.1 3.5 �40.2 �45.5 5.3

[a] Energies are given in kJ mol�1.

Table 3: Estimated steric energies for the conversion of staggered!
eclipsed conformations obtained by freezing the bond orbitals at the
initial configuration during the torsional rotation using the ab initio VB
method.[a]

Basis set DEsteric

Y(staggered)[b] Y(eclipsed)[c]

6-31G(d) 7.8 7.4
6-311G(d,p) 7.8 7.4

[a] Energies are given in kJ mol�1. [b] Computed using the optimal VB
function for the staggered conformation. [c] Computed using the optimal
VB function for the eclipsed conformation.
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combination of the covalent structure [Eq. (2)] and all ionic
structures.

However, the covalent structure is much lower in energy than the
ionic structures because of the long separation of charges and the
distorted double-bond character in the ionic configurations. Thus, the
wavefunction for ethane can be compactly constructed with Coulson–
Fischer orbitals [Eq (4)],[17,25] where the orbital s0ij contains Coulson–

YDel ¼ ÂAðK1K2 s0C1C2s0C1H1s0C1H2s0C1H3s0C2H4s0C2H5s0C2H6Þ ð4Þ

Fischer basis orbitals f0i and f
0
j, which are expanded in the whole basis

space of ethane, rather than a subspace of one methyl group as in fi

and fj. The use of Coulson–Fischer orbitals includes effectively all the
ionic structures in the calculation.

With the definition of the localized and delocalized wavefunc-
tions as in Equations (2) and (4), the hyperconjugative stabilization
energy in ethane Ehc can be determined by Equation (5).

Ehc ¼ EðYDelÞ�EðYLocÞ ð5Þ

We note that bothYLoc andYDel are expanded into 27= 128 Slater
determinants for a total of 14 electrons in our VB calculations, and all
the orbitals {fi} and {f

0
i} are optimized self-consistently, in contrast to

post-SCF analysis schemes.
The block-localized wavefunction (BLW) model : To make the

BLW computations feasible for ethane, we decompose the hyper-
conjugative interactions between the two methyl groups into two
components; one lies in the principal (xz) plane H1C1C2H4, and the
other is perpendicular to this plane (y direction). To form the BLW
orbitals, we partition the orbitals (subsequently transformed from
basis functions to become the basis of irreducible representations of
the Cs point group) and electrons into three blocks. The first block
consists of the py orbital of carbon and the anti-combination of 1s
orbitals of H2 and H3 atoms of one methyl group (namely of a’’
symmetry), while the second block includes the corresponding py and
the anti-combination of 1s orbitals of the hydrogen atoms of the other
methyl group. The third subgroup contains the remaining orbitals in
the principal plane, which possess a’ symmetry. Because orbitals with
a’’ and a’ symmetry do not mix and the in-plane hyperconjugation
interactions are already included in the third block of the BLW
wavefunction, the energy difference, Edel, between this three-block
BLW wavefunction and the HF wavefunction accounts for delocal-
ization interactions purely resulting from the perpendicular compo-
nents, which, due to symmetry, is one half of the total hyperconju-
gation effects (Ehc= 2Edel) in ethane.

As a validation of the BLW approach, we investigated the
delocalization energies estimated using the BLW approach for
butadiene, for which experimental data are available for comparison.
The computed p-electron delocalization energies of cis- and trans-
butadiene using the BLW method are compared with the resonance
energy derived from experimental heats of hydrogenation.[23] The
experimental resonance energy is estimated to be �35.6 kJmol�1,[15]
which can be compared with the computed Edel values for cis- and
trans- butadiene (Table 2). The agreement is excellent, which suggests
that the BLW results can be used to provide further support to the
ab initio VB calculation. Interestingly, the difference in conjugation
energy between the s-cis and s-trans configurations of butadiene is
only about 5.5 kJmol�1 using both basis sets, which is about one third
of the total energy difference (16.7 kJmol�1) between the two
conformers (the experimental value is 16.7 kJmol�1 [24]).
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Protein Stability

Incremental Contribution to Protein Stability
from a b Hairpin “Finger”: Limits on the Stability
of Designed b Hairpin Peptides**

Mark S. Searle,* Geoffrey W. Platt, Roger Bofill,
Stephen A. Simpson, and Barbara Ciani

Current models for protein folding point to a hierarchical
process of assembly in which local interactions within the
polypeptide chain play an important role in restricting the
conformational search for the native state.[1] Peptide model
systems seem to support this hypothesis since relatively short
peptide sequences (< 20 residues) have been
shown to fold autonomously into a helices and
b sheets in aqueous solution.[2, 3] A b hairpin
(two antiparallel b strands linked by a reverse
b turn) is the smallest increment of b sheet
accessible as a model system for investigating
the interplay of noncovalent, weak interactions
that drive the folding process.[3] The biological
significance and potential applications of
b sheet motifs are more wide ranging. They
play important roles in protein–DNA recogni-
tion, in pathological disease processes involving
protein aggregation and amyloidosis, and have
been used in creating novel peptide ligands
aimed at protein targets, or as new peptide-
based drugs with pre-organized structures car-
rying bioactive motifs for specific recognition.[4]

An evaluation of sequence-specific effects
that stabilize these small increments of b sheet,
and subsequent quantitative analysis of the
effects of mutations on hairpin stability, is
emerging to place the process of rational
design on a firm thermodynamic footing.[5]

However, quantitative evaluation of hairpin stability relies
on reference states to define spectroscopic parameters with
which to estimate folded populations.[3] To date, several
approaches have emerged: cosolvents have been used to
enhance secondary-structure stability by promoting amide–
amide hydrogen-bond formation; alternatively, disulfide or
backbone cyclization has been successful in providing the
fully folded reference state from which Ha chemical shift
values can be determined.[5,6] Herein, we report that we have

inserted a structurally independent b hairpin “finger” into
native ubiquitin to examine the incremental contribution of
the hairpin to protein stability, and as a reference state for
assessing the stability of an autonomously folding 16-residue
b hairpin peptide sequence. To achieve this, the N-terminal
b hairpin sequence of ubiquitin was extended into solution by
replacing the solvent-exposed native LTG type I G-bulged b-
turn with a 14-residue sequence corresponding to the greater
portion of a short de novo designed 16-residue hairpin
sequence (b4 : KKYTVEINGKKITVEI; Figure 1).[7] To
maintain the correct hydrogen-bonding register the b-finger
was truncated by one residue at the N- and C-termini
(Figure 1a). In subsequent studies, we plan to examine the
role of this independently stable hairpin motif in nucleating
protein folding.[8]

The 14-residue extension was introduced into wild-type
yeast ubiquitin containing the background F45W mutation
(WT*).[9] The partial burial of the indole side chain in a
surface hydrophobic cleft results in a fourfold quenching of
fluorescence on folding providing a useful probe for bio-
physical studies of protein stability. The F45W mutation has
only a minor effect on local structure and protein stability
(DDG ~ 1 kJmol�1).[10] 2D homonuclear NMR spectroscopy
experiments have enabled a complete backbone assignment
for Ub4 to be obtained allowing numerous (> 80) medium
and long-range cross-strand NOEs to be identified within the
b-finger extension (Figure 1b). We observe all predicted
cross-strand Ha–Ha NOEs (Figure 2), and the majority of
NH–NH and NH–Ha NOEs that establish that the two
strands are aligned with the b-finger adopting the desired
folded conformation as an extension of the existing N-
terminal hairpin of ubiquitin. On the basis of this data a
structural model was generated (Figure 2).[11] Native-like
NOEs between K6NH–H68Ha and T7Ha–L69NH show that
the alignment between b-strands 1 and 5 of ubiquitin are not
significantly perturbed by the hairpin extension. Ha chemical

Figure 1. a) Sequence of the N-terminal hairpin of ubiquitin showing the b4 hairpin insertio-
n (Ub4), and also the wild-type sequence (WT) and with the sequence of the isolated b4 peptide
(N-acetylated, free C-terminus); b) b-strand alignment of b4 in the context of the extension of
the N-terminal hairpin of ubiquitin, side chains have been removed for clarity. Residues within
the hairpin are labeled bK2 through to bE15, with the flanking sequence following the native ubiq-
uitin numbering. Arrows indicate main-chain (NH and Ha) NOEs observed between strands of
Ub4.
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shift deviations from random coil values (Figure 3) are
consistent with contiguous well-ordered b-sheet secondary
structure along the full length of the 28 residue hairpin
sequence with no evidence to suggest nonregular secondary
structure or significant backbone flexibility at the junction
point. Although NH chemical shift data are more difficult to
interpret because of their greater sensitivity to solvation
effects and pH value, alternating large and small shift
perturbations along the b-strands reflect differences between
residues in hydrogen-bonded versus solvent exposed sites
(Figure 3). Many hydrophobic contacts within the hairpin
extension are evident from side chain NOEs (for example,
bY3 to bI12 and bV14), but no NOEs are detected from residue
side chains within the b-finger extension to any other part of
the structure, ruling out the possibility of new non-native
tertiary contacts being introduced by the mutations. A global
analysis of Ha chemical shift perturbations (DdHa=

dWT*�dUb4) confirms that the largest effects (DdHa<

0.15 ppm) are confined to regions of the structure close to
where the b-finger has been introduced. Thus, the 14-residue
b-finger represents an autonomously folding motif that does
not require tertiary contacts to define its conformation
making it a structurally independent extension of the rest of
the protein.

The equilibrium stabilities of WT* and Ub4 were
determined from guanidinium chloride (GdmCl) denatura-
tion experiments by monitoring the change in fluorescence at
358 nm as a function of denaturant concentration
(Figure 2).[12] The mid-point of the transition shifts from
2.67m GdmCl (WT*) to 3.21m for Ub4 corresponding to an
increase in stability of �5.6 kJmol�1.[13] Thus, an estimate of
the incremental free-energy contribution of the b-finger to
protein stability suggests a value of approximately 6 kJmol�1

when this motif is fully constrained as part of the global
cooperative folding event. The cooperative nature of the
folding transition implies that any increase in stability should
reflect the stability of the whole system and not just
interactions within the hairpin extension. Global perturba-

Figure 2. a) Portion of the 300 ms NOESY spectrum of Ub4 at 308 K showing well-resolved Ha–Ha NOE cross-peaks within the b hairpin exten-
sion, those in the b finger are shown in boxes; b) ribbon structure of Ub4 showing the protrusion of the b finger extension (displayed with
MOLMOL[17]); c) guanidinium chloride (GdmCl) denaturation curves for WT* (*) and Ub4 (&) at 298 K showing fraction unfolded versus [GdmCl]
in 25 mm acetate buffer at pH 5.5.

Figure 3. a) Ha chemical shift deviations from random-coil values at
pH 5.5, 298 K for Ub4 (black bars) and b4 peptide (white bars); b) esti-
mated folded populations (percentage, fF C 100) for individual residues
using the Ub4 reference state; c) comparison of NH chemical shift
deviations for Ub4 and b4 as in (a).
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tions to Ha shifts of < 0.05 ppm are apparent and are
suggestive of only very small long-range structural effects
propagated from the hairpin extension. Thus, as an approx-
imation, we could attribute all of the observed 6 kJmol�1

free-energy increase to the interactions within the hairpin
extension of Ub4, with this representing an upper limit to the
stability increase. Consequently, if this free-energy change
were realized for the same set of interactions in the isolated
hairpin peptide this would translate to an equilibrium
constant for folding of the isolated hairpin peptide b4 of
approximately 10 and a maximum attainable folded popula-
tion of around 90%.

The isolated 16-residue peptide b4 shows all of the
characteristics of a highly folded b hairpin in terms of long
range NOEs, perturbations to Ha chemical shifts, and back-
bone torsion-angle preferences evident from 3JNH-Ha values.[7]

A detailed structural characterization of b4 confirms the
formation of a compact fold, although the N- and C-terminal
residues are more dynamic. We see a similar pattern of
hydrophobic contacts to those described for Ub4, particularly
involving bY3. The structural ensemble shows the character-
istic twisted relationship between b strands although the
effect is less pronounced than in protein b sheets. Subse-
quently, we have used the Ha chemical shift data for Ub4 as a
reference state for the fully folded state of the isolated hairpin
peptide b4 (Figure 3a). It is evident that residues close to the
N- and C-termini of the hairpin sequence experience different
environments to those residues in Ub4 because of end-effects
associated with fusion to the ubiquitin template. This situation
is apparent for bK2 and bE15 whose shifts are much smaller in
the isolated peptide reflecting disorder in the N- and C-
termini, as evident from the structural modeling.[7] Residues
bY3 and bV14 also show less pronounced Ha shifts in the
context of the isolated hairpin b4 which could, in part, arise
from dynamic end-effects or from differences in ring current
effects from the aromatic side chain. The following pair of
residues bT4 and bT13, in contrast, has greater downfield shifts
in the b4 peptide than in Ub4. This difference becomes
significantly more pronounced when peptide b4 is examined
in 50% (v/v) methanol, which suggests that the bT4–bT13 pair
is more “folded” in the isolated hairpin. This observation may
have its origins in structural differences relating to the twisted
conformation of the b-strands in the two contexts. When
inserted as an extension of the N-terminal hairpin of
ubiquitin, the twist of the b-finger is strongly dictated by the
geometry of the b-sheet template, whereas flexibility in the
isolated hairpin may allow the bT4–bT13 pair to minimize side-
chain steric interactions. The more exposed residues of the b-
finger (bV5!bI12) are likely to have more geometrical
flexibility, and indeed, a more uniform relationship between
b4 Ha shifts in the two contexts is evident. Thus, we have
focused our quantitative analysis on this group of residues.

We have analyzed the Ha shifts for the isolated b4 in
terms of a two-state model, supported by temperature-jump
IR kinetic data on a mutant of b4,[5a] which has a single
activation barrier separating the folded and unfolded states.[14]

Thus, the folded population of b4 (fF) in aqueous solution can
be estimated on an individual residue basis from the Ha shifts
(dobs) of bV5!bI12 using fF= (dobs�dU)/(dF�dU), where dF is

the Ha shift in the fully folded state (derived from Ub4) and
dU is the random coil Ha shift for the unfolded state.[15] In
Figure 3b, fF values are indicated for each residue, showing
good agreement between sites, consistent with a two-state
model. A mean value for fF of 0.78 and a standard error of
� 0.02, equates to a free energy of folding DGF=�RTln[fF/
(1�fF)]=�3.1(� 0.3) kJmol�1. A similar estimate of the
folded population from NH chemical shift data (Figure 3c),
though generally considered less reliable in population
estimates, seems to be in good agreement, it gives a mean
fF of 0.72 (� 0.08). Thus, the designed hairpin b4 appears to
be significantly folded in aqueous solution, and attains a large
proportion of the maximum stability estimated from Ub4.
This result may, in part, reflect the effects of entropy–enthalpy
compensations where the entropic advantages of the con-
formational flexibility of peptide b4 offset any reduction in
enthalpic benefits from poorer side-chain packing or weaker
hydrogen bonds.

The approach described provides an alternative to disul-
fide or backbone cyclization of hairpin peptides to estimate
reference chemical shift data for the fully folded state. The
alternative approach to derive dF values has been the
cosolvent induction method to enhance b hairpin stability
(typically using methanol (MeOH) or 2,2,2-trifluroethanol
(TFE)). However, cosolvent addition has been reported in a
number of cases to lead to a plateau at around 40–50% (v/v)
cosolvent, after which further additions result in no further
increase in apparent stability.[16] Thus, dobs values derived at
this plateau point, and subsequently used as an estimate of
reference shifts, may fall short of those for the 100% folded
population. To examine this possibility, we have compared the
dF values derived from Ub4 in aqueous solution with those
from the b4 peptide in 50% (v/v) methanol at 298 K, pH 5.5.
Cosolvent induces a uniform increase in magnitude of DdHa

values reflecting a solvent-induced increase in hairpin stabil-
ity. The effects are modest with increases of typically 25%
reflecting the fact that b4 is already highly folded. We have
demonstrated that Ha shifts are independent of peptide
concentration in the range 0.01–1 mm eliminating the possi-
bility that aggregation effects may be influencing peptide
chemical shifts.[7] The two data sets show that in many cases
the shifts are quite similar. Within the bN8–bG9 b-turn, shifts
are larger in the cosolvent stabilized hairpin, while at other
sites the shifts of Ub4 are slightly larger. Calculating the
folded populations (fF) for bV5!bI12, as described above, we
derive a mean value and standard error of fF= 0.94(� 0.08)
for b4 in 50% (v/v) MeOH. Within the errors of the
calculation, b4 is close to fully folded under these conditions.
Using the shifts for b4 in 50% (v/v) MeOH at 298 K as the
limiting values for the fully folded state enables us to calculate
the stability of b4 in aqueous solution as DGF=�3.9
(� 0.5) kJmol�1. Again, within the limits of this approach,
the two different reference states produce comparable
stabilities.

In conclusion, we have demonstrated that the 16-residue
hairpin peptide b4 is highly folded in aqueous solution (fF=

0.78). The effects of cosolvent are sufficiently stabilizing to
push the folded/unfolded equilibrium for an already highly
folded hairpin close to the fully folded limit (fF!1). There-
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fore, the use of cosolvents to derive reference values, in this
case, seems justified. However, in cases where the peptide
sequence is very weakly folded (DGF> 0; fF!0), the effects
of cosolvents on hairpin stability reach a plateau, which, as
others have suggested,[6b,15] may result in chemical shift values
that do not represent the fully folded state and overestimate
b hairpin populations. We have shown that introducing a b-
finger motif into native ubiquitin, by extending the N-
terminal b hairpin, has enabled us to estimate the contribu-
tion to protein stability of an independent structural motif,
providing both an upper limit on stability for autonomously
folding b hairpins of approximately 16-residues, and a spec-
troscopic reference state for estimating the stability of related
autonomously folding peptides in solution.
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Coordination Modes

The Preparation and X-ray Crystal Structure of
[(AgI2)n]·nMF6 (M= Sb, As): Diiodine Acting as
a Donor in the Planar Polymeric [(AgI2)n]

n+**

T. Stanley Cameron, Jack Passmore,* andXinpingWang

Many of the more electronegative elements can be oxidized
to homopolyatomic cations, for example, S4

2+, I3
+.[1] Partial

positive-charge transfer can also be effected by coordination
of these elements to a Lewis acid cation (e.g. Ag+) in
[(S8)2Ag]+,[2a,b] [S8Ag]+,[2b] [(Se6Ag)n]

n+,[3] [(Se6Ag2)n]
2n+,[3] and

[(P4)2Ag]+.[4a] The nature of the bonding in these cations,
especially in the P4

[4b] and in the related CO[5] complexes, has
been of the subject of recent controversies. The LUMOs and
HOMOs of P4 and I2 have similar energies,[6] and consistently
we were able to prepare a salt containing diiodine coordi-
nated to Ag+ ions, the first example of a dihalogen molecule
coordinated to a simple metal cation in the solid state, that is,
a metal dihalogen homoleptic species, the subject of this
paper. Recently the related AuCl2

+ was identified experi-
mentally in the gas phase, and high-level calculations imply a
geometry (angle Au-Cl-Cl: 1028) similar to that of the {AgI2}
portion of [(AgI2)n]

n+ in the solid phase.[7] The [(AgI2)n]
n+ ion

is also the first example, as far as we are aware, of a polymeric
chain [(AY2)n]

n+ in which A and Y are any elements. Cations
[Ag2X]+,[8a] [Ag3X]2+[8b] and anions [AgX3]

2�,[8c] [Ag2X4]
2�[8d]

(X=halogen) containing Ag�X, but not X�X bonds, have
been structurally characterized.

Molecular diiodine forms a large number of charge-
transfer complexes by accepting donor (D) lone pairs or
p electrons into its low lying acceptor s* orbitals.[9] The
resulting Dd+!I2

d� adducts are linear with an I�I distance
much longer than that in I2 (g) (2.667(2) =[10]). Recently F. A.
Cotton et al.[11] reported that the Lewis acid [Rh2(O2CCF3)4]
reacts with diiodine to give a zigzag polymer [Rh2(O2CC-
F3)4I2]·I2. The 95.31(2)8 (av) Rh-I-I angle implies that diiodine
donates electrons from its antibonding p* HOMO orbitals
probably into the corresponding vacant Rh�Rh pzdz2 hybrid
orbitals (see the Supporting Information). Back donation of
electrons into the I2 s* orbitals may occur (as shown in the
Supporting Information) and it seems that this is more

important than the donation from the I2 antibonding p*
orbitals as the I�I interatomic distance (2.7202(6) =) is longer
than that in I2 (g) and the I�I distance of 2.666(2) = of the
clathrated I2 in the same compound.

We report here the ready synthesis of [(AgI2)n]·nMF6

(M= Sb, As) by the reaction of excess AgMF6 with I2 (s) in
liquid SO2 according to Equation (1), giving purple–black,
thermally stable, but highly moisture sensitive crystals.

AgMF6 þ I2
SO2 ðlÞ
���!1=n ½ðAgI2Þn� � nMF6 ðM ¼ Sb; AsÞ ð1Þ

The products were characterized by FT Raman spectros-
copy (Figure 1 for M=As and Table 1), and X-ray diffrac-

tion.[12] The [(AgI2)n]
n+ ion (Figure 2) has a similar zigzag

structure to {(Rh2I2)n} chain in [Rh2(O2CCF3)4I2]·I2 except
that [(AgI2)n]

n+ is planar, the {Rh�Rh} unit is replaced by Ag+

and the I�I distance in [(AgI2)n]·nMF6 (2.6744(18) = M= Sb;
2.661(2) = M=As) is shorter than that of I2 (2.7202(6) =)
coordinated to Rh in [Rh2(O2CCF3)4I2]·I2. The [(AgI2)n]

n+ ion
is simpler and the fluorine–cation distances allow for an
estimate of the positive charge residing on the Ag and I
atoms.[15] The overall structure consists of planar [(AgI2)n]

n+

chains stacked down the c axis separated by sheets of [MF6]
�

ions, linked by fluorine–cation contacts (Figure 3 for M= Sb;
[AsF6]

� is disordered). The net charge on the silver as
deduced by the contact to anionic fluorines is + 0.472 (M=

Sb).[15] The charge on each of the iodine atoms is + 0.230
(M= Sb), which implies that I2 acts as a donor resulting in

Table 1: FT Raman frequencies (cm�1) for I5AsF6,
[17a,b] [(AgI2)n]·nSbF6 and

[(AgI2)n]·nAsF6.
[a]

I5AsF6
[17a,b] [(AgI2)n]·nSbF6 [(AgI2)n]·nAsF6 Assignments

413(0.2) 2n1(I-I)
321(0.2) n1(I-I) + n2(I-I-I)
228(0.8) 2n2(I-I-I)
207(1) 207(10) 208(10) n1(I-I)
114(10) 99(0.5) 101(0.5) n2(I-Ag-I/I-I-I)
679(2) 645(2) 679(2) n1(AsF6

�/SbF6
�)

573(0.1) 574(0.2) 573(0.2) n2(AsF6
�/SbF6

�)
366(0.2) 281(0.6) 368(0.3) n5(AsF6

�/SbF6
�)

[a] Relative intensities in parentheses.

Figure 1. Raman spectrum of [(AgI2)n]·nAsF6 at room temperature.
Scans: 1000; resolution: 4 cm�1. The peak due to the glass of the
sample container is marked with an asterisk.
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about equal positive charges on Ag and I2. All estimated
charges in one {AgI2} fragment add up to about 1 valence unit
(for M= Sb 0.472 + 2 G 0.230=++ 0.932), in good accord with
the formal charge of + 1. The I�I interatomic distance in
[(AgI2)n]·nMF6 (2.6744(18) = M=Sb; 2.661(2) = M=As) is
similar to that in I2 (g) (2.667(2) =[10]), I3

+ (2.660(2),
2.669(2) =) in I3AsF6

[16] and the terminal I�I (2.6579(10) =)
in the I5

+ ion in I5AsF6
[17a,b] (Figure 2), and therefore the I�I

bond in [(AgI2)n]·nMF6 has a bond order of 1. The Ag�I bond
length (2.7893(13) = M= Sb; 2.7554(13) = M=As) implies
0.331 valence units for M= Sb and 0.362 for M=As.[15 ] The
geometry of the {I-I-Ag-I-I} portion of the [(AgI2)n]

n+ chain is
very similar to that of the I5

+ ion in I5AsF6
[17] (Figure 2). The

Raman spectra of these compounds are also similar, thus

aiding the assignments of [(AgI2)n]
n+ given in Table 1. The ñ

(I�I) stretching frequency (207 cm�1 M= Sb, 208 cm�1 M=

As) is lower than I2
+ (238 cm�1) in I2(Sb2F11)

[18a] and very
similar to ñ (I2 (g), 215 cm�1).[18b] The symmetric ñ (I-Ag-I)
can be compared to the corresponding ñ (I-I-I, ~ 110 cm�1) in
I3
� .[9a] In valence bond terms the structure of I5

+ can be
described by the resonance structures given in Figure 4a and
a’ and that of [(AgI2)n]

n+ (Figure 4b, c, and c’). This model

implies an I�I bond order of 1 in [(AgI2)n]
n+ and the presence

of positive charge on silver and the diiodine molecule.
Alternatively the bonding in the chain can be viewed as
arising from the monopole on Ag+ and the induced dipole on
the adjacent iodine atom and by specific donation of electrons
from the p* I2 HOMO (E=�0.342 atomic units (a.u.))[6] to
the 5s Ag+ LUMO (E=�0.278 a.u.)[6] and the empty 5p
orbital as shown in Figure 5a–c. Some back donation from the
Ag+ 4d10 HOMO (E=�0.788 a.u.)[6] to the I2 s* LUMO (E=

�0.080 a.u.)[6] can occur (Figure 5d), but is likely to be less
favorable as the energy gap is larger, although the reduction
of charge on Ag+ reduces this gap, that is, the interactions are
synergic. However, based on this model, an I�I distance of
slightly less than 2.667 = (I2, g) would be anticipated.[19]

Whatever the nature of the bonding between Ag+ and I2 in
the planar polymeric cation, its geometry, the similarity of the
{I-I-Ag-I-I} fragment in [(AgI2)n]

n+ to I5
+, and the presence of

positive charge on all atoms imply that molecular I2 acts as a
donor to Ag+ in [(AgI2)n]

n+. Thus [(AgI2)n]
n+ provides a

simple and rare (the second) example of diiodine acting as a
donor.

Figure 3. A view of [(AgI2)n]·nSbF6, the [SbF6]
� ions shown as polyhe-

drons. The structure of [(AgI2)n]·nAsF6 is similar except that the [AsF6]
�

ions are disordered.

Figure 4. Valence-bond structures of I5
+ (a and a’) and a portion of

[(AgI2)n]
n+ (b–c’).

Figure 2. a) [(AgI2)n]
n+ ions in [(AgI2)n]·nMF6 (M=Sb, As) with cation–

anion contacts (M=Sb) for Ag···F less than 2.92 D, I···F less than
3.45 D. Thermal ellipsoids were drawn at the 50% probability level.
Selected distances [D] and angles [8]: I···F(1) 2.95 (1), I···F(3) 3.44 (1),
Ag···F(2) 2.58(1), Ag···F(3) 2.60 (1), I-Ag-I 180.0 (0). In [(AgI2)n]·nAsF6,
[AsF6]

� ions are disordered. b) Structure of I5
+ in I5AsF6.

[17a,b]
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Experimental Section
All manipulations were performed by using grease-free metal
apparatus and dry-box techniques under a dry N2 atmosphere as
previously described.[22] Reactions were carried in a two-bulb (pyrex),
two-valve (teflon in glass) vessel, incorporating a medium frit and a
teflon-coated stirring bar magnet. FT Raman spectra were recorded
at 293 K on a Bruker IFS66 FTIR equipped with a Bruker FRA106
FT Raman accessory by using an Nd-YAG laser (emission wave-
length, 1064 nm; maxium laser power, 3009 mW; used laser power,
1.8%). Samples were sealed in melting point capillaries, and data
were collected in the backscattering mode (1808 excitation; resolution
4.0 cm�1). Chemical analyses were performed by Galbraith Labora-
tories, Inc. (U.S.). Analyses by scanning electron microscopy (JEOL-
6400 SEM) were obtained with EDAX Genesis EDS X-ray analyzer.
AgSbF6 (SynQuest. Labs. Inc.) was dissolved in liquid SO2 and the
insoluble impurities were discarded. AgAsF6 was prepared as
described in the literature.[23] The purity of AgMF6 was checked by
FT Raman spectroscopy. Iodine (BDH analytical reagent) was
further purified by sublimation. Sulfur dioxide (Matheson, anhydrous,
99.85%) was vacuum-distilled and stored over CaH2 before use.

Preparation of [(AgI2)n]·nMF6 (M=Sb, As): AgSbF6 (3.240 g,
9.429 mmol) and I2 (0.714 g, 2.813 mmol) were placed into one bulb.
The mixture quickly became pale yellow, thus indicating that a
reaction had occurred in the solid state. About 8 g liquid SO2 was
condensed onto the mixture through the frit, giving a dark-red
solution over a small amount of colorless precipitate that was
tentatively identified by scanning electron microscopy and Raman
spectroscopy as Ag2ISbF6, or Ag3I(SbF6)2, or a mixture of both.[8] The
solution was stirred for 1 day. A 40% yield of isolated dark-purple
crystals was obtained from the filtrate held at 5 8C. The salt
[(AgI2)n]·nAsF6 was prepared similarly (yield of isolated crystals:
60%). Elemental analysis calcd (%) for [(AgI2)n]·nAsF6: Ag 19.59, I
46.10, As 13.61, F 20.70; found: Ag 20.78, I 45.87, As 14.42, F 22.52. A
sample of [(AgI2)n]·nAsF6 was heated at about 140 8C for one hour in

a tube connected to a collection vessel in a static vaccum. No iodine
was obtained.
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Natural Products Synthesis

Synthesis of the Furanosteroidal Antibiotic
Viridin**

Edward A. Anderson, Erik J. Alexanian, and
Erik J. Sorensen*

Among the natural products that modulate protein function
with high selectivity,[1] there is a group of reactive molecules
that alkylate nucleophilic residues in the active sites of
important enzymes. Lipstatin,[2] fumagillin,[3] and microcys-
tin[4] embody the chemistry of the carbonyl group, the
epoxide, and the electron-deficient alkene, respectively, and
are prominent examples of protein-reactive natural products.
These and related secondary metabolites are important
because they have yielded insight into the cellular functions
of key enzymes and will likely prove invaluable as molecular
probes in protein-activity-profiling experiments.[5]

Our interest in research opportunities provided by natural
products that covalently inhibit protein function[6] induced us
to address the chemical problem posed by viridin (1)[7]

(Scheme 1), a potent antifungal metabolite of Gliocladium
virens and the parent member of a family of furanosteroids
that includes wortmannin (2), viridiol, and demethoxyvir-
idin.[8] These natural products are biosynthesized from the
triterpene lanosterol and are distinguished by an unusual
structural feature: an electron-deficient furan ring fused
between C4 and C6 of the steroid framework. The doubly
activated carbon atom of this heterocycle predisposes these
compounds to react efficiently with a range of amines,[9]

including the active-site lysine of phosphatidylinositol 3-
kinase (PI3-kinase).[10] Wortmannin (2) and demethoxyviridin
are potent and relatively selective covalent inhibitors of PI3-
kinase[11] and have served as valuable molecular tools for
deciphering the role of PI3-kinase in signal-transduction
pathways.

With potential as therapeutic agents for the treatment of
neoplasms and other diseases,[12] viridin and its relatives
provide prime targets for research in organic synthesis.
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Although a total synthesis of viridin has not yet been
reported, Shibasaki and co-workers reported an impressive
synthesis of the complex furanosteroid wortmannin (2)[13] and
Souza and Rodrigo described a creative route to the
pentacyclic core of viridin (1).[14] Herein we report the first
total synthesis of racemic viridin (1; Scheme 1).

Mindful of the electrophilic nature of the doubly activated
furan, we favored a design that would introduce this reactive
element and the readily epimerizable methoxy-bearing ster-
eocenter at a late stage of the synthesis. By delaying the
oxidative functionalization of the steroid A-ring to an
advanced phase, we could focus on the problem of building
the pentacyclic framework of compound 3. We envisioned
that suitable substrates for annulating the A-ring of viridin (1)
could be constructed from a naphthalenofuran of type 4,
which in turn could arise in the course of a thermal
rearrangement of a benzocyclobutenol derivative 5. This
concept would require an electrocyclic ring opening of the
benzocyclobutene substructure of 5 and a subsequent 6p elec-
trocyclization with participation by the furan ring.[15] To
contend with the somewhat unusual architecture of com-
pound 5, we hoped to transmute the simple, substituted
acyclic triyne 7 to the tricyclic framework of 6 through a
transition-metal-mediated alkyne cyclotrimerization.[16] The
attack of an appropriate furanyl lithium reagent on the keto
group of 6 would then yield key intermediate 5.

Our synthesis of a benzocyclobutenol of type 5 com-
menced with diyne 8 (Scheme 2).[17] Formylation of the
lithium acetylide produced from 8 with N,N-dimethylform-

amide[18] produced an ynal, which was alkylated by a
propargylic zinc reagent to yield the triyne 9 as an incon-
sequential mixture of four diastereoisomers following cleav-
age of the alkynyl TMS protecting group. Treatment of this
triyne with [RhCl(PPh)3] (3 mol%) in ethanol at 80 8C
effected cyclotrimerization to the tetrasubstituted aryl cyclo-
butenol 10 (88%).[16c,d] The pioneering studies of Vollhardt
and co-workers demonstrated the power of alkyne cyclo-
trimerization in steroid synthesis, with impressive construc-
tions of A-ring[16f] and B-ring aromatic steroids.[16g] The work
presented herein offers a complementary, efficient approach
to the formation of the aromatic C-ring of an eventual steroid.

From tricyclic alcohol 10, a suitable equivalent of 5 could
be synthesized by an efficient three-step reaction sequence.
Thus, Swern oxidation of benzocyclobutenol 10 provided the
corresponding benzocyclobutenone 6 (P= SitBuMe2). When
the organolithium reagent derived from 2-trimethylsilyl-3-
vinylfuran[19] was allowed to react with 6, a key carbon–carbon
bond was formed, with exclusive addition of the heterocyclic
nucleophile anti to the methyl substituent. Silylation of the
newly formed tertiary alcohol then afforded the differentially
protected tetracycle 11.

Tandem conrotatory electrocyclic ring-opening 6p-disro-
tatory electrocyclizations of alkenyl-substituted benzocyclo-
butenes are attractive, yet somewhat underutilized, structure-
building processes in organic synthesis.[15] In the case of
substrate 11, the silyl ether substituent was expected to confer
a high degree of torquoselectivity to the ring-opening
process.[20] The predicted inward rotation of the furan would
allow a subsequent 6p electrocyclization of the intermediate
furanyl quinone dimethide. In the event, heating 11 to 140 8C
in degassed xylenes containing 2 equivalents of H>nig base,
followed by in situ oxidation with DDQ, afforded tetracycle
12 in high yield (83%, Scheme 3). With this key trans-
formation completed, four of the five rings of the viridin

Scheme 1. An approach to a synthesis of viridin (1) featuring an alkyne
cyclotrimerization and domino electrocyclic reactions. P and P’ are
unspecified protecting groups.

Scheme 2. Synthesis of benzocyclobutene 11. a) nBuLi, 8, THF,
�40 8C; DMF; aqueous KH2PO4 (10%), 89%; b) 2-bromobut-3-yne
(1.5 equiv), Zn dust (4 equiv), HgCl2 (2 mol%), THF, 60 8C, 1 h, 96%;
c) K2CO3 (0.1 equiv), MeOH, 2 h, 100%; d) [RhCl(PPh3)3] (3 mol%),
EtOH, 80 8C, 20 min, 88%; e) (COCl)2, DMSO, CH2Cl2, �78 8C; 10 ;
Et3N, �78 8C!RT, 85%; f) 2-trimethylsilyl-3-vinylfuran (1.3 equiv),
nBuLi (1.2 equiv), THF, �78!0 8C, 2 h; then add to benzocyclobute-
none 6 (P=TBS), �78 8C, 1 h, 94%; g) TESCl (1.15 equiv), imidazole
(2.5 equiv), DMAP (0.1 equiv), DMF, 88%. TMS=SiMe3; TBS=Sit-
BuMe2; TES=SiEt3; DMF=N,N-dimethylformamide; DMSO=di-
methyl sulfoxide; DMAP=4-dimethylaminopyridine.
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skeleton had been formed from acyclic triyne 9 in only five
steps.

From compound 12, construction of the A-ring of viridin
(1) required three transformations. A one-pot desilylation/
phenol allylation protocol afforded allyl ether 13.[21] Allyl
migration with concurrent formation of the quaternary
methyl-bearing stereocenter was achieved by heating 13 in
degassed mesitylene (165 8C, 91%).[22] A ring-closing meta-
thesis[23] of the resulting diene 14 produced pentacycle 15, a
substance containing the complete carbon skeleton of viridin
(1), in excellent yield (95%).

Oxidative functionalization of the viridin A-ring proved
challenging. Allylic oxidation of the cyclohexene ring of 15
with SeO2 provided allylic alcohol 16 in moderate yield (60%,
10% recovered starting material), with oxidation occurring
exclusively on the less hindered a face. Fortunately, the
required b stereochemistry of the alcohol was easily estab-
lished through an oxidation–reduction sequence. The remain-
ing oxygenation was installed by the powerful hydroxy-
directed dihydroxylation method recently described by
Donohoe et al.[24] This key oxidation yielded the desired all-
syn triol 17 in 76% yield.

The completion of the synthesis began with differentiation
of the triol 17 by a selective cyclic carbonate formation using
triphosgene,[25] followed by masking of the remaining hydroxy
group as the ethoxyethyl ether 18. A high-yielding hydrolysis
of the cyclic carbonate was followed by silylation of the more
accessible hydroxy function and methylation of the remaining
hydroxy group under the conditions shown to give compound
19. Fluoride-induced cleavage of the two silyl ethers in 19 set
the stage for a twofold oxidation (Dess–Martin periodinane)

and a mild deprotection of the ethoxyethyl ether (PPTS,
methanol). This efficient reaction sequence yielded viridin (1)
in racemic form.

In summary, the total synthesis of (� )-viridin (1) from
pent-4-yn-1-ol in 5.0% overall yield was based on a strategy
featuring an efficient rhodium-catalyzed cyclotrimerization, a
high-yielding thermal electrocyclic rearrangement, and a late-
stage Donohoe dihydroxylation. We anticipate that the
chemistry described herein will facilitate the design and
syntheses of manifold viridin-like probes for kinase-activity-
profiling experiments.
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Piperidine Synthesis

Three-Component Sequential Aza[4+2]
Cycloaddition/Allylboration/Retro-Sulfinyl-Ene
Reaction: A New Stereocontrolled Entry to
Palustrine Alkaloids and Other 2,6-Disubstituted
Piperidines**

Barry B. Tour	 and Dennis G. Hall*

Multicomponent reactions[1] that generate complex, function-
alized structures from simple substrates are very attractive
step-economical strategies in target-oriented synthesis.[2] We
have recently reported on the three-component hetero[4+2]
cycloaddition/allylboration reaction[3] for the preparation of
a-hydroxyalkylated piperidines[4] and furans[5a] (Scheme 1). In
the case of piperidines, this one-pot process is initiated by a
hetero-Diels–Alder reaction between boronate-substituted
hydrozonobutadienes (1) and electron-poor dienophiles. The
formation of the resulting cycloadduct unmasks an allylbor-
onate that adds in situ onto aldehydes to provide polysub-
stituted piperidine products in a highly stereoselective fash-
ion.

We were interested in the challenge of adapting this
process to access 2,6-disubstituted piperidine units[6] such as
those featured in the palustrine class of alkaloids exemplified
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by palustrine itself (3), methyl palustramate (4), and the
saturated degradation product methyl dihydropalustramate
(5).[7, 8] Unfortunately, in the normal electron-demand [4+2]

manifold, the bulky electron-withdrawing boronate substitu-
ent exerts a strong deactivating effect on the diene. Thus, the
thermal cycloaddition works well only with very electron-
poor diactivated dienophiles such as N-substituted male-
imides. Acrylates are unreactive,[9] and since targets 3–5 are
unsubstituted in the 3-position, a new diactivated dienophile
was needed that would meet the following requirements:
1) possess the requisite electronic characteristics to react with
heterodienes 1; 2) provide high enantiofacial selectivity; and
3) lead to a cycloadduct that can be converted to both C3–C4
dehydro compounds and the corresponding saturated series.
Here, we describe how Waldner's chiral sulfinimide dieno-
philes[10] (2, Scheme 1) satisfy all these requirements in the
way of a novel three-component sequential aza[4+2] cyclo-
addition/allylboration/retro-sulfinyl-ene reaction. This
approach was then applied to the enantioselective synthesis
of (�)-methyl dihydropalustramate (5).

Our design strategy to 2,6-disubstituted piperidines and
the palustrine alkaloids relied on the successful optimization
of a model retro-sulfinyl-ene reaction[11] involving the prod-
ucts 6 from the aza[4+2] cycloaddition/allylboration of diene
1a, dienophiles 2, and benzaldehyde (Scheme 2). To the best

of our knowledge, this interesting fragmentation process has
never been employed in target-oriented synthesis, and only
one study examined cyclic substrates.[11c] In the case of
substrates 6, SO2 extrusion would be concomitant with a
migration of the C4–C5 double bond to the C3–C4 position,
which is necessary for accessing methyl palustramate (4) in
addition to the saturated analogue 5 following hydrogenation.
Model studies focused on the reaction of heterodiene 1a with
dienophiles 2a, 2b, and the chiral one 2 c developed by
Waldner.[10]

To our satisfaction, with the same reaction conditions as
those employed with maleimides,[4] the corresponding cyclo-
adducts 6a–c were isolated in good yields as single regio- and
diastereomers.[12] Although the high diastereofacial selectivity
of Diels–Alder reactions with dienophile 2c had been
demonstrated,[10] the use of its cycloadducts in retro-sulfinyl-
ene reactions is unprecedented. Here, intermediates 6a–c
were subjected to hydrolytic conditions optimized to generate
the corresponding sulfinic acids. First, the intermediates were
treated with aqueous base, then the solution containing the
sulfinate salt was carefully acidified[13] to pH 6.0–6.5 and
concentrated to give the resulting sulfinic acids 7a–c, which
were stirred in chloroform.

To our surprise, we found that the fragmentation propen-
sity of 7a–7c was highly dependent on the nature of the
amide's N-alkyl substituent. Thus, while the N-tert-butyl
derivative 7b fragmented at room temperature, the N-propyl
analogue 7a required high temperatures and resulted in a
lower yield of product. The chiral derivative 7c required for a
stereoselective synthesis of the palustrine alkaloids was found

Scheme 1. Top: the three-component hetero[4+2] cycloaddition/allyl-
boration reaction strategy to access a-hydroxyalkyl-substituted six-
membered heterocycles. Bottom: the key components boronate-substi-
tuted hydrazonobutadiene 1 and the chiral sulfinimide dienophile 2
used in this study.

Scheme 2. Optimization of the aza[4+2] cycloaddition/allylboration/
retro-sulfinyl-ene sequential reaction. a) 1. Toluene, 808C, 70 h, 2. aq
NaHCO3, RT, 0.5 h; b) 1. NaOH (10 equiv), H2O/acetone (3:1), 0 8C,
0.5 h then RT, 6 h, 2. 10% aq HCl, 0 8C, 0.5 h then aq NaHCO3 up to
pH 6–6.5, 3. CHCl3. See table for reaction temperature and time.
RT= room temperature.
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to possess intermediate reactivity and provided an acceptable
yield of cis-2-carbamoyl-6-hydroxyalkyl piperidine product
8c.[12] Although the reasons for this reactivity trend remain
speculative, conformational effects may be evoked to explain
the different behavior of 7a–7c (Scheme 3). To reach the six-

membered transition state for a concerted retro-sulfinyl-ene
fragmentation,[11d] the sulfinic acid substituent must assume a
pseudoaxial orientation (conformer B). This reactive con-
former also features two disfavored gauche interactions
between the bulky NMe2 hydrazine group, and the a-
hydroxyalkyl chain and the carboxamide. To minimize this
type of strain, closely related cis-2,6-disubstituted piperidines
have been shown to adopt a “diaxial” conformation of
type A.[14] In this nonreactive conformer A, the carboxamoyl
group occupies a pseudo-axial position. Thus, we hypothesize
that bulkier N-alkyl substituents on the amide may affect the
conformational equilibrium and facilitate the retro-ene
fragmentation by destabilizing conformer A to the benefit
of reactive conformer B.

We tested the applicability of the sequential aza[4+2]
cycloaddition/allylboration/retro-sulfinyl-ene reaction to the
test by first targeting (�)-methyl dihydroplustramate (5)
(Scheme 4). To this end, we employed butadiene 1b, which
was easily made from the known 3-boronoacrolein pinaco-
late[15] through simple dehydrative hydrazone formation with
1,1-dibenzylhydrazine.[12] The key one-pot three-component
reaction between equimolar amounts of 1b and 2c in the
presence of excess propanaldehyde furnished the heterobi-
cyclic adduct 9 as a single regio- and diastereomer in 62%
yield. To effect the retro-sulfinyl-ene fragmentation, 9 was
hydrolyzed and heated as described above for compounds
6a–c. The desired amide product 10 was isolated in 77%. Ra-
Ni-promoted hydrogenolysis of the hydrazine and concom-
itant reduction of the double bond was followed by protection
of the aminoalcohol to afford the carbamate intermediate 11
in high overall yield. Selective hydrolysis of the amide group
of 11 was performed through formation of the N-nitroso
derivative.[16] Unfortunately, in all conditions attempted,
epimerization occurred in this operation, and the major 2,6-
cis-configured acid product was always accompanied with
variable amounts of the trans isomer. The required homo-
logation was performed on the epimeric mixture of carboxylic
acids 12 using an Arndt–Eistert sequence. The two isomers
were readily separable at that stage, and the cis isomer 13 was
subjected to the final step of aminoalcohol deprotection. This
transformation proved difficult with a known hydrolysis
procedure,[8d] but we eventually succeeded with the method
of Weinreb and co-workers using barium hydroxide.[17]

Reesterification of the resulting amino acid afforded (�)-
methyl dihydropalustramate (5), the spectroscopic character-
istics and optical rotation value of which are in agreement
with reported literature data.[12, 18] The entire sequence to
reach target 5 was accomplished with very few purification
steps, and in only 10 linear synthetic operations from
commercial 3,3’-diethoxypropyne.[12] Further adaptations of
this strategy to include chemoselective cleavage of the N�N
bond for preserving the C3�C4 unsaturation is expected to
allow access to 3 and 4.

In summary, we have described a novel three-component
sequential aza[4+2] cycloaddition/allylboration/retro-sulfi-
nyl-ene reaction to access cis-2,6-disubstituted piperidines in
a highly regio- and diastereoselective fashion. The utility of
this powerful and step-economical process was successfully
demonstrated with a concise enantioselective synthesis of the
palustrine degradation product (�)-methyl dihydropalustra-
mate (5). Few multicomponent reaction strategies demon-
strate such a high level of stereocontrol in the formation of
complex, functionalized compounds.

Received: October 24, 2003 [Z53152]

.Keywords: allylation · asymmetric synthesis · cycloaddition ·
multicomponent reactions · nitrogen heterocycles · piperidines

Scheme 3. Suggested conformational equilibrium to explain the influ-
ence of the amide substituent (R) of intermediates 7 in the retro-sulfi-
nyl-ene rearrangement.

Scheme 4. Total synthesis of (�)-methyl dihydropalustramate (5).
a) 1. Toluene, 808C, 70 h, 2. aq NaHCO3, RT, 0.5 h; b) 1. NaOH, H2O/
acetone (3:1), 0 8C, 0.5 h then RT, 6 h, 2. aq HCl, 0 8C, 0.5 h then aq
NaHCO3 up to pH 6.5, removal of solvents; 3. CHCl3, reflux, 16 h;
c) Ra-Ni, EtOH, 60 8C, 450 psi, 24–48 h, 85%; d) Im2CO (4 equiv),
CH2Cl2, RT, 17 h; e) 1. NaNO2, AcOH/Ac2O (1:2), 2. LiOH, THF, H2O,
0 8C to RT, 16 h; f) 1. (COCl)2, cat DMF, THF, RT, 3 h, 2. CH2N2, Et2O,
RT, 16 h, 3. AgOBz, Et2N, MeOH, RT, 24 h; g) 1. Ba(OH)2, DME/H2O,
2. SOCl2, MeOH, 60 8C, 16 h. DME=1,2-dimethoxyethane, DMF=di-
methylformamide, Im= imidazole.
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Intercalation-Mediated Ligation

Enzymatic Behavior by Intercalating Molecules in
a Template-Directed Ligation Reaction**

Swapan S. Jain, Frank A. L. Anet, Christopher J. Stahle,
and Nicholas V. Hud*

Since the discovery of catalytic RNA two decades ago,[1] much
attention has focused on the hypothesis that an early form of
life used nucleic acids for both information storage and
catalysis before the advent of proteins.[2] However, it is still a
mystery how the first nucleic acid polymers assembled and
replicated, as these tasks are carried out by protein enzymes
in contemporary life. Decades of research have led to the
inescapable conclusion that Watson–Crick base pairing alone
does not sufficiently stabilize the assembly of mononucleo-
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tides on a template strand in aqueous solution to allow
spontaneous self-replication.[3] Investigations of nonnatural
mononucleotide-coupling chemistries and chemical activa-
tion have proven more successful than attempts to condense
the natural mononucleotide triphosphates on single-stranded
DNA or RNA templates.[4] Nevertheless, a prebiotically
plausible method to bridge the gap from small molecules to
self-replicating RNA-like polymers has not been found.
Herein, we report that a small molecule that intercalates
the bases of DNA and RNA can increase the template-
directed coupling rate of short oligonucleotides by three
orders of magnitude. Several of these molecules work
together in a cooperative manner to function, in essence, as
a concentration-dependent multimolecular “enzyme”. These
results support the recently made hypothesis that an inter-
calating molecule could have acted as a “molecular midwife”
that facilitated the replication of information-containing
polymers before the existence of the RNA world, as well as
the replication of RNA itself, at least in the early stages of the
RNA world.[5]

We have conducted a series of experiments to test whether
intercalation in present-day nucleic acids can facilitate the
template-directed synthesis of nucleic acids. Our experimen-
tal test system involves suitably modified forms of the short
oligonucleotides, (dT)3 and (dT)4 (dT= deoxythymidylate).
The chemistry used to couple these oligonucleotides makes
use of an iodine atom as a leaving group on 5’-iodo-(dT)4 and
leads to formation of a covalent bond with the sulfur atom of
3’-phosphorothioate-(dT)3.

[6] A graphical representation of
this ligation test system is shown in Figure 1. The intercalator
used is a planar tricyclic cationic molecule commonly known
as proflavine (Figure 1b, c), which closely matches the shape
of aWatson–Crick base pair (Figure 1d, e). By labeling the 3’-
phosphorothioate-(dT)3 substrate on its 5’ end with a

32P-
phosphate group, we are able to follow product formation as a
function of intercalator concentration by quantification of the
(dT)7 product after polyacrylamide gel electrophoresis. An
image of a gel for a set of ligation experiments with increasing
concentrations of proflavine is presented in Figure 2. This gel
shows that the (dT)7 product is virtually undetectable for
reactions containing only the substrates (dT)3 and (dT)4 with
the (dA)16 template strand (dA= deoxyadenylate). The
addition of proflavine to the reaction mixture of (dT)3 and
(dT)4 produces a detectable increase in the yield of the (dT)7
ligation product, even in the complete absence of the
template. The significance of this result will be discussed
later. A far more dramatic increase in the yield of (dT)7 occurs
when both the (dA)16 template and proflavine are present
(Figure 2). Quantification of gel band intensities (Table 1)
shows that proflavine catalyzes the ligation rate of (dT)3 and
(dT)4 by three orders of magnitude over reactions relying on
only the (dA)16 template strand to organize the substrates.
These results are consistent with proflavine promoting the
formation of a (dT)3,(dT)4·(dA)16 duplex that acts as a ligation
complex in which the reactive ends of the (dT)3 and (dT)4
substrates can meet. The ligation product is a phosphoro-
thioate-linked analogue of (dT)7 (Figure 1a). The importance
of Watson–Crick base pairing in the proflavine-catalyzed
ligation reaction is illustrated by the fact that product yield

drops significantly when DNA templates with sequences
other than (dA)16 are used with the (dT)3 and (dT)4 substrates
(Table 1).
A plot of the rate of (dT)7 ligation on a (dA)16 template

demonstrates that the rate of reaction is enhanced with
increasing proflavine concentrations, up to approximately
100 mm proflavine (Figure 3). A least-squares fit of this data
by the Hill equation indicates that at least three proflavine
molecules bind cooperatively to the substrate and template
strands, each with a binding constant of around 60 mm, to
create the active ligation complex. According to the nearest-
neighbor exclusion principle the bases of nucleic acid
duplexes can only bind one intercalating molecule per two
base pairs.[7] Thus, the substrates (dT)3 and (dT)4, when
forming a duplex with a (dA)n template strand, would be
expected to bind one and two proflavine molecules, respec-
tively (Figure 1a), for a total of three molecules, which is in
agreement with our experimental data.
The 1000-fold increase in the rate of formation of the

(dT)7 ligation product in a solution containing 140 mm

Figure 1. A schematic representation of the test system for investigat-
ing intercalation-mediated template-directed synthesis, as well as the
applicable molecular structures. a) A template strand in solution with
substrate strands. The substrate strands are sufficiently short that the
equilibrium amount of substrate strands bound to the template strand
is extremely small. The addition of an intercalating molecule to the sol-
ution facilitates the formation of a duplex between the template strand
and the substrate strands with Watson–Crick complementary sequen-
ces. Chemical ligation is used to join the backbones of substrate
strands aligned along the template strand. b) and c) The chemical
structure and space-filling model of proflavine. d) and e) The chemical
structure and space-filling model of the Watson–Crick A·T base pair. A
black outline of the proflavine van der Waals surface is superimposed
on the space-filling model of the A·T base pair to illustrate the close
match between the shapes of these molecular structures.
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proflavine implies that proflavine reduces the overall free-
energy barrier for ligation by approximately 3.8 kcalmol�1 at
277 K. When the same reaction was carried out at 298 K, the
rate of product formation was reduced by a factor of 0.63 with
respect to the rate at 277 K (Table 1). Xu and Kool have
shown that, for a stable nucleic acid assembly, the rate of the
phosphorothioate ligation reaction increases with temper-
ature over this range.[6] Thus, the reduction in the rate of
product formation observed in our system with increased
temperature must be the result of a reduction in the
concentration of the duplex structure containing three
intercalated proflavine molecules, a conclusion that is con-

sistent with the expected negative entropy for the formation
of such a complex. However, the analysis is complicated by
the presence of a second intercalation complex that is evident
at still higher proflavine concentrations.
The maximum rate of proflavine-catalyzed (dT)7 ligation

on the DNA template (dA)16 is achieved at around 100 mm
proflavine under the conditions used, but the rate does not
remain on a plateau at higher concentrations. Instead, it
decreases smoothly after the maximum point to reach a much
lower constant rate at approximately 600 mm proflavine
(Figure 3). The shape of the curve for concentrations of 0–
700 mm proflavine is consistent with four additional proflavine
molecules binding to the reaction complex with a weaker
binding constant (ca. 160 mm) than the three proflavine
molecules that assemble the catalytically active complex.
The decrease in the ligation rate at high proflavine concen-
trations indicates that the assembly bound with more than
three proflavine molecules is a much less catalytically active
complex than the three-proflavine complex. It is possible that
binding the secondary set of proflavine molecules arranges
the (dT)3 and (dT)4 oligonucleotides such that their reactive
groups are too far away from each other for bond formation,
or high proflavine concentrations may induce the (dA)16
template to dimerize.[8] In any case, the significant decline in
reaction rate upon the binding of more than three proflavine
molecules fits a cooperative phenomenon.
In Figure 3 we also present results from proflavine-

catalyzed ligation of (dT)3 and (dT)4 on the RNA template
(rA)16 (rA= adenylate). The overall results are similar to
those with the analogous DNA template, except that the
curve is shifted to higher proflavine concentrations, a result

Figure 2. Denaturing polyacrylamide gel after electrophoresis analysis
that illustrates the effect of proflavine on the ligation of 3’-phosphoro-
thioate-(dT)3 and 5’-iodo-(dT)4 with (dA)16 as a template strand.
Lane C1: Only 32P-labeled 3’-phosphorothioate-(dT)3. Lane C2: Sub-
strates 32P-labeled 3’-phosphorothioate-(dT)3 and 5’-iodo-(dT)4. Lanes
labeled 0–250: 32P-labeled 3’-phosphorothioate-(dT)3, 5’-iodo-(dT)4,
template strand (dA)16, and proflavine at a concentration correspond-
ing to the number above the lane, in units of mm. All reaction mixtures
were incubated for 24 h at 277K. Lane M: Molecular-weight marker
bands of (dT)8, (dT)7, and (dT)6.

Table 1: Quantitative analysis of ligation test-system results.

Template[a] Intercalator[b] Ligation rate[c] Half max[d]

– – <15 NA
(dA)16 – <15 NA
(dA)16 proflavine 10000�1000 51 mm

(dAATA)4 proflavine 5100�600 ND
(dN)16 proflavine ca. 70 ND
(dA)16 (298 K) proflavine 6300�700 ND
(rA)16 proflavine 7100�800 87 mm

(dA)16 ethidium ca. 35 >500 mm

– proflavine ca. 70 ND

[a] Template (dAATA)4 is d(AATAAATAAATAAATA); template (dN)16 is
d(GATCCGAATTCACGTG), where dG=deoxyguanylate and dC=deoxy-
cytidylate. [b] Intercalator concentrations were 140 mm, where an inter-
calator is listed. [c] Ligation rates were determined based upon radio-
active decay counts from gel bands and have been normalized with
respect to the highest ligation rate experiment, which has been scaled to
10000. [d] Half max= the concentration of intercalator at which the rate
of product yield is one half of the maximum ligation rate, NA=not
applicable, ND=not determined. All reactions contained both the (dT)3

and (dT)4 substrates as described in the text. All experiments were
carried out at 277K, unless otherwise indicated. The ligation reaction
time was 24 h for all experiments.

Figure 3. Plots of the relative ligation rates (R) for formation of the
(dT)7 product as a function of template strand, intercalator species,
and intercalator concentration: *: template= (dA)16 and intercalator=
proflavine; &: template= (rA)16 and intercalator=proflavine; ^: tem-
plate= (dA)16 and intercalator=ethidium. Rates shown have been nor-
malized to the maximum of the fit of the data for proflavine with the
DNA template. Substrates and template strands were in concentra-
tions of 1.0 mm for all reactions. The reaction mixtures were incubated
for 24 h at 277K. The error bars show known sources of error only. A
few data points, for unknown reasons, show unexpectedly large devia-
tions from the fitted curves; omitting these points does not change
the fits appreciably.
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indicating that the intercalation complex is somewhat less
favorable with the RNA than with the DNA template. This
result shows the interplay that exists between a small-
molecule intercalator and the backbone structure, even
though an intercalator such as proflavine is expected to
have minimal direct contact with the backbone (Figure 1e).
Ethidium, a common fluorescent intercalator, was also

investigated in our ligation test system. Far less (dT)7 ligation
product was observed in comparison to the yield from the
same reaction with proflavine (Figure 3). The binding con-
stants of proflavine and ethidium for a DNA duplex are very
similar.[9] Thus, the ability for an intercalating molecule to act
as a midwife must also depend on the shape of the molecule,
rather than simply on its binding constant. Proflavine has
three linearly fused aromatic rings, whereas ethidium has its
three aromatic rings angularly fused and it also has a pendant
phenyl group that is not present in proflavine. This hydro-
phobic phenyl group would tend to increase the binding of
ethidium in an aqueous medium, but it might well be
detrimental to the ligation reaction itself.
As noted above, a small but distinct increase in the rate of

formation of the (dT)7 ligation product over the background
rate was detected in a reaction mixture containing 140 mm
proflavine but no (dA)16 template strand (Table 1). A small
increase in the template-free ligation rate of (dT)3 and (dT)4
by proflavine is of interest because it shows that an
intercalator, perhaps through nonspecific stacking interac-
tions with the terminal bases of (dT)3 and (dT)4, can create a
small equilibrium amount of a ligation-active complex. This
means that DNA- and RNA-like polymers could have been
synthesized de novo by intercalators at low rates without the
requirement for preexisting templates. Once this occurs, the
system could become autocatalytic if complementary
Watson–Crick bases were both present as activated mono-
mers, since the spontaneous emergence of template strands
would greatly enhance the production of complementary
strands in the presence of the proper intercalator.
The plots of (dT)7 ligation rates shown in Figure 3 can also

be viewed as plots of the rates of enzyme-catalyzed reactions
as functions of the enzyme concentrations. The rate of an
enzyme-catalyzed reaction typically increases linearly with
enzyme concentration (that is, first order with respect to
enzyme concentration). In contrast, the cooperative increase
in the rate of formation of the (dT)7 ligation product with
proflavine concentration indicates that the three proflavine
molecules of the active complex are working together. Thus,
the small-molecule proflavine can be viewed as a cooperative,
concentration-dependent multimolecular enzyme. This fact
has significant implications regarding the possible utility of
small planar molecules and the role of intercalation in the
early stages of life.[5]

In conclusion, our demonstration that an intercalating
molecule can greatly increase the efficiency of a template-
directed ligation reaction has important implications for
contemporary nucleic acid chemistry, as well as potential
implications concerning the mechanism of nucleic acid syn-
thesis in early life. For over thirty years researchers have
sought to improve the yield of protein-free template-directed
nucleic acid ligation reactions. Past efforts have included

careful sequence design, exhaustive exploration of solution
conditions, the use of templates with nonnatural backbones,
and the development of novel substrate-linkage chemistries.[3]

Our results demonstrate that the simple act of adding an
intercalating molecule to a ligation reaction can have a huge
effect on improving the coupling efficiency. There has also
been much speculation concerning the possible role of
inorganic surfaces in the origin of life,[10] as the collection of
materials on surfaces could serve as a means to concentrate
and spatially organize the molecular components necessary
for life. However, as we have illustrated here, a relatively
simple molecule with a flat surface could have accomplished
these tasks in a much more versatile way than a solid
macroscopic surface. Molecules that intercalate DNA and
RNA duplexes do so in part because their shapes match those
of the Watson–Crick base pairs. In the same way, molecules
that could have acted as molecular midwives in the assembly
and replication of the first informational polymers may have
played a significant role in selecting the nucleotide bases as a
consequence of their ability to form structures that matched
the structure of the midwife's surface.

Experimental Section
Sample preparation: Substrate oligodeoxynucleotides were synthe-
sized on an automated synthesizer by using the phosphoramidite
coupling chemistry. Synthesis of 3’-phosphorothioate-(dT)3 was
accomplished by using a 3’-phosphate controlled-pore glass support
(Glen Research), with the oxidation reagent normally added during
the first nucleotide coupling cycle replaced by a sulfurizing reagent
(Glen Research). The 5’-iodo-(dT)4 substrate oligonucleotide was
synthesized by using the commercially available 5’-iodothymidine
phosphoramidite reagent (Glen Research). Following deprotection,
substrate oligonucleotides were purified by reversed-phase HPLC on
a C18 semipreparative column. Template-strand oligonucleotides were
purified on a 1-m G-15 column (Pharmacia). Stock solutions of
oligonucleotides were prepared by resuspending freeze-dried purified
samples in deionized H2O. Oligonucleotide concentrations were
determined spectrophotometrically.

The 3’-phosphorothioate-(dT)3 substrate was radioactively
labeled with a 32P-phosphate group at the 5’ end by diluting 3’-
phosphorothioate-(dT)3 from a stock solution to a concentration of
50 mm in T4 polynucleotide kinase buffer (100 mL; New England
Biolabs). T4 polynucleotide kinase (30 units; New England Biolabs)
was added to the buffered DNA solution. g-32P-adenosine triphos-
phate (3 mL; 100 mCimL�1; ICN) was then added to the solution and
the mixture was incubated at 37 8C for 30 min.

Proflavine (hemisulfate salt) was purchased from Sigma. Stock
solutions of proflavine were prepared by dissolving the solid
proflavine salt in deionized H2O. Stock-solution concentrations
were determined spectrophotometrically by using the extinction
coefficient e444= 38900m

�1 cm�1.
Ligation reactions: Reactions were carried out in 100-mL volumes

in a solution containing 10 mm tris(hydroxymethyl)aminomethane
buffer (pH 8.2), 10 mm NaCl, and 100 mm 2-thioethanol. The
substrate 5’-iodo-(dT)4, the substrate 32P-labeled 3’-phosphoro-
thioate-(dT)3, and the template (dA)16 were each added to the
reaction buffer to a final concentration of 1.0 mm. The presence of 2-
thioethanol in the reaction buffer was necessary to prevent dimeriza-
tion of the 3’-phosphorothioate-(dT)3 substrate. Ligation reactions
were stopped by plunging the reaction test tubes into liquid nitrogen
and freeze-drying.

Product analysis: Freeze-dried reaction samples were resus-
pended in 8m urea solution (10 mL) and loaded onto a denaturing
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30% polyacrylamide gel (acrylamide:bisacrylamide (19:1)). Gels
were subjected to electrophoresis at a constant power of 65 W for 6 h.
The relative yield of the (dT)7 product for each reaction was
determined by imaging the gel on a Fuji Phosphor Imager and
quantifying for each lane the integrated intensity of gel bands that
corresponded to the (dT)7 ligation product by using the software
package Image Gauge V3.12. Background correction was accom-
plished by subtracting the integrated intensity from all reaction
samples of an area in a control lane run with only 32P-labeled (dT)3.

Received: October 27, 2003 [Z53155]
Published Online: February 16, 2004

.Keywords: chemical ligation · intercalations · nucleic acids · self-
replication · template synthesis

[1] a) C. Guerrier-Takada, K. Gardiner, T. Marsh, N. Pace, S.
Altman, Cell 1983, 35, 849 – 857; b) K. Kruger, P. J. Grabowski,
A. J. Zaug, J. Sands, D. E. Gottschling, T. R. Cech, Cell 1982, 31,
147 – 157.

[2] The RNA World: The Nature of Modern RNA Suggests a
Prebiotic RNAWorld, 2nd ed. (Eds.: R. Gesteland, J. F. Atkins),
Cold Spring Harbor Laboratory Press, New York, 1999.

[3] a) G. F. Joyce, Cold Spring Harbor Symp. Quant. Biol. 1987, 52,
41 – 51; b) G. F. Joyce, L. E. Orgel in The RNA World: The
Nature of Modern RNA Suggests a Prebiotic RNAWorld, 2nd ed.
(Eds.: R. F. Gesteland, J. F. Atkins), Cold Spring Harbor
Laboratory Press, New York, 1999.

[4] a) T. Inoue, L. E. Orgel, J. Mol. Biol. 1982, 162, 201 – 217; b) E.
Kanaya, H. Yanagawa, Biochemistry 1986, 25, 7423 – 7430;
c) J. P. Ferris, C.-H. Huang, W. J. Hagan, Jr., Nucleosides
Nucleotides 1989, 8, 407 – 414; d) J. T. Goodwin, D. G. Lynn, J.
Am. Chem. Soc. 1992, 114, 9197 – 9198; e) Y. Gat, D. G. Lynn,
Biopolymers 1998, 48, 19 – 28; f) Z. Y. Li, Z. Y. J. Zhang, R.
Knipe, D. G. Lynn, J. Am. Chem. Soc. 2002, 124, 746 – 747;
g) Z. T. Gartner, R. Grubina, C. T. Calderone, D. R. Liu,Angew.
Chem. 2003, 115, 1408 – 1413; Angew. Chem. Int. Ed. 2003, 42,
1370 – 1375.

[5] N. V. Hud, F. A. L. Anet, J. Theor. Biol. 2000, 205, 543 – 562.
[6] Y. Z. Xu, E. T. Kool, Nucleic Acids Res. 1999, 27, 875 – 881.
[7] a) L. S. Lerman, J. Mol. Biol. 1961, 3, 18 – 30; b) P. H. von Hip-
pel, J. D. McGhee, Annu. Rev. Biochem. 1972, 41, 231 – 300.

[8] a) E. Westhof, M. Sundaralingam, Proc. Natl. Acad. Sci. USA
1980, 77, 1852 – 1856; b) M. Polak, N. V. Hud, Nucleic Acids Res.
2002, 30, 983 – 992; c) S. S. Jain, M. Polak, N. V. Hud, Nucleic
Acids Res. 2003, 31, 4608 – 4615.

[9] a) J. B. LePecq, C. Paoletti, J. Mol. Biol. 1967, 27, 87 – 106; b) G.
Lober, Photochem. Photobiol. 1968, 8, 23 – 30; c) X. G. Qu, J. B.
Chaires, J. Am. Chem. Soc. 2001, 123, 1 – 7.

[10] a) J. D. Bernal, The Physical Basis of Life, Routledge & Kegan
Paul, London, 1951; b) A. G. Cairns-Smith, Genetic Takeover:
And the Mineral Origins of Life, Cambridge University Press,
Cambridge, 1982 ; c) J. P. Ferris, A. R. Hill, R. H. Liu, L. E.
Orgel, Nature 1996, 381, 59 – 61; d) A. W. Schwartz, Chem. Biol.
1996, 3, 515 – 518.

Communications

2008 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 2004 –2008

http://www.angewandte.org


Protecting Groups

1-(o-Nitrophenyl)-2,2,2-trifluoroethyl Ether
Derivatives as Stable and Efficient
Photoremovable Alcohol-Protecting Groups**

Alexandre Specht and Maurice Goeldner*

The photochemical unmasking of chemical functional groups
has been used extensively in organic synthesis.[1] Even though
photochemical methods may not be suitable for larger-scale
reactions, they nevertheless display remarkable selectivity
during the unmasking step and are therefore orthogonal to
most organic reactions. An interesting application is found in
the preparation of caged compounds, which requires the
chemical modification of biomolecules by photoremovable
protecting groups.[2] Such protecting groups are designed first
to mask the biological function and second to permit the
liberation of the biomolecule by the action of light, thus
triggering the biological function in a controlled way. The
caged biomolecule must be stable in neutral buffered
solutions, and the photochemical reaction must be efficient
at wavelengths greater than 300 nm (high quantum yields)
and rapid with respect to the kinetics of biological processes.

A series of photoremoveable alcohol-protecting groups
have been described in the literature, including carbonates,[3]

carbamates,[4] acetals,[5] and esters,[6] which each have their
own photochemical properties but also represent chemical
functionalities of restricted hydrolytic stability. There have
been several examples of ether linkages formed with alcohol-
containing biomolecules to ensure better chemical stability,
including 9-phenylthioxanthyl-protected dRNAs[7] and o-
nitrobenzyl derivatives of carbohydrates[8] and choline.[9]

Alternatively, a-hydroxy-b-alkoxypivaloyl derivatives have
been used for solid-phase photochemical ether cleavage to
release alcohols,[10] but these reagents might not be ideal for
the caging of water-soluble molecules. The synthesis of ether
derivatives in the o-nitrobenzyl series required the design of
an individual methodology for each compound. 2-O-(2-
Nitrobenzyl)-d-glucose was synthesized by alkylating a dibu-
tylstannylidene glucose derivative with o-nitrobenzyl bro-
mide in moderate yield,[8a] whereas in two other examples a
Lewis acid catalyzed reductive ring opening of a cyclic
acetal[8b] or ketal[9] was used to generate 6-O-(2-nitrobenzyl)
methylglucoside or o-nitrobenzyl choline ether derivatives,
respectively. As for their photochemical properties, product
quantum yields were 0.63 and 0.27 for the 2-O-(2-nitro-
benzyl)-d-glucose[8a] and the O-[1-(2-nitrophenyl)ethyl]cho-
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line[9] ether derivatives, respectively. The
photofragmentation kinetics of o-nitroben-
zyl ether derivatives were recently rein-
vestigated.[11] These studies demonstrated
the decay of long-lived hemiketal inter-
mediates to be the major fragmentation
pathway, rather than the decay of the usual
aci-nitro intermediates, thus resulting in a
much slower fragmentation rate.

Herein we describe new o-nitrobenzyl
ether derivatives, substituted with a trifluoro-
methyl group at the benzylic position: NPT
(1-(2-nitrophenyl)-2,2,2-trifluoroethyl) and
DMNPT (1-(4,5-dimethoxy-2-nitrophenyl)-
2,2,2-trifluoroethyl) ethers. The presence of
the trifluoromethyl substituent makes gen-
eral synthetic pathways for the ether deriv-
atives from alcohols possible through a
Mitsunobu coupling reaction (Scheme 1).
The NPT and DMNPT ether derivatives
synthesized displayed remarkable photo-
chemical properties. They released alcohols

with high quantum yields (0.4<F< 0.7), thus conferring to
the DMNPT derivatives excellent photolytic efficiencies
above 300 nm.

The strong basic reaction conditions of the ether Wil-
liamson synthesis do not accommodate the halogenated o-
nitrobenzyl derivatives, which polymerize or decompose
under such conditions.[8a, 9] Therefore, we considered the
possibility of using a Mitsunobu coupling reaction[12] to
synthesize the NPT and DMNPT ether derivatives. The 1-
(o-nitrophenyl)-2,2,2-trifluoroethanol derivatives 1a and 1b
were synthesized by nitration of trifluoroacetophenone[13] or
of the corresponding 3,4-dimethoxy derivative with nitric acid
at 0 8C, and subsequent reduction with NaBH4. The presence
of the trifluoromethyl group at the benzylic position[14] does
sufficiently increase the acidity of the alcohols 1a and 1b to
permit their successful conversion into a series of ether
derivatives by using a Mitsunobu coupling reaction with
different alcohols (Table 1). Benzyl alcohol was used to assess
experimental improvement of the coupling reaction with the
derivative 1a.[15,16] However, low yields were obtained for the
coupling reaction with secondary alcohols (7a and 7b), which
is probably a result of steric factors (Table 1).

By using these coupling reactions a variety of alcohol-
containing molecules with a potential biological function

were converted into their corresponding NPT or DMNPT
ether derivatives. Caged choline and[9] arsenocholine[17] were
selected for the potential photochemical regulation of chol-
inesterases[18] and a-tolylgalactosides[19] for that of lactose
permease transporter.[20] Neither processes require fast time
resolution, with the cholinesterases investigated under cry-
ophotolytic conditions and subsequent controlled temper-
ature increase,[21] whereas the turnover rate of the transporter
is about 15 s�1. The synthesis of the NPT and DMNPT ether
derivatives required for the photochemical study is outlined
in Scheme 2. The direct synthesis of the galactosides through
selective opening of cyclic 4,6-acetals, previously described
for the modification of glycosides at C4 by an o-nitrobenzyl
group,[8b] failed in our hands in this series. The synthesis of the
4-substituted galactoside derivative required the use of a

Scheme 1. 1-(o-Nitrophenyl)-2,2,2-trifluoroethanol derivatives as photo-
removable alcohol-protecting groups.

Table 1: Ether synthesis with 1-(o-nitrophenyl)-2,2,2-trifluoroethanol derivatives 1a and 1b : Mitsunobu
reactions in benzene in the presence of A : DIAD/PPh3 (1.5 equiv) or B : TMAD/PBu3 (1.5 equiv).

[a]

Alcohols Ether derivative A/B t [h] T [8C][b] Yield [%]
(Conv. [%])[c]

1a 2a

A 1 0 18
A 120 RT 40
A 24 70 70
B 2.5 70 83 (>95)

1a 3a A 240 RT 31 (85)
1b 3b A 48 70 43 (73)

1a 7a B 24 70 8 (28)
1b 7b B 24 70 7 (35)

1a 10a B 24 70 18 (60)

[a] DIAD=diisopropyl azodicarboxylate, TMAD= tetramethyl azodicarboxamide, Ar=p-MeC6H4.
[b] RT= reaction was carried out at room temperature. [c] Conv.= conversion.

Scheme 2. Synthesis of caged choline, arsenocholine, and 4-substituted a-tol-
ylgalactosides: a) NaI, acetone, reflux, 22 h, 90%; b) NMe3, toluene, 25 8C,
40 h, 75%; c) AsMe3, acetonitrile, reflux, 20 h, 74%; d) MeONa (cat.), MeOH,
0 8C, 20 h, 92%.
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glucoside[22] corresponding to the epimer of 8 at C4 to take
into account the inversion of configuration that occurs during
Mitsunobu coupling.

Figure 1 shows the photolytic reactions of compounds 4a
and 5b in terms of their UV difference spectra (hn : l=
364 nm, in a phosphate buffer at pH 7.2). A clean photolytic

reaction (Figure 1a) is depicted for the NPT derivative 4a,
which leads to the quantitative formation of choline, as
demonstrated by NMR spectroscopic analysis (not shown),
together with, presumably, (o-nitroso)trifluoroacetophenone
hydrate. The structure of the proposed nitroso compound is in
agreement with spectroscopic data (UV: lmax= 313 nm; IR:
ñ(NO)= 1510 cm�1). Its formation was demonstrated by
HPLC to be concomitant with the disappearance of the
starting compound (not shown). The photolytic reaction in
the DMNPT series was more complex as a result of the
photolytic instability of the corresponding nitroso derivative
during the time course of the photolysis. The absorbance of
the nitroso derivative (lmax= 311 and 378 nm) is observed
initially, but this compound is subsequently converted into
two unidentified compounds that absorb at wavelengths
above 380 nm. The quantitative photolytic release of arseno-
choline was established by using an enzymatic assay[9] (not
shown). The main point of interest of the dimethoxy-
substituted derivatives is their absorbance above 300 nm
(lmax= 340 nm; e= 3650). Independent of the DMNPT ether
derivative tested, favorable photolytic evolution of the
reaction was observed between 320 and 380 nm, as depicted
for 5b (Figure 1b).

The photochemical properties of compounds 4a, 5b, 8a,
and 8b are summarized in Table 2. The quantum yields for the
photoconversion of these compounds were very high: up to
0.7 for the NPT-substituted derivatives, and also above 0.4 for
the DMNPT derivatives. The o-nitroveratryl group has been
tested as a photoremovable protecting group on numerous
biomolecules as a chromophoric substitute for the weakly
absorbing o-nitrobenzyl derivatives at l> 300 nm. In most
cases this modification led to a dramatic decrease in the
photolytic quantum yield. To our knowledge the highest value

was described for a DMNPE–NAD (1-(4,5-dimethoxy-2-
nitrophenyl)diazoethyl b-nicotinamide adenine dinucleotide)
analogue[23] (F= 0.19), whereas 4,5-dimethoxy-2-nitrobenzyl
ether derivatives displayed values as low as 0.006.[24] We have
no explanation for these discrepancies, but with the observed
high quantum yields together with the favorable evolution of
the photolytic reaction above 320 nm, the DMNPT caging
group demonstrated unprecedented photolytic efficiencies at
these wavelengths. With such photolytic properties, DMNPT
ethers should find application in biphoton excitation proc-
esses.

The rate-limiting step of the photolytic reaction is
presumably the fragmentation of the nitroso hemiketal
intermediate,[11] rather than the decay of the aci-nitro
intermediate (Scheme 3). Rate constants of 3.2 B 105 s�1 and

1.4 B 104 s�1 at pH 7.2 were determined for the decay of the
aci-nitro intermediate derived from compound 4a (Table 2).
Preliminary results indicate that the formation of the nitroso
hemiketal intermediate (Scheme 3) is fast (sub-millisecond
time range), which suggests that the final release of the
alcohol together with the formation of the trifluoromethyl
ketone derivative is rate-limiting. Partial deprotonation of the
hemiketal intermediate at neutral pH (a value of 9.1[25] has
been reported for the pKa of related hemiketals) could
accelerate such a decomposition process. The details of the
kinetics of the photochemical decomposition of such o-
nitrobenzyl ether derivatives are currently under investiga-
tion.[26]

NPT and DMNPT ether derivatives are stable and
efficient photoremovable alcohol-protecting groups. As in
the case of related nitrobenzyl alcohol-protecting groups, the
NPT or DMNPT caging groups are not suitable for the
investigation of fast biological processes. Nevertheless, the
use of NPTand DMNPT caging groups might be extended to
the masking of other chemical functional groups, such as

Figure 1. Difference UV spectra showing the reaction progress during
photolysis at 364 nm of a) NPT choline (4a) and b) DMNPT arseno-
choline (5b) at 25 8C in a phosphate buffer (0.1m, pH 7.2).

Table 2: Photofragmentation parameters of NPT (4a, 8a) and DMNPT
(5b, 8b) ether derivatives.[a]

Compound k [s�1] (aci-nitro decay) f

4a k1=3.2F105, k2=1.4F104 0.70
5b 0.43
8a 0.62
8b 0.52

[a] All details for the determination of the aci-nitro decay can be found in
reference [9]. The determination of the quantum yield for the photo-
conversion of compounds 4a, 5b, 8a, and 8b is described in the
Experimental Section.

Scheme 3. Postulated intermediates in the photofragmentation
reaction of NPT (R’=H) and DMNPT (R’=OCH3) ether derivatives.
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carboxylic and phosphoric acids, for which a faster release is
expected.[11b] The caging of relevant neurotransmitters and
second messengers is presently under investigation.

Experimental Section
General procedure for Mitsunobu coupling: A mixture of triphenyl-
phosphane/diisopropyl azodicarboxylate (DIAD) or tributylphos-
phane/tetramethyl azodicarboxamide (TMAD) (1:1, 1.5 equiv) was
added as a solution in benzene to a solution in benzene of 1a or 1b
(1 equiv) and benzyl alcohol or 2-bromoethanol (1.2–2 equiv). The
resulting mixture was stirred under an argon atmosphere (see Table 1
for reaction conditions). The solvent was removed after the time
indicated, and the crude product was purified by flash chromatog-
raphy or reversed-phase HPLC.

1a : 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d= 4.51 (br s, 1H),
6.16 (q, 3J(H,F)= 6.0 Hz, 1H), 7.57–7.62 (m, 1H), 7.68–7.77 (m, 1H),
7.98 (d, 3J(H,H)= 7.9 Hz, 1H), 8.01 ppm (dd, 3J(H,H)= 9.0 Hz,
4J(H,H)= 1.1 Hz, 1H); 13C NMR (300 MHz, CDCl3, 25 8C, TMS):
d= 67.0 (q, 2J(C,F)= 33 Hz), 124.3 (q, 1J(C,F)= 283 Hz), 125.3, 129.6,
129.9, 130.5, 133.9, 148.9 ppm.

1b : 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d= 3.99 (s, 3H),
4.03 (s, 3H), 6.32–6.38 (m, 1H), 7.36 (s, 1H), 7.66 ppm (s, 1H);
13C NMR (300 MHz, CDCl3, 25 8C, TMS): d= 56.7, 56.9, 66.7 (q,
2J(C,F)= 32 Hz), 108.4, 110.9, 122.8 (q, 1J(C,F)= 210 Hz), 127.4,
141.3, 149.4, 153.7 ppm.

2a : 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d= 4.67 (d,
3J(H,H)= 11.4 Hz, 1H), 4.72 (d, 3J(H,H)= 11.4 Hz, 1H), 5.94 (q,
3J(H,F)= 3.0 Hz, 1H), 7.30–7.42 (m, 5H), 7.56–7.63 (m, 1H), 7.74
(dd, 3J(H,H)= 7.9 Hz, 3J(H,H)= 7.5 Hz, 1H), 7.99 (d, 3J(H,H)=
7.9 Hz, 1H), 8.03 ppm (d, 3J(H,H)= 8.3 Hz, 1H); 13C NMR
(300 MHz, CDCl3, 25 8C, TMS): d= 73.4 (q,

2J(C,F)= 32 Hz), 73.5,
123.9 (q, 1J(C,F)= 281 Hz), 125.3, 128.5, 128.9, 129.0, 130.4, 130.7,
133.9, 136.3, 149.7 ppm.

4a : 1H NMR (300 MHz, CD3CN, 25 8C, TMS): d= 3.16 (s, 9H),
3.55–3.67 (m, 2H), 4.00–4.14 (m, 2H), 5.99 (q, 3J(H,F)= 9.6 Hz, 1H),
7.78 (m, 1H), 7.86–7.95 (m, 2H), 8.18 ppm (d, 3J(H,H)= 9.0 Hz, 1H).

5b : 1H NMR (300 MHz, CD3CN, 25 8C, TMS): d= 2.30 (s, 9H),
2.71–2.79 (m, 2H), 3.88–4.01 (m, 2H), 3.93 (s, 3H), 3.98 (s, 3H), 6.03
(q, 3J(H,F)= 6.1 Hz, 1H), 7.18 (s, 1H), 7.72 ppm (s, 1H); 13C NMR
(300 MHz, CD3CN, 25 8C, TMS): d= 8.4, 26.3, 56.6, 56.9, 65.1, 74.2 (q,
2J(C,F)= 31 Hz), 109.9, 110.4, 124.9 (q, 1J(C,F)= 281 Hz), 142.1,
150.2, 154.2 ppm.

6 : 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d= 2.07 (s, 3H), 2.13
(s, 3H), 2.15 (s, 3H), 2.31 (s, 3H), 3.05 (d, 3J(H,H)= 5.4 Hz, 1H), 3.63
(td, 3J(H,H)= 5.4 Hz, 3J(H,H)= 9.3 Hz, 1H), 3.98 (m, 1H), 4.19–4.54
(m, 2H), 4.98 (dd, 3J(H,H)= 3.7 Hz, 3J(H,H)= 10.3 Hz, 1H), 5.54 (t,
3J(H,H)= 9.0 Hz, 1H), 5.65 (d, 3J(H,H)= 3.4 Hz, 1H), 6.97 (d,
3J(H,H)= 8.8 Hz, 2H), 7.10 ppm (d, 3J(H,H)= 8.8 Hz, 2H);
13C NMR (300 MHz, CDCl3, 25 8C, TMS): d= 21.1, 21.2, 21.3, 21.4,
69.6, 70.7, 70.8, 73.1, 86.9, 95.1, 117.0, 130.4, 132.8, 154.1, 170.8 ppm.

8a : 1H NMR (300 MHz, CD3OD, 25 8C, TMS): d= 2.27 (s, 3H),
3.01–4.07 (m, 6H), 5.26 (d, 3J(H,H)= 3.4 Hz, 0.5H), 5.40 (d,
3J(H,H)= 3.4 Hz, 0.5H), 5.83 (q, 3J(H,F)= 6.0 Hz, 0.5H), 6.02 (q,
3J(H,F)= 6.1 Hz, 0.5H), 6.96–7.10 (m, 4H), 7.67 (m, 1H), 7.76 (dd,
3J(H,H)= 6.6 Hz, 3J(H,H)= 7.0 Hz, 1H), 7.86 (m, 1H), 8.05 ppm (d,
3J(H,H)= 8.3 Hz, 1H).

8b : 1H NMR (300 MHz, CD3OD, 25 8C, TMS): d= 2.30 (s, 3H),
3.15–4.53 (m, 6H), 3.95 (s, 3H), 3.99 (s, 3H), 5.49 (d, 3J(H,H)=
3.6 Hz, 1H), 6.20 (d, 3J(H,F)= 6.4 Hz, 1H), 7.04–7.12 (m, 4H), 7.47
(s, 1H), 7.70 ppm (s, 1H).

The quantum yields for the photoconversion of compounds 4a,
5b, 8a, and 8b were determined by comparison with the photolysis of
1-(2-nitrophenyl)ethyl choline[9] (f= 0.27) or 1-(2-nitrophenyl)ethyl
arsenocholine[16] (f= 0.26), which were taken as references in a
phosphate buffer (0.1m, pH 7.2) at 25 8C. Identical absorbances for
the reference and the compound tested were used during the
photolyses. For the NPT derivatives concentrations of 1 mm were

used for both 4a or 8a and the 1-(2-nitrophenyl)ethyl (NPE) ether
reference (identical extinction coefficients at 364 nm), whereas for
the DMNPT ether derivatives a mixture of 0.1 mm of 5b or 8b and
1 mm of the NPE ether reference was used. The mixtures of substrate
and reference were photolyzed by continuous irradiation at 364 nm,
and aliquots were subjected to reversed-phase HPLC to determine
the extent of the photolytic conversions. HPLC analysis was carried
out on a Zorbax C18 column (4.6 B 250 nm); elution was performed at
a flow rate of 1 mLmin�1 with a linear gradient of acetonitrile in an
aqueous solution of TFA (0.1%) from 0 to 100% (v/v) over 30 min.
The retention times for 4a, 5b, 8a, 8b, (o-nitroso)trifluoroacetophe-
none, and (4,5-dimethoxy-1-nitroso)trifluoroacetophenone were 20.7,
22.4, 25.7, 24.9, 22.5, and 21.2 min, respectively. Quantum yields were
estimated by considering the conversions at � 30% to limit errors
due to undesired light absorption during photolysis as much as
possible.
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Surface Chemistry

A Super-Hydrophobic and Super-Oleophilic
Coating Mesh Film for the Separation of Oil and
Water**

Lin Feng,* Zhongyi Zhang, Zhenhong Mai,
Yongmei Ma, Biqian Liu, Lei Jiang,* and Daoben Zhu

Wettability is an important characteristic of solid surfaces and
is controlled by the chemical composition and the geometrical

structure of the surface.[1,2] Currently, the creation of a super-
hydrophobic surface, with a water contact angle (CA) higher
than 1508, has aroused great interest for both fundamental
research and practical applications.[3, 4] It is reported that the
hydrophobicity of a surface can be enhanced by surface
roughness within a special size because air that is trapped
between the droplet and the solid surface minimizes the
contact area.[5–8] Accordingly, various super-hydrophobic
surfaces and films have been prepared by controlling the
surface chemistry and surface roughness.[9–23] However, no
studies involving surfaces with both super-hydrophobic and
super-oleophilic properties have been reported to date. It is
considered that such surfaces can be used for the effective
separation of oil and water.

In the study reported herein, we prepared a novel coating
mesh film with both super-hydrophobic and super-oleophilic
properties by a facile and inexpensive spray-and-dry method.
The CA for water on this film is greater than 1508, and for
diesel oil it is 08. A homogeneous emulsion containing low-
surface-energy material of polytetrafluoroethylene (PTFE)
was used as the precursor. We believe that the nanostructured
craterlike morphology on the microscale rough surface
combined with the chemical composition contributes to
these unique properties. The film can be used effectively for
the separation of oil and water and is a feasible alternative to
current separation methods.

Figure 1a shows the scanning electron microscopy (SEM)
image of the large-area coating film. A stainless-steel mesh,
whose pores have an average diameter of approximately
115 mm, was used as the substrate. No coating materials exist
in the pores of the mesh, which ensures free passage of air
through the prepared coating mesh film. Figure 1b is the
enlarged image of the coating film; the rough structure of the
surface is characterized by a ball- and blocklike morphology.
The diameters of the balls are in a random distribution,

Figure 1. SEM images of the coating mesh film prepared from a
stainless steel mesh with an average pore diameter of about 115 mm.
a) Large-area view of the coating mesh film; b) enlarged view of the
coating mesh film (the microstructured ball- (I) and blocklike (II)
morphology is evident); c) and d) higher-magnification images of the
balls and blocks observed in b), in which the nanostructured craters
(III) can be clearly observed.
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ranging from 2 to 5 mm, and some balls are glued to and
embedded in each other. The blocks can be considered as an
aggregation of balls. Figure 1c shows the high-resolution
SEM image of the balls, whose structures resemble that of a
golf ball: Craters with a diameter of about 71� 8 nm are
densely and evenly distributed on the surface of each ball. The
enlarged image of the blocks (Figure 1d) also shows the
craterlike nanostructure similar to that of the balls. These
results indicate that the prepared coating mesh film has a
rough surface with both micro- and nanoscale structures,
similar to that of the self-cleaning lotus leaf.[24] The hydro-
phobicity and topology of the surface of the lotus leaf are a
consequence of its special surface structure (branchlike
nanostructures on top of micropapillae), which gives rise to
a super-hydrophobic surface with a large CA and a small
sliding angle. Therefore, the film is expected to show unusual
wettability.

Figure 2a shows the shape of a water droplet on the
prepared coating mesh film. The water CA in this case is
about 156.2� 2.88, indicating that this film is super-hydro-

phobic. The rough structures on the coating surface are
believed to contribute to this property. In addition, the sliding
angle of water on the film is about 48 (see Supporting
Information). The water droplet is unstable on such films and
spontaneously rolls off. The super-hydrophobic coating film is
very hard and shows a needle hardness corresponding to the
highest level (0 grade) of the Chinese Architectural Standard.
This hardness is attributed to the chemical composition and
the craterlike structures, which are reported to increase the
hardness of super-hydrophobic surfaces.[15b] More impor-

tantly, the hard super-hydrophobic coating mesh film has a
practical application: The prepared film shows super-oleo-
philic properties, with a CA of about 0� 1.38. Figure 2b shows
the spreading and permeating behavior of a diesel oil droplet
on the coating mesh film. Oil spreads quickly on the film and
permeates thoroughly within only 240 ms. This unique
phenomenon of a film that exhibits both super-hydrophobic
and super-oilephilic properties has, to our knowledge, not
been reported before. This observation can be explained by
Equation (1), first derived by Wenzel to describe the CA for a
liquid droplet at a rough solid surface.[7]

cosqr ¼ r cosq ð1Þ

In [Eq. (1)], q is the intrinsic CA on a smooth surface, qr is
that on a rough surface made of the same material, and r is the
roughness factor. This equation indicates that with increasing
surface roughness, the actual CA decreases for lyophilic
materials (q< 908) and increases for lyophobic materials (q>
908). PTFE is a typical low-surface-energy material: The CA
for water on a smooth PTFE film is about 121.6� 1.88, and for
diesel oil it is 11.2� 1.68 (see Supporting Information), that is,
PTFE is intrinsically hydrophobic and oleophilic. Clearly, the
CA for water will increase and that for oil will decrease on the
rough surface created by PTFE, according to Equation (1).
Therefore, the PTFE-containing coating mesh film with both
super-hydrophobic and super-oleophilic properties is induced.
This film can be effectively applied to the separation of oil
and water (see Supporting Information).

Various coating films can be designed by using the original
meshes with different pore sizes as the substrates. Figure 3
shows the relationship between the pore diameter of the

original meshes and the CAs for water on the corresponding
coating films. Within experimental and instrumental error,
the CAs for water are about 1508 on the coating mesh films
with pore diameters of about 50–200 mm, but become smaller
than 1508 when the pore diameters are less than 50 mm or
greater than 200 mm. In comparison, the CAs for diesel oil on
these films are all smaller than 48. These results indicate that
the hydrophobicity of the coating mesh films is affected by the
size of the pores. According to Figure 3, the optimum pore

Figure 2. The prepared coating mesh film shows special wettability,
with both super-hydrophobic and super-oleophilic characteristics.
a) Shape of a water droplet on the coating mesh film with a contact
angle of 156.2�2.88 and sliding angle of 48 ; b) spreading and
permeating behavior of a diesel oil droplet on the coating mesh film.
The diesel oil spreads quickly on the coating mesh film and flows
through (within only 240 ms).

Figure 3. Relationship between the pore diameters of the original
mesh and the water contact angles on the corresponding coating film.
Clearly, the hydrophobicity of the coating mesh films is affected by the
pore size.
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diameter of the film is 50–200 mm, beyond which super-
hydrophobicity cannot be realized. Hence the pore diameter
of the original mesh substrate is very important to the
wettability of the final coating film. Accordingly, high-quality
coating films can be prepared by judicious selection of the
original meshes and careful design of the composition and
structure. The prepared films can be used continuously, and
the coating materials do not shed off. Furthermore, since the
coating films have all the properties of the original mesh such
as hardness, porosity, and better resistance to corrosive liquids
such as acids and alkalis, they are suitable for practical and
industrial applications.

In summary, a novel interfacial material of hard coating
mesh film with both super-hydrophobic and super-oleophilic
properties was prepared by the fabrication of micro- and
nanostructured rough surfaces from a fluorine-containing
material. The separation of diesel oil and water in this study
was very efficient, which is suitable for many practical
applications. The coating composition and the preparation
technology can be expanded to the manufacture process to
provide functional separation and filtration equipment.

Experimental Section
A homogeneous emulsion containing teflon (polytetrafluoroethylene,
PTFE, 30 wt%), adhesive (polyvinyl acetate, PVAc, 10 wt%),
dispersant (polyvinyl alcohol, PVA, 8 wt%), surfactant (sodium
dodecyl benzene sulfonate, SDBS, 2 wt%), and thinner (distilled
water, 50 wt%) was prepared by mixing them in proportion and
agitating thoroughly. The stainless steel mesh substrates (pore
diameters: 30–420 mm) were scrubbed to remove rust, washed, and
dried. The emulsion was then sprayed evenly on the selected mesh
screen with dry compressed air (0.6 MPa). Subsequently, the coated
mesh was placed in an oven for about 30 min at 350 8C (to decompose
the adhesive, dispersant, and surfactant into gases such as H2O and
CO2 and to evaporate the thinner), resulting in a coating mesh film
with a rough surface composed mainly of low-surface-energy PTFE.

The SEM images were obtained on a JEOL JSM-6700F scanning
electron microscope at 3.0 kV. The contact angles were measured on a
Dataphysics OCA20 contact-angle system at ambient temperature.
Water or diesel oil droplets (about 5.0 mL) were dropped carefully
onto the coating films. The contact angle value was obtained by
measuring five different positions of the same sample. The film
hardness was evaluated by a needle test according to the Chinese
Architectural Standard (GB/T9286-1998) test.
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High-Pressure Chemistry

Diels–Alder Reaction of Thiophene: Dramatic
Effects of High-Pressure/Solvent-Free
Conditions**

Koji Kumamoto, Isao Fukada, and Hiyoshizo Kotsuki*

For a long time since the discovery of the Diels–Alder
reaction in 1936[1] it was known that thiophene (1) is highly
aromatic and hence does not undergo the Diels–Alder
reaction, even with relatively strong dienophiles such as
maleic anhydride (2).[2] However, almost 25 years ago we
found that when the reaction was conducted at high pressure
(1.2–2.0 GPa) and at a temperature of 100 8C, 1 did react with
2 to afford the exo adduct 3 in around 40% yield.[3] Surpris-
ingly, there have been no reports since then on the develop-
ment of an alternative method to synthesize 3. Thus, we
decided to reinvestigate the Diels–Alder reaction of 1.

Our previous work showed the unusual effect of the
solvent in the Diels–Alder reaction of 1 with 2, and dichloro-
methane was chosen as the best solvent mainly because of its
low freezing point.[4] At that time we also recognized that it
was necessary to raise the pressure above 1.0 GPa to attain a
satisfactory result. We thus decided to investigate the solvent
effects at high pressure under different conditions.[5] The
results are summarized in Table 1.

As expected, decreasing the pressure to 0.8 GPa gave
disappointingly low yields (entries 1 and 2). Changing the
solvent from dichloromethane to perfluorohexane consider-
ably improved the yield to 77%, although the reaction rate
was still slow (entry 4); the fluorophobic effect should play a
crucial role in rate enhancement.[6] After extensive experi-
ments to identify other effective solvents, we finally con-
cluded that a solvent-free system might be beneficial.[7] Thus,
treatment of a 4:1 mixture of 1 and 2 at 0.8 GPa and 100 8C for
2 days afforded the desired exo adduct 3 in almost quantita-
tive yield (entry 5).[8] A 2:1 mixture of these substrates gave a
slightly decreased yield (87%), thus indicating severe inter-
ference by a solid-phase-like reaction (entry 6).

To better understand the reaction profile of the present
system we conducted further investigations to determine the

effects of pressure and temperature under solvent-free
conditions (Figures 1 and 2). The results show that both
pressure and temperature have strong effects: pressures
above 0.6 GPa and temperatures above 80 8C are both
necessary to achieve synthetically useful results.[9] The sharp
increase in product yields between 0.4 and 0.6 GPa suggests

Table 1: High-pressure Diels–Alder reaction of thiophene (1) with maleic
anhydride (2).

Entry Solvent 1:2 Yield [%][a] Recovery [%][b]

1 CH2Cl2 1:1[c] 19 64[d]

2 CH2Cl2 4:1[c] 21 29[d]

3 Cl2CHCHCl2 4:1[c] 23 16[d]

4 CF3(CF2)4CF3 4:1[c] 77 19[d]

5 solvent-free 4:1 93 0
6 solvent-free 2:1 87 7

[a] Yield of isolated product. [b] Recovery of 2. [c] Approximately 1.5m
solution. [d] A considerable amount of unidentified insoluble substance
was formed.

Figure 1. Effect of pressure on the Diels–Alder reaction of 1 with 2 at a
constant temperature of 100 8C (2 days).

Figure 2. Effect of temperature on the Diels–Alder reaction of 1 with 2
at a constant pressure of 0.8 GPa (2 days).
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that the present reaction might be promoted kinetically by
high pressure.

The extraordinary power of a high-pressure/solvent-free
system was further demonstrated by successful reactions
using maleimide dienophiles 4, such as N-phenyl-, N-methyl-,
N-methoxy-, N-hydroxy-, and NH-substituted maleimides
(Table 2). Interestingly, in contrast to 2, a mixture of endo and

exo isomers (5 and 6) was consistently obtained in an
approximately 1:1 ratio in these cases.[10] The structures of
these adducts were confirmed by 1H NMR measurements, for
example, the H2/H3 protons of 5a were observed at d=

4.04 ppm, whereas those of 6a were, as expected, shifted
upfield to d= 3.32 ppm. We intend to explore this significant
difference in stereoselectivity between 2 and 4 in future
studies.

Finally, we investigated the results of Diels–Alder reac-
tions between 1 and acrylic dienophiles such as acryloyl
chloride (7a), methyl acrylate (7b), and acrylonitrile (7c).
Although these dienophiles show only slight reactivity, we
could prepare the desired Diels–Alder adducts 8 and 9 (endo/
exo ca. 1:1) under high-pressure/solvent-free conditions
(Table 3).[11] The major problem in these reactions is unavoid-
able polymerization of the acrylic dienophiles, even in the
presence of a radical inhibitor,[12] and we are still trying to
overcome this difficulty.

In summary, the remarkable effects of a combination of
high-pressure and solvent-free conditions led to a) a signifi-
cant lowering of the reaction pressure required for the Diels–
Alder reaction of thiophene, b) a considerable improvement
in the product yields to an almost quantitative level of
conversion, and c) new findings that less reactive dienophiles
such as methyl acrylate and acrylonitrile could be used. This
technique will have potential utility in drug synthesis as well
as in materials development.
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Table 2: High-pressure Diels–Alder reaction of thiophene (1) with
maleimide dienophiles 4.

Entry 4 Conditions Yield [%][a] Recovery [%][b]

T [8C] t [days] 5 6

1 4a 100 2 51 48 1
2 4b 80 7 47 34 17
3 4c 80 7 58 35 3
4 4d 80 7 47 34 3
5 4e 80 7 54 30 16

[a] Yield of isolated product. [b] Recovered starting compound 4.

Table 3: High-pressure Diels–Alder reaction of thiophene (1) with acrylic
dienophiles 7.[a]

Entry 7 Conditions Total yield [%] (8 :9)[b]

T [%] t [days]

1 7a 40 3 9 (56:44)[c,d]

2 7b 100 2 2.0 (61:39)[d]

3 7c 100 12 11 (50:50)[d]

[a] A catalytic amount ofN-nitorosodiphenylamine (0.5 mol%) was used
as a radical inhibitor. [b] Yield of isolated product. [c] Yield was
determined after conversion into 8b and 9b by esterification with
methanol/pyridine. [d] A considerable amount of polymeric substances
was obtained.
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[11] 8b : Colorless oil; FTIR (neat): ñ= 1735, 1435, 1313, 1204, 1038,
708 cm�1; 1H NMR (400 MHz, CDCl3): d= 1.99 (1H, ddd, J=
12.1, 3.4, 1.0 Hz), 2.54 (1H, ddd, J= 12.1, 9.0, 3.2 Hz), 3.57 (1H,
dt, J= 9.0, 3.4 Hz), 3.66 (3H, s), 4.18 (1H, m), 4.41 (1H, m), 6.29
(1H, dd, J= 6.1, 3.4 Hz), 6.47 ppm (1H, dd, J= 6.1, 3.4 Hz);
13C NMR (100 MHz, CDCl3): d= 34.13, 48.14, 51.87, 51.92,
53.11, 135.24, 139.15, 173.04 ppm. 9b : Colorless oil; FTIR
(neat): ñ= 1735, 1435, 1310, 1281, 1214, 1037, 716 cm�1;
1H NMR (400 MHz, CDCl3): d= 1.99 (1H, ddd, J= 12.2, 8.1,
1.0 Hz), 2.55 (1H, dt, J= 12.2, 3.4 Hz), 2.84 (1H, ddd, J= 8.1, 3.4,
0.7 Hz), 3.75 (3H, s), 4.19 (1H, m), 4.50 (1H, m), 6.39 (1H, dd,
J= 6.1, 3.7 Hz), 6.45 ppm (1H, ddd, J= 6.1, 3.4, 0.7 Hz);
13C NMR (100 MHz, CDCl3): d= 34.26, 46.99, 51.27, 52.20,
54.55, 137.09, 140.17, 173.69 ppm.

[12] The acrylic dienophiles have a strong tendency to polymerize at
high pressure, and this can sometimes be very dangerous.
Particular attention should be paid to these reactions.
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Silicate Nanotubes

Thermally Stable Silicate Nanotubes**

Xun Wang, Jing Zhuang, Jun Chen, Kebin Zhou, and
Yadong Li*

For many years, intense research has focused on new types of
silicates with tunable pore sizes because of their great
potentials in many areas, such as selective catalysis, molecular
sieves, and gas adsorption and separation.[1–9] Zeolites with
pore diameters of 3–10 " (roughly the same size as small
molecules)[1–2] have found wide industrial application, how-
ever their relatively small pore sizes deny access to large
molecular and/or bulky reactants and thus limit their further
use in fine chemical and pharmaceutical industries. Recent
progress in solving this problem has been made through the
development of mesoporous silica[3–6] and non-silica[7–9] mate-
rials (MCM-41, etc) with pore diameters in the order of
nanometers, however, compared with zeolites, mesoporous
materials usually suffer from poor thermal and/or hydro-
thermal stability due to the amorphous nature of the

mesoporous walls, which have limited their practical applica-
tions. Thus new porous materials require a combination of
stability and appropriate size distributions to meet practical
requirements, which still remains a challenge to materials
scientists worldwide. Herein we demonstrate a new form of
porous silicate nanotubes with excellent thermal stability
(comparable to zeolites) and uniform pore sizes distributions
in the order of nanometers, which may find wide application
in gas adsorption/separation and catalysis.

The general synthesis of porous silicates nanotubes (such
as main-group-metal and transition-metal silicates) is based
on a hydrothermal synthetic process in a mixed water/ethanol
solvent system. Under optimal solvent ratio and basicity
conditions, a series of silicate nanotubes can be obtained.
Here we demonstrate copper and magnesium silicates as
representative examples. The phase purity of the samples has
been characterized on a Bruker D8-Advance X-ray powder
diffractometer with CuKa radiation (l= 1.5418 "). Figure 1

shows the XRD patterns of copper and magnesium silicates.
All of the reflection patterns in Figure 1a can be readily
indexed to that of a pure hexagonal phase of Mg3Si2O5(OH)4
with lattice constants a= 5.33 and c= 7.269 " (JCPDS no. 82–
1838) while the main peaks centered at 2q= 20.04, 30.61,
36.07, 56.17, and 62.158 in Figure 1c can be indexed to the
CuSiO3·2H2O phase (JCPDS no. 11-0322). The apparent
broadening of these peaks indicates the small crystal sizes
of the obtained nanotubes. Other silicates have been charac-
terized by means of XRD and all the information indicates
that as-obtained silicate nanotubes usually have distinctive
clay-type structures with silicon to oxygen ratios of 1:2.5
within the layers.[10–11] Due to the excellent ion-exchange
characteristics of layered silicates, cations residing between
the layers can be further replaced, which make these nano-
tubes ideal candidates as molecular sieves.

Figure 1. X-ray diffraction patterns of a) Mg3Si2O5(OH)4 nanotubes;
b) Mg3Si2O5(OH)4 nanotubes after calcination for 12 h at 600 8C;
c) CuSiO3·2H2O nanotubes; d) CuSiO3·2H2O nanotubes after calcina-
tion for 12 h at 600 8C. I= intensity.
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TEM analysis has provided further insight into the
microstructural details of these nanotubes. As shown in
Figure 2, all the samples dispersed on to the TEM copper
grids have uniform nanotube morphologies with open ends,

which enable them to have potential application in gas
absorption/separation and catalysis. For different interlayer
cations, the silicate nanotubes have different diameters,
possibly due differences in the interaction between layers
and the subsequent difference in the rigidity of the silicate
sheets; for example, copper silicate nanotubes have diameters
of 8–10 nm and lengths up to hundreds of nanometers
(Figure 2a), while those of magnesium (Figure 2b), calcium,
and cadmium silicates (see Supporting Information) have
diameters of 15–20 nm and lengths up to 1 mm. The inset in
Figure 2a shows an individual copper silicate nanotube
parallel to the electron beam, from which the hollow
structural features can be clearly seen with an inner diameter
of � 2 nm and an outer diameter of � 10 nm. Electron
diffraction patterns, taken from bundles of nanotubes, indi-
cate that the nanotubes are crystalline (the inset in Figure 2b
shows the ED pattern taken from bundles of magnesium
silicates nanotubes, which can be indexed to layered hexag-
onal Mg3Si2O5(OH)4. Together with the XRD results, the ED
information provides further evidence that the formation of

these silicate nanotubes can be attributed to the intrinsic layer
structures of clay-type silicates. However, in contrast to the
well-known WS2 and carbon nanotubes,[12–17] which have
symmetric layer structures, the growth of these nanotubes is
believed to be based on asymmetry along the c axis of the
layered metal silicate (see Supporting information).[18,19] As
potential catalyst supports, these silicate nanotubes have
shown their ability in stabilizing and supporting noble-metal
nanoparticles. Through a water/ethanol reflux method, uni-
form noble-metal nanoparticles supported on silicate nano-
tubes can be easily prepared, and by altering the experimental
parameters the diameters can be further tuned. Figure 2c
shows typical images of well-dispersed uniform Pd nano-
particles with diameters of 2–3 nm supported on magnesium
silicates. HRTEM analysis (Figure 2c, inset) show that the
nanocrystals are highly crystalline, which enhances their
potential for applications in catalytic fields.

To investigate the statistical data that derive from these
nanotubes (such as surface area and pore-size distributions),
which are critical for practical applications, BET analysis has
been carried out. Figure 3 shows nitrogen adsorption/desorp-
tion isotherms of copper and magnesium silicate nanotubes.
These isotherms can be categorized as type IV with a distinct
hysteresis loop. The BET surface area is calculated to be
about 200 m2g�1 for the CuSiO3·2H2O nanotubes and
320 m2g�1 for the Mg3Si2O5(OH)4 nanotubes. Barrett–
Joyner–Halenda calculations for the pore-size distribution,
derived from desorption data, reveal a narrow distribution for
the CuSiO3·2H2O samples centered at 2–3 nm (Figure 3a,
inset) and Mg3Si2O5(OH)4 samples centered at 12 nm (Fig-
ure 3b, inset), which coincide well with the XRD and TEM
results of the samples.

Thermal and hydrothermal stability are important factors
that will greatly influence the working performance of
catalysts. Based on our experimental results, these nanotubes
show good thermal and hydrothermal stability. In addition,
after calcination at 600 8C for 12 h, or at 800 8C for 12 h in
flowing water vapor, or treating in boiling water for 240 h, the
main peaks in XRD patterns show little change and TEM
characterizations indicate that the tubular structures have
been preserved. Meanwhile, the BET data usually shows only
a small reduction (for example, the surface area of the
magnesium silicate nanotubes is reduced to 290–300 m2g�1),
further evidence of the good thermal stability of these
nanotubes.

The large surface areas, narrow size distributions, and
excellent thermal stability combine to enhance the potential
applications of these novel nanotubes. Furthermore, their
reversible hydrogen storage[20–24] and catalytic properties can
be examined.[25, 26]

The complete PCT (pressure–composition–temperature)
curves of CuSiO3·2H2O and Mg3Si2O5(OH)4 nanotubes at
25 8C are shown in Figure 4. The hydrogen concentration in
the CuSiO3·2H2O nanotubes is 1.1 wt% at 10 atm, 1.6 wt% at
20 atm, and 1.8 wt% at 40 atm (Figure 4b), a value higher
than that of any of the reported Si-related materials (such as
silicates, zeolites, and MCM-41 materials etc).[24] Further
treatment can lead to an increase in hydrogen storage
capacity, for example, when doped with Pd nanoparticles

Figure 2. a) TEM images of CuSiO3·2H2O nanotubes; b) TEM images
of Mg3Si2O5(OH)4 nanotubes (inset: electron diffraction patterns taken
from a bundle of Mg3Si2O5(OH)4 nanotubes); c) TEM images of Pd
nanoparticles supported on Mg3Si2O5(OH)4 nanotubes (inset: HRTEM
images of Pd nanoparticles with diameters of �2.5 nm.
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(1%) the capacity of CuSiO3·2H2O nanotubes can reach
2.0% at room temperature and 40 atm, which may be
attributed to the interaction between H atoms and the

surface of the Pd nanoparticles. The exact understanding of
the hydrogen storage and gas adsorption in these silicates
nanotubes, including the absorption modes and adsorption
sites, is still under investigation. Nevertheless, these nano-
tubes have shown their potential in hydrogen storage and gas
adsorption (e.g., CO and CH4) and separation fields.

The silicate nanotubes have also proved to be ideal
catalyst supports. For example, with a Pd loading capacity of
0.1 wt%, the Mg3Si2O5(OH)4 nanotube/Pd catalysts show
excellent catalytic activity for the complete catalytic oxida-
tion of CO and C2H6 at � 150 8C, a rather low temperature
that is attractive for the treatment of vehicle exhaust gases.
From Figure 5, it can be seen that conversion occurs at a

temperature of � 100 8C, and that the conversion rate
gradually rises up to a temperature of � 140 8C and then
rises sharply to 100% at � 150 8C, which indicates an effective
low-temperature conversion process. Detailed studies con-
cerning the catalytic mechanism and doping modes (for
example, with Au-Pd bimetallic catalysts) affecting catalytic
activity are in progress. Nevertheless, the novel properties
exhibited by from this novel catalyst leads us to believe that
silicate nanotubes will find application in various catalytic
fields.

Experimental Section
The porous silicate nanotubes (both main-group-metal and transi-
tional-metal silicates) were prepared by a hydrothermal process in a
mixed water/ethanol solvent system. For example, Cu(NO3)2·3H2O
(0.5 g) was dissolved in a mixture of distilled water (5 ml) and ethanol
(20 ml), into which ammonia solution was added to form a clear
[Cu(NH3)4]

2+ solution. Then Na2SiO3 (5 ml, 0.5 m) was added to form
a light-blue precipitate, which was transferred into a teflon-lined
autoclave and hydrothermally treated at 180–2008C for two days. The
as-obtained precipitates were filtered and washed with distilled water
to remove ions possibly remnaining in the final products, and dried at
70 8C in air. Slightly different conditions were employed for the
magnesium silicate nanotubes: Mg(NO3)2·6H2O (0.7 g) was dissolved
in water/ethanol (5/30 mL), and Na2SiO3 (5 ml, 0.5 m) was used to
form a white precipitate. Then NaOH (1.0 g) was added to adjust the
basicity of the system. Series of other silicate nanotubes such as
calcium, barium, cadmium, iron, and manganese silicates could also

Figure 3. a) N2 adsorption/desorption isotherm of CuSiO3·2H2O nano-
tubes (inset: pore-size distribution curve obtained from the desorption
data); b) N2 adsorption/desorption isotherm of Mg3Si2O5(OH)4 nano-
tubes (inset: pore-size distribution curve obtained from the desorption
data).

Figure 4. PCT curves for the hydrogen storage of a) Mg3Si2O5(OH)4
and b) CuSiO3·2H2O nanotubes at 25 8C.

Figure 5. Catalytic oxidation of CO and C3H6 using Pd catalysts sup-
ported on Mg3Si2O5(OH)4 nanotubes.
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be prepared based on the above procedures and the output can be
readily kept above 95% based on the metal atoms.
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Natural Products Synthesis

Asymmetric Total Synthesis of
(�)-Nakadomarin A**

Koji Ono, Masako Nakagawa, and Atsushi Nishida*

Nakadomarin A (1) was isolated in 1997 by Kobayashi and
co-workers from the marine sponge Amphimedon sp.,
collected off the Kerama Islands, Okinawa,[1] and is consid-

ered to be a type of manzamine alkaloid.[2] However, the
structure of 1 is different from those of other manzamines and
consists of a unique hexacyclic system that includes a furan
ring. Biological assays have indicated that it is cytotoxic
against murine lymphoma L1210 cells, inhibits CDK4, and
shows antimicrobial activity. This unique structure and bio-
logical activity prompted us and others to develop a total
synthesis of 1.[3] In 2001, we established a method for
constructing the central ring system which involved a
cyclization between an acyliminium cation and a furan
ring.[4b] This procedure was successfully applied in our first
asymmetric total synthesis of (+)-1, the non-natural enantio-
mer.[4a] Our total synthesis established the structure of 1,
including its absolute stereochemistry, as proposed by spec-
troscopic studies and biogenetic correlation.[1] In our syn-
thesis, an enantiomerically pure intermediate was efficiently
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obtained by resolution of the key carboxylic acid as a
cinchoninium salt. However, the preparation of the opposite,
natural enantiomer was inefficient at that stage, and led us to
develop another synthetic route to natural 1. We report herein
the first total synthesis of the natural enantiomer
(�)-nakadomarin A (1).

We have also been studying the asymmetric total synthesis
of ircinal A (2), which is a synthetic and biogenetic inter-
mediate for manzamine A (3), via the key intermediate 7.[5]

As all the stereocenters of 1 are the same as those of 2 and 3,
we planned a new synthetic route involving the key inter-
mediate 7 (Scheme 1). Retrosynthetic analysis showed that

both the 15- and 8-membered azacycles could be obtained by
ring-closing metathesis (RCM).[6] The furan ring could be
constructed from unsaturated aldehyde 5, which in turn could
be available from a precursor such as 6. We envisaged that the
tricyclic intermediate 6, which has a C6�C7 double bond,
could be obtained by a stereoselective SN’ reaction from the
key intermediate 7.

Highly functionalized hydroisoquinoline 7 was obtained
by a Diels–Alder reaction between siloxydiene 9 and chiral
dienophile 8, which was prepared from l-serine in 47% yield
(10 steps) by a slightly modified version of our previously
published method.[7] Luche reduction of enone 7 gave allyl
alcohols as a mixture of diastereomers (2:1), which were
subjected to a key SN’ cyclization (Scheme 2). Treatment of
the allyl alcohols with HCl (6n) at reflux in benzene gave
tricyclic intermediate 10 in 70% yield by deprotection of the
acetonide group followed by chemo- and stereoselective SN’

cyclization. The stereochemistry of 10 was unambiguously
determined by X-ray crystallographic analysis.[8] After the
primary alcohol was protected as a TBDPS ether, the N-
benzenesulfonyl group in ring Awas selectively removed with
sodium anthracenide to give 11, which was then converted
into unsaturated aldehyde 12 by contraction of ring B. The
six-membered ring B was cleaved by ozonolysis to give an
unstable bisaldehyde, which was recyclized to a five-mem-
bered ring by aldol condensation with N-methylanilinium
trifluoroacetate.[9] Wittig reaction of aldehyde 12 selectively
gave Z olefin 13, which was quantitatively converted into
endoperoxides 14 as a mixture of two diastereomers (14a/
14b= 1.2:1) by singlet oxygen. The reaction of each diaster-
eomer of 14 with potassium tert-butoxide followed by treat-
ment with a strong acid resulted in dehydration and depro-
tection of the TBDPS group, and gave the furan 15 in high
yield.[10] The use of a TMS-protected alkyne in the side chain
was essential as partial isomerization of the terminal double
bond was observed under these conditions in a model study
(Scheme 3).[11] The preparation of 15 corresponded to the
stereoselective construction of a chiral ABCD-ring system,
the central core of (�)-1.

Next, we focused on the formation of 8- and 15-membered
rings by sequential RCM. Dess–Martin oxidation of alcohol
15 gave the corresponding aldehyde, which was converted
into olefin 16 by Peterson olefination followed by depro-
tection of the TMS group. After protection of the amine with
a Boc group, the carbonyl function of 16 was reduced to give
17 by sequential reduction with DIBAH and Et3SiH/
BF3·Et2O.[12] Deprotection of the benzenesulfonyl group of
17 followed by N-acylation gave dienyne 18, a precursor for
RCM to synthesize the azocine ring. A problem that arose at
this stage was the high reactivity of the terminal alkyne under
RCM conditions. When alkyne 18 was exposed to second-
generation Grubbs catalyst A, no cyclization product was
obtained. Based on our previous report,[13] the terminal
alkyne of 18 was protected as a dicobalt hexacarbonyl
complex, which was then treated with catalyst A, and a
facile RCM gave azocine lactam 20 in 83% yield. After direct
conversion of the dicobalt hexacarbonyl complex into olefin
21[14] by reductive decomplexation,[15] deprotection of the Boc
group of 21 followed by N-acylation gave 22, a precursor for
the second RCM. When 22 was exposed to the first-
generation Grubbs catalyst B, ring F was formed to give a
mixture of geometrical isomers, from which (Z)-23 was
isolated in 26% yield. Finally, reduction of bislactam (Z)-23
with Red-Al resulted in the first asymmetric total synthesis of
(�)-nakadomarin A (1). All spectral data for synthetic (�)-1
(NMR, IR, MS) closely matched those published for the ent-
(+)-1, whose NMR spectrum was identical to that of natural
(�)-nakadomarin A in the presence of HCl.[4a] The optical
rotation of synthetic (�)-1 confirmed its absolute configu-
ration ([a]23D =�73.0 (c= 0.08, MeOH); natural (�)-1: [a]20D =

�16 (c= 0.12, MeOH)[1]).
In conclusion, we completed the first asymmetric total

synthesis of (�)-nakadomarin A (1) from optically active
hydroisoquinoline 7. Further optimization of the synthetic
procedures and a biological evaluation of synthetic analogues
are now in progress and will be reported elsewhere.

Scheme 1. Retrosynthetic analysis of (�)-nakadomarin A (1).
TBS= tert-butyldimethylsilyl, Bs=benzenesulfonyl.
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Scheme 3. Model study of the construction of a fused furan ring.
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Electrode Design

A Chemically Modified Platinum Electrode as a
Bidentate Diamine Ligand for Forming
Well-Defined, Immobilized Bis(h1-P-ether
phosphane)(diamine)ruthenium(ii) Complexes**

Filip Novak, Bernd Speiser,* Ekkehard Lindner,
Zhong-Lin Lu, and Hermann A. Mayer

Dedicated to Professor Ingo-Peter Lorenz
on the occasion of his 60th birthday

The anchoring of catalytically active transition-metal com-
plexes to an inert solid or polymeric support is a field of
increasing interest.[1,2] Based on silica sol–gel chemistry, the
concept of “chemistry in interphases” has been proposed[3,4]

as a particularly efficient approach to immobilize[5] homoge-
neous catalysts. An interphase in which solvent and
substrates mix with the polymer support which carries
the reactive centers is expected to combine advantages of
homogeneous catalysis (high activity, selectivity, and
reproducibility) and heterogeneous catalysis (simple
recovery). Possible strategic synergies by combining the
three-dimensional (3D) architectures of such systems and
electrode/electrolyte systems have been emphasized
recently.[6]

Chemically modified electrodes (CME)[7] with anch-
ored active centers are a special type of interphase. Such
devices are widely applied for catalysis,[8] analytical
applications,[9] and sensor construction.[10] Among other
techniques,[7] covalent bonding through a siloxane spacer
to a metallic electrode[11] has been successfully employed
for immobilization of many organometallic compounds.[12]

Recently,[13–16] we have synthesized several series of
bis(h2-O,P-ether phosphane)ruthenium(ii) complexes 1
and their diamine derivatives 2. The complexes 2 show
remarkable performance in the hydrogenation of carbonyl
compounds[17] and have also been transferred into an
interphase.[13] Depending on the substituents at the
phosphorus atoms, the stability and reactivity of these
complexes is highly variable. For example, in contrast to

bis(h2-O,P-ether diphenylphosphane)dichlororuthenium(ii)
(1a), the dimethylphosphane derivative 1c is very sensitive
and can not be isolated.[15] On the other hand, bis(h1-P-ether
diphenylphosphane)(diamine)ruthenium(ii) complexes, for
example, 2a, catalyze the direct hydrogenation of carbonyl
compounds,[16] while the corresponding compounds contain-
ing dimethyl- and diisopropylphosphane ligands work effi-
ciently as transfer hydrogenation catalysts.[14]

Owing to the redox active nature of complexes 1 and 2,
their properties and pertinent interactions with the environ-
ment can be studied by electrochemical techniques. Further-
more, redox processes can be employed to control the
catalytic activity.[18] Herein, we report on the interaction of
a [3-(2-aminoethyl)aminopropyl]trimethoxysilane (“en si-
lane”[19]) modified platinum electrode with complexes 1a–c.
The electrochemical properties of the resulting bis(h1-P-ether
phosphane)(diamine)ruthenium(ii) complexes 3a,c
(Scheme 1), which are bound to the electrode surface, are
compared to those of 2a–c in homogeneous solution.

Cyclic voltammetric data of the complexes 1a,b (owing to
the lability of 1c, no voltammogram could be recorded) and
the corresponding derivatives 2a–c in a CH2Cl2 electrolyte,
form the basis for an identification of the immobilized species.
Complexes 1a,b undergo a facile, chemically reversible
oxidation with formal potentials close to that of the ferro-
cene/ferrocenium ion couple (fc/fc+; Figure 1a, Table 1). The
peak potential difference DEp indicates a diffusion controlled
one-electron-transfer process forming the corresponding RuIII

species. Diamine complexes 2a–c also undergo a reversible
one-electron oxidation and again no reaction after the
electron transfer process is apparent (Figure 1b). Voltam-
metric experiments with 2b must be performed quickly since
the complex decomposes in the CH2Cl2 electrolyte. The

Scheme 1. Formation of diamine derivatives (in solution: 2 ; immobilized: 3) from
bis(h2-O,P-ether phosphane)ruthenium(ii) complexes 1; a : R=Ph, b : R= iPr, c :
R=Me; the bonding of the siloxane spacer to the Pt surface may be more complex
than shown.[28]
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formal potentials of the (diamine)ruthe-
nium(ii) complexes (Table 1) increase in
the order 2a@ 2c> 2b, which mirrors
their chemical stability. Details of the
relation between formal potentials, elec-
tronic structures, and stability of the
complexes will be published separately.[20]

For the preparation of electrodes
modified by the bis(h1-P-ether phospha-
ne)(diamine)ruthenium(ii) moiety (3a,c,
Scheme 1) advantage was taken of the
hemilabile character of the h2-O,P-ether
phosphane ligands [13–16] in a reaction with
anchored diamine en silane.[21] The suc-
cessful modification of the polycrystalline
platinum electrodes is indicated by redox
peaks (Figure 2, Table 2) for CMEs 3a,c
in complex-free electrolyte. The redox
process of the immobilized complexes is
chemically reversible (charge ratio Qox/
Qred close to unity; Table 2). No electro-
active species could be detected after
reaction of 1b with the silanized platinum
electrode. Thus, the rather low stability of
2b is reflected in the inability to prepare

3b. On the other hand, unstable 1c reacts with the silanized
electrode, and the resulting 3c is persistent enough for
characterization. The peaks for CME 3c show an increased
potential separation compared to those for 3a indicating a
slower electron transfer.[22] The surface-bound species were
identified by comparing their redox potentials to those of the
corresponding complexes 1 and 2 in homogenous solution.
The potential shifts upon immobilization, DECME, (Table 2)
show that the formal potentials of the CME and 2 differ by
only + 7 mV (3a/2a) or + 40 mV (3c/2c), respectively, which
is of the same magnitude as for ferrocene-modified electro-
des.[23] In the case of the diphenylphosphane complexes,
where all three species 1a,2a,3a could be investigated, the
potential difference between the bound redox couple and 1a
is much larger (Figure 2). We thus conclude that in 3 a ligand
set similar to that in 2 is present. The shape of the curve of the
voltammogram for 3a is typical for an immobilized redox
couple, while that of 3c indicates a slow transport-step. The

Figure 1. Cyclic voltammograms at a Pt disk electrode in CH2Cl2/
NBu4PF6 at u=0.2 Vs�1. a) bis(h2-O,P-ether-phosphane)ruthenium(ii)
complexes: solid curve 1a (c=6.2G10�4m), dashed curve 1b
(c=5.8G10�4m); b) bis(h1-P-ether phosphane)(diamine)ruthenium(ii)
complexes: solid curve 2a (c=6.1G10�4m), dashed curve 2b
(c=4.3G10�4m), dotted curve 2c (c=5.6G10�4m).

Table 1: Cyclic voltammetric potential features of 1a,b and 2.

Complex E0 [V][a] DEp [V] Complex E0 [V][a] DEp [V]

1a +0.061 0.078 2a �0.047 0.060
1b �0.015 0.071 2b �0.238 0.056

2c �0.219 0.073

[a] Versus the standard fc/fc+ redox couple.[26]

Figure 2. Cyclic voltammograms (first cycle; background corrected) of the CMEs 3 with RuII

complexes in CH2Cl2 at u=0.2 Vs�1 (solid curves); a) R=phenyl, b) R= iPr, c) R=methyl;
dotted curves 1, dashed curves 2 ; all cyclic voltammograms of the diffusing species have
been rescaled to give currents comparable to those of the corresponding immobilized com-
plexes; d) dependence of peak current Ioxp for CME 3a on scan rate.

Table 2: Parameters of the chemically modified electrodes 3a,c.

Parameter 3a 3c

E0 [V] �0.040 �0.179
DEp [V]

[a] 0.076 0.178
DECME [V]

[b] 0.007 0.040
G [ G10�10 molcm�2][c] 0.48 0.71
Qox/Qred

[d] 1.05 1.08
n[e] 1250 575

[a] determined at u=0.2 Vs�1. [b] DECME=E0
CME�E0(2), where E0(2) is the

formal potential of the analogue complex 2 in homogeneous solution
(Table 1). [c] RuII surface concentration calculated from the area under
the wave of forward scan.[23] [d] Ratio of oxidation and reduction charge
from area under the waves. [e] Total number of potential cycles
performed until the surface activity disappears.
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linear dependence of the oxidation peak current Ioxp on the
potential scan rate u (Figure 2d) confirms the surface-
confined character of the redox centers in 3a. For a diffusing
species a linear relation between Ioxp and u1/2 would be
expected.[24]

The surface coverage (Table 2) for 3a,c corresponds at
most to a monolayer of complexes. Surprisingly, the mod-
ification of the silanized Pt electrode with 1a,c provides
approximately the same coverage after two hours as the
modification with ferrocene monocarboxylic acid after
24 h.[23] We suppose that the reason is that the rate of the
ligand-substitution reaction with 1a,c is higher than that of
the peptide bond formation in the ferrocene system. Indeed,
the fast reaction of diamines with RuII bis(ether phosphanes)
is well known.[13–16] The color of the solution of 1a in CH2Cl2
immediately changes from red to yellow after addition of a
small excess of en silane.[25] The peak current in multicycle
voltammograms of 3 continually decreases in consecutively
run cycles until it reaches the background current (Figure 3).

This provides additional proof that the redox active species is
immobilized on the electrode surface. The stability of the
CMEs[23] was estimated from the total number of potential
cycles n performed until no further surface redox activity can
be observed.While the electrode modified with 1a persists for
more than 1200 cycles, 3c loses surface activity after
500 cycles. Indeed, the lower stability of 3c versus that of 3a
parallels that of the diamine complexes 2a,c in solu-
tion.[14–16, 20]

We consider two types of chemical interaction between
the central ruthenium atom and the immobilized en silane
(Scheme 2). In both cases the modified electrode acts as a
bidentate ligand to generate the N2P2Cl2 ligand set. In the
single-chain model of the bidentate-ligand CME, compound 1
reacts with two amino groups of one siloxane group to form
the bis(h1-P-ether phosphane)(diamine)ruthenium(ii) com-
plex (Scheme 2a). Another possibility of immobilization is
the interaction of 1 with the terminal NH2 groups of two
siloxane chains (Scheme 2b, double-chain model). To distin-
guish between these models, we used a siloxane spacer with
only one NH2 group (3-aminopropyl trimethoxysilane, APS),
where only the double-chain model should be possible. No
surface activity of any of the RuII complexes was observed
after the modification with the APS spacer. Thus, we conclude
that the coordination of 1 with one siloxane chain occurs

producing 3. This result is consistent with the preference for
five-membered chelate rings.

The preparation and characterization of these systems
immobilized on an electrode provides an electrochemical
proof of the ability of a modified metal surface to act as a
bidentate chelate ligand to a transition-metal atom. The
organometallic interphase system is directly assembled on the
electrode surface. Thus, a way is opened to combine concepts
from different fields, which have independently been termed
“interphase”, for example, heterogenized catalysts and elec-
trode surfaces. This combination was discussed recently in the
context of catalytic nanoarchitectures.[6] Finally, the interac-
tion of CMEs, such as 3, with carbonyl substrates might be
used in catalytic processes in future experiments, thus
allowing electrochemical monitoring and even control of
catalysis in interphases.

Experimental Section
All experiments were carried out under an atmosphere of argon by
use of standard Schlenk techniques. Solvents were dried with
appropriate reagents, distilled, degassed, and stored under argon.
Complexes 1a–c and 2a–c were prepared by published proce-
dures.[14–16]

Voltammetric measurements were performed with a BAS 100B/
W electrochemical workstation (Bioanalytical Systems, West Lafay-
ette, IN, USA) connected to a standard personal computer. All
electrochemical experiments were carried out at room temperature
under argon with a gas-tight full-glass three electrode-cell. The
working electrode was a blank or a modified Pt-disk electrode (A=
0.064–0.07 cm2). The auxiliary electrode was a Pt-wire spiral (diam-
eter � 1 mm). A Haber–Luggin double reference electrode (Ag/
0.01m Ag+) was used as the reference electrode. All potentials were
rescaled relative to an external fc/fc+ standard.[26] Tetrabutylammo-
nium hexafluorophosphate (0.1m in CH2Cl2) was used as supporting
electrolyte.
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Figure 3. Multicycle voltammogramms of 3a in CH2Cl2/NBu4PF6 at
u=0.2 Vs�1; solid curve 1st cycle, dashed curve 100th cycle, dotted
curve 200th cycle, dash-dotted curve 400th cycle, curve with circle sym-
bols 1250th cycle; the curves are not background corrected.

Scheme 2. Models for single (a) and double-chain (b) attachment of
Ru complexes to a en silane-modified Pt surface.
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Heterogeneous Catalysis

Directed Evolution of Noble-Metal-Free Catalysts
for the Oxidation of CO at Room Temperature**

Jens W. Saalfrank and Wilhelm F. Maier*

Dedicated to Professor Manfred T. Reetz
on the occasion of his 60th birthday

The development and application of high-throughput meth-
ods for the rapid discovery and optimization of solid-state
catalysts has led to promising results in the last few years.[1]

The possibility of the systematic exploration of large param-
eters spaces make combinatorial chemistry an interesting tool
in heterogeneous catalysis. As a model reaction the oxidation
of carbon monoxide on noble-metal-containing catalysts has
been studied frequently.[2] Recently, a photo-acoustic setup
for parallel real-time detection of reaction products was
presented in the search for new noble-metal-free low-temper-
ature catalysts for the oxidation of CO.[3]

The catalytic oxidation of CO with O2 belongs to the most
intensively studied reactions in chemistry, especially in the
area of surface science. Despite this huge effort there is still a
large demand for better practically useful and affordable, that
is, noble-metal-free catalysts. Especially the oxidation at
room temperature with its practical application in breathing
protection is very important. Hopcalite (“CuMn2O4”) is the
commercial catalyst still used in gas masks despite its rapid
deactivation in moist air.[4] Further examples of low-temper-
ature catalysts for the oxidation of CO are the gold catalysts
discovered by Haruta et al. ,[5] ruthenium dioxide hydrate[6]

and Co3O4-based systems.[7]

The goal of our study was to discover new noble-metal-
free catalysts for the oxidation of CO at low temperature by
using the established technologies of combinatorial hetero-
geneous catalysis. It is known in literature that the basic
oxides CoOx, MnOx, and NiOx have a detectable catalytic
activity for the oxidation of CO with air. Our search for new
catalysts started with the systematic doping of these base
oxides with 56 different metal centers. The automated
preparation of such mixed oxides based on Co, Mn, and Ni
oxides was carried out with the help of a pipetting robot
following previously developed sol–gel recipes. These recipes,
which have been especially developed for the preparation of
mixed oxides by pipetting robots, are characterized by the
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formation of a homogeneous gel over the whole range of
compositions of interest (no precipitation or separation). This
is a prerequisite for the formation of a true amorphous mixed
oxide, at least prior to the calcination step. By the formation
of clear sols precipitation and associated undesired formation
of domains is avoided. The samples are identified by the
central elements with the expected mol% given in subscripts
as expected from the composition of the starting sol. The
mixed oxide Al1Mn6.7Co92.3 for example has been generated
from 1 mol% Al, 6.7 mol% Mn, and 92.3 mol% Co of the
associated molar precursors by hydrolysis–polycondensation.
Since the oxidation state of the mixed oxides as obtained after
calcination in the high-throughput experiment has not been
determined, the true oxygen content and the associated
complete composition of the mixed oxides prepared in this
way cannot be given. The true oxidation state of all prepared
mixed oxides is not of importance, since only the catalytically
most active materials will survive the screening steps.

The design of the materials libraries was accomplished by
using the software “Plattenbau”.[8] This software calculates on
the basis of a parameterized recipe the volumes of the
different solutions of starting materials, as required for the
preparation of the individual samples and generates an
optimized pipetting list, which can be transferred directly to
the pipetting robot.

The reagents required for the synthesis of the mixed
oxides were pitpetted from the robot from alcoholic solutions
into 2-mL sampling flasks positioned in arrays of 50 flasks.
The sols were mixed thoroughly in an orbital mixer, then
dried and calcined, and manually transferred into the 207
hexagonally positioned wells (13.5 mm) in the library plate
made of slate (199 mm, Figure 1a). Compared to direct

synthesis in the wells of the library plate, the applied
procedure has the advantage that all catalysts are positioned
as powders with comparable filling heights in the wells. This
reduces potential errors due to significantly different mass
transport properties in catalytic gas-phase reactions. Addi-
tionally, it allowed a powdered sample of the reference
catalyst Hopcalite to be positioned in one of the wells of every
library. The libraries were then studied with emissivity-
corrected IR-thermography[9] at 50 8C (1vol% CO in syn-
thetic air, volume flow 50 mLmin�1). This method, which
visualizes relative heats of reaction, allowed us to rapidly

sample the relative catalytic activity of potential catalysts for
the oxidation of CO at low temperatures in a parallel
approach. Figure 1b shows the IR-reactor containing the
catalyst library.

For catalyst selection and library design none of the new
methods for experimental design were applied.[10] Our search
strategy was based on the concept of evolution (= variation
and selection). Variation was obtained by doping and
composition spread; for selection, catalytic activity, deter-
mined through heat of reaction, was chosen. In the first
generation of catalysts binary mixed oxides of the three base
oxides with 56 selected elements (E) in two different
concentrations were examined (Table 1). The higher degree

of doping was not applied to noble metals and selected
elements of the Group 1 and 2 of the periodic table. The hit
selection was based on highest activity. The activity of these
most active samples was further optimized by compositional
variation and doping.

In the first catalyst generation (two libraries) Mn3Co97 and
Mn10Co90 were identified by the IR-thermography as the
catalytically most active samples. In the second generation the
effect of Mn content in cobalt oxide was studied with the help
of a binary composition spread. Within the range of 1.7 to
16.1 mol% Mn, Mn6.7Co93.3 showed the highest relative
catalytic activity. This binary mixed oxide was chosen as
lead composition for the third generation of these ternary
mixed oxides by doping it with the above-mentioned remain-
ing 55 elements. Among several active materials
Al1Mn6.7Co92.3 andAl2.9Mn6.7Co90.4 showed the highest activity.
In the fourth generation the effect of the Al content on
Mn6.7Co93.3 was examined in the range of 1 to 9.7 mol%, and
Al1Mn6.7Co92.3 (sample 3) was confirmed as the most promis-
ing candidate for the oxidation of CO at low temperatures
(Figure 2). The relative catalytic activity of Al1Mn6.7Co92.3 was
found to be comparable to that of the reference catalyst
Hopcalite (samples 1 and 2). While higher aluminum contents
lead to deactivation, a fine-tuning in the range of 0.5 to

Figure 1. a) A slate plate with 182 catalysts (catalyst library). b) Reac-
tor for IR-thermography with catalyst library, detectable under the sap-
phire window.

Table 1: Composition and number of mixed oxides studied sorted by
generation. Hits are the active catalysts of one generation, which were
used as base materials for the catalysts studied in the following
generations.

Generation Sample composition[a] Sample number Hit

1 E3Co97 56 Mn3Co97
E10Co90 47 Mn10Co90
E3Ni97 56
E10Ni90 47
E1.8Mn98.2 56
E6Mn94 47

2 MnxCo100�x
[b] 10 Mn6.7Co93.3

3 E1Mn6.7Co92.3 55 Al1Mn6.7Co92.3
E2.9Mn6.7Co90.4 55 Al2.9Mn6.7Co90.4

4 AlxMn6.7Co100�6.7�x
[c] 10 Al1Mn6.7Co92.3

[a] E=Ag, Al, Au, B, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge,
Hf, Ho, In, Ir, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, Pd, Pr, Pt, Rb, Re,
Rh, Ru, Sb, Sc, Se, Si, Sm, Sn, Ta, Tb, Te, Th, Ti, Tm, V, W, Y, Yb, Zn, Zr.
[b] x=1.7, 3.4, 5.1, 6.7, 8.3, 9.9, 11.5, 13.1, 14.6, 16.1. [c] x=1, 1.9, 2.9,
3.9, 4.9, 5.8, 6.8, 7.8, 8.8, 9.7.
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1.5 mol% of Al might be useful but could not be carried out
due to insufficient reliability of the screening method IR-
thermography.

After the high-throughput screening the hit detected was
confirmed by conventional studies. The three basic oxides and
the two hits of the second and fourth generation (Mn6.7Co93.3
and Al1Mn6.7Co92.3) were prepared in bulk in the laboratory
and were tested in a gas-phase flow reactor. For the conven-
tional preparation of the discovered materials the scale of the
combinatorial synthesis was increased by a factor of 25. The
sol–gel syntheses were carried out in 20-mL flasks. The
difference was that the sols were not mixed by an orbital
mixer but with the help of a magnetic stirrer. All other
synthesis conditions (reagents, drying time, calcination tem-
perature) were identical. For the conventional tests 200 mg
(particle size 100–200 mm) of the catalysts were used. The
reaction temperature was reduced to 25 8C, but all other
reaction conditions (1 vol% CO in synthetic air, flow rate
50 mLmin�1) were identical to those employed in the high-
throughput experiment.

Figure 3 shows the catalytic activity of the materials after
a reaction time of 1 h under conventional reaction conditions

in the gas-phase flow reactor in comparison to the
reference catalyst Hopcalite. It shows that the cata-
lytic activity of the basic oxides was continuously
improved by the combinatorial experiments. Just
doping Mn6.7Co93.3 with 1 mol% aluminum results in
an improvement of the conversion of CO by about
30%. The NiOx prepared by the sol–gel procedure
here shows no activity (deactivation) under our test
conditions after one hour. The good reproducibility of
the combinatorial results under conventional condi-
tions confirms that the development of catalyst with
high-throughput methods as used here can be carried
out reliably. Under conventional reaction conditions
Al1Mn6.7Co92.3 shows a very high catalytic activity for
the oxidation of CO in synthetic air at 25 8C (95%
conversion).

For the characterization of the best catalyst for
the oxidation of CO (Al1Mn6.7Co92.3), its specific

surface area was determined by physisorption measurements
and its phase composition by X-ray diffraction. The BET
surface of Al1Mn6.7Co92.3 (54 m2g�1) is significantly smaller
than that of the reference catalyst Hopcalite (180 m2g�1). The
X-ray diffraction pattern shows reflections at 2 V= 31.03,
36.625, 44.61, 59.06, and 65.1958. These reflections can be
assigned to the spinels Co3O4, Co2AlO4, CoAl2O4, and
CoMnAlO4. Which and to what extent these crystalline
phases are present in the material could not be determined
unequivocally. The reflections are weak and broad indicating
small particles in an amorphous matrix. Additional TEM/
EDX studies with a Hitachi HF-2000 show that the compo-
sition of the catalyst is not homogeneous. The average
composition is in complete agreement with the composition
expected from the synthesis, however, larger deviations are
observed at nanometer resolution. Areas of almost pure
cobalt oxide as well as areas of highly enriched manganese
oxide were identified. Owing to its low content the aluminum
content could not always be determined, but areas of enriched
aluminum content were not found. This indicates a homoge-
neous distribution of the aluminum in the material. The
results from XRD measurements were confirmed by TEM/
EDX studies. The catalyst is an inhomogeneous mixture of
amorphous material and crystalline particles. Elemental
analysis has shown that the catalyst contains small amounts
of carbon (0.25 wt%), which results from the relatively low
calcination temperature of 300 8C. The heterogeneous struc-
ture of the catalyst and its low surface area indicate additional
potential for further optimization.

This study has shown that with the combinatorial methods
applied the development of heterogeneous catalysts can
be rapid and effective. In this study 439 catalyst samples
were prepared and tested. Within four generations a directed
evolution of heterogeneous catalysts was accomplished.
The best noble-metal-free catalyst Al1Mn6.7Co92.3 showed
under the chosen ideal laboratory conditions better
catalytic properties for the oxidation of CO at room temper-
ature than the reference catalyst Hopcalite. The further
development of the catalysts for practical applications
(moisture-resistant, long-time stability) is currently under
investigation.

Figure 2. a) Emissivity-corrected IR-thermographic image of a catalyst library during
oxidation of CO at 52.48C. b) Composition and relative catalytic activity of the mixed
oxides on the catalyst library.

Figure 3. Catalytic activity of selected catalysts for the oxidation of CO with
synthetic air at 25 8C in the conventional gas-phase flow reactor. MnOx and
CoOx=basic oxides for the combinatorial development, Mn6.7Co93.3=most
active catalyst of the second generation. Al1Mn6.7Co92.3=most active catalyst
of the third and fourth generation. XCO= conversion of CO at 25 8C after
60 min.
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Experimental Section
High-throughput syntheses of catalyst libraries: The automated
syntheses of catalysts were carried out with a commercial pipetting
robot (Zinsser Analytic, Lissy) on the basis of sol–gel recipes. The
precursors used were positioned as alcoholic solutions in 5-mL vials.
For the basic oxide 1m solutions of cobalt(ii) propionate in ethanol,
manganese(ii) propionate in methanol, and nickel(ii) propionate in
methanol were used. The oxides were doped with 0.1m solutions of 54
elements in the form of nitrates or alkoxides in 2-propanol. The
individual sols were prepared by pipetting in 2-mL vials, which were
positioned in a rack of 50 vials. The preparation of Al1Mn6.7Co92.3 for
example was carried out by pipetting the following volumes of single
solutions: cobalt(ii) propionate (184.6 mL, 184.6 mmol), manganese(ii)
propionate (13.4 mL, 13.4 mmol), aluminum tri(sec-butoxide) (20 mL,
2 mmol), 4-hydroxy-4-methylpentan-2-one (74.9 mL, 600 mmol), and
ethanol (365.1 mL, 6.26 mmol). After the pipetting process of an
entire rack was completed, this rack was placed on an orbital shaker
(Heidolph, Titramax 100) for 1 h and dried for five days at room
temperature. For calcination the samples were placed in an oven,
heated to 300 8C at a heating rate of 1Kmin�1, and kept there for 5 h.
The catalyst powders obtained were manually transferred into the
wells of the slate library plate.

High-throughput screening of catalyst libraries: For the parallel
detection of catalytic activity the catalyst libraries were investigated
with emissivity-corrected IR-thermography (camera: AIM, Aegais,
PtSi-FPA-Detector 256 J 256 pixels). The library was positioned in a
gas-tight gas-phase flow reactor under the IR-transparent sapphire
window (Figure 1b), which allowed the direct recording of temper-
ature changes with the IR-camera. Prior to a measurement, the
library emissivity was determined at six different temperatures in a
range of � 5 8C around the desired reaction temperature for temper-
ature correction of the different emissivities of the samples. Before
the start of the actual measurement an additional IR image of the
library was recorded and substracted as background from all
following IR images. As standard reaction conditions 50 8C and
1vol% CO in synthetic air at a flow rate of 50 mLmin�1 were used.
The temperature increase of each sample in the IR image was
integrated with MatLab-based software[11] and standardized by
relating it to the sample of highest temperature increase on the
plate. This provided relative catalytic activities of the active catalysts
on the plate.

Conventional catalyst syntheses: 4-Hydroxy-4-methylpentan-2-
one (1.872 mL, 15 mmol) and ethanol (9.129 mL, 156.5 mmol) were
placed in a 20-mL vial. Subsequently 0.335 mL of a 1m maganese(ii)
propionate solution in methanol, 4.165 mL of a 1m cobalt(ii)
propionate solution in ethanol, and 0.5 mL of a 0.1m aluminum(iii)
tri(sec-butoxide) solution in 2-propanol were added while stirring.
The reaction mixture was stirred for 3 h and then dried for five days at
room temperature before calcination at 300 8C for five hours (heating
rate 1Kmin�1).

Conventional testing of the catalysts: The conventional catalytic
studies were carried out in a gas-phase flow reactor with 200 mg of the
catalyst (100–200 mm). The standard reaction conditions were 25 8C
and 1vol% CO in synthetic air at a flow rate of 50 mLmin�1

(GHSV= 15000 h�1). Prior to the actual measurement the catalysts
were treated for 60 min in synthetic air followed by 30 min in nitrogen
at 200 8C. The concentration of CO, CO2, and O2 in the product gas
was continuously monitored with gas sensors (GfG-mbH, special
production). The sensors were calibrated to allow us to correct for
cross sensitivity of the CO-sensor for CO2. From time to time the
reliability of the gas-phase analysis was controlled by GC measure-
ments (Micro-GC model CP 4900, Varian, micro-channel mol sieve
5 K (10 m) column).
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Solid-State Chemistry

Li–Cu Exchange in Intercalated Cu3N—With a
Remark on Cu4N

Fakhili Gulo, Arndt Simon,* J�rgen K�hler, and
Reinhard K. Kremer

Cu3N crystallizes in the (anti-) ReO3-type structure,
[1, 2] an

open cubic framework of Cu6N octahedra that share their
apex atoms according to Cu6/2N. It has been demonstrated
that the large cuboctahedral void in the structure can be filled
by Pd to yield (anti-) perovskite-type PdCu3N

[3] (ABX3, in
which A, B, and X have coordination numbers of 12, 6, and 2,
respectively, see Figure 1) corresponding to a cubic close

packed (face centered cubic; fcc) metal atom sublattice with
part of the octahedral voids filled by N atoms. A recent report
on superconductivity of MgNi3C

[4] initiated our interest in
non-oxidic perovskites. Herein we report on the successful
chemical intercalation of Cu3N with lithium, which, however,
turned out to be a surprising reaction.

Treatment of freshly prepared dark green Cu3N with n-
butyllithium at 60 8C leads to black powder samples with the
nominal composition LixCu3N. The value x depends on the
amount of Li available and according to chemical analyses[5]

we obtained LixCu3N with 0� x� 1.0. To reach homogeneous
single-phase products, reaction conditions had to be opti-
mized. Short reaction times of less than one day yield
products, which clearly exhibit a gradient of the Li content
within single grains, as indicated by slightly diffuse XRD
patterns. Prolonged reaction times of three days result in
products contaminated by elemental Cu. Selected XRD
patterns of the intercalation products LixCu3N for x= 0,
0.42, and 0.85 are shown in Figure 2. The basic pattern of the

perovskite Cu3N is maintained, and only a slight line broad-
ening with increasing scattering angle is observed for
intermediate Li contents, which might be due to the above-
mentioned grain heterogeneity and/or a lowering of cubic
symmetry. The broadening is, however, small enough that all
patterns can be indexed in a primitive cubic lattice with cell
parameters increasing from a= 3.812(1) : (for x= 0) to a=
3.833(1) : for (x= 1.0). The increase of the unit cell volume
for LixCu3N is somewhat unusual when compared with other
intercalated systems of ReO3 type host lattices, for example,
Li0.35ReO3

[6,7] and Li0.35NbO2F.
[7] However, the obvious

decrease in intensity for all reflections based on a primitive
lattice—h, k, l, with mixed even and odd indices—with
increasing Li content in the series LixCu3N comes as a surprise
(Figure 2) as the contribution of the Li atoms to the scattering
intensity is approximately two orders of magnitude smaller
than that of the sum of all other atoms. Only an occupation of
the centers of the cuboctahedral voids (A sites) in the Cu3N
framework by Cu atoms can account for the observed
intensity changes. Clearly, the intercalation of Cu3N by Li
atoms is accompanied by a substitution of Cu+ by Li+ ions.
This assumption is confirmed by crystal-structure refinements
in Pm3̄m on the basis of the X-ray powder-diffraction data,
which show that the intercalation/reaction products can be
described as Li(2)x�yCu(2)y[Li(1)yCu(1)3�yN]

[8,9] in which x
corresponds to the amount of intercalated Li determined by
chemical analyses and y to the amount of Cu being replaced
by Li, as determined by structure refinement. The exchange
reaction at relatively low temperatures is understood in terms
of the well-known high mobility of Cu+ as a monovalent d10

ion in many other systems.
The coordination of the atoms in LixCu3N are the same as

those in the perovskite structure ABX3. The N atoms occupy
the octahedral B sites coordinated by Cu(1) and Li(1) atoms,
comparable to Cu3N.

[1,2] Li(1) and Cu(1) atoms occupy the X
site and are linearly coordinated by two N atoms at distances
ranging from 1.91 : to 1.92 :, which are only slightly shorter
than the Li�N distances in Li3N (Li�N= 1.94 :).[10] The
Cu(2) atom occupies the A site, that is, it is cuboctahedrally
coordinated by 12 nearest Cu(1) neighbors at distances
around 2.7 :, which are longer than in fcc Cu metal, 2.55 :,
but similar to the Pd�Cu distances, 2.73 :, in PdCu3N.[3] X-ray
powder diffraction data do not allow the location of the Li(2)
atoms within the cuboctahedral cavities, but according to size
Li(2) should not lie in the center.

Figure 1. Projection of the structure of a (anti-) perovskite ABX3. Light
circles correspond to B, black circles to X, and large grey circles to A
atoms. For Cu3N the A site is empty, for Cu4N or PdCu3N fully occu-
pied and for LixCu3N partially occupied by Cu.

Figure 2. Powder X-ray diffraction patterns (2 q/8 for CuKa1) for
a) Cu3N, b) Li0.42Cu3N, and c) Li0.85Cu3N.
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The chemical bonding in Li(2)x�yCu(2)y[Li(1)yCu(1)3�yN]
is of particular interest. Measurements of the magnetic
susceptibility are not yet conclusive.[11] However, based on
bond lengths and electronegativity values of the elements, the
assignment of the oxidation states �3 for N and + 1 for both
Li and Cu(1) appears reasonable. Electroneutrality then
demands that Cu(2) is Cu0. Based on the large electro-
negativity difference of Cu and Li atoms, Cu+ is reduced to
Cu0, which, instead of separating as metallic copper, is
captured in the optimally sized voids of the Cu3N-type
framework. The same oxidation states with Pd0 should hold
for PdCu3N. This description of bonding sheds light on the
remarkable reaction of Mn3N, which is isostructural to Cu3N,
with metals at higher temperatures leading to MMn3N
(examples include M=Ga, Ag, Cu).[12, 13] A similar (anti-)
perovskite, Cu4N=Cu[Cu3N], is even formed in the ther-
mally labile Cu/N system as a thin film by plasma deposi-
tion.[14] In a conventional view, such a film consists of fcc
copper with part of the octahedral voids filled by N atoms.
However, the distinctly different bonding of the two types of
Cu atoms—only one of them being coordinated to the
anions—rather relates Cu4N to the remarkable suboxides of
alkali metals or subnitrides of alkaline-earth metals, which are
composites of ionic and purely metallic substructures, for
example, in 3 Cs7O(=Cs10[Cs11O3])

[15] or in Na[Ba3N].
[16]

For a more detailed analysis of the chemical bonding in
LixCu3N phases, particularly with respect to the charge
distribution between Cu(1) and Cu(2), one can learn from
band structure calculations on Cu4N. According to calcula-
tions using the Wien code[17] Cu4N is metallic and Cu(1) and
Cu(2) both contribute to the relatively low density of states
(DOS) at the Fermi level. Extended HBckel calculations[18]

yield quite identical results and are therefore used as basis of
further analysis of the chemical bonding (Figure 3). The
Mulliken population analysis for Cu4N results in 10.77e� for

Cu(1), 11.07e� for Cu(2) and 5.83e� for N. As a comparison,
for Cu3N one obtains 10.73e� for Cu(1) and 5.81e� for N.
Hence the oxidation state + 1 can be assigned to Cu(1) in
Cu4N, as in Cu3N, and the former has to be described as
Cu0[Cu+3N

3�] with an “extra” electron localized on Cu(2) as a
first approximation. However, COOP curves show, as
expected, significant overlap between Cu(1) and Cu(2) and
Cu(1) and Cu(1) states, whereas the large distance of 3.81 :
between Cu(2) atoms means that the overlap between them is
negligibly small, (Figure 3). At the Fermi level the Cu(1)�
Cu(2) bonding interactions clearly dominate. A similar
bonding situation for the Cu�N framework can be expected
for the LixCu3N phases.

Experimental Section
The starting material used in this work, Cu3N, was prepared by
following a reported method.[1] All glassware used in this manipu-
lation was flame-dried under vacuum. Operations were carried out
under argon atmosphere by using standard techniques for handling
air-sensitive compounds. Lithium intercalation was performed by
treating Cu3N (300mg) with n-butyl lithium (4 mL, 15% commercial
solution in n-hexane, MERCK). For the preparation of samples
LixCu3N with x< 1 stoichiometric amounts of n-butyl lithium were
diluted with hexane to yield 4 mL of liquid. The reaction was
performed at 60 8C in one to three days. The resulting microcrystalline
solids were separated from solution, washed three times each with n-
hexane, dried at room temperature under vacuum for 24 h and kept
under air-free conditions during X-ray powder diffraction investiga-
tions, elemental analyses, and magnetic measurements.

Received: November 28, 2003 [Z53424]

.Keywords: band structure · copper · intercalations · lithium ·
nitrides

[1] R. Juza, H. Hahn, Z. Anorg. Allg. Chem. 1939, 241, 172.
[2] U. Zachwiecha, H. Jacobs, J. Less-Common Met. 1990, 161, 175.
[3] U. Zachwiecha, H. Jacobs, J. Less-Common Met. 1991, 170, 185.
[4] T. He, Q. Huang, A. P. Ramirez, Y. Wang, K. A. Regan, N.

Rogado, M. A. Hayward, M. K. Haas, J. S. Slusky, K. Inumara,
H. W. Zandbergen, N. P. Ong, R. J. Cava, Nature 2001, 411, 54.

[5] O. Buresch, H. G. v. Schnering, Fresenius, Fresenius Z. Anal.
Chem. 1984, 319, 418.

[6] R. J. Cava, A. Santoro, D. W. Murphy, S. Zahurak, R. S. Roth, J.
Solid State Chem. 1982, 42, 251.

[7] D. W. Murphy, M. Greenblatt, R. J. Cava, S. M. Zahurak, Solid
State Ionics 1981, 5, 327.

[8] The structures of Lix�yCuy[LiyCu3�yN] have been refined by
using X-ray powder diffraction data (CSD program[9]) in the
space group Pm3̄m. The Cu and N atoms are on special
positions: N 1a, Cu(1) 3c and Cu(2) 1b. All displacement factors
have been fixed to 1.0 during the refinements, and as the
scattering power of Li is negligible it was not included. The
assumption of a full occupancy of the N position seemed
reasonable, and therefore it was sufficient to refine the
occupancy factors for the two Cu atoms, Cu(1)occ. and Cu(2)occ.
Owing to technical reasons, this refinement was performed
alternately. Data for the Lix�yCu(2)y[LiyCu(1)3�yN] samples I-
VIII (a [:], x, R(int), R(pro), Cu(1)occ. , Cu(2)occ.(y): I (3.812(1),
0, 3.20%, 5.81%, 1.0, 0.0); II (3.815(1), 0.10, 3.88%, 6.18%,
0.93(1), 0.02(1)); III (3.816(1), 0.13, 3.79%, 6.29%, 0.95(1),
0.03(1)); IV (3.817(1), 0.42, 1.60%, 11.73%, 0.95(1), 0.15(1)); V

Figure 3. Density of states (DOS) and crystal orbital-overlap popula-
tion (COOP) for Cu4N (Fermi level indicated by dotted line). In the
COOP curves + corresponds to bonding and � to antibonding inter-
actions.

Angewandte
Chemie

2033Angew. Chem. Int. Ed. 2004, 43, 2032 –2034 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


(3.822(1), 0.52, 1.83%, 9.87%, 0.94(1), 0.18(1)); VI (3.827(1),
0.64, 2.63%, 10.81%, 0.91(1), 0.27(1)); VII (3.831(1), 0.85,
3.97%, 8.03%, 0.87(1), 0.33(1)); VIII (3.833(1), 1.03, 5.46%,
9.11%, 0.87(1), 0.33(1)).

[9] L. G. Akselrud, P. Y. Zavalii, Y. N. Grin, V. K. Pecharsky, B.
Baumgartner, E. WOlfel,Mater. Sci. Forum 1993, 133, 335. CSD,
a universal program for single crystal and/or powder structure
data treatment.

[10] H. J. Beister, S. Haag, R. Kniep, K. Stroessner, K. Syassen,
Angew. Chem. 1988, 100, 1116; Angew. Chem. Int. Ed. 1988, 27,
1101.

[11] The magnetic susceptibilities of the LixCu3N samples were
measured by using a SQUID V.T.S.-Susceptometer at different
external magnetic fields as a function of temperature. There is a
discrepancy about the magnetic behavior of Cu3N, which has
been characterized both as paramagnetic[1] and diamagnetic[2] .
We find a Curie–Weiss type susceptibility corresponding to 5%
free s= 1/2 moment (C= 0.018 cm3Kmol�1). Upon lithiation the
paramagnetism increases significantly. Detailed investigations
are in progress.

[12] E. F. Bertaut, D. Fruchart, J. P. Bouchaud, R. Fruchart, Solid
State Commun. 1968, 6, 251.

[13] P. L'Heritier, D. Fruchart, R. Madar, R. Fruchart, Mater. Res.
Bull. 1979, 14, 1089.

[14] J. Blucher, K. Bang, B. Giessen, Mater. Sci. Eng. 1989, A117,
L1L3.

[15] A. Simon, Struct. Bonding 1979, 36, 81.
[16] P. E. Rauch, A. Simon, Angew. Chem. 1992, 104, 1505; Angew.

Chem. Int. Ed. 1992, 31, 1519.
[17] a) P. Blaha, K. Schwarz, J. Luitz, WIEN97, Vienna University of

Technology, Vienna, 1997. Improved and updated UNIX version
of the original copyrighted WIEN code, which was published by
P. Blaha, K. Schwarz, P. Sorantin, S. B. Trickey, Comput. Phys.
Commun. 1990, 59, 399; b) J. P. Perdew, S. Burke, M. Ernzerhof,
Phys. Rev. Lett. 1996, 77, 3865.

[18] a) R. Hoffmann, J. Chem. Phys. 1963, 39, 1397; b) J. Ren, W.
Liang, M. H. Wangbo, 1998 Crystal and Electronic Structure
Analysis by using CEASAR, PrimeColor Software Inc., http://
www.primec.com.

Communications

2034 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 2032 –2034

http://www.angewandte.org


Cover Picture

Anastasios J. Tasiopoulos, Alina Vinslava, Wolfgang Wernsdorfer,
Khalil A. Abboud, and George Christou*

The giant single-molecule {Mn84} (diameter ca. 4.3 nm), bridges the
molecular (bottom-up) and classical (top-down) approaches to nanoscale magnetic
materials. The cover shows the {Mn84} toroidal molecule as a bridge between the
quantum ({Mn4} and {Mn12} clusters) and classical (a Co nanoparticle) worlds of
magnetism. The photo is of the Manolis% bridge built in 1659 across the Agrafiotis
river in Greece. For further details see the Communication by G. Christou and co-
workers on page 2117 ff.



Science seeks and needs publicity: If it
does not make itself available to open
and public discussion then science is
dead; science dies when the open dis-
cussion of it and its results is hindered,
or worse, prevented. The most impor-

tant element in initiating this
discussion is the scientific
publication. Regardless of
the reason why scientists
write a manuscript—the mo-
tives are as varied as the
authors themselves and
range from the unbridled
joy of making a discovery or
finding the solution to a dif-

ficult (possibly even regarded as intract-
able) problem, to the duty and respon-
sibility of demonstrating that external
funds have been correctly utilized—the
universal hope in publishing is the desire
for resonance and the hope that with it a
scientific discussion will begin.

An important if largely formal res-
onance is the citation of the publication
in another publication; the more often
the publication is cited, the happier the

author. Citation frequency certainly
does not say everything about the qual-
ity of the publication, but it is without
doubt an indication of the extent of the
authors( inclusion in scientific discus-
sion. The former Executive Director of
the German Chemical Society (Gesell-
schaft Deutscher Chemiker (GDCh)),
Heindirk tom Dieck, recently conceived
a unique resonance experiment, which,
more than anything else, put the learned
reader and the new generation of scien-
tists in the foreground. The result was
recently published in a special issue of
Angewandte Chemie, which was the
result of a combined ef-
fort of the Editors, the
Publishers, and the
GDCh. The experiment
functioned like this:

Angewandte Chemie,
the flagship of the GDCh journals,
published 51 Review articles, from all
areas of chemistry, last year (see the
Review index in issue 48/2003, pp. 6141–
6143). In November 2003, all the faculty
members of four randomly chosen Ger-

man chemistry departments (The
Free University of Berlin and the
Universities of Gießen, Hannover,
and Oldenburg), as well as 40 ran-
domly chosen German-speaking au-
thors of articles pub-
lished in the 2003 is-
sues—a total of 160
people—were asked
to select the five Re-
view articles, pub-
lished in 2003 that they thought were
the most suitable to give an up-and-
coming chemist a competent and
comprehensive overview of a cur-
rent and important topic in chemis-
try. The jurors were given until the
end of January 2004 to make their
evaluation and were encouraged to
involve their undergraduate and
postgraduate students in the process.
The resonance of the jurors was very
positive—“great idea”, “a very use-
ful exercise” were typical reac-
tions—even though the choice was
often not easy, (“selection difficult, I
had another four”, “difficult deci-

sion for a biotechnologist or solid-state
chemist”, etc.). The numerous nomina-
tions were quickly evaluated and the
10 most often selected Reviews (see
Table 1) were collected in a special issue
of Angewandte Chemie, which presents
an attractive and broad spectrum of
current research topics. The Nobel Prize
Reviews were, naturally, excluded from
the competition, as, by definition, they
are something special (the German
translation of these is exclusive to An-
gewandte Chemie). A “Best of 2003
Special Issue” would, however, be in-
complete without these articles, so they
were included “without competition” as
it were, at the end of the issue.

The special issue was a printed
“Festival of Chemistry”. The jurors were
the first to profit from the new reso-

nance experiment.
Many noted in their
comments accompany-
ing the nominations
how useful it was to
reexamine, more closely,

many of the articles and also how
profitable it was to look at other areas
of chemistry. Angewandte Chemie and
the GDCh were also winners: once
again it was demonstrated that Reviews
in Angewandte Chemie are top-level
sources for chemical education and of
information. The winners are also every-
one whose profession is chemistry, be-
cause it is hoped that the special issue
will also increase public interest, and

with this aim in mind it
was sent to many scien-
tific journalists.

Is all this too posi-
tive? The whole exer-
cise could also be re-

garded with a certain critical irony as
yet another “casting” show, this time in
chemistry. It is important to realize that
behind all ranking and listing exercises,
and the diverse “what-you-should-
know” books, there is a natural and
understandable desire: to look for ori-
entation in a world flooded with infor-
mation, in which, without selection,
there is the risk of drowning. To satisfy
this wish for orientation was the reason
behind this exercise and the orientation
is provided through the jurors( assess-
ment of the publications in one of the
most important chemistry journals in
the world.

Discovering Classics
or Writing, Reading, and Resonance

Figure 1. The full
spectrum of chemistry.. .

… a very different
resonance experiment …

… a “Festival of
Chemistry” …

H. Hopf

Editorial
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It is therefore not surprising that of
the 15 most recommended articles three
have titles that suggest the historical
dimensions of chemistry, but come from
completely different areas: the article by
J. Evers, R. Staudigl et al. on the way to
the gigabyte era, A. FDrstner(s Review
of 2500 years of natural products, and
L. L. BFhm(s article on 50 years of poly-
ethylene. Biochemistry is represented
with a Review by B. K.
Hubbard and C. T. Walsh
on vancomycin, one of
the most important life-
saving antibiotics, which
is only used once “every-
thing else has been
tried”. The interface between biochem-
istry and organic chemistry is occupied
by the number 1 Review by E. A. Mey-
er, R. K. Castellano, and F. Diederich.
Inorganic and organic chemistry are
represented by typically interdisciplina-
ry articles: R. R. Schrock and A. Ho-
veyda describe the use of molybdenum
and tungsten complexes in organic syn-
thesis; C. Coperet, J. M. Basset et al.
offer insight into homo- and hetero-
geneous catalysis; C. Limberg tackles
metal-mediated radical oxidation. Syn-
thetic organic chemistry is at the heart of
the articles by R. W. Hoffmann and
by S. J. Connon and S. Blechert; this

should not come as a surprise, as
organic synthesis was recently rec-
ognized as a key science in both
chemical biology and nanotechnol-
ogy. Physical methods were also
featured in the Top Ten in the
article by P. Chen who described
their use in modern catalyst re-
search. Incidentally, physical ana-
lytical methods were also the

themes of the three
Nobel Prize Re-
views, one of which
was on (nuclear
magnetic) reso-
nance!—On its de-
but at the German

Congress of Chemistry Lecturers in
Dortmund, March 7–10, 2004, the
special issue was effortlessly “cast”
in the role of “superstar”. The
exercise has already provided a
great deal of resonance and sug-
gests that an international version
of the experiment could be a worth-
while venture for the future.

Henning Hopf
President of the Gesellschaft Deutscher
Chemiker (GDCh)

Figure 2. . . . based on
the “10 best Reviews”
published in 2003

Table 1: The “Best Reviews of 2003”. The top 10 are listed as are the next five, which were very close behind. The correspondence author is indicated
with a star.

Position Author Title

1 E. A. Meyer, R. K. Castellano*,
F. Diederich*

Interactions with Aromatic Rings in Chemical and Biological Recognition

2 R. R. Schrock*, A. H. Hoveyda* Molybdenum and Tungsten Imido Alkylidene Complexes as Efficient Olefin-Metathesis Catalysts

3 B. K. Hubbard*, C. T. Walsh* Vancomycin Assembly: Nature’s Way

4 J. Evers*, P. Kl8fers,
R. Staudigl*, P. Stallhofer

Czochralski’s Creative Mistake: A Milestone on the Way to the Gigabit Era

5 C. Cop<ret*, M. Chabanas,
R. P. Saint-Arroman, J.-M. Basset*

Homogeneous and Heterogeneous Catalysis: Bridging the Gap through Surface Organometallic
Chemistry

6 S. J. Connon, S. Blechert* Recent Developments in Olefin Cross-Metathesis

7 P. Chen* Electrospray Ionization Tandem Mass Spectrometry in High-Throughput Screening of Homoge-
neous Catalysts

8 A. F8rstner* Chemistry and Biology of Roseophilin and the Prodigiosin Alkaloids: A Survey of the Last 2500 Years

9 R. W. Hoffmann* meso Compounds: Stepchildren or Favored Children of Stereoselective Synthesis?

10 C. Limberg* The Role of Radicals in Metal-Assisted Oxygenation Reactions

E. BDuerlein* Biomineralization of Unicellular Organisms: An Unusual Membrane Biochemistry for the
Production of Inorganic Nano- and Microstructures

B. Meyer*, T. Peters* NMR Spectroscopy Techniques for Screening and Identifying Ligand Binding to Protein Receptors
O. D. SchDrer* Chemistry and Biology of DNA Repair
L. F. Tietze*, H. P. Bell,
S. Chandrasekhar

Natural Product Hybrids as New Leads for Drug Discovery

L. L. BGhm* The Ethylene Polymerization with Ziegler Catalysts: Fifty Years after the Discovery

… the Angewandte
Top Ten …

Angewandte
Chemie
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News
Materials Science:
Award to M. A. Ratner 2058

Organic Chemistry:
Award to J. Du Bois 2058

Chemical Biology:
Award to D. R. Liu 2058

Books
Atkins’ Molecules 2059 Peter Atkins reviewed by R. Faust

Microarray Analysis 2059 Mark Schena reviewed by U. Wollenberger

Highlights

Asymmetric Catalysis

P. M. Pihko* 2062 – 2064

Activation of Carbonyl Compounds by
Double Hydrogen Bonding: An Emerging
Tool in Asymmetric Catalysis

Reviews

Weakly Coordinating Anions

I. Krossing,* I. Raabe 2066 – 2090

Noncoordinating Anions—Fact or
Fiction? A Survey of Likely Candidates
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A. D. Corbett, J. D. Cheeseman, R. J. Kazlauskas,* J. L. Gleason*:
Pseudodynamic Combinatorial Libraries: A New Receptor-
Assisted Approach for Drug Discovery
DOI: 10.1002/anie.200453769
Published online: March 31, 2004

J. Park, B. Koo, Y. Hwang, C. Bae, K. An, J.-G. Park, H. M. Park,
T. Hyeon*:
Novel Synthesis of Magnetic Fe2P Nanorods from Thermal
Decomposition of Continuously Delivered Precursors using a
Syringe Pump
DOI: 10.1002/anie.200353562
Published online: April 1, 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
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Author(s), Angew. Chem. Int. Ed., online publication date, DOI.

An exceptionally useful tool in the devel-
opment of novel chiral catalysts for car-
bonyl chemistry is the activation of car-
bonyl groups by double hydrogen bonding
(see scheme). A diverse set of reactions

such as the asymmetric Diels–Alder,
hetero-Diels–Alder, aldol, and Morita–
Baylis–Hillman reactions can be acceler-
ated by such double-hydrogen-bonding
catalysts.

Weak but not meek : Weakly coordinating
anions (WCAs) are capable of the stabili-
zation of sensitive cations in condensed
phases (see structure of [Ag(h2-
C2H4)3]+[Al{OC(CF3)3}4]�). In this Review
the latest developments with respect to
fundemental and applied chemistry are
summarized and the criteria for choosing
the most suitable WCA for a particular
system are explored.
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F. Besenbacher* 2092 – 2095

One-Dimensional Assembly and Selective
Orientation of Lander Molecules on an
O–Cu Template

Direct Imaging of Proton Disorder

C. C. Wilson,* A. E. Goeta 2095 – 2099

Towards Designing Proton-Transfer Sys-
tems—Direct Imaging of Proton Disorder
in a Hydrogen-Bonded Carboxylic Acid
Dimer by Variable-Temperature X-ray
Diffraction

Asymmetric Amplification

F. G. Buono, H. Iwamura,
D. G. Blackmond* 2099 – 2103

Physical and Chemical Rationalization for
Asymmetric Amplification in Autocatalytic
Reactions
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Assembling and aligning molecules on
surfaces: By creating a suitable O–Cu
nanotemplate on a Cu(110) surface,
“Lander” molecules were successfully
assembled into long, well-ordered one-
dimensional chains (see picture). By
controlling the ratio between the length of
the molecules and the width of bare Cu
stripes, the molecules can be forced to
align along the specific direction of the Cu
stripes.

Mapping proton transfer : Disorder and
proton transfer are important aspects in
many hydrogen bonds. These phenomena
can affect physical properties and the
design of intermolecular interactions for
crystal engineering. Variable-temperature
X-ray diffraction (see Fourier map) is
shown to be a highly appropriate tool for
identifying and imaging the disorder, and
for following its evolution as the external
conditions change.

Selective precipitation of the product
alkoxide 2’ is observed at higher conver-
sions of substrate in the asymmetric
autocatalytic alkylation of pyrimidyl
aldehyde 1. Enrichment or depletion of
the enantiomeric excess in solution can

result, depending on the solvent
employed in the reaction. Asymmetric
amplification may be effected by a syner-
gistic combination of chemical and phys-
ical processes, leading to a homochiral
reaction environment.
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Redox Enzymes by SWCNT Connectors
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Polymer electrolytes (salts dissolved in
solid polymers) often contain multivalent
cations. The first crystal structure of such
a compound, (poly(ethylene oxide))4:
ZnCl2, is solved by single-crystal and
powder diffraction (see picture: zinc pale
gray; chlorine pale green; carbon green;
oxygen red).

Chemical communication (“quorum
sensing”) amongst bacteria has been
studied by the synthesis and study of
enantiopure (R)-4,5-dihydroxy-2,3-penta-
nedione (DPD, see scheme). Bioactivity
assays with DPD have shown that chela-
tion of boron by the cyclic form of DPD
appears to be essential for full induction
of bioluminescence, which is an example
of quorum-sensing-controlled behavior.

Inhibition of crucial protein–protein
interactions, for example, between the p53
tumor suppressor (red in structure) and
HDM2, a protein overexpressed in tumor
cells, is possible with peptidomimetics
having a b-hairpin structure (yellow)
mimicking the a-helical protein epitope.
These mimetics might be of direct value in
the search for novel agents with tumor-
suppressor activity.

The reconstitution of glucose oxidase on a
flavin-adenine-dinucleotide (FAD)-func-
tionalized single-walled carbon nanotube
(SWCNT) associated with an Au electrode
yields an electrically contacted biocatalyst
(see picture). The efficiency of the elec-
trical contact is controlled by the length of
the SWCNT.
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A meeting of two magnetic worlds : The
giant (ca. 4.2 nm) {Mn84} cluster, shown,
has a torus structure and is a single-
molecule magnet (SMM). It represents a
meeting of the molecular (bottom-up)
and classical (top-down) approaches to
nanoscale magnetic materials, and it
crystallizes as nanotubular stacks.

Action stations : Treatment of rotaxanes
containing a 2,2’-bipyridine moiety
between two bipyridinium stations with
CuI ions gives rise to a new type of
shuttling process. The switch between

static and dynamic states is achieved
through complexation of the CuI center to
the 2,2’-bipyridine unit followed by
decomplexation (see picture).

Gold is isolobal to hydrogen. Despite the
fact that Au and Si do not form stable
alloys, Si and Au form stable covalently
bounded clusters, as evidenced from
anion photoelectron spectroscopy and
ab initio calculations. In a series of [SiAun]
clusters (n=2–4) that are similar to SiHn

(n=2–4) in structure, chemical bonding,
and stability, Au atoms are shown to be
isolobal to hydrogen atoms (see picture).

Supported gold nanoparticles exhibit high
catalytic activity not only at low temper-
atures, but also under the presence of
moisture. The effect of moisture on CO
oxidation over Au/TiO2, Au/Al2O3, and
Au/SiO2 was studied at 273 K. It was
found that the catalytic activities are
enhanced by moisture by up to two orders
of magnitude, and that the moisture effect
depends on the type of oxide support (see
picture, TOF= turnover frequency).
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It’s platonic : The Pt centered [Pb12]2�

icosahedron (depicted) was prepared
from the [Pb9]4� Zintl ion and [Pt(PPh3)4]
in good yield. The anion has virtual Ih
point symmetry and is a rare example of a
free-standing carbon-free aromatic inor-
ganic cluster.

Solvent effects control the regioselectivity
with which tert-butyllithium deprotonates
2-ethyl-N,N-diisopropyl-1-benzamide.
From THF an ortho-lithiated dimer is
isolated but from N,N,N’,N’’,N’’pentame-
thyldiethylenetriamine (pmdeta) a later-
ally lithiated monomer is obtained (see
scheme). Density functional theory (DFT)
calculations point to the importance of
Lewis base solvation and aggregation
state in determining the chemoselectivity.

Hairy polymers from MWNTS : Surface-
initiated polymerization (SIP) of methyl
methacrylate (MMA) and styrene (S) has
been performed from the surfaces of
multiwalled carbon nanotubes (MWNTs)
by using a covalently attached atom-
transfer radical initiator. The initiator is

grafted to the surface of the MWNTs
through carboxy groups. Hairy homo,
block, and copolymers consisting of PS
and PMMA brushes can then be grown
from the surface of the MWNTs (see
scheme).

The reactions of [LAlCl2] (L=HC[C(Me)-
N(Ar)]2, Ar=2,6-iPr2C6H3) with NH3 or
H2O in the presence of a 1,3-di-tert-
butylimidazol-2-ylidene as acceptor for the
HCl lead to unique species of composi-
tion [LAl(NH2)2] (depicted) or [LAl(OH)2],
respectively. The by-product 1,3-di-tert-
butylimidazolium chloride can be recov-
ered by filtration and recycled to the
corresponding carbene.
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Highly efficient coupling is observed with
thioglycosides, which act both as glycosyl
donors and acceptors. The iteration of the
glycoside-coupling reaction under the

same conditions allows the rapid assem-
bly of a library of linear oligoglucosamines
(see scheme; Phth=phthaloyl).

Eight diastereomeric probes (1) were
generated to synthesize the novel, anti-
proliferative marine natural product
spongidepsin (2) and to determine its

absolute stereochemistry. A key step was
the formation of the macrocycle by ring-
closing metathesis.

Two-faced : a-Oxyaldehydes can act as
both an aldol donor and an aldol acceptor
and can be coupled enantioselectively by
using proline as the reaction catalyst. This
new aldol reaction provides an opera-

tionally simple protocol for the stereo-
controlled production of erythrose (see
scheme) architecture and sets the stage
for a two-step enantioselective synthesis
of carbohydrates.

Out of the blue : (CdS)ZnS nanocrystals
suitable for display applications have been
prepared and exhibit a narrow, blue lumi-
nescence from 460 to 480 nm (FWHM
�28 nm; see picture), with quantum
efficiencies of 20–30%. It is possible to
demonstrate blue electroluminescence
from these core–shell nanocrystals by
embedding them in an organic thin-film
device.
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An attractive method : The magnetic
removal of unwanted compounds coupled
with the amplified detection of protein
interactions has been crucial in the
development of an ultrasensitive (fm)
method for determining protein codes.

This method takes advantage of the
potential for polymeric beads carrying
numerous DNA tags to be amplified and
the different electrical responses of the
oligonucleotides (see scheme).

Cell-free enzymatic oxidations : Styrene
monooxygenase (StyA) was used as a
reagent for the gram-scale preparation of
enantiopure epoxides. The catalyst is
highly stable in a biphasic system and
results in conversions of more than 88%.
R1=H,Cl; R2=R3=H,CH3.

Better rubber : The initiator system
[Zn(C6F5)2]/tBuCl for isobutene/isoprene
copolymerizations (see scheme) gave

products with high molecular weights,
significantly increased isoprene incorpo-
ration, and minimal cross-linking.

As4 as “chemical taxi”: The participation
of GaAs5 and InAs5 in the chemical
transport of GaAs and InAs was examined
by quantum-chemical methods (see pic-
ture). The transport was carried out in
quartz ampoules in an oven, and the
experimental results were found to corre-

late well with the quantum-chemical cal-
culations.
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M. A. Ratner Receives Irving
Langmuir Award

“Molecular Rectifiers” is the title of one
of the first articles on molecular elec-
tronics. It was published in 1974 and
written by Mark A. Ratner.[1a] Ratner,

chemistry professor at
Northwestern University
in Evanston (USA), has
now been awarded the
Irving Langmuir Award
in Chemical Physics by
the American Chemical
Society (ACS) in recogni-
tion of this and other fun-
damental results.
Ratner studied chem-

istry at Harvard Univer-
sity (USA) and com-
pleted his PhD in 1969

at Northwestern University. During his
career he has also spent time in
Aarhus (Denmark), M2nchen (Ger-
many), and New York (USA). His sig-
nificant and diverse contributions to
chemistry include the mean-field model-
ing of coupled quantum systems, the
dynamic bond percolation theory of
polymer electrolytes, advances in the
theory of intramolecular electron-trans-
fer processes, and the development of
computational methods in chemical
quantum dynamics. Further areas of
activity of his research group include
nonlinear optics,[1b] photonics in nano-
scale systems, and the energetics of
DNA–protein binding. Recently he co-
authored the Communication “Bioac-
tive Protein Nanoarrays on Nickel
Oxide Surfaces Formed by Dip-Pen
Nanolithography” published in Ange-
wandte Chemie.[1c]

J. Du Bois Receives Arthur C. Cope
Young Scholar Award

Justin Du Bois of Stanford University
(USA) has been recognized for his suc-
cess in the development of new methods

in organic syn-
thesis and natu-
ral products syn-
thesis with an
Arthur C. Cope
Young Scholar
Award from the
ACS. Du Bois
studied chemis-
try in Berkeley
(USA) and com-
pleted his PhD
in 1997 on the
total synthesis of

zaragozic acid[2a] and on manganese
complexes[2b] at the California Institute
of Technology in Pasadena (USA)
under the guidance of E. M. Carreira.
He then spent two years as a postdoc-
toral fellow in the research group of
S. J. Lippard at the Massachusetts Insti-
tute of Technology (USA), before
moving to Stanford University as an
assistant professor. His research is
focused on the design and synthesis of
new transition-metal reagents and cata-
lysts and their use in natural product
synthesis, molecular recognition, and
biological chemistry. In his most recent
Communication in Angewandte
Chemie he describes “A Rh-Catalyzed
C�H Insertion Reaction for the Oxida-
tive Conversion of Carbamates to Oxa-
zolidinones”.[2c] This method makes
1,2- and 1,3-difunctionalized amines
accessible from simple alcohols, so
that, for example, the Trost synthesis of
callipeltoside can be shortened from 14
to 6 steps.

D. R. Liu Receives Arthur C. Cope
Young Scholar Award

During his undergraduate studies in
chemistry at Harvard University,
David R. Liu worked in the research
group of the Nobel Prize winner E. J.
Corey. In 1994 he graduated as the top
student of his year at Harvard Univer-
sity, a rare accomplishment for a science
student. He completed his PhD in 1999
on the site-specific incorporation of
non-natural amino acids in proteins, in

the research group of P. G. Schultz at
the University of California, Berkeley.
As a PhD student he co-authored a
Review on “Gener-
ating New Molecu-
lar Function: A
Lesson from
Nature”.[3a] After
completing his
PhD he returned
to Harvard Univer-
sity as an assistant
professor, and was
named associate
professor there
last year. Liu is
interested in the
chemistry and chemical biology of
molecular evolution. One focus of his
research is the use of DNA as a template
for organic synthesis, on which he
reported recently in Angewandte Chem-
ie ;[3b, c] a Review on this topic has been
accepted for publication. His Review
on the enzymatic formation of polycy-
clic triterpenes was the cover-picture
article of issue 16/2000.[3d] Liu has now
been awarded an Arthur C. Cope
Young Scholar Award for his important
contributions to the field of organic
chemistry/chemical biology.

[1] a) A. Aviram, M. A. Ratner, Chem. Phys.
Lett. 1974, 29, 277; b) T. J. Marks, M. A.
Ratner, Angew. Chem. 1995, 107, 167;
Angew. Chem. Int. Ed. Engl. 1995, 34,
155; c) J.-M. Nam, S. W. Han, K.-B. Lee,
X. Liu, M. A. Ratner, C. A. Mirkin,
Angew. Chem. 2004, 116, 1266; Angew.
Chem. Int. Ed. 2004, 43, 1246.

[2] a) U. Koert, Angew. Chem. 1995, 106,
849; Angew. Chem. Int. Ed. Engl. 1995,
34, 773; b) J. Du Bois, C. S. Tomooka, J.
Hong, E. M. Carreira, M. W. Day,
Angew. Chem. 1997, 109, 1722; Angew.
Chem. Int. Ed. Engl. 1997, 36, 1645;
c) C. G. Espino, J. Du Bois, Angew.
Chem. 2001, 113, 618; Angew. Chem.
Int. Ed. 2001, 40, 598.

[3] a) D. R. Liu, P. G. Schultz, Angew. Chem.
1999, 111, 36; Angew. Chem. Int. Ed.
1999, 38, 36; b) Z. J. Gartner, R. Grubina,
C. T. Calderone, D. R. Liu,Angew. Chem.
2003, 115, 1408; Angew. Chem. Int. Ed.
2003, 42, 1370; c) C. T. Calderone, J. W.
Puckett, Z. J. Gartner, D. R. Liu,
Angew. Chem. 2002, 114, 4278; Angew.
Chem. Int. Ed. 2002, 41, 4104; d) K. U.
Wendt, G. E. Schulz, E. J. Corey, D. R.
Liu, Angew. Chem. 2000, 112, 2930;
Angew. Chem. Int. Ed. 2000, 39, 2812.
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Asymmetric Catalysis

Activation of Carbonyl Compounds by Double
Hydrogen Bonding:
An Emerging Tool in Asymmetric Catalysis
Petri M. Pihko*

Keywords:
aldol reaction · asymmetric catalysis · cycloaddition ·
hydrogen bonds · organocatalysis

A central tenet of modern carbonyl
chemistry is the selective activation of
carbonyl groups by protic or Lewis
acids. The lone pairs of the carbonyl
oxygen atom can be considered as hard
Lewis base sites. Coordination of these
lone pairs to Lewis acids lowers the
electron density at the oxygen atom and
lowers the energy of the lowest unoccu-
pied molecular orbital, the C=O p*
orbital, activating the group towards
nucleophilic attack. Hard, small Lewis
acids are especially effective in carbonyl
activation. The proton, being the small-
est possible Lewis acid, is one of the
best.[1] Thus it is not surprising that a
plethora of carbonyl chemistry can be
performed simply by adding a catalytic
quantity of a strong protic acid to the
mixture of carbonyl compound and a
nucleophile. Formation of hemiacetals
and acetals from carbonyl compounds
and alcohols serves as the prime exam-
ple.
Unfortunately, many interesting re-

actions, including reactions in which
C�C bonds are formed, suffer badly in
the presence of protic acids. The requi-
site nucleophiles (enolates, enamines,
cyanides, etc.) are rapidly quenched or
destroyed under acidic conditions. Fur-
thermore, protic acids usually induce
many unwanted side reactions such as
elimination, epimerization, and poly-

merization reactions. For these reasons,
carbonyl activation by hard Lewis acids
has become the mainstream approach
towards selective carbon–carbon bond
formation in, for example, aldol, Diels–
Alder, and hetero-Diels–Alder (HDA)
reactions.[2]

Strong protic acids are not required
as catalysts if the reaction proceeds
under general acid catalysis (GAC), that
is, the proton transfer occurs only in the
transition state or the catalyst stabilizes
the transition state by hydrogen bond-
ing. Carbonyl addition reactions are
typically accompanied by a substantial
change in the pKa value of the carbonyl
oxygen atom. This allows even general
acids to stabilize the transition state and
to act as catalysts.[3] It is therefore not
surprising that a wide variety of enzymes
engaged in carbonyl chemistry employ
GAC tactics.[4]

Synthetic catalysts for carbonyl
chemistry using GAC have been slow
to emerge. In seminal studies in the
1980s, Hine and co-workers demonstrat-
ed that 1,8-biphenylene diols such as 1a
(Scheme 1) can be used to activate
epoxides towards nucleophilic attack.[5]

In 1990, Kelly et al.[6] extended this
concept to the carbonyl domain and
devised a number of novel biphenylene
diol catalysts (e.g. 2) for the Diels–Alder
reaction.
The discovery by Etter and co-work-

ers[7] that diaryl ureas such as 3a bearing
electron-withdrawing substituents read-
ily form cocrystals with a variety of
proton acceptors, including carbonyl
compounds, inspired the development
of urea catalysts. Of these studies, the
pioneering work on sulfoxide allyla-

tions[8a] and Claisen rearrangements[8b]

by Curran and Kuo with diaryl urea
catalysts deserves special mention. In
the domain of carbonyl chemistry,
Schreiner and co-workers[9] later devel-
oped a remarkable array of thiourea
catalysts such as 3b for the Diels–Alder
reaction. The most remarkable advances
in the domain of urea and thiourea
catalysts were made by the Jacobsen
group.[10] They identified and optimized

Scheme 1. Carbonyl activation by organic cata-
lysts capable of double-hydrogen-bonding acti-
vation.
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a series of urea- or thiourea-containing
Schiff base catalysts (e.g. 4) for asym-
metric Strecker and Mannich reactions.
Although not yet applied to asymmetric
carbonyl chemistry, these catalysts rep-
resent the most enantioselective double-
hydrogen-bonding catalysts discovered
so far.
Altogether, these pioneering studies

demonstrated that carbonyl activation
by double hydrogen bonding is a viable
strategy for catalysis (Scheme 2) and
paved the way for asymmetric carbonyl
reactions using the same principles. The
first hydrogen-bond-mediated enantio-
selective Diels–Alder reaction was re-
ported in 2000 by G=bel and co-work-
ers.[11] They used axially chiral amidini-
um host molecules to induce enantiose-
lective Diels–Alder reactions between
dienes such as 5 and a diketone dien-
ophile 6 (Scheme 3). Although the
enantioselectivities were only modest
(up to 43% ee with a stoichiometric
amount of amidinium salt 7), the reac-
tion rates were accelerated bymore than
100-fold, and the amidinium ions could
also be used in catalytic amounts. More
recently, Braddock et al.[12] examined
the capacity of planar chiral phanols
9a and 9b (Scheme 4) as catalysts for
the Diels–Alder reaction. Although de-
tectable increases (2–30-fold) in the
reaction rate were observed for the
reaction between cyclopentadiene and
unsaturated aldehydes or ketones, no
enantioselectivity was detected.

The most exciting developments in
this field are all very recent. Rawal and
co-workers investigated hydrogen-
bond-promoted HDA reactions. They
focused on the reaction between the
highly activated diene 10 and various
aldehydes or ketones (Scheme 5). After
their initial discovery that solvents ca-
pable of donating a hydrogen bond
increased the rates of HDA reactions
by nearly three orders of magnitude,[13]

the Rawal group was soon able to
develop a catalytic,
highly enantioselective
version of the HDA re-
action.[14] In their case,
the optimal catalyst
turned out to be the
naphth-1-yltaddol 12.
The mono- and dime-
thoxy derivatives of 12
were poor catalysts, in-
dicating that 12 also
might form two hydro-
gen bonds to the sub-
strate aldehyde. After
treatment with acetyl
chloride to remove the
TBS and the dimethyl-
amino groups, the prod-
uct dihydropyrones 14
were obtained in excel-
lent enantioselectivities
(86–98% ee) and yields.

In the arena of aldol reactions, pro-
line-catalyzed reactions have attracted
much attention, given the simplicity and
ready availability of the catalyst.[15] The
recently disclosed Houk–List model[16]

(Scheme 6) for proline-catalyzed aldol
reactions rationalizes the selectivity of

Scheme 2. Three modes of carbonyl activation by coordination:
a) single hydrogen bond (e.g. preassociation or hydrogen bond-
ing by a general acid HA), b) double hydrogen bonding,
c) Lewis acid (LA) activation.

Scheme 3. Axially chiral amidinium catalysts for the Diels–Alder reaction by G;bel and co-work-
ers.[11] Counterion for 7: tetrakis(3,5-bis(trifluoromethyl)phenyl)borate.

Scheme 5. Enantioselective taddol-catalyzed
HDA reactions. TBS= tert-butyldimethylsilyl,
R=alkyl, aryl.

Scheme 6. The Houk–List model for the pro-
line-catalyzed aldol reaction and the rationale
behind the success of the Gong–Wu aldol cat-
alysts. X=O, N.

Scheme 4. The Braddock phanol catalysts for
the Diels–Alder reaction.[12]
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both the intramolecular variant (such as
the Hajos–Parrish–Eder–Sauer–Wie-
chert reaction[15a,b]) and the intermolec-
ular variants (pioneered by List and co-
workers,[15c,d,f] Barbas and co-work-
ers,[15e] and Northrup and MacMil-
lan[15g]). According to the Houk–List
model, the role of the carboxy group of
proline is to activate the carbonyl ac-
ceptor by hydrogen bonding. The recent
discovery of small proline-derived car-
boxamide alcohol catalysts by Gong,
Wu, and co-workers[17] (Scheme 6) dem-
onstrates that good aldol catalysts, too,
can rely on double hydrogen bonds in
activating the carbonyl acceptors. The
Gong–Wu catalyst 17 (Scheme 7) is

significantly more enantioselective than
proline. For the reaction between ace-
tone and benzaldehyde catalyzed by 17,
the authors could locate a double-hy-
drogen-bonded transition state by ab
initio calculations. Both the amide and
the hydroxy groups were hydrogen
bonded to the aldehyde in the transition
state.
McDougal and Schaus reported an

enantioselective Morita–Baylis–Hill-
man reaction with a chiral Brønsted
acid as the catalyst (Scheme 8).[18] These
binol-derived catalysts such as 21a and
21b presumably also form a hydrogen
bond with the cyclohexenone substrate,
directing the addition of the phosphane
nucleophile. The monomethoxylated
derivatives of the catalyst were signifi-
cantly less enantioselective.
The examples shown herein are

certainly only the beginning. With the
multitude of examples from enzymes
engaged in the activation of carbonyl
groups by hydrogen bonding, it is very
reasonable to expect several novel cata-
lyst types and new hydrogen-bond-acti-
vated reactions to be discovered in the
near future.
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Scheme 8. Catalytic asymmetric Morita–Baylis–Hillman reaction with a modified binol catalyst.

Scheme 7. Double-hydrogen-bonding catalyst
17 for the direct enantioselective aldol reac-
tion.
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1. Introduction

Only 25 years ago the term “noncoordinating anion” was
commonly used when a coordinating anion, such as a halide
X� , was replaced by a complex anion, such as [CF3SO3]

� ,
[BF4]

� , [ClO4]
� , [AlX4]

� , or [MF6]
� (X=Cl–I; M=P, As, Sb,

etc.). However, with the advent of routine X-ray crystallog-
raphy it became evident that in many cases also a “non-
coordinating” complex anion can easily be coordinated.[1] To
account for the coordination of these complex anions, for
example in a [M]-F-BF3 fragment, the term “weakly coordi-
nating anion” (WCA) was coined. This expression allows for
weak coordination but already includes the potential of such
complexes to serve as a precursor of the “noncoordinated”
cation, for example, in catalytic processes. Owing to the
importance of such WCAs both in fundamental[2] and
applied[3] chemistry many efforts were undertaken to finally
reach the ultimate goal of a truly noncoordinating anion.
However, noncoordination is impossible[4] but since S. H.
Strauss' widely cited article in Chemical Reviews on WCAs[2b]

a plethora of new species that closely approximate a non-
coordinating anion appeared; many of the latter were initially
published in the patent literature demonstrating their impact
on various applications. Some authors tend to call this new
generation of WCAs “superweak anions”.[5] This article
summarizes the development over the last 10 years and
gives a survey on the most likely candidates for the best
approximation of a noncoordinating anion.

2. The Candidates

The general prescription to produce a more weakly
coordinating anion appears to be the delocalization of the
negative charge over a large area of non-nucleophilic and
chemically robust moieties. Several approaches to achieve
this goal have recently been used and will be detailed in the
following. However, one should still bear in mind that the
coordinating ability of each anion is limited by its most basic
site, that is, just like a chain breaks with its weakest link, a
WCA will always (albeit weakly) coordinate with its most
nucleophilic, sterically accessible moiety, which may be the
starting point for anion decomposition. The art of construct-
ing the ultimate noncoordinating anion is therefore to realize
a structure without an accessible basic site. This may be
achieved by a combination of steric as well as electronic
effects.

2.1. Borate-Based and Related Anions

Exchange of the fluorine atoms in [BF4]
� ions for phenyl

groups leads to the long known larger [BPh4]
� ion (Figure 1).
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University of Karlsruhe
Engesserstrasse Geb. 30.45
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Is there anything resembling a truly noncoordinating anion?
Would it not be great to be able to prepare any crazy, beautiful,
or simply useful cationic species that one has in mind, or has
detected by mass spectroscopy? In condensed phases the target
cation has to be partnered with a suitable counteranion. This is
the moment when difficulties arise and many wonderful ideas
end in the sink owing to coordination or decomposition of the
anion. However, maybe these counteranion problems can be
overcome by one of the new weakly coordinating anions
(WCAs). Herein is an overview on the available candidates in
the quest for the least coordinating anion and a summary of
new applications, available starting materials, and general
strategies to introduce a WCA into a system. Some of the
unusual properties of WCA salts such as high solubility in low
dielectric media, pseudo gas-phase conditions in condensed
phases, and the stabilization of weakly bound and low-charged
complexes are rationalized on thermodynamic grounds. Limits
of the WCAs, that is, anion coordination and decomposition,
are shown and a quantum chemical analysis of all types of
WCAs is presented which allows the choice of a particular
WCA to be based on quantative data from a wide range of
different anions.
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However, this ion is prone to hydrolysis and the phenyl
groups tend to be easily cleaved and are relatively strongly
coordinating.[4] To overcome these problems, the phenyl
groups were fluorinated and -C6F5 or -C6H3-3,5-(CF3)2 groups
were attached to the Lewis acidic central boron atom giving
the nowadays seemingly ubiquitous class of [B(C6F5)4]

� [6] and
[B(ArF)4]

� (ArF=�C6H3-3,5(CF3)2)
[7] ions mainly used in

homogenous catalysis.[3] Salts of both ions are commercially
available which promotes their use in many applications. The
ligands in these anions were then modified with the aim of
making new ions which were less coordinating and more
soluble in hydrocarbon solvents. Hence the CF3 groups in the
[B(ArF)4]

� ion were replaced by larger perfluoroalkyl groups
giving the modified [B(ArF’)4]

� ions (ArF’=�C6H3-3,5(R
F)2;

RF=n-C6F13,
[8] n-C4F9,

[9] 2-C3F7
[9]). The borate with RF= n-

C6F13 can be used to make cationic, transition-metal catalysis
compatible with fluorous, biphasic recycling techniques.[8]

However, in terms of anion stability, it was shown that the
parent [B(ArF)4]

� ion with RF=CF3 is more stable against
methanolic sulfuric acid than the modified borate with RF= 2-
C3F7

[9] in agreement with the greater electron-withdrawing

effect of the CF3 group compared to the 2-C3F7

group.[9] Also the -C6F5 ligand was modified in the 4-
position by a -CF3,

[10] -Si(iPr)3,
[11] -SiMe2tBu,

[11] or
-C6F4{C(F)(C6F5)2}

[12] group. Alternatively the -C6F5

group was exchanged for fluorinated biphenyl or
naphthalene moieties.[13] However, although these
modified ions were in some cases less coordinating
and gave more active catalysts, the extra synthetic
effort to produce these special ions appears to exceed
their potential for wide-spread use and only few
subsequent publications report on the application of
these modified ions.[14]

A further modification of the fluorinated tetraar-
ylborates was to exchange the Lewis acidic boron atom
for aluminum or gallium, however, both compounds
hydrolyze and the aluminum compounds tend to be
explosive.[15] Nevertheless, both aluminates and gal-
lates [M(C6F5)4]

� were shown to stabilize reactive
cationic polymerization catalysts.[16,17]

Another approach was more effective: Reaction of
two equivalents of B(C6F5)3 or a related Lewis acid
with a strong and hard nucleophile X� , such as CN� ,[18]

C3N2H3
� (imidazolyl)[19,20] or NH2

� .[21] The resulting
dimeric [(F5C6)3B(m-X)B(C6F5)3]

� borates are simple to
prepare and surprisingly stable. This stability may be seen
by the reaction of Na+[(F5C6)3B(m-NH2)B(C6F5)3]

� with HCl
in diethyl ether which produces the [H(OEt2)2]

+[(F5C6)3B(m-
NH2)B(C6F5)3]

� salt (Scheme 1). No trace of decomposition
to NaCl, H3N·B(C6F5)3, and Et2O·B(C6F5)3 was detected.

[21]

Crystalline [CPh3]
+[(F5C6)3B(m-NH2)B(C6F5)3]

� may even be
stored in a closed container in air for prolonged periods
without decomposition.[18a]
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studied chemistry at the Ludwig-Maximilli-
ans-Universit%t in Munich. His PhD work
was supervised by Prof. H. N.th (completed
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Figure 1. Structures of selected borate based WCAs as superpositions of ball-and-stick
and space-filling models.

Scheme 1. The reaction of Na+[(F5C6)3B(m-NH2)B(C6F5)3]
� with HCl

proceeds without decomposition of the anion.
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In these dimeric [(F5C6)3B(m-X)B(C6F5)3]
� ions the

boron atoms were again exchanged for aluminum[20] with X
being imidazolyl. Interestingly this aluminate,
[(F5C6)3Al(m-C3N2H3)Al(C6F5)3]

� , although sensitive
towards hydrolysis, generated a more active catalyst than
the homologous borate.[20] Sophisticated perfluoroaryl-
based diborane Lewis acids were designed, of which the
ion [C6F4-1,2-{B(C6F5)2}(m-OCH3)]

� , derived from C6F4-
1,2-{B(C6F5)2}

[22] appears to be one of the most promis-
ing.[23] However, the this anion is not stable in the presence
of the [SiEt3]

+ ion.[23] Another very stable but relatively
small borate is [B(CF3)4]

� , which can now be made in good
quantities from M+[B(CN)4]

� and ClF3 (M+=univalent
cation).[24,25] This anion is stable towards elemental fluorine
in anhydrous HF solution as well as to sodium in liquid
ammonia! Its silver salt Ag+[B(CF3)4]

� readily coordinates
the weak Lewis base, CO and even generates the hitherto
unknown [Ag(CO)4]

+ complex at higher CO pressures, as
confirmed by vibrational spectroscopy.[25] By comparison of
the equilibrium CO pressure over solid Ag+[A]� ([A]�=
WCA) it was concluded that the [B(CF3)4]

� ion is less
coordinating than [Nb(OTeF5)6]

� , [B(OTeF5)4]
� , and

[Sb2F11]
� .[25] However, [B(CF3)4]

� is incompatible with the
extremely reactive [SiEt3]

+ or [AliPr2]
+ cations as well as with

the strong Lewis acid AsF5. A simpler derivative of the latter
ion, known since 1960, the [(F3C)BF3]

� ion was initially
prepared as [Me3Sn]

+[(F3C)BF3]
� [26] salt, but now its Li+ salt

as well as of the related [(F3C)2BF2]
� ion are known and both

appear to be favorable electrolytes for lithium-ion batter-
ies.[27] Also the [FB(CF3)3]

� ion[28–31] that is almost as stable as
the homoleptic [B(CF3)4]

� ion[25] is now readily available. It
seems to be easier to obtain single crystals suitable for X-ray
crystallography from salts of the [FB(CF3)3]

� ion, presumably,
because it is less regular and its salts are less prone to twinning
than those of the [B(CF3)4]

� ion.[25] The related [F4�xB(R
F)x]

�

ions are described in the literature.[32] .

2.2. Carborane-Based Anions

An alternative to the anions based on a Lewis acidic
central atom strongly bound to ligands that are normally
weakly coordinating (Section 2.1) is the use of a stable,
univalent, polyhedral central moiety, such as the closo-
carbaboranate ions [CB11H12]

� or [CB9H10]
� . All the exohe-

dral B�H bonds in these ions are very stable and only weakly
coordinating, however, both ions are prone to oxidation. It
was shown in the mid 1980s that (partial) halogenation makes
these ions less coordinating and more stable towards oxida-
tion. In the last decade the [CB11H6X6]

� ion (X=Cl, Br)
developed by StGbr et al.[33] and Reed et al.[2a] emerged as one
of the most chemically robust WCAs known to date. Thus
using the [CB11H6Cl6]

� ion (Figure 2) and a recent modifica-
tion, the [1-H-CB11Me5Cl6]

� ion,[34d] it was possible to prepare
the free Brønsted acid,[34] a free silylium ion,[35] stable
fullerene ions C60

+ and [HC60]
+,[36] an approximation of the

[AlEt2]
+ alumenium ion,[37] and protonated benzene and

toluene salts that are thermally stable to 150 8C.[34] Other
groups embarked on the journey to synthesize the least

nucleophilic carborane-based ion, Xie et al. produced almost
completely halogenated carboranate ions [1-H-CB11X5Y6]

� [38]

and [1-Me-CB11X11]
� (X, Y=Cl, Br, I),[38b] and the partially

alkylated [1-Me-CB11H5X6]
� (X=Cl, Br, I)[39] ions. Michl

et al. prepared a permethylated [CB11Me12]
� ion[40] as

well as an—albeit explosive—pertrifluoromethylated
[CB11(CF3)12]

� [41] derivative and Strauss et al. synthesized
highly fluorinated carboranates including the [1-R-CB11F11]

�

ions (R=Me, Et, etc.).[42, 43] From the 29Si NMR spectra of the
iPr3Si

d+CBd� “silylium” species (where CBd� is a carborane
ion) of all the given carborane ions CBd�, the [1-R-CB11F11]

�

(R=Me, Et) ions are the least coordinating.[34d] The halo-
genated 10-vertex carboranate ions appear to be more
coordinating than the 12-vertex carboranate ions.[44] A very
recent addition was the development of a convenient high-
yield synthesis of [B12F12]

2� salts.[45] Despite the dianionic
character, [B12F12]

2� stabilizes cationlike species, such as
[AlMe2]

d+ or [SiR3]
d+ and thus it may be an useful and more

easily accessible extension of WCA (car)borane ion chemis-
try.

Despite their proven capability as weakly coordinating as
well as chemically very robust anions, the halogenated
carborane ions are not widely used owing to the expensive
and time consuming multistep procedure of their preparation.
However, very recently a simple and straight forward high-
yield two-step process giving the [CB11H12]

� ion from NaBH4,
CHCl3, base, and BF3·OEt2 was published.[46] This method
may open the door for wide application of the halogenated
carborane ions.

2.3. Alkoxy- and Aryloxymetallates

A recent alternative to the fluorinated tetraarylborate-
based anions described in Section 2.1. is the use of poly- or
perfluorinated alkoxy- (ORF) and aryloxy- (OArF) metallates
(Figure 3). Oxophilic and strongly Lewis acidic atomsM, such
as BIII, AlIII, NbV, TaV, YIII, and LaIII were used as center of the
“ate” complexes [M(ORF)n]

� [47–51] and [M(OArF)n]
� .[52,53]

Compared to the [B(C6F5)4]
� ion and related borates these

metallates offer the advantage of being easily and safely
accessible on a lagre scale. Their preparation circumvents the
need to make LiC6F5, which is required in the generation of
[B(C6F5)4]

� , related borates, as well as B(C6F5)3, and which is

Figure 2. Structures of selected carborane-based WCAs.
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known to be unstable towards LiF elimination; its use has led
to several explosions. The [M(OC6F5)n]

� ions generate
cationic polymerization catalysts which have activities that
are similar to, or even higher than those of catalysts partnered
with the [B(C6F5)4]

� ion.[52, 53] However, the fluorinated
aryloxide-based [M(OC6F5)6]

� ions with M=Nb or Ta are
susceptible to OC6F5 abstraction by sterically open cationic
zirconocene catalysts, such as [Cp2ZrMe]+ (Cp=C5H5).

[52] In
addition, the oxygen atoms and the C�F bonds of the OArF

ligands in [M(OArF)n]
� [52] have a tendency to coordinate.

Substitution of OArF for sterically demanding ORF alkoxy
ligands, such as OC(CF3)3 generated the very stable and very
weakly coordinating [Al{OC(CF3)3}4]

� ion.[47,48c] The donor-
free naked Li+[Al{OC(CF3)3}4]

� salt is easily prepared in
100 g scale within two days in 94% yield starting from
commercially available reagents.[54] In contrast to the easily
hydrolyzed alkoxyaluminates, the [Al{OC(CF3)3}4]

� ion is
stable in nitric acid[47] and also its Brønsted acid
[H(OEt)2]

+[Al{OC(CF3)3}4]
� may be generated in high

yield.[55a] This stability towards hydrolysis was attributed to
the steric shielding of the oxygen atom by the bulky C(CF3)3
ligand and to the electronic stabilization resulting from the
perfluorination. This stabilization is demonstrated by the
increasing acidity of the tertiary alcohols, from the non-
fluorinated HO-C(CH3)3 (pKa= 19.3), to the partially fluori-
nated HO-C(H)(CF3)2 (pKa= 9.5), and finally the perfluori-
nated HO-C(CF3)3 (pKa= 5.5).[48c] A systematic analysis of
the solid-state contacts of several silver salts of WCAs
including [B(OTeF5)4]

� and [CB11H6Cl6]
� showed the

[Al{OC(CF3)3}4]
� ion[47] to be at least as weakly coordinating

as the [CB11H6Cl6]
� ion which currently claims the title “least

coordinating ion”.[2a] This conclusion was substantiated by a
number of subsequent publications that showed the weakly
coordinating nature of the [Al{OC(CF3)3}4]

� ion[47] towards
silver adducts of very weak Lewis bases, such as P4,

[56] P4S3,
[57]

S8,
[58] and C2H4.

[55] In addition the [Al{OC(CF3)3}4]
� ion is

chemically very robust as was shown by the synthesis of its
salts with highly electrophilic cations, such as [PX4]

+, [P2X5]
+,

[P5X2]
+,[59] and [CI3]

+.[60] Also the [Al{OC(CF3)3}4]
� ion was

shown to generate cationic polymerization catalysts of similar
activity to those with the [B(C6F5)4]

� ion.[61]

2.4. Teflate-Based Anions

Replacing the small fluorine atoms in [BF4]
� and [MF6]

�

ions by the larger univalent OTeF5 moiety leads to the large,
and against electrophiles robust WCAs [B(OTeF5)4]

� [62] and
[M(OTeF5)6]

� (Figure 4; M=As,[63] Sb,[64, 65] Bi,[63] Nb[64,66]) in

which the negative charge is dispersed over 20 or 30 fluorine
atoms, respectively. The borate [B(OTeF5)4]

� is less stable
than its group 15 counterparts [M(OTeF5)6]

� (M=As, Sb, Bi)
and is prone to the loss of one OTeF5 group in the presence of
strong electrophiles, such as [SiR3]

+ or even Ag+.[62] There is
no report on the decomposition of the respective arsenate or
antimonate, but the niobate [Nb(OTeF5)6]

� looses O(TeF5)2 in
the strongly coordinating solvent CH3CN and forms trans-
[NbO(OTeF5)4(NC-CH3)]

� .[64] From what has been reported
it appears that the antimonate [Sb(OTeF5)6]

� is the most
stableWCAof this series. All teflate-basedWCAs require the
strict exclusion of moisture, they decompose rapidly in the
presence of only trace amounts of water. Nevertheless, the
borate, arsenate, and antimonate were used to stabilize
complexes of weak Lewis bases, such as CO in
[Ag(CO)2]

+ [67] as well as electrophilic [AsX4]
+,[68] [SbX4]

+ [69]

and [CX3]
+ [70] (X=Cl, Br) or [Cl3Te-F-TeCl3]

+ [71] ions. To our
knowledge no account on the use of the teflate-based WCAs
in catalysis has appeared.

2.5. Anions Formed by Reaction with Lewis Acids

Instead of using the starting materials that already include
the entire WCA, the ion may also be formed in the course of
the reaction. Normally a strong Lewis acid achieves this by
abstracting an ionic fragment from the substrate. With the
exclusion of some combined Lewis acid/oxidation reactions of
MF5 (M=As, Sb) this approach gives only the desired salt
and thus circumvents the otherwise necessary separation of
product and byproduct. Especially when the generated
molecules, such as Ph3CR (from [Ph3C]

+) or OEt2 (from
[H(OEt2)2]

+), may react with the desired “naked” cation, the
Lewis acid approach has proven to be very valuable.

Figure 3. Structures of selected fluorinated alkoxy- and aryloxy-metal-
late based WCAs.

Figure 4. Structures of selected teflate-based WCAs.
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2.5.1. Anions From AsF5, SbF5, and Related Lewis Acids

The [MF6]
� ions are a common class of ions that may also

be introduced bymetathesis withMI[MVF6] salts. However, by
using very weakly basic conditions throughout (that is, the use
of anhydrous HF (aHF), SO2, SO2ClF, liquid SbF5 or similar
solvents), di-, tri-, and tetranuclear ions that are very weakly
coordinating and increasingly robust towards electrophiles
can be prepared from the reaction of [MF6]

� with excess MF5

(Figure 5). The [As2F11]
� ion has been known for a long

time,[72] but was only recently structurally verified.[73] The
[Sb2F11]

� ion is relatively abundant,[79] however, salts of the
[Sb3F16]

� [74] and [Sb4F21]
� [75] ions, which are more stable

towards electrophiles, are rare. The [Sb3F16]
� and [Sb4F21]

�

ions in particular have helped to solve some very fundamental
questions. With salts of them is was possible to prepare and
fully characterize simple but very reactive cations, such as
[Br2]

+ [76] and [Xe2]
+.[75] The larger the fluorometallate

[MnF5n+1]
�is, the less coordinating it is. This tendency as may

be seen in the series of [Au(Xe)n]
2+ salts in which the cation

with n= 4[77] is only accessible with the weaker Lewis base
[Sb2F11]

� but salts with n= 1, 2[78] are also accessible with the
more basic [SbF6]

� ion. Similar effects were seen in the
chemistry of homoleptic metal carbonyl cations.[79] A problem
associated with using any of the fluorometallates [MnF5n+1]

� is
that mixtures with varying values of n= 1–4 exist in solution.
This situation makes crystallization more difficult and pro-
vides the free Lewis acid MF5, which can act as an oxidizing
agent and thus cause unwanted side reactions.

As a measure for the strengths of the parent Lewis acids
MFn (=A) and also of the stability of the [AF]� ion the
affinity of several Lewis acids A towards the fluoride ion
[fluoride ion affinity FIA, Eq. (1)] was examined based on

AðgÞ þ F�ðgÞ
DH¼�FIA
�����!AF�ðgÞ ð1Þ

lattice enthalpy considerations[80] as well as quantum chemical
calculations.[81,82]

From the available computational data[80–82] it follows that
gaseous, monomeric AuF5 is the strongest known Lewis acid

(FIA 591 kJmol�1)[82] followed by SbF5 (FIA 503 kJmol�1)[81]

and AlF3 (FIA 481 kJmol�1).[81] Typical FIA values[81] of
classical Lewis acids are (in kJmol�1): AsF5 (443), PF5 (397),
and BF3 (347). However, AuF5 is so reactive that it forms
AuF3 and F2 when dissolved in aHF,[82] therefore SbF5 is the
strongest Lewis acid that can be handled conveniently. We
will use this FIA approach for a general classification of all
types of WCAs described in this article (see below in
section 7.).

2.5.2. Anions From Organometallic Lewis Acids

Several organometallic perfluoroaryl-based
Lewis acids were developed[83] after the observa-
tion that the Lewis acidity of B(C6F5)3

[6,84] is high
enough to abstract a methyl ion from a group 14
metallocene, thus forming the [MeB(C6F5)3]

� ion
and generating active polymerization catalysts
(Figure 6).[85,86] A review on L-B(C6F5)3 com-
plexes (L= neutral Lewis base) has been pub-
lished.[87] Following on from the original
reports,[85,86] the C6F5 group in B(C6F5)3 was
partially or fully replaced by 2-perfluorobi-
phenyl[88] and 2-perfluoronaphtyl.[89] Later also
diborane Lewis acids, such as ortho-phenylenedi-
borane C6F4-1,2-{B(C6F5)2},

[90a] para-phenylenedi-
borane C6F4-1,4-{B(C6F5)2},

[91] and octafluoro-

9,10-bis(pentafluorophenyl)-9,10-diboraanthracene[92] were
prepared. From the polymerization results of mixtures of
these organometallic boron Lewis acids with group 14 dime-
thylmetallocenes it followed that the resulting [MeB(ArF)3]

�

(ArF=C6F5, perfluorobiphenyl, or perfluoronaphtyl) ions are
more strongly coordinating than the homoleptic [B(C6F5)4]

�

ion.[3] This result is also apparent in several solid-state
structures with [MeB(ArF)3]

� ions which include coordinated
[M]�Me�B moieties, that is, in [(1,2-Me2Cp)2(Me)Zr]+[(m-
CH3)B(C6F5)3]

� in which the bridging Zr-Me separation is
about 30 pm longer than the terminal Zr-Me bond.[85] Hence,
no full ionization but tight ion pairing is achieved by the
[MeB(ArF)3]

� ions (see Section 6.2). Recently the partially

Figure 5. Structures of selected multinuclear fluorometallate-based WCAs.

Figure 6. Structure of the [MeB(C6F5)3]
� ion formed by methyl abstraction with

B(C6F5)3 and the new organometallic diborane Lewis acid C6F4-1,2-{B(C6F5)2}.
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fluorinated Lewis acid (N-pyrrolyl)B(C6F5)2 was prepared
and successfully used in the generation of active polymer-
ization catalysts.[93]

3. Applications of Weakly Coordination Anions

It exceeds the scope of this Review to give full reference
to all the possible applications of WCAs. We only scratch the
surface of selected new areas of growing importance in which
the special properties of WCAs are currently exploited and
give reference to recent developments. For important mature
applications, such as group 14 metallocene-based and related
olefin-polymerization reactions[3,83,94] and non-metallocene
catalysts,[95] comprehensive and up to date reviews are
available.

3.1. Li+- and Ag+-Ion-Catalyzed Organic Reactions

Organic transformations, such as the Diels–Alder reac-
tion, 1,4-conjugate addition reactions, pericyclic rearrange-
ments and others are catalyzed by the Li+ ion of a WCA.
Traditionally these reactions were performed in concentrated
Li+[ClO4]

� solution[96,97] (approx. 3–5m in Et2O) which is
potentially very dangerous owing to the explosive nature of
the ClO4

� ion. The new generation of WCAs provides access
to almost “naked” Li+ ions, which are soluble and catalytically
active even in highly nonpolar solvents, such as toluene[98] and
hexane.[48a] It was shown that very low concentrations of the
Li+[X]� catalyst (X=WCA; c= 0.01–0.1m) are sufficient to
promote the reactions. Lithium salts of [Al(ORF)4]

� (RF=

C(Ph)(CF3)2),
[48a] [B(ArF)4]

� (ArF=C6H3(CF3)2),
[99]

[Nb(ORF)6]
� (RF=C(H)(CF3)2),

[100] [CB12Me12]
� ,[98] or

[Co(B9C2H11)2]
� [101] were used for such transformations.

Silver ions were used as catalysts[97b] and a recent
investigation showed [Ag(PPh3)]

+[CB11H6Br6]
� to be air and

moisture stable as well as to be the best catalyst for a series of
hetero Diels–Alder reactions. In addition this silver species
can used with the low catalyst loadings of only 0.1 mol%
(compared to 5–10 mol% with classical ions)[102]

3.2. Electrochemistry

The most commonly used supporting electrolytes used in
electrochemistry are of type NR4

+[X]� (R=Me, Et, Pr, Bu;
X=ClO4, BF4, PF6, CF3SO3). However, regularly the gen-
erated oxidized species are very reactive and decompose the
X� ion.[103] Although CH2Cl2 is a preferred solvent for
oxidation reactions, in this solvent the precipitation of
insoluble polycationic products at the electrode may compli-
cate voltammetric scans and often a more polar but also more
reactive solvent, such as acetonitrile, must be used.[104]

However, not all the desired oxidized species are compatible
with the more polar solvents. Both types of problems are
avoided when supporting electrolytes with a robust and
large WCA are used. [N(Bu)4]

+[B(C6F5)4]
� [105] and

[N(Bu)4]
+[B{(C6H3(CF3)2}4]

� [106] were reported to be very
stable towards the formed oxidized species and effectively
solubilize positively charged species formed in anodic proc-
esses. Also Li+[CB12Me12]

� was used and allowed cyclic
voltammetric measurements to be performed even in ben-
zene.[107] The [F3P(C2F5)3]

� ion[108] is now commercially
available and its salts are more soluble and more stable
than the coresponding PF6

� salts.

3.3. Ionic Liquids

Ionic liquids (ILs) are of increasing importance for
industrial and laboratory processes and many are commer-
cially available.[108] More specifically, the nonvolatile ILs are
expected to replace organic solvents in industrial processes
and thus are viewed as “green solvents”. Traditional ILs use
[AlCl4]

� , [PF6]
� , and related ions partnered with unsym-

metrical large cations, such as EMIM+ (1-ethyl-3-methyl
imidazolium) or quaternary pyridinium salts,[109] but recently
the effect of the ion in the IL on a hydrovinylation reaction
was systematically studied and showed ILs with WCA
counterions, such as [Al{OC(Ph)(CF3)2}4]

� or
[B{(C6H3(CF3)2}4]

� to be the most effective in enhancing the
conversion.[110] A comprehensive examination of ILs based on
imidazolium melts with carborane ions appeared recently.[111]

Also some [Al(ORF)4]
�–imidazolium melts are known.[48c]

3.4. Lithium-Ion Batteries

Another area of industrial importance is the development
of new stable electrolytes for lithium-ion batteries. Currently
Li+[PF6]

� in ethylene carbonate or propylene carbonate is
used almost exclusively in practice. However, to further
increase the possible battery current, more stable ions [X]�

that still generate highly conducting Li+[X]� solutions are
needed. To increase the conductance of the lithium electro-
lyte both, size and coordinating ability appear to be impor-
tant. Therefore the ultimate Li+[X]� electrolyte should
contain a very small but very weakly coordinating WCA
[X]� . Additionally it should be nontoxic, hydrolytically stable,
and be easily prepared from cheap starting materials. Likely
candidates are mainly reported in the patent literature; some
of the recent small but robust WCAs candidates are
[F4�xB(CF3)x]

� (x= 2, 3, 4),[27,112] [F6�xP(CF3)x]
� (x= 3, 4,

5),[113] [F3P(C2F5)3]
� ,[108] and [B(R’)2]

� (R’=
OC(CF3)2C(CF3)2O).[114] However, contradicting the expect-
ation, larger WCAs, such as [B(ArF)4]

� ,[115] [M(ORF)4]
� (M=

B, Al; RF=C(H)(CF3)2 etc.)[48c] were shown to give very
high[115] or even the highest conductivities.[49]

3.5. Extraction of LnIII Ions

LnIII lanthanide ions can be extracted from HNO3

solutions (c> 1.0m) into the organic phase if partnered with
a suitable extractant. Now it has been found that extraction
into the organic phase and distribution between aqueous and
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organic phase can be enhanced by several orders of magni-
tude when the extractant is added as its [B(ArF)4]

� salt (ArF=
C6H3(CF3)2).

[116]

3.6. Photoacid Generators

In recent years diaryl iodonium salts have been widely
used as photoacid generators (PAGs) for cationic polymer-
ization of many different monomers and oligomers. Upon
irradiation with UV light the iodonium salts undergo
irreversible fragmentation and generate a strong Brønsted
acid which initiates cationic polymerization. As a result of
these properties PAGs are used in many applications, such as
photolithography, printing inks, release coatings, optical
fibers, and holography.[117] In most commercial salts [SbF6]

�

is the counterion, however, because of the toxicity as well as
hygroscopic nature of the iodonium salts of [SbF6]

� , the
counterion was recently exchanged for a series of WCAs
which included [M(C6F5)4]

� (M=B,[118] Ga[119]), [CB11H6Br6]
�

and [(F5C6)3B(m-X)B(C6F5)3]
n� (X=C3N2H3, n= 1; x=C6F4,

n= 2).[120] The photoactivities of these WCA PAGs were
tested in the polymerization of a nonpolar, epoxy silicon
oligomer as well as a polar, cycloaliphatic epoxide monomer
and indicated that the [M(C6F5)4]

� (M=B, Ga) and
[(F5C6)3B(m-X)B(C6F5)3]

� (X=C3N2H3) salts were most
effective.[120] The unwanted side effects of the [SbF6]

� ion
were eliminated by using these WCA photoacid genera-
tors.

4. Available Starting Materials and Strategies to
Introduce Weakly Coordinating Anions

Important factors to be considered when deciding which
of the multitude of known WCAs should be used, are the
availability, accessibility, and price, as well as knowledge of
the desired degree of “noncoordination” necessary for a given
problem. Hence, the right choice normally is a WCA that is
stable and weakly coordinating enough to allow the desired
transformation but not necessarily the ultimate most weakly
coordinating ion. Sometimes the commercial availability of
the WCA will play a deciding role, that is, salts of the
[B{C6H3(CF3)2}4]

� and [B(C6F5)4
�]� ions, as well as the Lewis

acid B(C6F5)3, can be bought and certainly account for their
seemingly ubiquitous use in homogenous catalysis. However,
attractive alternatives to these established reagents are avail-
able and can be made in high yield and in a short time. It is
worth spending a little time to consider using one of the new
WCAs, in particular the fluorinated alkoxy- and aryloxyme-
tallates or the bridged dimeric [(F5C6)3B(m-X)B(C6F5)3]

� ions.

4.1 Available Starting Materials

Table 1 gives an overview to the preparation of Li+, Ag+,
Tl+, M+, CPh3

+, H+, H(OEt2)2
+, H(L)+, ammonium, and

imidazolium salts of WCAs. A “–” in Table 1 indicates that no
simple preparation of this specific salt is known to us; this is
not necessarily due to (but may be due to) the instability of
the resulting salt.

Table 1: Available starting materials for the preparation of WCA salts (RF= fluorinated alkyl, ArF= fluorinated arene).

WCA Li+ Ag+ Tl+ M+ [CPh3]
+ H+ [H(OEt2)2]

+ H(L)+ N(R1)(R2)(R3)(R4)+[b]

[Al(ORF)4]
� [47–49] [47] [48b,50] Cs+ [51] [51] – [55a] – [48c]

[Al(OArF)4]
� [49,52] – – – [52] – – – –

[M(ORF)n]
� Nb[49,100] – – – [100] – – – –

[M(OArF)n]
� Nb, Ta, Y,

La[49,52]
– – – Nb, Ta, Y,

La[52]
Y,
La[52]

– – B[53]

[M(OTeF5)n]
� – Sb, Nb,[64]

B[62]
B[62] Sb:Cs+,[65]

Nb,Ta:Cs+ [66]
Sb, Nb,[64]

B[62]
– – – As, Sb, Bi,[63,64] Nb,

Ta,[66] B[62]

[B{C6H3(CF3)2}4]
� [121] – – Na+ [121, 122] – – [122b,128] – [129]

[B(C6F5)4]
� [6] – – – [123] – [130] L=C6Me5H

[34c] [122b,131]
[B(C6F4R)4]

� 4-CF3,
[10]

SiiPr3,
SiMe2tBu

[11b]

– – – CF3,
[10] SiiPr3,

SiMe2tBu
[11]

– – – B,[12][h] 4-CF3
[10]

[(F5C6)3B(m-X)-
B(C6F5)3]

n� [e]
C6F4,

[17]

C3H3N2
[19][f ]

– – Na+, NH2
[21] NH2,

[21]

CN[18]
– NH2,

[21]

C3H3N2
[19][f ]

– C3H3N2,
[17, 20] CN[18]

other borates [B(CF3)4]
� [25] [B(CF3)4]

� [25] – K+, Cs+:
B(CF3)4

� ;[25]

Na+: C[8][i]

A[90][g] – A[23][g] – –

[1-H-CB11R5X6]
� [a] – [124] – Cs+ [33, 124b] [124b,c] [34] [132] C6H6,

[34]

Ph2CO,
PhNO2

[132]

[111]

[CB11RxX12�x]
� [c] [98,125] [38,39] [125] Cs+,[39–41] Na+,

K+, Rb+, Cs+ [125]
[39] [133] [133] [133] [38]

[CB9RxX10�x]
� [c] – [44] – Cs+ [44] [44] [133] [133] [133] [44]

[CB11RxF12�x]
� [d] – [43] – Cs+ [43] [43,126,127] – – – [43]

[a] R=H,Me, X=Cl, Br, I. [b] R1–R4=H,Me, Et, Ph etc.; also imidazolium salts for ionic liquids. [c] R=H,Me, CF3. [d] R=H,Me, Et. [e] m-X=bridging
ionic ligand, such as CN� , imidazolyl, NH2, -C6F4- etc.; n=1, 2. [f ] Also X=4,5-dimethyl imidazole and benzimidazole. [g] A= [C6F4-1,2-{B(C6F5)2}(m-
X)]� (X=F, OCH3, OC6F5). [h] B=B[{C6F4-4-C(C6F5)2F}4]

� . [i] C=B(ArF’)4]
� (ArF’)=C6H3-3,5(C6F13)2).
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4.2. Strategies to Introduce WCAs

In this section we present common strategies to introduce
a WCA into a system. To illustrate the procedure only
selected examples for each type of reaction are given.

4.2.1. Direct Oxidation of the Substrate

Silver salts of WCAs may oxidize transition-metal com-
plexes with an intermediate oxidation potential. Owing to the
high solubility of the WCA salts in weakly coordinating
solvents these oxidation reactions may be performed in
solvents such as CH2Cl2, in which the Ag+/Ag0 couple has the
highest oxidation potential.[134] Thus, ferrocene is oxidized by
Ag+[Al(ORF)4]

� (RF=C(CF3)3) in CH2Cl2 giving
[Cp2Fe]

+[Al(ORF)4]
� .[135]

Another class of oxidizers are the [NAr3]C+ radical cation
salts of WCAs (Ar= halogenated or nonhalogenated aryl).
The [NAr3C]+ salts are accessible by the reaction of Ag+[Y]�

(Y=WCA) with X2 (X=Cl, Br) and NAr3 [Eq. (2)]:

Ar3Nþ 1=2X2 þAgþ½Y�� ! AgXþ ½Ar3N�Cþ½Y�� ð2Þ

The oxidation potential of the [NAr3]C+ salts may be tuned
by varying the degree of halogenation of the aryl ligand.
Oxidizing [NAr3]C+ salts of the carborane ions were recently
used to generate stable fullerene cations [Eq. (3); X�=
CB11H6Cl6

�].[36,136]

½Ar3N�Cþ½X�� þ C60 ! C60 Cþ½X�� þNAr3 ð3Þ

For electronic and steric reasons the free amines NAr3
that are formed as byproducts are weak Lewis bases. A
powerful oxidizing agent is the stable [CB11Me12]C radical.[137]

This reagent was used to generate a stable [Bu3Sn]
+ ion

[Eq. (4)].[138]

Sn2Bu6 þ 2 ½CB11Me12�C! 2 ½Bu3Sn�þ½CB11Me12�� ð4Þ

The formation of [SbX4]
+ (X=Cl, Br) from 2Sb(OTeF5)3

and 2X2 provides an example for a disproportionation with
WCA formation. This reaction occurs upon oxidation of
Sb(OTeF5)3 to Sb(OTeF5)3X2 [Eq. (5); X=Cl, Br].[69]

2 SbðOTeF5Þ3 þ 2X2 ! ½SbX4�þ½SbðOTeF5Þ6�� ð5Þ

4.2.2. Reactions with Strong Lewis Acids

A very versatile reaction is the methyl-group abstraction
from [Cp2M(CH3)x] (M=Ti, Zr, Hf, Ta; x= 2, 3) by strong
organometallic Lewis acids.[3] In the classical reactions of
B(C6F5)3 (and related Lewis acids) with [Cp2ZrMe2] a tight
ion pair [Cp2ZrMe]+[MeB(C6F5)3]

� is formed (see Sec-
tion 2.5.2). A less common example is the reaction of
[Cp2TaMe3] with two equivalents of Al(C6F5)3 that delivers
the salt [Cp2TaMe2]

+[(F5C6)3Al-Me-Al(C6F5)3]
� that contains

a bridging methyl group in the anion [Eq. (6)].[139]

½Cp2TaMe3� þ 2AlðC6F5Þ3 !
½Cp2TaMe2�þ½ðF5C6Þ3Al-Me-AlðC6F5Þ3��

ð6Þ

The use of Lewis acids as anion generators may conflict
with the formation of Lewis acid–base adducts. Thus when
one equivalent of SbF5 or AsF5 were reacted with FC(O)NCO
only the oxygen-adduct F5M

!OC(F)NCO (M=As, Sb) was
isolated [Eq. (7a)].[140] By using an excess of the Lewis acid

SbF5 (which enhances its Lewis acidity) even the very stable
C�F bond in FC(O)NCO can be heterolytically cleaved
giving the bent [OCNCO]+[Sb3F16]

� salt [Eq. (7b)].[140]

4.2.3. Hydride and Alkyl Abstraction

A prototype of hydride- and alkyl-abstraction reactions is
the reaction of the [Ph3C]

+ salts of WCAs with [Cp2M(CH3)x]
(M=Ti, Zr, Hf, Ta; x= 2, 3). This reaction gives active olefin-
polymerization catalysts, for example [Cp2ZrMe]+[B(C6F5)4]

�

(and MeCPh3) from [Cp2ZrMe2] and [Ph3C]
+[B(C6F5)4]

� .[3]

Jordan et al. showed[141] that the alkyl-abstracting properties
of [Ph3C]

+[B(C6F5)4]
� can be employed to generate low-

coordinate, cationic aluminum and indium complexes, pro-
vided sufficiently bulky ligands are bound to the metal atom
to prevent decomposition of the counterion. Bochmann et al.
showed that the [B(C6F5)4]

� ion decomposes in the presence
of the sterically open [AlMe2]

+ ion. In fact, the reaction of
AlMe3 and [Ph3C]

+[B(C6F5)4]
� in the appropriate stoichiom-

etry provides the best access to Al(C6F5)3.
[15b]

It was shown that the tight ion pair [Cp2ZrMe]+-
[MeB(C6F5)3]

� can be used to abstract ionic ligands from
transition-metal compounds, for example, Cp� from
[Cp3Ta(L)] [L= butadiene; Eq. (8)].[142] An alternative to
methyl abstraction is b-hydride abstraction, provided that the
alkyl ligand bears at least one b-hydride atom. A current
example of this type of reaction is the reaction of AlEt3 and
[Ph3C]

+[CB11X6H6]
� giving an alumenium-like molecular

Et2Al(CB11X6H6) species [Eq. (9); X=Cl, Br].[37]

In the structurally characterized Et2Al(CB11Br6H6) the
aluminum atom[37] forms two comparatively strong Al�Br
bonds (at about 256 pm) which reduces the electrophilicity of
the aluminum atom compared to that predicted for the still
unknown free, two-coordinate [AlEt2]

+ ion (see Figure 12 in
Section 6.1). A similar but dimeric compound was prepared
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by reaction of AlR3 and [Ph3C]
+[1-Me-CB11F11]

� (R=Me,
Et).[126]

AlEt3 þ ½Ph3C�þ½CB11X6H6�� !
Et2AlðCB11X6H6Þ þ Ph3CHþ C2H4

ð9Þ

Straight hydride abstraction is the key to the synthesis of
the “silylium-like” molecules R3Si-CB [Eq. (10)].[143]

½CPh3�þ½CB�� þHSiEt3 ! Et3Si-CBþHCPh3 ð10Þ

The driving force for this reaction is the formation of the
C�H bond, which is stronger than the parent Si�H bond.
Until very recently all structurally characterized silylium-like
species were either coordinated to the anion or to a solvent
molecule, such as benzene or toluene. However, the crystal
structure of the salt [Mes3Si]

+[CB11Cl6Me6]
� (Mes= 2,4,6-

trimethylphenyl) was published in 2002.[35] The [Mes3Si]
+ ion

is trigonal planar and no contacts to the anion are observed
indicating the presence of a truly three-coordinate, isolated
[Mes3Si]

+ ion in this salt.[35] Thus, the long standing “silylium
ion problem”[143] was finally solved by using an advanced
WCA![35]

4.2.4.Metathesis Reactions

WCAs can be introduced into a system through meta-
thesis reactions of M+[X]� ([X]�=WCA, M= univalent
metal, such as Li, Na, Ag, Tl) with labile or sometimes even
covalently bound halides. A recent example from catalysis is
shown in Equation (11) (ArF=C6H3(CF3)2, L= 2-(phospha-
nylaryl)oxazoline, COD= cyclooctadiene).[144]

Naþ½BðArFÞ4�� þ 0:5 ½fIrðcodÞðm-ClÞg2� þ L

! ½ðLÞIrðcodÞ�þ½BðArFÞ4�� þNaCl
ð11Þ

In many cases Ag+ is the best cation to abstract the halide
from the substrate, because the lattice potential enthalpies of
the silver halides are exceptionally high and thus provide a
large driving force for the ionization. However, silver may not

be used if the substrate is oxidized by Ag+ (see Section 4.2.1).
Two recent examples for the use of silver salts of WCAs in
metathesis reactions involve the preparation of the homo-
leptic metal carbonyl cations [Rh(CO)4]

+[1-Et-CB11F11]
� [145]

and [Cu(CO)4]
+[1-Et-CB11F11]

� [Eqs. (12) and (13)].[42]

2Agþ½1-Et-CB11F11�� þ ½fRhðClÞðCOÞ2g2� þ 4CO

! AgClþ 2 ½RhðCOÞ4�þ½1-Et-CB11F11��
ð12Þ

Agþ½1-Et-CB11F11�� þ CuClþ 4CO

! AgClþ ½CuðCOÞ4�þ½1-Et-CB11F11��
ð13Þ

To prepare the homoleptic Rh carbonyl cation the pure
donor free silver salt Ag+[1-Et-CB11F11]

� has to be used. If the
benzene adduct [Ag(C6H6) ]

+[1-Et-CB11F11]
� is used the final

product is [(C6H6)Rh(CO)2]
+[1-Et-CB11F11]

� .[145] This exam-
ple shows the necessity of using strictly nonbasic conditions
throughout the synthesis of such electrophilic species. Even
solvents commonly viewed as nonbasic, such as benzene, may
interact with the generated active cationic species!

If silver salts of good WCAs, such as [Al(ORF)4]
� (RF=

C(CF3)3), are used in weakly basic but polar solvents, such as
CH2Cl2, even covalently bound halide ions can be abstracted
from simple molecules, such as CI4 or PX3 (X=Br, I). Thus
the reaction of Ag[Al(ORF)4] with CI4 led to the room-
temperature-stable salt [CI3]

+[Al(ORF)4]
� which was the first

compound of a binary C�X cation (X= halogen) character-
ized by X-ray crystallographic analysis [Eq. (14)].[60]

Cl4 þAg½AlðORÞ4�
CH2Cl2

RT; exclusion of light
����������!½Cl3�þ½AlðORÞ4�� þAgI ð14Þ

Prior to this experiment the [CX3]
+ ions (X=Cl, Br, I)

were only detected as intermediates at low temperature
(�78 8C).[146] This result shows that as long as a reactive cation
is compatible with the (weakly basic and weakly coordinat-
ing) solvent, species previously only known as intermediates
may even be stabilized at ambient temperatures provided that
anion–cation interactions are minimized by using a chemi-
cally robust and very weakly coordinating anion. This is
underlined by the recent report of the crystal structures and
solution characterization of pure [CX3]

+[Sb(OTeF5)6]
� (X=

Cl, Br) salts.[70]

Solvent choice in the silver-salt metathesis reactions is
important for the success or failure of a planned reaction.
Thus, the reaction of a CH2Cl2 solution of Ag+[Al(ORF)4]

�

with PX3 (X=Br, I) at �78 8C generated the carbene
analogue [PX2]

+ ions intermediates.[59] These intermediates
then inserted as electrophilic carbene analogues into the
X�X, P�X, or P�P bond of X2, PX3, P2I4, or P4 to give the very
reactive, binary P�X cations [PX4]

+, [P2X5]
+, [P3I6]

+, and
[P5X2]

+ [Eq. (15)].[59]

However, P�Br bond activation in PBr3 fails in even
slightly more basic solvents, such as 1,2-Cl2C2H4. PBr3 and
Ag+[Al(ORF)4]

� mixtures in 1,2-Cl2C2H4 solution did not
react at 25 8C while the same mixture in CH2Cl2 reacts
immediately at �78 8C![59] This result again shows the
importance of the choice of the solvent if the maximum
halide-abstraction power of the Ag+ ion is desired for a
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reaction. CH2Cl2 appears to be one of the best choices in this
respect.

4.2.5. Reaction with Brønsted Acids

A new class of superacids, that is, Brønsted acids exceed-
ing the acidity of pure H2SO4, was introduced by Reed et al.:
H+[CB]� ([CB]�= halogenated carborane-based WCA) is
prepared from the reaction of the molecular silyliumcarbor-
ane Et3Si-CB with excess liquid HCl [Eq. (16); [CB]�=
[CB11R6X6]

� ; R=H, Me; X=Cl, Br].[34]

Et3Si-CBþHClexx:
HClðlÞ

�196 oC!�78 �C
��������!Hþ½CB�� þ ClSiEt3 ð16Þ

The H+[CB]� superacids can be made in small scale and
are weighable, temperature stable, and non-oxidizing solids.
In contrast to the classical (oxidizing) superacids HF/SbF5 and
HSO3F/SbF5, the superacidity of H

+[CB]� is not accompanied
by Lewis acidity. This advantageous feature led to the first
protonation of fullerene (![HC60]

+); with conventional
superacids and strong mineral acids only decomposition
occurred [Eq. (17)].[36] The superacid H+[CB]� also proto-
nates weakly basic solvents, such as benzene, toluene, and
nitrobenzene.[34]

Hþ½CB�� þ C60 ! ½HC60�þ½CB�� ð17Þ

The simpler to prepare, but compared to H+[CB]�

weaker, Brønsted acids [H(OEt2)2]
+[X]� have been widely

used in catalysis since the their preparation was first reported
in 1992 [X]�= [B(ArF)4]

� [122b,128a] and 2000 [X]�=
[B(C6F5)4]

� .[130] It has become common practise to call
[H(OEt2)2]

+[B(ArF)4]
� “Brookhart's acid” and

[H(OEt2)2]
+[B(C6F5)4]

� “Jutzi's acid”. However, it should be
noted that Taube andWache[122b] published the preparation of
[H(OEt2)2]

+[B(ArF)4]
� several months prior to Brookhart

et al. and thus it should correctly be called Taube's acid.[128a]

Both acids are often used for protonolysis of transition-metal
alkyls [M]�R giving a cation [M]+ and the alkane RH. An
instructive example of the effects that have to be taken into
account for such reactions is the protonolysis of a diimine-
palladiumdiethyl complex by two very similar Brønsted
acids [H(OEt2)2]

+[B(ArF)4]
� and [H(OiPr2)2]

+[B(ArF)4]
�

[Eq. (18a)].[147] Protonolysis with [H(OEt2)2]
+[B(ArF)4]

�

which contains the sterically less-encumbered donor led to
the OEt2 complex of the ethylpalladium cation [Eq. (18a)]

while the reaction with [H(OiPr2)2]
+[B(ArF)4]

� which con-
tains the less-accessible donor OiPr2 gave the desired agostic
ethylpalladium cation [Eq. (18b)].[147]

Reactions of tertiary ammonium salts [HNR3]
+[X]�

([X]�=WCA) with metal alkyl compounds are related to
the reactions of the protonated ethers [Eq. (19)]. Dimethyl-
anilinium salts are most frequently employed. This approach

½HNR3�þ½X�� þ ½Cp2ZrðCH3Þ2�
! ½Cp2ZrðCH3Þ�þ½X�� þH-CH3 þNR3

ð19Þ

is limited to substrates where the inferior Brønsted acidity of
the [HNR3]

+ salts is still sufficient to protonate the metal alkyl
compounds, in addition the generated free amine must not
coordinate to the resulting cation. An example of this side
reaction is the coordination of dimethylaniline (Me2NPh),
which is produced by protonolysis in the reaction of
[HNMe2Ph]

+[B(C6F5)4]
� with [(iPr2-ATI)InMe2] (iPr2-ATI=

N,N’-diisopropyl aminotroponiminate) [Eq. (20)]. An elegant
variation of this reaction in which the cation was generated
and the ligand incorporated at the same time was recently
published by Bochmann et al. [Eq. (21)].[148]

The iminium salt of the WCA [B(C6F5)4]
� reacts with

dialkylzinc complexes to give diimine alkylzinc cations that
serve as catalysts for the ring-opening polymerization of
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epoxides and e-caprolactone.[148] A related neutral Brønsted
acid is the dipolar pyrroliumborate (H5C4N)B(C6F5)3 that
protonates [Cp2ZrMe2] with liberation of methane and
formation of [Cp2ZrMe]+[(H4C4N)B(C6F5)3]

� [Eq. (22)].[149]

4.2.6. Nucleophilic Substitution at and Addition to the Cation of
a WCA Salt

Apure nucleophilic substitution reaction at the cation of a
WCA is rare. An illustrative example of such a reaction is the
substitution of the fluorine atom in [N2F]

+ salts by an N3

ligand to give the pentanitrogen cation [N5]
+ and HF

[Eq. (23); [X]�= [AsF6]
� , [SbF6]

� , [Sb2F11]
�].[150]

½N2F�þ½X�� þHN3 ! ½N5�þ½X�� þHF ð23Þ

Other reactions can be described as addition reactions; a
spectacular example would be the addition of four Xe atoms
into the coordination sphere of the Au2+ ion giving a
[Au(Xe)4]

2+ salt.[77] However, there is no such thing as a
noncoordinated cation in solution and if the WCA is weakly
basic enough not to interact with the cation then the solvent
will do so. Therefore in this example the addition should be
reformulated as a substitution of the solvent HF by atomic
xenon [Eq. (24); [X]�= [Sb2F11]

�].

½AuðFHÞ4�2þð½X��Þ2 þ 4Xe! ½AuðXeÞ4�2þð½X��Þ2 þ 4HF ð24Þ

Equation (24) shows that atomic Xe is a stronger base
towards Au2+ than the ion [Sb2F11]

� and the solvent hydrogen
fluoride. In all cases where weak ligands are to be coordinated
to produce a given cation, the choice of solvent and WCA is
crucial. To stabilize the resulting Lewis acid–base adducts, the
anion–cation as well as solvent–cation interactions have to be
minimized and together they must be weaker than the
interaction with the weakly basic ligand. This principle may
also be illustrated by a series of Ag-P4 and Ag-S8 complexes:
1) The role of the counterion: In the series of silver salts

Ag[Al(ORF)4] with RF=C(H)(CF3)2, C(Me)(CF3)2, and
C(CF3)3 the perfluorinated ion [Al{OC(CF3)3}4]

� is the
least nucleophilic. The addition of an excess of ligand L=

P4
[56] or S8

[58] to Ag[Al(ORF)4] led, for the slightly more
basic ions RF=C(H)(CF3)2, C(Me)(CF3)2, to molecular
adducts (L)Ag[Al(ORF)4] (L= S8,P4) in which the anion is
coordinated directly to the silver center [Eq. (25a)]. In
contrast, with the least basic ion [Al{OC(CF3)3}4]

� , P4 and
S8 are stronger Lewis bases towards the cation than the
anion and consequently the [Ag(L)]+ ions coordinate a
second equivalent of L and the salts [Ag(L)2]

+[A-
l{OC(CF3)3}4]

� are formed [Eq. (25b)].[56,58]

2) The role of the solvent: When Ag+[Al{OC(CF3)3}4]
� and

two equivalents of P4 are mixed in CH2Cl2 the equilibrium
shown in Equation (26) ([X]�=Ag+[Al{OC(CF3)3}4]

�)

½AgðsolventÞn�þ½X�� þ 2P4G
in CH2Cl2

in C6H6

H½AgðP4Þ2�þ½X�� þ n solvent
ð26Þ

lies completely to the right. However, replacing the
weakly basic solvent CH2Cl2 for benzene, which is more
strongly coordinating towards the Ag+ ion, led to decom-
position of the [Ag(P4)2]

+ ion, replacement of P4 by C6H6,
and formation of [Ag(C6H6)2]

+. Thus in benzene the
equilibrium lies completely to the left.[56]

A rare example of a pure addition reaction is the reaction
of O2

+ salts with Cl2 giving the dark violet p*–p* bonded
trapezoidal [Cl2O2]

+ salts [Eq. (27); [X]�= [AsF6]
� , [SbF6]

� ,

Oþ2 ½X�� þ Cl2 ! ½Cl2O2�þ½X�� ð27Þ

[Sb2F11]
�].[151] The thermal stability of the [Cl2O2]

+ salts
formed increases with the decreasing basicity of the WCAs
and is highest for [Sb2F11]

� .[151]
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5. A Rationalization of the Special Properties of
Salts of Weakly Coordinating Ions Based on
Thermodynamic Considerations

Large and weakly coordinating anions offer some special
properties that are best rationalized on the basis of simple
thermodynamic Born–Fajans–Haber cycle considerations.
Overall WCAs enhance the stability of weakly bound and
low-charged species, such compounds often present unusual
bonding situations. Therefore the stabilization provided by
WCAs can be seen in analogy to the chemistry done with
large and bulky organic substituents, such as Wiberg's
Si(tBu)3 ligand[152] or Power's bulky terphenyl ligands[153]

that allow the preparation of otherwise unstable compounds.
Similarly, there is also a close relationship to the chemistry of
large and weakly coordinating cations, such as [NMe4]

+,
[C5H6NMe6]

+ (1,3,5-hexamethylpiperidinium), [S(NMe2)3]
+,

and [P(NMe2)4]
+.[154–156]

5.1. Gas-Phase Cations in Condensed Phases?

Many unusual and fundamentally important ions have
been detected in the gas phase by using one of the advanced
mass-spectrometric methods. Often these cationic species are
highly electrophilic or they are only weakly bound Lewis
acid–base complexes that in condensed phases react with the
counterions and/or solvents. Hence, it has often been
impossible to generate stable salts of these species in
condensed phases and to analyze their properties by classical
physical measurements, such as vibrational and NMR
spectroscopy or X-ray crystallography. WCAs can be used
to overcome this deficiency and enable such compounds to be
prepared in solution or the solid state. It is then possible to
verify experimentally the predictions of the sensitive quantum
chemical calculations of these gas-phase cations which often
reside in shallow minima on an extended potential energy
surface. An illustrative example of this approach is the
geometry of the [AgP8]

+ ion which in 1995 was produced in
the gas phase and analyzed by MS.[157] Initial calculations
suggested a [Ag(h1-P4)2]

+ to be the global minimum.[157]

However, recently it was shown by an X-ray crystal structure
that the global minimum is best described as edge-bound
[Ag(h2-P4)2]

+ (see Figure 7).[56] This example clearly shows
that conclusions drawn from gas-phase studies are delicate
and, if possible, should be validated in the condensed phase.

5.1.1. “Pseudo Gas-Phase Conditions” in Condensed Phases

To stabilize a given gas-phase cation in condensed phases
a counterion and, usually, a solvent have to be introduced. In

the solid state the ion–counterion pairs form an ionic lattice in
which the gas-phase cation is subjected to an electrostatic
field absent in the gas phase (= lattice energy). Since lattice
energies are inversely proportional to the sum of the ionic
radii (or volumes) of the constituting ions,[158] the lattice
energies of the WCA salts are very low (Table 2). In fact they
are so low that the lattice energy of the WCA salt
[Ag(S8)2]

+[Al(OR)4]
� (1 in Table 2) of 326 kJmol�1

approaches the values of sublimation enthalpies of molecular
solids of comparable atomic weight, that is, that of C60 or C70

with 175 and 200 kJmol�1, respectively (cf.Mr= 1588 (1), 721
(C60), 841 gmol�1 (C70)).

[58,159]

Comparing the lattice energy of 1 (326 kJmol�1) to the
lattice energies of typical salts, such as Li+F� (1036 kJmol�1)
and Cs+F� (740 kJmol�1) clearly shows that the environment
of the ions in [Ag(S8)2]

+[Al(OR)4]
� closer resembles the

situation in the gas phase (or a molecular solid) than to the
strong electrostatic field within a classical salt. Large WCAs
have diameters in the nanometer scale (1.25 nm for
[Al(OR)4]

� [47] or 1.20 nm for [Sb(OTeF5)6]
� [64]) and thus the

anions and cations are considerably separated which effec-
tively diminishes coulombic interactions. Owing to the highly
fluorinated surface of most WCAs, dispersive interactions are
weak and not structure determining. Therefore, the environ-
ment of the cations within the framework of an ensemble of
large and very weakly coordinating anions, such as
[Al(OR)4]

� or [Sb(OTeF5)6]
� , can be described as providing

“pseudo gas-phase conditions” in the solid state.[58]

In solution pseudo gas-phase conditions are also present:
Salts with smaller anions are usually only soluble in polar
media with high dielectric constants, such as ethanol (erel.=
24), CH3CN (erel.= 35), or even strong acids, such as
anhydrous HF (erel.= 83). In contrast WCA salts are generally
very soluble which allows the use of very nonpolar solvents
with low dielectric constants erel.= 2 to 9 (toluene to CH2Cl2).
In these less polar media, the solvation energies that stabilize
the dissolved ions with respect to the gas phase are greatly
reduced. From a plot of the Gibbs solvation energy versus the
dielectric constant (erel.) of the solvent (Figure 8),

[160] it can be
seen that the effect of decreasing the dielectric constant of the
solvent from HF (erel.= 83) to ethanol (erel.= 24) is much
smaller than for changing from ethanol to CH2Cl2 (erel.= 9) or
even toluene (erel.= 2). Thus, in low polarity or nonpolar
solvents the ions receive only a minimal stabilization through
the solvation energy. Therefore by using WCAs in combina-

Table 2: Thermochemical volume (Vtherm) and lattice enthalpies of
several M+X� salts.

Salt Vtherm [I3] Upot. [kJmol�1]

Li+F� 27 1036[a]

Cs+F� 43 740[a]

Cs+[AsF6]
� 128 568[b]

Cs+[Al(OR)4]
� [c] 776 362[b]

[Ag(S8)2]
+[Al(OR)4]

� (1)[c] 1169 326[b]

[a] Experimental value.[159] [b] calculated from the thermochemical vol-
umes.[158] [c] R=C(CF3)3.

Figure 7. Postulated gas-phase structure (left)[157] and observed solid-
state structure (right) of the [Ag(P4)2]

+ ion in [Ag(P4)2]
+[Al(OR)4]

�

(R=C(CF3)3).
[56]
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tion with low-dielectric media, gas-phase conditions (with no
stabilization by solvation) are also approximated in solution.
By the combination of WCAs and low dielectric media gas-
phase conditions are approximated both in solution and the
solid state. To describe this property the term psuedo gas-
phase conditions was coined.[58]

5.2. The Effect of Ion Size on Lattice and Solvation Enthalpies

The high solubility of WCA salts (Section 5.1) clearly
results from the decreased lattice potential enthalpies of these
salts which incorporate large counterions with diameters
exceeding one nanometer. Generally a salt is soluble if the
sum of the Gibbs free energies of solvation for the cation A+

and the anion X� is larger than the lattice enthalpy of the salt
A+X� (see Figure 9; entropic contributions play practically no
role in the solid state, which is why the lattice enthalpy and the
Gibbs lattice energy are almost identical).

If the WCA X� is very large, then the lattice enthalpy is
low, the sum of the Gibbs solvation energies is then larger
than the lattice enthalpy, and hence the WCA salt is highly
soluble. For example: to determine the effect of the ion size
upon dissolution of a salt A+X� in a nonpolar solvent a
simulation was performed in which the ionic radius of A+ was
kept constant at roughly that of a K+ ion, and the ionic radius
of X� was changed from very small (halide) to very large
(large WCA). The solvation enthalpies for A+X� in three
nonpolar solvents, with dielectric constants of 2.2, 4.8, and 8.9
(similar to toluene, CHCl3, and CH2Cl2), were approximated
with the Born equation.[160] In the next step the lattice

enthalpies of A+X� were approximated by using the Pass-
more–Jenkins equation.[158] In Figure 10 the lattice enthalpy
of A+X� and the sum of the Gibbs solvation energies of A+

and X� are plotted against the thermochemical volume of the
salt A+X� .[161] From Figure 10 it can be seen that the solvation
and lattice enthalpies decrease rapidly with the increasing size

of the anions. The shapes of the Gibbs solvation energy and
lattice potential enthalpy curves differ: With increasing size of
the anion the solvation energies relatively soon reach a
plateau region and remain almost constant while the lattice
energy decreases more steadily with increasing anion size.
The less polar the solvent the later the intersection of the
Gibbs solvation energies with the lattice enthalpy curve. This
intersection point indicates the change from insoluble to
soluble. Thus, only very large ions X� with a volume of larger
than approximately 890 U3 induce a sufficiently low lattice
enthalpy to dissolve salts A+X� in toluene (dashed vertical
line in Figure 10). In more polar solvents, such as CHCl3 or
CH2Cl2, the minimum size of the anion can be smaller, that is
120 U3 or 60 U3, respectively. In agreement with this result
K[Al(OR)4] (thermochemical volume Vtherm.= 762 U3) is
slightly soluble in toluene whereas K[BF4] (Vtherm.= 77 U3) is
only sparingly soluble in CH2Cl2. Of course these values
should not be taken as absolute because an exact evaluation
of solvation effects, dispersion energies, temperature effects
etc. has not been carried out. However, the general trend
holds: large WCAs lead to salts that are soluble in weakly
polar solvents, often even at very low temperatures.

5.3. Stabilization of Weakly Bound Complexes

Apart from being weakly basic and stable to oxidation,
large counterions provide another contribution to the stabi-
lization of weak Lewis acid–base adducts [M(L)n]

+[X]� (M+=

univalent cation, L= uncharged weakly bound ligand, X�=
WCA): the reduced gain in M+[X]� lattice energy upon

Figure 9. Born–Fajans–Harber cycle for a soluble A+X� salt.

Figure 8. Plot of the Gibbs solvation energy DGsolv. calculated with the
Born equation for an univalent ion of radius 200 pm versus the dielec-
tric constant erel. of the solvent.[160]

Figure 10. Plot of the lattice enthalpy versus the solvation Gibbs free
energies for a A+X� salt. For the calculataion the ionic radius of A+

was kept constant at roughly that of a K+ ion, and the ionic radius of
X� was changed from very small (halide) to very large (large WCA).
The solvation enthalpies for A+X� in three nonpolar solvents, with die-
lectric constants of 2.2, 4.8, and 8.9 (similar to toluene, CHCl3, and
CH2Cl2), were approximated.[160, 161]
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dissociation of [M(L)n]
+[X]� into M+[X]� and nL (see

Scheme 2 for a Born–Fajans–Haber cycle of the dissociation
of an [Ag(L)2]

+[X]� species). Considering the cases where
L= S8 and X

�= [AsF6]
� or [Al(OR)4] (R=C(CF3)3),

[58,162] the

calculated lattice enthalpies for [Ag(S8)2]
+[X]� (X�=

[AsF6]
� , [Al{OC(CF3)3}4]

�) are 393 and 327 kJmol�1, those
of the ligand-free salt Ag+[X]� are 586 and 361 kJmol�1

(thermochemical volumes).[58,158] The gas-phase enthalpy
DrH(gas) and the sublimation enthalpy of S8 are the same in
both cases, and therefore the only differences are due to the
lattice enthalpies. For [AsF6]

� the resulting gain in lattice
enthalpy upon dissociation is 193 kJmol�1 while that for
[Al{OC(CF3)3}4]

� is only 34 kJmol�1. Therefore [Ag(S8)2]
+-

[Al{OC(CF3)3}4]
� is more stable by 193�34= 159 kJmol�1

against a dissociation than the [AsF6]
� salt. In other words,

with the [Al(OR)4]
� ion, [Ag(L)2]

+ Lewis acid–base adducts
can be stabilized for very weak bases L, for which DrH(gas) of
the gas-phase term [Ag(L)2]

+
(g)![Ag+(g)]+ 2L(g) is by 100 to

160 kJmol�1 less endothermic than that with the smaller
[AsF6]

� ion.
If the standard state of the ligand L in Scheme 2 is a gas,

the contribution of the sublimation enthalpy DHsubl.(L), which
enhances decomposition, is eliminated. For the above exam-
ple DHsubl.(S8)= 101 kJmol�1, (for two molecules of S8
202 kJmol�1). If a gas, for example, CO is used as a ligand,
this destabilizing contribution is eliminated. Therefore, it is
possible to prepare and characterize [Ag(CO)2]

+ salts,
although the gas-phase dissociation enthalpy DrH(gas) of
[Ag(L)2]

+
(g)!Ag+(g)+ 2L(g) is only 197 kJmol�1 for L=CO

(experimental value),[163] but 363 kJmol�1 for L=S8 (ab inito
calculation, MP2/TZVPP).[58] DDrH(gas) amounts to
363�197= 166 kJmol�1 which is less than twice the sublima-
tion enthalpy of L= S8 (202 kJmol�1). This leads to the
unusual conclusion that (neglecting entropy) solid
[Ag(S8)2]

+[Al{OC(CF3)3}4]
� is approximately 30 to

40 kJmol�1 less stable towards a dissociation into solid
Ag[Al{OC(CF3)3}4] and solid S8 than (hypothetical)
[Ag(CO)2]

+[Al{OC(CF3)3}4]
� towards decomposition into

solid Ag[Al{OC(CF3)3}4] and gaseous CO. In agreement
with this notion, in 1994 a [Ag(CO)2]

+ salt with a, compared
to [Al{OC(CF3)3}4]

� , smaller [B(OTeF5)4]
� ion was pre-

pared.[62,164]

Another example underlines this conclusion: We recently
prepared the [Ag(h2-C2H4)3]

+ ion as the [Al{OC(CF3)3}4]
� salt

(Figure 11).[55] The Ag+ complexes of C2H4 are of fundamen-
tal interest as they are seen as the prototypes for transition-
metal–olefin complexes without backbonding. Since they are

difficult to stabilize in condensed phases, they were inten-
sively investigated by theoretical andmass spectrometry (MS)
studies.[165,166] However, despite many earlier MS experiments,
only [Ag(h2-C2H4)x]

+ complexes with x= 1, 2 are known in the
gas phase.[167] The formation and structural characterization
of a [Ag(h2-C2H4)3]

+[Al{OC(CF3)3}4]
� salt (that is, x= 3) was

therefore surprising and shows that the environment provided
by the solid-state arrangement of the [Al{OC(CF3)3}4]

� ions is
very close to that of the gas phase in thermal equilibrium at
low temperature. The gas-phase addition of a third molecule
of gaseous C2H4 to gaseous [Ag(h2-C2H4)2]

+ was impossible in
the mass spectrometer, presumably because of the low Gibbs
binding energy of the third ligand (DG8=�55 kJmol�1).[55,166]

This result points to the failure to relax the energy stored in
translational, vibrational, and rotational levels, which in sum
can be larger than the binding energy of the third ligand, thus
preventing coordination. In WCA salts this internal energy
can be removed through intermolecular vibrational coupling
thus allowing equilibrium conditions to be reached at a given
temperature. In this respect the pseudo gas-phase conditions
provided by the best WCAs in the solid state are even better
than the gas phase inside a mass spectrometer where thermal
equilibrium conditions are difficult to reach. In this respect
good WCAs, such as the [Al{OC(CF3)3}4]

� ion may justly be
called noncoordinating.

5.4. Stabilization of Lower Charged Species: Coulomb Explosion
of Multicharged Cations

Polyatomic, multicharged cations (and anions) are unsta-
ble in the gas phase and dissociate into smaller, less charged
species. Thus the simple O2

2� ion known from many salts in
the solid state is unknown in (equilibrium) gas-phase
chemistry where it is unstable with respect to two O� ions.
The driving force for this dissociation is the strong electro-
static repulsion of the two adjacent negative charges in the

Scheme 2. Born–Fajans–Haber cycle for the dissociation of a solid
Lewis acid–base adduct [Ag(L)2]

+[X]� into Ag+[X]� and 2L.

Figure 11. Section of the solid-state structure of [Ag(h2-C2H4)3]
+[Al-

{OC(CF3)3}4]
� .[55]
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O2
2� ion which is relieved upon dissociation (the “Coulomb

explosion”). In the solid state the multicharged polyatomic
ions are stabilized against dissociation into singly charged ion
salts by having much higher lattice energies than singly
charged ion salts.[168–170] This effect is shown by the Kapusti-
niskii equation for the lattice energy Upot [Eq. (28)] where za

Upot ¼
121:4 za zb n
ðra þ rbÞ

�

1� 0:0345
ðra þ rbÞ

�

kJmol�1 ð28Þ

and zb are the charge of the ions, ra and rb the ionic radii, and n

is the number of ions per forumla unit (i.e. two for A+B� ,
three for A2+[(B�)2] etc.).

Thus, with similar ionic radii, the lattice energy of a
A2+[(B�)2] or a A3+[(B�)3] salt is about three or six times,
respectively that of a A+B� salt. Therefore, salts of higher
charged ions, which are unstable in the gas phase, are lattice
stabilized in the solid state.[168–170] Through the use of large
WCAs the singly charged cations can be favored over the
multiply charged cations. Two borderline cases will be
presented in the following subsections.

5.4.1. The Reaction [S3N2]
2+![SN]++ [S2N]+

Reaction of S4N4 with AsF5 yields the 6 pHVckel aromatic
[S3N2]

2+ as the [AsF6]
� salt.[171] In the gas phase [S3N2]

2+ is
unstable towards disproportionation into [SN]+ and [S2N]

+ by
400 kJmol�1 (Scheme 3).[171] An analysis of a suitable Born–

Fajans–Haber cycle showed[171] [S3N2]
2+[(AsF6

�)2] to be stable
against a disproportionation into [SN]+[AsF6]

� and
[S2N]

+[AsF6]
� by 28 kJmol�1. By reducing the overall lattice

energies by replacing [AsF6]
� (Vtherm.= 105 U3) with a larger

ion, such as [Sb2F11]
� (Vtherm.= 200 U3) only the singly charged

dissociation products [SN]+[Sb2F11]
� and [S2N]

+[Sb2F11]
� are

formed (Scheme 3; DrH(s) is �10 kJmol�1 in favor of the
A+B� salts).[171]

5.4.2. The Reaction E4
2+!2E2+ (E=O, S)

The highly p-bonded gaseous O2
+ and S2

+ ions have short
E–E separations of 112 and 183 pm, respectively. In the solid
state, singly charged O2

+ salts with an average oxidation state
of oxygen of + 0.5 have been known for a long time with a
variety of fluorometallate anions. In contrast, all sulfur
compounds with an average oxidation state of + 0.5 (several
with fluorometallate anions are known) contain the doubly
charged, formal dimer S4

2+= (S2
+)2 [Eq. (29)].

[168]

Why is it that no O4
2+ salt forms in the solid state? This

can be explained with the Born–Fajans–Haber cycle shown in
Scheme 4. The gas phase contribution is dominant for E=O,

and owing to the short (calculated) O�O bond in O4
2+ of

134 pm[168] the Coulomb repulsion is large and DHdiss(g) is
exothermic by 1035 kJmol�1.[168] Although the lattice
enthalpy of the A2+[(B�)2] salt O4

2+[A]2
� is roughly three

times larger than that of the A+B� salt, the formation of two
units of solid O2

+[AsF6]
� is favored by 615 kJmol�1 over

O4
2+[AsF6]2

� (Scheme 4).[168] Owing to the larger S–S separa-
tion in S4

2+ (201 pm) and the stronger S�S single bonds[172]

DHdiss(g) is exothermic[173] by only 258 kJmol�1. Therefore in
the solid state the higher lattice enthalpy contribution of the
A2+[(B�)2] salt dominates and the formation of S4

2+[(AsF6
�)2]

is favored by 238 kJmol�1. All attempts to lower the overall
lattice enthalpies by replacing [AsF6]

� (Vtherm.= 105 U3) for
[Sb(OTeF5)6]

� (Vtherm.= 725 U3)[65] and thus stabilizing an S2
+

salt analogous to the O2
+ salt in the solid state failed. A

thermochemical analysis showed that a WCA that would
stabilize a S2

+ salt would have to have a thermochemical
volume of at least 5000 U3.[174] However, such extremely large
WCAs are currently unknown.

6. Limits of Weakly Coordinating Anions

After showing the amazing properties of WCAs in
stabilizing salts of unusual and reactive cations it is important
to also give examples of the limits of WCAs in various
applications. Typical limits are anion coordination and anion
decomposition. Selected examples of these limits are detailed
below, others were mentioned in Section 2.

Scheme 3. Coulomb explosion of gaseous [S3N2]
2+ giving [SN]+ and

[SNS]+. The solid [S3N2]
2+[AsF6]

�
2 is lattice stabilized, but the dissocia-

tion products [SN]+[Sb2F11]
� and [S2N]

+[Sb2F11]
� were obtained with the

larger [Sb2F11]
� ion.[171]

Scheme 4. Born–Fajans–Haber Cycle rationalizing the formation of
solid O2

+A� but S4
2+(A�)2 (A=AsF6

�).
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6.1. Coordination

Virtually all of the WCAs presented in Section 2 can
coordinate given the right cation. Most prominent examples
are the highly reactive cations [SiR3]

+ and [AlR2]
+ (R=Me,

Et, iPr) that decompose almost all WCAs. The exceptions are
the halogenated carboranes with which they form molecular
coordination compounds of the type R3Si

d+-CBd� and R2Ald+-
CBd� (Figure 12). Based on their Si–anion or Al–anion

separations these compounds are clearly molecules;
however some of the properties of the R3Si

d+-CBd�

and R2Ald+-CBd� species suggested that in solution
the character of the parent cations [SiR3]

+ and
[AlR2]

+ is partially retained and, therefore, species,
such as R3Si

d+-CBd� and R2Ald+-CBd� are also called
“ionlike”.

The more widely used ion [B(ArF)4]
� (ArF=

C6H3(CF3)2) is susceptible to h3-, h4-, and even h6-
coordination of the ArF ligand (Figure 13).[175] Studies
show that the weakly coordinating nature of the
[B(ArF)4]

� ion is primarily due to steric effects. If the
countercations, such as RhI or AgI, are small and
electrophilic enough to fit between the aromatic rings,
coordination is possible and led with RhI to the rapid
irreversible decomposition of the [B(ArF)4]

� ion
within hours.[175]

A related anion known to be somewhat more coordinat-
ing is [MeB(C6F5)3]

� which often coordinates to the cation
center through the methyl group but additionally may also
form cation–F contacts, such as in [{Cp’2Y}

d+{(m-
CH3)B(C6F5)3}]

d� (Cp’=C5H4SiMe3) (Figure 14).[176] Also
the [Sb2F11]

� ion can be coordinated by a suitable electrophilic
cation, such as Au2+. Thus, upon evacuation of [Au-
Xe4]

2+[(Sb2F11)
�
2] the xenon poorer compound [Au-

(Xe)2(Sb2F11)2] containing coordinated [Sb2F11]
� ions forms

(Figure 15).

6.2. Decomposition

Anion coordination as described in Section 6.1 can be the
starting point for the degradation of the WCA provided that
the (possibly only transient) countercation is reactive enough
to induce the decomposition. Often decomposition can be
slowed down or even hindered by working at low temper-
atures. In general, solid compounds are less sensitive towards
decomposition than WCA salts in solution. Selected typical
examples for WCA degradation are presented below.

6.2.1. Ligand Abstraction without Degradation of the Ligand

The dissolved [Me(Ph3P)2Pt(OEt2)]
+[B(ArF)4]

� salt—gen-
erated from [(Ph3P)2PtMe2] and [H(OEt2)2]

+[B(ArF)4]
�—is

only stable at temperatures below �30 8C and when allowed
to reach room temperature the ion slowly (days) degrades and

Figure 13. h6-Coordination of the ArF ligand in [(cod)Rh(h6-ArFB(ArF)3)]
(COD=cylcooctadiene).

Figure 14. Anion coordination in the [{Cp’2Y}
d+{(m-CH3)B(C6F5)3}

d�]
complex.

Figure 15. Comparison of salt formation in [AuXe4]
2+[Sb2F11]

�
2 and ion coordina-

tion in [Au(Xe)2(Sb2F11)2] .

Figure 12. Molecular “ionlike” coordination compounds of type
R3Si

d+CBd� and R2Al
d+CBd� (CB=halogenated carborane-based ion).
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serves as a source for the ArF ligand [Eq. (30); ArF=
C6H3(CF3)2].

[177]

Similarly the [B(C6F5)4]
� ion rapidly degrades in the

presence of [AlR2]
+,[15] [RZn]+ [178] (R=Me, Et) and H+

cations if no donor solvent, such as diethyl ether is present
(Scheme 5) Also sterically open group 14 metallocene cations
decompose the [B(C6F5)4]

� ion.[3]

An interesting approach to generate the
[(F5C6)Xe]

+[F2B(C6F5)2]
� salt is anion decomposition starting

from the B(C6F5)3 Lewis acid and XeF2. The intermediate
[FXe]+[FB(C6F5)3]

� is generated which degrades with forma-
tion of (unstable) (F5C6)XeF and FB(C6F5)2 that finally react
to give [(F5C6)Xe]

+[F2B(C6F5)2]
� as a clean product stable

below 14 8C (Scheme 6).[179]

Also the teflate based WCAs decompose in the presence
of strong electrophiles. Thus the [B(OTeF5)4]

� ion looses a
OTeF5 group in the presence of electrophiles, such as Ag+ [62]

or [SiPh3]
+ [62] [Eq. (31), E= Ag+, [SiPh3]

+].

Eþ½BðOTeF5Þ4�� ! EðOTeF5Þ þ BðOTeF5Þ3 ð31Þ

The decomposition of Ag+[B(OTeF5)4]
� is slow but that of

the [SiPh3]
+ species is so fast that the silylium ion was

postulated as only a short lived intermediate.[62] Electrophilic
zirconocene cations degrade the [Nb(OC6F5)6]

� WCA. The
pathways in Scheme 7 were described for [Cp*2ZrMe]+-
[Nb(OC6F5)6]

� .[52b]

6.2.2. Ligand Abstraction with Degradation of the Ligand

A second rarer type of WCA degradation is ligand
abstraction followed by decomposition of the ligand or direct
decomposition without ligand abstraction. The [B(C6F5)4]

�

ion decomposes in the presence of [Cp2ZrMe]+ to give the
dimeric, fluoride bridged [Cp2(F5C6)Zr-F-Zr(C6F5)Cp2]

+ ion
that crystallizes from the mixture with a remaining intact
[B(C6F5)4]

� ion. In this case, C6F5 abstraction is combined with
a C�F bond activation [Eq. (32)].

The formation of fluorine bridges was also observed
during the decomposition of the dissolved [Al(OR)4]

� ion
(R=C(CF3)3) in the presence of very reactive phosphorus or
phosphorus–halogen cations E+ at temperatures between�10
and �30 8C.[59,180] In contrast to the solutions, solid samples of
phosphorus–halogen cation salts are stable for days or even
months at ambient temperatures.[59] The decomposition
reaction of the [Al(OR)4]

� ion presumably starts with ligand
abstraction and the formation of the very strong Lewis acid
Al(OR)3. According to the information in Table 3 (Section 7),

Scheme 5. Decomposition pathway of the [B(C6F5)4]
� ions in the pres-

ence of diethyl zinc.

Scheme 6. Synthesis of [(F5C6)Xe]
+[F2B(C6F5)2]

� through the planned
initiation of an anion decomposition.

Scheme 7. Pathway for the decomposition of [Cp*2ZrMe]+-
[Nb(OC6F5)6]

� .

Weakly Coordinating Anions
Angewandte

Chemie

2083Angew. Chem. Int. Ed. 2004, 43, 2066 – 2090 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


Al(OR)3 is a stronger Lewis acid than SbF5 and, consequently,
attacks another [Al(OR)4]

� ion by abstracting of a fluoride
ion of one of the 12 equivalent CF3 groups giving [FAl(OR)3]

�

and (C4F8O)Al(OR)3. The epoxide OC4F8 is then replaced by
[FAl(OR)3]

� in a nucleophilic substitution reaction leading to
the formation of the [(RO)3Al-F-Al(OR)3]

� ion (Scheme 8).

According to an analysis of the structural parameters[59, 180] as
well as to DFT-calculations[184] (see Table 3), the fluoride
bridged [(RO)3Al-F-Al(OR)3]

� ion (R=C(CF3)3) is chemi-
cally more robust then the already very stable [Al(OR)4]

� ion.
With a surface made up of 54 C�F bonds and its O atoms well
protected by the six R ligands, the fluoride bridged [(RO)3Al-
F-Al(OR)3]

� ion is certainly the best candidate for the most
weakly coordinating ion known to date. All other known
WCAs contain at least 18 peripheral C�F bonds less.

In a related pathway, the [B(CF3)4]
� ion also decomposes

in the presence of strong Lewis acids, such as AsF5

(Scheme 9). AsF5 abstracts a fluoride ion from a CF3 group,
this results in the formation of a difluorocarbene CF2

coordinated to a B(CF3)3 Lewis acid. The carbene then
inserts into the C�F bond of another CF3 group giving
(F5C2)B(CF3)2, which in turn abstracts a fluoride ion from
[AsF6]

� leading to [(F5C2)(F)B(CF3)2]
� and AsF5 (the FIA of

B(CF3)3 is much higher than that of AsF5, see Table 3). The

regenerated AsF5 then reenters this cycle, produces new CF2

which inserts into the C�F bond of the CF2 group so that in
the end borates bearing the C(F)(CF3)2 moiety are isolated.

The WCA decomposition example given in Equation (33)
shows that the ligand may not only be extracted as such, but, if

½NbðOTeF5Þ6�� þ CH3CN!
½O¼NbðOTeF5Þ4ðNCCH3Þ�� þOðTeF5Þ2

ð33Þ

the metal is able to form multiple bonds, may leave as a
volatile molecule. Thus, [Nb(OTeF5)6]

� decomposes in aceto-
nitrile with formation of [O=Nb(OTeF5)4(NCCH3)]

� and
gaseous O(TeF5)2.

[64]

7. Comparison of the Properties of different Classes
of Weakly Coordinating Anions Based on
Quantum Chemical Calculations

To compare the properties of the very different types of
WCAs, such as the fluoroantimonates with the perfluoroar-
ylborates, a computational approach was chosen. The struc-
tures of all the WCAs of the type [M(L)n]

� (L=monoanionic
ligand), their parent Lewis acids A=M(L)n�1, as well as their
fluoride adducts AF�= [FM(L)n�1]

� were optimized with
DFT methods at the BP86/SV(P) level. With these calculated
data, the thermodynamic stability and coordinating ability of
the WCAs was established based on the following consid-
erations:
1) All [M(L)n]

� ions that are based on a Lewis acidic central
atomM are prone to decomposition by ligand abstraction.
A measure for the intrinsic stability of a givenWCA is the
Lewis acidity of the parent Lewis acid A (e.g. the B(C6F5)3
acid for the [B(C6F5)4]

� ion). An established measure for
Lewis acidity is the fluoride ion affinity FIA (see
Section 2.5.1) which is calculated from an isodesmic
reaction.[81,181] FIA values of the parent Lewis acids A
are included in Table 3. The higher the FIA value, the
more stable the WCA is against ligand abstraction.

2) Additionally we also directly assessed the ligand affinity
LA of all types of WCAs through an isodesmic reac-
tion.[182] The LA is the enthalpy of reaction necessary to
remove the ionic ligand L� from the ion [M(L)n]

�

[Eq. (34)]. The LA is always endothermic and the more

½MðLÞn�� DH¼LA
����!½MðLÞn�1� þ L� ð34Þ

positive the LA value (see Table 3) the more stable the
WCA is against ligand abstraction. However, a word of
caution is needed here: The LA also reflects the stability
of the generated L� ion. Thus, if L� is stable (e.g. L�=
[OC(CF3)3]

� or [OTeF5]
�) the LA is relatively low

compared to less stable ionic ligands (such as L�=
[C6H5]

� or [C6H3(CF3)2]
�).

3) To assess the stability of a WCA towards attack of a hard
or soft electrophile and to eliminate the contribution of
the intrinsic stability of L� in (2) the isodesmic decom-
position reactions of [M(L)n]

� with H+ [hard, Eq. (35);
PD= enthalpy of proton-induced decomposition] and

Scheme 8. Formation of the fluoride-bridged [(RO)3Al-F-Al(OR)3]
� ion

via an epoxide intermediate.

Scheme 9. Generation of the F2C carbene ligand and insertion into the
C�F bond of fluorated borates.
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Cu+ [soft, Eq. (36); CuD= enthalpy of copper-induced
decomposition] were calculated.

½MðLÞn�� þHþ DH¼PD
����!½MðLÞn�1� þH�L ð35Þ

½MðLÞn�� þ Cuþ DH¼CuD
�����!½MðLÞn�1� þ Cu�L ð36Þ

PD and CuD allow conclusions to be drawn on the
stability of a given WCA of type [M(L)n]

� upon reaction
with a hard (H+, PD) or soft (Cu+, CuD) electrophile.
Since in Equations (35) and (36) a gaseous ion and a
gaseous cation react giving two neutral species, PD and
CuD are both exothermic. The less negative the PD and
CuD values are (see Table 3), the more stable the WCA is
against electrophilic attack. For gas-phase acidities of
neutral Brønsted acids including H[CB11F12] see ref. [183].

4) The energy of the HOMO of a WCA relates to its
resistance towards oxidation. The lower the HOMO
energy, the more difficult it is to remove an electron and
thus oxidize the WCA.

5) The HOMO–LUMO gap (see Table 3) can be associated
with the resistance of a WCA towards reduction and the
larger the HOMO–LUMO gap, the more stable the anion
is with respect to reduction. Very small gaps, such as those
for [Sb4F21]

� or [As(OTeF5)6]
� , are an indication of the

potentially oxidizing character of these anions, which may
interfer with countercations sensitive towards oxidation.

6) A measure of the coordination ability of an anion is the
partial charge of the most negatively charged atom (qneg.),
or, the most negatively charged atom on the surface of the

anion (qsurf. ; see Table 3). It is clear that low partial
charges are an indication for low coordination ability.
However, steric effects may also be of importance, and the
most basic atoms may be hidden in the center of a large
WCA and are, therefore, not available for coordination.
In these cases the charge of the most basic, accessible
surface atom qsurf. is a better measure.

Ligand abstraction and hydrolysis are frequently observed
decomposition pathways for WCAs (see Section 6.2) and,
therefore, the computational approach to calculate LA, PD,
and CuD mimics experimental observations. However, by
calculations, only the underlying thermodynamics can be
assessed, kinetic barriers against decomposition may addi-
tionally stabilize a given WCA. The data included in Table 3
may not be taken as absolute, however, since the same
methods were used for all computations, relative trends will
definitely be correct. For the carborane-based anions the FIA,
LA, PD, and CuD cannot directly be assessed and, therefore,
theseWCAs were excluded from this approach. Full details of
all calculations will be disclosed in an upcoming full paper.[184]

From Table 3 emerges the outstanding capability of the
[Sb3F16]

� , [Sb4F21]
� , and [Sb(OTeF5)6]

� WCAs to stabilize
highly oxidizing cations even in anhydrous HF solution (see
FIA, PD, HOMO). This stability against oxidation has to be
traded in for sensitiveness against reduction (see HOMO–
LUMO gap) and moisture which greatly reduces the use of
these anions. In terms of coordinating ability, theseWCAs are
more coordinating than others (compare qneg. and qsurf.). For
the borate-based ions it can be seen that fluorination greatly

Table 3: Calculated properties of WCAs.

Anion Symmetry
(anion)

FIA of the Lewis
Acid [kJmol�1]

LA [kJmol�1] PD [kJmol�1] CuD [kJmol�1] HOMO [eV] HOMO–
LUMO
gap [eV]

qneg.
[a] qsurf.

[a]

[BF4]
� Td 338 [b] �1212 �521 �1.799 10.820 �0.25 (F) �0.25 (F)

[PF6]
� Oh 394 [b] �1156 �465 �2.672 8.802 �0.44 (F) �0.44 (F)

[AsF6]
� Oh 426 [b] �1124 �433 �3.149 6.284 �0.44 (F) �0.44 (F)

[SbF6]
� Oh 489 [b] �1061 �371 �3.911 5.135 �0.44 (F) �0.44 (F)

[Sb2F11]
� vs. Sb2F10 C1 549 [b] �1026 �336 �5.540 4.336 �0.40 (F) �0.40 (F)

[Sb3F16]
� vs. Sb3F15 Ci 582 [b] �994 �303 �6.342 3.886 �0.38 (F) �0.38 (F)

[Sb4F21]
� vs. Sb4F20 C2v 584 [b] �991 �301 �6.579 3.256 �0.39 (F) �0.39 (F)

[B(OTeF5)4]
� C1 550 274 �1040 �420 �5.811 2.593 �0.40 (F) �0.40 (F)

[As(OTeF5)6]
� C3 593 290 �1023 �403 �6.335 2.204 �0.62 (O) �0.40 (F)

[Sb(OTeF5)6]
� C3 633 341 �973 �353 �6.610 2.326 �0.61 (O) �0.39 (F)

[Al{OC(CF3)3}4]
� S4 537 342 �1081 �395 �4.100 6.747 �0.24 (O) �0.20 (F)

[(RO)3Al-F-
Al(OR)3]

� [c]
Ci 685[c] 441 �983 �297 �4.987 6.500 �0.23 (O) �0.20 (F)

[B(C6H5)4]
� S4 342 324 �1402 �649 �2.150 4.087 �0.45 (B) �0.05 (H)

[B(C6H3(CF3)2)4]
� S4 471 382 �1251 �506 �3.789 3.816 �0.44 (B) �0.22 (F)

[B(C6F5)4]
� S4 444 296 �1256 �538 �3.130 4.196 �0.21 (F) �0.21 (F)

[B(CF3)4]
� T 552 490 �1136 �379 �3.530 9.158 �0.58 (B) �0.21 (F)

[F4C6{1,2-
B(C6F5)2}2F]

� [d]
C1 510 328[d] �1224[d] �506[d] �3.274 3.861 �0.54 (B) �0.22 (F)

[F4C6{1,2-
B(C6F5)2}2OMe]� [e]

C1 510 586[e] �1061[e] �332[e] �3.101 3.754 �0.68 (B) �0.22 (C)

[F4C6{1,2-
B(C6F5)2}2OMe]� [d]

C1 – 305[d] �1247[d] �529[d] – – – –

[a] qneg.=The partial charge of the most negatively charged atom; qsurf. the partial charge of the most negatively charged surface atom. [b] LA and FIA
are identical. [c] FIA versus 2Al(OR)3; R=C(CF3)3. [d] Against [C6F5]

� abstraction (LA) or EC6F5 abstraction (E=H: PD, E=Cu: CuD). [e] Against
OMe� abstraction (LA) or EOMe abstraction (E=H: PD, E=Cu: CuD).

Weakly Coordinating Anions
Angewandte

Chemie

2085Angew. Chem. Int. Ed. 2004, 43, 2066 – 2090 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


increases the thermodynamic stability of the anion (see FIA,
LA, PD, CuD, HOMO, HOMO–LUMO gap). The differ-
ences between the commercially availableWCAs, [B(C6F5)4]

�

and [B(C6H3(CF3)2)4]
� , are small, however, diborane-based

ions, such as [F4C6{1,2-B(C6F5)2}2X]
� (X=F, OMe), are far

more stable. Of all borates the novel [B(CF3)4]
� ion is the

best. However, the experimentally found decomposition
shown in Scheme 3 was not investigated by this approach.
The stability of the perfluoroalkoxyaluminate [Al(OR)4]

�

(R=C(CF3)3) with respect to FIA, PD, CuD, HOMO, and
HOMO–LUMO gap is remarkable and higher than that of all
the borates except the [B(CF3)4]

� ion which has comparable
values. The [Al(OR)4]

� ion comes even close to the oxidation
resistance and low PDs of the fluoroantimonates and is, in
part, even better than the teflate-based ions. In contrast to the
latter two types of anions, the synthesis of the perfluoroal-
koxyaluminate is straight forward, which shows the great
potential of this special type of ion for chemistry. An even
better choice would be the fluoride bridged [(RO)3Al-F-
Al(OR)3]

� ion which is among the best WCAs according to
the data in Table 3, but this WCA is only known as a
decomposition product. However, we recently developed a
direct synthesis of the silver salt of this WCA.[184]

8. Conclusion and Outlook

It is time to answer the question raised in the title:
“Noncoordinating Anions—Fact or Fiction?” From the
preceeding paragraphs it is clear that one has to distinguish
between two fundamental properties of WCAs:
1) the chemical robustness of a WCA towards electrophiles

and oxidizing agents.
2) The coordinating ability of the WCA.

The most chemically robust anions known to date, the
halogenated carborane anions, are more strongly coordinat-
ing than other WCAs and even less electrophilic cations, such
as Ag+, are always coordinated by these ions. But owing to
their exceptional stability, they allow the preparation of
ionlike compounds of very electrophilic cations, such as
[SiR3]

+ and [AlR2]
+ (R= small alkyl group), cations that

decompose all other currently known WCAs. Thus, when a
maximum of WCA stability towards electrophiles is desired,
the halogenated carborane-based WCAs are certainly the
best choice. Of these, the fluorinated derivatives [1R-
CB11F11]

� (R=Me, Et) are the least coordinating. However,
if the synthetic cation target is of a more normal electro-
philicity, compatible with other WCAs, and consists of a very
weakly bound complex which is easily prone to dissociation,
larger, less coordinating but also less robust ions, such as
[Al(OR)4]

� (R=C(CF3)3) are probably a better choice; for
example, see the discussion of the [Ag(h2-C2H4)3]

+[Al(OR)4]
�

(R=C(CF3)3) salt in Section 5.3.[55]

In conclusion, and answering the title question, it can be
stated that noncoordinating ions are available as long as the
electrophilicity of the cations is below the coordination
threshold that enforces coordination. Which of the variety
of known WCAs is the best and thus noncoordinating for a
special system has to be explored experimentally and no

simple answer can be given to the question: “Which ion is the
best?”. The full answer will always be found in a balance of
steric and electronic effects of the cation and the anion as well
as anion-stability considerations. However, with the multi-
tude of WCAs known and the guidelines given in the
preceding sections a suitable noncoordinating counterion
that lies below the coordination threshold of the cation in
question should be found in most of the cases.

WCA chemistry is an area of increasing scientific inves-
tigation and it can be anticipated that over time suitable ions
will be prepared that allow even the most difficult tasks to be
overcome, such as the preparation of a free and true
alumenium cation [AlR2]

+. By using bulky terphenyl ligands
Ar and a dimeric [Li{Al(OR)4}2]

� ion (R=C(H)(CF3)2) the
heavier homologue, a linear [Ar-Ga+-Ar] cation, was pre-
pared in 2003.[185] However, it remains unlikely that true salts
of the ultimate electrophile, the proton H+, can be stabilized.
The broad interest of applied chemistry (such as homogenous
catalysis, electrolytes for lithium-ion batteries, electrochem-
istry, ionic liquids) in the development of new, easily
accessible, and cheap WCAs will further fertilize this area
of research and new exciting developments can be expected.

List of Abbreviations

WCA Weakly coordinating ion
[CB]� Halogenated carborane-based anion
ArF Fluorinated aryl ligand
RF Fluorinated alkyl ligand
teflate [OTeF5]

�

FIA Fluoride ion affinity
LA Ligand affinity
PD Enthalpy of proton-induced decomposition
CuD Enthalpy of copper-induced decomposition
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The growth of individual molecular building blocks can be carefully
controlled by small modifications to a template surface. In the
Communication by F. Besenbacher and co-workers on the following
pages, the width of the lines of a Cu–Cu/O supergrating are shown to
determine the orientation in which molecules adsorb to the surface,
and thus steer their alignment along the template.
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Nanotechnology

One-Dimensional Assembly and Selective
Orientation of Lander Molecules on an O–Cu
Template**

Roberto Otero, Yoshitaka Naitoh, Federico Rosei,
Ping Jiang, Peter Thostrup, Andr� Gourdon,
Erik Lægsgaard, Ivan Stensgaard, Christian Joachim,
and Flemming Besenbacher*

Properly functionalized organic molecules are promising
building blocks for nanoscale electronic circuits.[1] A major
challenge is to develop a novel technology to assemble such
molecular elements in a planar conformation into a prede-
termined architecture with atomic-scale precision.[2] This
requires the ability to create an ordered pattern for the
molecular adsorption sites and to steer the adsorption
orientation of the molecules into a geometry that will
enable the interconnection of the molecules in a circuit.
Here we demonstrate that the striped periodic supergrating
created by a controlled oxidation of a Cu(110) surface[3] is a
suitable nanoscale template for the assembly of individual
molecular building blocks, such as the so-called “Lander
molecules”, into well-ordered arrays of long molecular chains.
Furthermore, we show that by controlling the width of the
nanotemplate we can select the adsorption orientation of the
molecules, and thereby steer their alignment along the
specific direction of the template.

The supergrating is created by exposing a clean Cu(110)
surface to 4–6 Langmuir (1 L= 10�6 Torr s) of oxygen at
625 K. This procedure leads to a self-organized reconstruction
with alternating one-dimensional (1D) bare Cu stripes and

(2 5 1)-O reconstructed regions, consisting of Cu–O added
rows, both aligned along the [001] surface direction (Fig-
ure 1a).[3] By controlling the oxidation process, it is possible to
adjust the dimensions of the supergrating. For instance,

increasing the temperature while keeping the exposure
constant leads to an increase in the distance between the
stripes, which also become broader, whereas increasing the
exposure at the same temperature leads to narrower stripes.
The finest nanopattern consists of bare Cu troughs 2.0�
0.3 nm wide, separated by Cu–O regions 5� 2 nm wide (see
Figure 1b). The Cu–O template exhibits long-range order on
the length scale of several hundred nanometers.

Onto this alternating Cu–O/Cu template, we have depos-
ited “Single Lander”[4] molecules (SL, C90H98). The SLs are
composed of a polyaromatic hydrocarbon central board with
four lateral 3,5-di-tert-butylphenyl substituents acting as

Figure 1. a) 70 � 70 nm2 STM image of the Cu–O/Cu periodic nanopat-
tern resulting from O2 exposure. A certain fraction of the derived
image has been added to enhance the resolution; b) 14 � 14 nm2 STM
image of a partially oxidized Cu(110) surface recorded at room temper-
ature. 2 � 1 reconstructed oxidized areas can clearly be distinguished,
separated by bare Cu stripes running along the [001] direction. The
image is rotated so that the [001] direction is vertical. The original
scan direction can be easily recognized as the direction of the spike
noise originated from the fast diffusion of kink atoms in the Cu–O
edges at room temperature.
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“spacer legs” as shown in Figure 2a. When adsorbed on a
metal surface, high-resolution scanning tunneling microscopy
(STM) images under ultraclean conditions reveal that the SL
molecules are imaged as four lobes (Figure 2b).[5] From STM
images calculated using the elastic-scattering quantum
chemistry (ESQC)[6] routine complemented with molecular
mechanics (MM2) calculations, we can conclude that each
lobe results from the tunneling channels opened by the
molecular orbitals of the spacer legs. This analysis also shows
that SL molecules on a clean Cu(110) surface adsorb with
their board aligned along the [11̄0] direction of the substrate.
No ordered molecular structures are observed even at high
coverage.[5c]

When deposited on the periodic Cu–O/Cu nanotemplate,
the SL molecules are found to adsorb exclusively on the bare
Cu regions in between the Cu–O areas, which results in the
formation of well-ordered 1D molecular chains (Figure 2c).
The driving force for the preference of SL molecules to
adsorb exclusively on the bare Cu stripes and not on the
(2x1)-O areas of the O–Cu nanotemplate can be understood
as follows: From previous studies on the adsorption of SL and
related molecules on metal substrates,[5, 7] the main interaction

between the molecule and the substrate is known to be the
van der Waals attractive interaction between the central
p board of the SL and the metallic surface. The binding of
the SL molecules to the substrate is therefore weaker on the
oxidized areas than on the bare Cu stripes, since the oxygen
partially withdraws the charge density of the underlying
metal; the attractive interaction described above is thereby
decreased.

The conformations of the individual SL molecules in the
chains can be determined by comparing high-resolution STM
images (see Figure 2d) with calculated ESQC images (Fig-
ure 2e and f). We find that the conformations of the
molecules adsorbed on the bare Cu stripes of the nano-
template are identical to those found on a virgin Cu(110)
surface, with the molecular board aligned along the [11̄0]
direction. Thus, the boards of the molecules are perpendicular
to the direction of the molecular chain (Figure 2 g and h).

Identifying the driving force for the preference of
molecules to adsorb on the bare Cu areas also provides
insight into controlling the orientation of the Lander mole-
cules adsorbed on Cu stripes. Since the SL (board length
� 1.7 nm) fits into the bare Cu stripe with its board

Figure 2. a) Filled-space model of the Single Lander (SL) molecule; b) typical 3 � 3 nm2 STM image of the SL molecule on a clean Cu(110) surface
revealing the SL as four lobes corresponding to the spacer legs (see text); c) 60 � 60 nm2 STM image showing the molecular chains formed after
the deposition of SL on the nanopatterned Cu–O surface. The molecules adsorb exclusively on bare Cu stripes; d) 14 � 14 nm2 high-resolution
STM image. The individual SL molecules can be individually resolved, and their conformation can be extracted thereby; e,f) ESQC-simulated STM
images of the SL on the bare Cu stripes, with two different conformations; g,h) ball models of the SL adsorbed on the nanopatterned Cu–O sur-
face from which the simulated STM images e) and f) were extracted. These models show that the SL adsorbs on bare Cu areas with the board per-
pendicular to the direction of the stripes.
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perpendicular to the direction of the oxygen-induced nano-
template, no energetic reasons exist for the SL to change its
adsorption geometry on the nanotemplate with respect to the
one adopted on a virgin Cu(110) surface, that is, aligned along
the [11̄0] direction of the substrate. If, on the other hand, new
Lander molecules were synthesized with a board longer than
the width of the stripe, and the molecules were still oriented
perpendicular to the template, part of the board would be
positioned on top of the oxidized area. In this case one would
anticipate the Lander molecules to adopt a more energetically
favorable orientation in which the board would fit completely
within the bare Cu area of the nanotemplate.

To test this hypothesis, we have designed and synthesized
another molecule of the Lander family, the “Violet Lander”
(VL, C108H104).

[7b] Figure 3a shows a filled-space model of the
VL molecule. Similar to the SL, the VL also consists of a
polyaromatic p board with four spacer legs. The VL (board
length� 2.5 nm) is however � 0.8 nm longer than the SL.

When deposited on a Cu(110) surface, the VL molecule is
also imaged as four lobes corresponding to the tunnel current
passing through the spacer legs into the substrate. The VL
board is found to be oriented along the [11̄0] direction
(Figure 3b) on the clean Cu surface, as was the case for the SL
molecule. From a thorough comparison of high-resolution
STM images with calculated ESQC images on the nano-
patterned surface, however we find that for the VL molecule
the board is now indeed preferentially aligned along the
direction of the nanotemplate stripes. For the smallest Cu
stripe (1.8 nm or about 3.5 Cu–O rows) all VL molecules in
the template Cu areas align their boards along the template
(see Figure 3c, e, and g). If the bare Cu stripes are wider, the
boards of some VL molecules are found to form an angle of
208 with respect to the [001] direction of the Cu–O rows (see
Figure 3d, f, and h). If other Lander molecules were to be
synthesized with a longer board than that for the VL, we
would expect them to show an even stronger tendency to align
along the stripe. In any case, we have shown that the
supergrating not only provides specific adsorption sites for
the molecules, but it also steers the orientation of the
adsorbed molecules, which forces them to align along the
preferential direction of the nanotemplate.

The distance between the molecular boards of adjacent
VL molecules aligned along the bare Cu stripes can be
estimated as the distance between the front legs of one
molecule and the rear legs of the next one minus 1.3 nm,
which is twice the distance the molecular board extends
beyond the position of the spacer legs (see Figure 4a).
Although this interboard distance depends on the degree of
filling of the bare Cu stripe, it can be as small as 0.3 nm for a
Cu stripe fully covered with Lander molecules (see Fig-
ure 4b). This interboard separation corresponds to the closest
packing distance expected from the van der Waals H�H
contact distance (0.24 nm).

In conclusion, by using a self-organized oxygen-induced
template, we have succeeded in controlling the parallel
fabrication of long one-dimensional molecular nanostructures
with a lateral resolution of about 5 nm, which is presently not
accessible by conventional lithographic techniques. Further-
more, we have shown that the template is able to steer the

Violet Lander molecules to align their boards along the
direction of the molecular chain. Unlike other previously
reported methods for obtaining 1D molecular chains, our
approach does not make use of serial fabrication techniques
based on STMmanipulations,[2a, f] and it is not based on a weak

Figure 3. a) Filled-space model of the Violet Lander (VL) molecule;
b) typical 3 � 3 nm2 STM image of the VL molecule on a clean Cu(110)
surface, which reveals the VL as four lobes corresponding to the
spacer legs (see text); c,d) 8 � 20 nm2 STM images showing the molec-
ular chains formed after the deposition of VL on the nanopatterned O–
Cu surface. The molecules adsorb exclusively on bare Cu stripes, but
their orientation is no longer perpendicular to the direction of the
chain. The molecules are found either perfectly aligned with the direc-
tion of the chain (c) or forming an angle of 208 with respect to that
direction (d); e,f) ESQC-simulated STM images of the VL on the bare
Cu stripes, with two different adsorption geometries; g,h) ball models
of the VL adsorbed on the nanopatterned Cu–O surface from which
the simulated STM images e) and f) were extracted.
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hydrogen-bond-directed assembly.[2b–d] This greatly enhances
the thermal stability of the molecular structures up to
temperatures of 350 K. In general, the interplay between
self-organized chemical patterning of the substrate and a
rational design of molecular structure can be exploited to self-
fabricate integrated nanoelectronic devices.
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Direct Imaging of Proton Disorder

Towards Designing Proton-Transfer Systems—
Direct Imaging of Proton Disorder in a Hydrogen-
Bonded Carboxylic Acid Dimer by Variable-
Temperature X-ray Diffraction**

Chick C. Wilson* and Andres E. Goeta

Intermolecular hydrogen bonding plays an important role in
the formation of anisotropic interactions in condensed
systems. Hydrogen transfer through hydrogen bonds between
molecules enables charge and energy transfer to occur in solid
chemical and biological systems and has widespread implica-
tions for issues as diverse as ferroelectrics, electrochemical
processes, and enzyme action.[1] The phenomenon has been
extensively studied by a variety of spectroscopic methods,
including IR,[2, 3] nuclear quadrupole resonance (NQR),[4]

NMR,[3,5, 6] and neutron scattering methods.[7] Until recently,
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however, only limited structural studies of the underlying
details of the process have been performed.[8,9] The key to
extending structural investigations into this regime and to
approaching the underlying chemical physics of the solid-state
effect is the application of variable-temperature (VT) dif-
fraction methods. Recent VT neutron diffraction work has
begun to tackle issues such as proton disorder, transfer, and
migration in hydrogen-bonded systems.[10–12] These systematic
variable-temperature investigations offer much added value
in terms of understanding the system, for example, its
energetics, and giving clues as to its dynamics.

Many derivatives of benzoic acid crystallize as hydrogen-
bonded dimers, and dynamic double proton transfer within
the hydrogen bonds mediates the interconversion between
two tautomeric forms.[13] This is manifest in the crystal
structure as disorder of the hydrogen-bonded hydrogen
atom over two sites. A direct crystallographic approach has
been used to determine the relative abundance of the two
forms in the crystal structure by refining the site occupancy
factors (SOF) of the two proton sites in the course of a crystal-
structure determination by using single-crystal neutron dif-
fraction.[10,11] Complementary NMR relaxometry has also
been extensively employed to examine this situation in these
materials.[6,14] For example, the energy asymmetry between
the two configurations in the parent benzoic acid crystal
structure has been found to be 0.50(4) kJmol�1 by VT single-
crystal neutron diffraction,[10] which also showed that the
asymmetry in p-chlorobenzoic acid was rather higher at
1.64(9) kJmol�1.[11] Both determinations are in good agree-
ment with the NMR relaxometry results.

We have recently begun to re-explore the possibility that
VT X-ray diffraction can offer significant input in the early
stages of this work.[9] In particular, it is expected that this
technique can both screen out systems in which there appear
to be no anomalous features worthy of study by neutron
diffraction, as well as indicate the temperature range of
importance to any further investigations. Herein we demon-
strate, through variable-temperature X-ray diffraction studies
of the structure of 2,4,6-trimethylbenzoic acid, that this
disorder can indeed be directly imaged from the X-ray
diffraction data. We further show that the use of the variable-
temperature approach allows this effect to be identified
unambiguously and trends in the disorder to be followed.
These data provide not only an initial characterization of the
effect but also, with care, can yield a reasonable quantitative
assessment of the energy difference.

Previous X-ray diffraction measurements on 2,4,6-trime-
thylbenzoic acid[15] had provided evidence for the presence of
hydrogen atom disorder, both from the C�O/C=O bond
lengths being “almost equal” in length and from Fourier
syntheses which indicated a disordered electron-density
distribution in the region of the hydrogen-bonded hydrogen
atom. The aim of the present X-ray diffraction experiments
was to provide a more quantitative determination of this
disorder, and specifically its temperature dependence, and to
gain further indications about the possibilities of X-ray
diffraction in quantifying this important effect underlying
solid-state proton transfer. The anticipated vehicle for this
quantification was indirect—the use of the difference in C=O

and C�O bond lengths in the dimeric motif as a fingerprint of
possible hydrogen atom disorder.

The structure was determined by X-ray diffraction at four
temperatures in the range 100–290 K.[16] The main features of
the refined structure follow those of the original determina-
tion;[15] we focus here on the carboxylic acid dimer unit
(Figure 1). In this respect, the results show this method to be

much more effective than initially expected. Difference
Fourier sections through the (COOH)2 dimeric link show a
dominant peak corresponding to a single hydrogen atom
position at 100 K, but a much more equal split site at 290 K
(Figure 2). The intermediate temperatures bear out this
finding (Figure 2) and visually show an increasing trend for
the occupation of the second site. Thus, the VT X-ray
diffraction studies gives the clearest indication that this
system has a proton-disorder situation in which the proton
gradually orders onto one preferred site as the temperature is
lowered. As expected, this finding is also borne out by the
trend in C�O and C=O bond lengths in the carboxy group
(Figure 3). In principle, bond-length trends can be used to
extract the relative occupancies of the two configurations.[19]

However, as has been pointed out previously,[9] the latter
technique is an indirect method for quantifying the hydrogen
atom disorder, and a major difficulty in this context is to
decide what the “equilibrium” C�O/C=O bond-length dis-
tribution for a fully proton-ordered situation should be. This is
nontrivial in the solid state, unless benchmarking neutron
diffraction studies are available to indicate the relation of the
C�O/C=O distribution to the relative proton occupancies in
the two configurations present in the crystal.

A similar approach to that adopted here in quantifying
more directly these disordered hydrogen atoms has previ-
ously been used[9] in studies of the p-quinonemethide and o-
quinone forms of citrinin. Once again it was found here that
imaging the disorder with X-ray diffraction data is feasible, as
is the important aspect of exploiting the variable-temperature
data to look for trends. This not only has the potential to begin
to reveal the thermodynamics of the system, but also acts as a
powerful check for verifying the reliability and reproducibil-
ity of the X-ray diffraction images. In the earlier study of
citrinin,[9] reliable occupancies were obtained for the two
higher temperatures—where the occupancy of the minor site
is more significant—from direct refinements of a split hydro-

Figure 1. Crystal structure of the dimeric unit in 2,4,6-trimethylbenzoic
acid at 100 K, with the two partially occupied sites shown together
with the atomic numbering scheme.
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gen atom site. Attempts in the current work to quantify the
hydrogen atom disorder in 2,4,6-trimethylbenzoic acid
directly from the refinement of the hydrogen atom SOFs
from the X-ray diffraction data are, as expected, somewhat
problematic. This is a well-known difficulty, with bonding
effects and correlation of SOFs with thermal parameters
conspiring to make the obtained hydrogen atom occupancies

less reliable. Through the use of the visual evidence of the
electron-density distribution between these two sites that is
available directly from the Fourier maps, and taking into
account the fact that the indicated thermal parameters for the
disordered hydrogen atom sites are approximately the same
as for the other hydrogen atoms, a refinement strategy was
adopted that fixed the isotropic thermal factors (ITFs) of the
disordered hydrogen atom sites to be equal to the average of
the other hydrogen atom ITFs. This model produced stable
refinements and a clear trend in the SOFs (Table 1).

The clear evidence from the Fourier map views of the
hydrogen atom density can be used directly to obtain a second
estimate of the relative occupancies and so increase the
reliability of these determinations. In an effort to improve the
reliability of this method, the Fourier maps have been
calculated for a range of data cut-offs (based on the ratio
F/s(F)) and consistency sought between the peak magnitudes
for the hydrogen atom sites indicated in these maps. For three
of the data sets (at 100 K, 170 K, and 290 K) clear images of
the two possible distinct sites are obtained (albeit weakly
indicated in the 100 K data). The images are less clear at
240 K, and the peak heights can only be estimated for the 2s
and 3s cut-off data. The results obtained from these analyses
are most promising and in good agreement with those found
from the standard (constrained) refinement method
(Table 1). To verify the reliability of our results, 290 K data

Figure 2. X-ray difference Fourier maps in the region of the COOH group in 2,4,6-trimethylbenzoic acid at 100 (top left), 170 (top right), 240
(bottom left), and 290 K (bottom right). Maps were calculated by using phases from a model containing all atoms apart from the carboxy group
hydrogen atom. The density corresponding to the hydrogen-bonded hydrogen atom is clearly seen in these images, as is the increasing redistribu-
tion of this over two sites as the temperature is increased; this redistribution represents an increasing population of the minor (B) configuration
in the crystal.

Figure 3. Trends in the C=O (*) and C�O (&) bond lengths for the
COOH group in 2,4,6-trimethylbenzoic acid. Increasing population of
the minor (B) configuration, represented by increasing the distribution
of hydrogen atom density onto the “C�O” unit, is reflected in an
equalization of the two C�O bond lengths in the carboxy group.
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were collected from three further crystals, and the same
imaging and refinement procedures were followed. In all
cases the information from the Fourier images showed good
agreement, and while the SOF refinements were less con-
sistent (as expected), it is clear that the overall trends are
reliably established.

After extraction of the relative occupancies of the
disordered hydrogen atoms, this information can be used to
estimate the energy difference between the two configura-
tions in the crystal structure. We define K as shown in
Equation (1), where PA is the occupancy of the major

K ¼ PA=PB ¼ PA=ð1�PAÞ ð1Þ

configuration and PB is the occupancy of the minor config-
uration (the crystallography yields the average occurrence of
each configuration throughout the whole sample) as given in
Table 1. The variation in K with temperature is given by
Equation (2), where R is the gas constant and DSo is the

lnK ¼ �ðDHo=RTÞ þ ðDSo=RÞ ð2Þ

entropy difference between the two configurations. A plot of
lnK versus 1/T should therefore yield a straight line, from the
slope of which the energy difference between the two
configurations DHo can be deduced.

In Figure 4 the two distinct sets of lnK versus 1/T from the
experimental data are shown, together with the average fit,
which gives an energy difference between the two configu-
rations in the crystal structure of 2.5(3) kJmol�1. This value
can be compared with the values of 0.50(4) kJmol�1 for
benzoic acid[10] and 1.64(9) kJmol�1 for p-chlorobenzoic
acid[11] obtained previously from neutron diffraction data.
The value of this “asymmetry” governs the energetics of the
proton transfer between the two configurations, and the
ability to calculate this value will, in principle, allow the
energy asymmetry to be tuned by varying the chemistry or
crystallography of a chosen system.

To obtain fully quantitative results in this area it is still
clear that more accurate and reliable hydrogen atom occu-
pancies are highly desirable. Complementary neutron or
NMR relaxometry measurements are required to provide at

least one or (preferably) more representative snapshot data
points to give accurate occupancies for a calibration of the X-
ray diffraction determinations. However, it is clear that X-ray
diffraction data can be used to establish the trends and, with
care, can yield good estimates of the relative occupancies. The
VT X-ray diffraction results can further provide information
for subsequent neutron diffraction measurements as to choice
of systems, temperatures, etc., and we aim to pursue this line
of study if appropriate crystals can be obtained. We believe
that combining these methods in this way will enhance the
capability of rapid X-ray diffraction determinations of hydro-
gen atom ordering as a tool for further understanding and
possible rational design of proton-transfer systems. This
would also turn variable-temperature X-ray diffraction into
a more quantitative method for the determination of proton-
disorder/proton-transfer effects. It is clear that obtaining
higher resolution X-ray diffraction data could also somewhat
enhance this method, but this would involve more extended
data collection times, and the thrust of our work is to stress the
utility of variable-temperature X-ray diffraction as a reliable,
rapid diagnostic for such systems.
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Asymmetric Amplification

Physical and Chemical Rationalization for
Asymmetric Amplification in Autocatalytic
Reactions**

Frederic G. Buono, Hiroshi Iwamura, and
Donna G. Blackmond*

The origin of biological homochirality has intrigued scientists
for some time. Discussions of possible mechanisms through
which high optical activity was achieved from a racemic or
prochiral prebiotic environment[1,2] have implicated both
physical processes such as crystallization[3] and chemical
processes such as autocatalysis.[4] Kondepudi[2] first reported
spontaneous chiral symmetry breaking in crystallization little
more than 10 years ago. In the last decade, Soai and co-
workers[5] demonstrated the chemical phenomenon of asym-
metric autocatalysis in remarkable reactions involving pyr-
imidyl alcohols that serve as both the catalyst and the product
in the alkylation of pyrimidyl aldehydes. When alcohol 2 is
used in very low enantiomeric excess as a catalyst in the
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alkylation of the corresponding aldehyde 1with iPr2Zn, 2may
be produced with high enantiomeric excess (Scheme 1).

We[6] recently elucidated a mechanistic framework for the
Soai reaction shown in Scheme 1 based on an autocatalytic
version of the Kagan ML2 model[7] describing a nonlinear
relationship between the catalyst and the product ee in
asymmetric reactions (Scheme 2). We showed that the

alkoxide product species 2’ is strongly driven toward the
formation of a dimeric species 3, implicating these dimers as
the active catalytic species. Heterochiral (3RS) and homochiral
(3RR and 3SS) dimers are formed in a statistical distribution,
and the observed amplification in ee is due solely to the higher
activity of the homochiral dimer. Further kinetic studies have
recently implicated a tetrameric transition state in this
autocatalytic reaction.[6c]

We report herein continuing investigations that highlight
further complexities in this intriguing system. Our observa-
tions led us to conclude that a synergistic combination of
chemical and physical processes may result in an amplifica-
tion of product ee and indeed may help serve as a model to
rationalize the origin of the high optical activities character-
istic of biological systems.

Figure 1 shows reaction rate and enantiomeric excess as a
function of time for a reaction sequence carried out by
consecutive injection of aliquots of the aldehyde 1 into a
toluene solution initially containing the catalyst 2 (46% ee)
and excess iPr2Zn. The rate maximum is seen to increase from
the first to the second reaction in the sequence, as expected
for an autocatalytic reaction. However, the rate decreases
upon addition of subsequent aliquots of the substrate,

revealing that the further production of catalyst was no
longer reflected in increased activity.

Another key observation was the detection of product
precipitation during the course of these reactions. The onset
of precipitation appears to correlate with a feature at high
conversion in the reaction heat flow curves (Figure 2) that has
also been observed previously.[6] Separation of the filtrate
from the solid white precipitate followed by workup showed
that both contain 2 and no other products.[8] It has not yet
proved possible to extract crystals from the precipitate.

Whereas optimized conditions for the Soai reaction
typically involve the use of solvents such as toluene or

Scheme 1. The Soai autocatalytic reaction.

Scheme 2. Formation of dimer species 3 from the monomeric alkoxides 2’. The
relationship between the equilibrium constant in Kagan's ML2 model (KML2) and
the equilibrium constants for homochiral (Khomo) and heterochiral (Khetero) dimer
formation is shown. The dimers are formed with a statistical distribution and
only the homochiral dimers are active as catalysts.

Figure 1. Reaction rate (*) and enantiomeric excess of 2 (&) vs. time
in the autocatalytic reaction of consecutive aliquots (0.13–0.17m) of 1
injected into a solution of iPr2Zn (0.70m) with an initial catalytic con-
centration of 2 (0.014m, 46% ee) in toluene at 298 K. The reaction was
monitored calorimetrically, as previously described.

Figure 2. Reaction heat flow vs. time for the reaction shown in
Scheme 1 carried out in toluene (c) and in diethyl ether (d) with
1 (0.1m), iPr2Zn (0.20m), and 2 at an initial concentration of 0.01m
(6% ee in toluene, racemic in diethyl ether) at 298 K. The reaction rate
was monitored calorimetrically, as previously described.
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cumene, Soai et al. recently reported interesting results for
spontaneous asymmetric synthesis (reaction in the absence of
added alcohol catalyst) in a 1:3 toluene/diethyl ether solvent
mixture.[9] We find that the reaction shown in Scheme 1
proceeds smoothly in toluene, in diethyl ether, and in toluene/
diethyl ether solvent mixtures, exhibiting similar autocatalytic
rate profiles (Figure 2) and similar amplification of product
enantiomeric excess (Figure 3) for reactions carried out under

similar conditions. In contrast, the reaction in THF is
extremely sluggish. No amplification of product ee is
observed, suggesting that the reaction proceeds differently
in this solvent. Product precipitation may be observed during
reactions in all solvents under some conditions, accompanied
by the feature in the heat flow curve noted above at high
conversions, as shown in Figure 2 for reactions using racemic
catalyst 2 in diethyl ether and 6% ee 2 in toluene.

Extensive further studies were carried out to compare the
precipitation phenomenon for reactions carried out in these
different solvents with catalysts of different ee. The enantio-
meric excess of the reaction product 2 was determined
separately for the filtrate and the solid in each case. An
internal standard allowed independent calculation of the
fraction of product present in the solid and in the filtrate. The
results are given in Table 1 and are highlighted in Figure 4.

A striking conclusion to be drawn from Table 1 and
Figure 4 is that precipitation in this asymmetric autocatalytic
reaction is selective, with enrichment versus depletion of the
solution enantiomeric excess being solvent-dependent. In
toluene, the ee of the precipitate is lower than that of the
solution. In diethyl ether, this trend is reversed, with the solid
precipitate giving higher ee than the solution. Reactions in the
3:1 diethyl ether/toluene mixture follow the trend found for
the major component, diethyl ether, but the difference

between solution and precipitate ee is less pronounced than
in the case of pure diethyl ether as solvent. These results
suggest that the physical properties of these diastereomers
3RR, 3SS, and 3RS include complex, solvent-dependent solubility
behavior.[8] The heterochiral dimer species 3RS is less soluble
than the homochiral dimers 3RR and 3SS in toluene solution. In
diethyl ether, 3RS is more soluble than 3RR and 3SS.

In studies of the asymmetric catalytic alkylation of
aldehydes employing chiral aminoalcohols as catalysts,
Bolm et al.[11] observed selective precipitation of a species of
lower enantiomeric excess. They recognized the role that this
phenomenon may play in enhancing nonlinear effects on
product enantiomeric excess by altering the ee of the active

Figure 3. Product enantiomeric excess vs. initial catalyst enantiomeric
excess for the autocatalytic reaction shown in Scheme 1 under condi-
tions of Figure 2 carried out in toluene (*), diethyl ether (*), Et2O/
toluene (H ), and THF (^). The calculation for the linear relationship
with ee for an autocatalytic reaction is described in reference [6b] and
Equation (3) in reference [10].

Table 1: Enantiomeric excess and% product in solution and in the
precipitate for the reaction shown in Scheme 1.[a]

Entry Solvent % ee
(cat.)

% ee
(solution)

% ee
(preci-
pitate)

% ee
(total)

% product
in solution

1 toluene 60 95.8 88.3 88.5 42
2 toluene 60 94.3 78.9 85.6 59
3 toluene 60 96.6 69.5 87.2 68
4 toluene 60 96.7 66.2 83.9 46
5 toluene 35 93.2 64.3 79.9 45
6 toluene 35 93.0 61.2 77.3 50
7 toluene 35 94.9 73.1 78.8 24
8 toluene 35 91.4 63.0 78.4 42
9 toluene 35 90.4 64.0 75.1 40

10 Et2O 60 63.7 94.4 88.8 16
11 Et2O 60 41.8 92.6 90.5 14
12 Et2O 60 35.7 91.3 84.8 17
13 Et2O 60 51.4 89.4 88.5 14
14 Et2O 60 49.5 92.3 88.1 14
15 Et2O 35 37.9 88.7 80.3 18
16 Et2O 35 54.0 86.3 85.5 7
17 Et2O 35 57.3 86.1 86.9 5
18 Et2O 35 56.1 86.4 83.3 8
19 Et2O/toluene 60 73.3 91.5 89.0 7.5
20 Et2O/toluene 60 57.6 91.6 86.5 10.5
21 Et2O/toluene 60 58.3 93.5 90.7 12
22 Et2O/toluene 60 68.4 90.5 86.4 8.5
23 Et2O/toluene 60 58.1 90.9 86.1 20
24 Et2O/toluene 60 72.7 90.3 86.7 12
25 Et2O/toluene 60 69.3 90.0 87.5 24
26 Et2O/toluene 60 72.8 90.2 86.3 14
27 Et2O/toluene 35 81.8 85.5 83.8 10
28 Et2O/toluene 35 80.3 84.5 83.2 5
29 Et2O/toluene 35 82.4 85.8 83.6 10
30 Et2O/toluene 35 76.4 85.1 85.1 7
31 Et2O/toluene 35 81.9 85.3 83.4 12
32 Et2O/toluene 35 81.6 82.5 81.8 19
33 Et2O/toluene 35 81.9 83.8 83.7 20
34[b] THF 96 56 n.d. 56 98
35[b] THF 60 19 n.d. 19 n.d.
36[b] THF 35 13 14 13 96
37[b] THF 10 0 3 1 55

[a] The reactions were carried out in different solvents under conditions
similar to those of the reactions shown in Figure 2. Reactions were
sampled after 1 hour, except where noted. All reactions exhibited 100%
conversion, except where noted. [b] Sampled after 24 h; reaction
products other than 2 were observed. Total conversion of aldehyde 1 in
reactions in THF after 24 h was <50%.
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catalyst species in these catalytic reactions. The implications
of such selective precipitation for asymmetric amplification in
autocatalytic reactions are even more profound. If homochiral
and heterochiral dimer species remain in rapid equilibrium
with one another in solution on the reaction timescale, but
equilibrium with the solid species is not rapidly established, a
redistribution of the concentrations of the remaining dimeric
species in solution will occur according to Le Chatelier's
principle. How this redistribution affects the product enan-
tiomeric excess in further autocatalytic cycles depends on
whether the solution is enriched or depleted in enantiomeric
excess.

The results in toluene suggest that with the onset of
precipitation, a fraction of solution-phase homochiral dimers
will be diverted towards the inactive heterochiral dimer as the
system strives to maintain the balance dictated by the
equilibrium constant KML2= 4. Under these conditions, the
physical process of selective precipitation will enhance the
enantioselectivity achievable through the asymmetric auto-
catalytic reaction. The results for reactions carried out in
diethyl ether suggest that selective precipitation of homo-
chiral rather than heterochiral dimers acts to erode the ee of
the active solution-phase catalyst.

The opposing trends for selectivity in the precipitation of
the reaction product in diethyl ether and in toluene may also
help to shed light on the intriguing results reported by Soai
and co-workers for low-temperature reactions carried out in
the absence of added catalyst. Previous observations of
absolute asymmetric synthesis in the absence of added
catalyst in reactions carried out in toluene were attributed
to the ubiquitous presence of chiral impurities.[12] Because the
same reactions in toluene/diethyl ether mixtures gave sto-
chastic imbalances, it was proposed that these reactions
provide a genuine test for spontaneous asymmetric synthesis.
The results reported herein suggest that the effect of any

unknown chiral factors may be moderated in the toluene/
diethyl ether solvent mixture by virtue of the two opposing
trends giving higher and lower ee precipitate relative to the
solution in pure diethyl ether and toluene, respectively.[13]

Precipitation also rationalizes why reaction rates did not
rise monotonically in consecutive reactions converting 1 into
2 (Figure 1). As the solution becomes saturated with catalyst,
the active solution concentration of catalyst ceases to
increase. Under reaction conditions such as those shown in
Figures 2–4, precipitation becomes significant only at the high
product concentrations found at the very end of the reaction.
That precipitation is not a significant factor is reflected in the
fact that amplification of ee is similar for reactions in diethyl
ether, toluene, and the mixed solvent system. For reactions
carried out at lower temperatures or higher concentrations,
however, precipitation may play a significant role. Indeed, we
observed that precipitation is more significant for reactions
carried out at 273 K that for those at 298 K.

Brown and co-workers[14] recently noted that enantiomer
enrichment by selective crystallization is the most likely
rationalization for biological chirality originating from rela-
tively few nucleation events. Siegel[15] has pointed out that the
problem with this explanation of achiral symmetry breaking is
that equilibration of crystals by dissolution or degradation is
likely to occur, which would inexorably erode the ee back
towards a racemic world. However, asymmetric autocatalysis
combined with selective precipitation provides a means of
shifting even a minute imbalance decisively and irrevocably
towards a homochiral outcome.

The Soai reaction provided the first experimental “proof
of concept” of the chemical rationale for the evolution of high
optical activity from low ee precursors that was first presented
theoretically nearly 50 years ago. The investigations reported
herein suggest that the amplification of product ee observed in
the Soai asymmetric autocatalytic reaction may be achieved
under some conditions through a synergistic combination of
the chemical process of autocatalysis aided by the physical
process of selective precipitation, which together can enhance
the driving force toward the creation of a homochiral reaction
environment.
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Polymer Electrolytes

Structure of the Poly(ethylene oxide)–Zinc Chlo-
ride Complex**

Edward Staunton, Alasdair M. Christie, Isabelle Martin-
Litas, Yuri G. Andreev, Alexandra M. Z. Slawin, and
Peter G. Bruce*

Polymer electrolytes consist of salts dissolved in solid
coordinating polymers.[1] The development of a new method
by which complete crystal structures may be solved ab initio
from powder-diffraction data permitted the solution of
several key polymer-electrolyte structures that contain mon-
ovalent cations. Such structures had resisted being solved by
other methods. This breakthrough led directly to the discov-
ery of ionic conductivity in crystalline polymer electrolytes
(poly(ethylene oxide)6:LiXF6; X=P, As, Sb; strictly this
should be poly(oxyethylene) but is more widely referred to as
PEO) when for thirty years all crystalline polymer electro-
lytes had been regarded as insulators.[2–4] Many polymer
electrolytes (polymer–salt complexes) containing multivalent
cations (including transitional metals, lanthanides, and acti-
nides) have been prepared.[5] Such materials have potentially
important optical, magnetic, and electrical properties in a
flexible solid. Solution of their structures has proved difficult
even for the ab inito method mentioned above. This has
inhibited study, and ultimately exploitation, of their proper-
ties. A remarkable early success was the solution of the
PEO4:HgCl2,

[6] which contains HgCl2 molecules, but such
success has not been repeated. Herein we report the first
crystal structure of a polymer–salt complex that contains
multivalent cations, PEO4:ZnCl2 by growing single crystals of
a lower molecular weight polymer–salt complex then using
this structure as the basis for elucidating the structure of the
equivalent complex of higher molecular weight. This result
opens the way to accessing the structures of many other
polymer electrolytes that contain multivalent cations, some-
thing that is essential if we are to explore and exploit their
potentially important properties.

Single crystals of the PEO4:ZnCl2 complex were grown by
using a methoxy end-capped ethylene oxide of average molar
mass 500, CH3-O(CH2CH2O)11CH3, as described in the
Experimental Section.[+] Methoxy end-capped material was
used to ensure chemical homogeneity throughout the poly-
mer chain. A lower molecular-weight polymer (LMWP) with

[*] E. Staunton, Dr. A. M. Christie, Dr. I. Martin-Litas, Dr. Y. G. Andreev,
Dr. A. M. Z. Slawin, Prof. Dr. P. G. Bruce
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to all materials with the (CH2 CH2O) repeating unit, regardless of
molecular weight.
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an average of 11 ethylene oxide units was used since this
should ensure, on the one hand, a sufficient chain length to
permit the complex to adopt a similar structure to that of the
higher-molecular-weight polymer (HMWP) while, on the
other hand, it is the material with the highest molecular
weight from which single crystals may be grown. A single
crystal was selected for examination by single-crystal X-ray
diffraction (see Experimental Section). The structure was
solved by direct methods and subsequently refined by using
the SHELXL-97 code.[7] A total of 1196 independently
observed reflections with I> 2s(I) were included with six
non-hydrogen atoms in the asymmetric unit of the cell, which
contained two ethylene oxide units, one Zn2+ and one Cl�

ions. Examination of the structure revealed some unrealistic
bond lengths. For example, C�O and C�C distances as short
as 1.29 : and 1.35 :, respectively. The origin of this problem
lies in the short ethylene oxide chains of the oligomer, chains
that are also distributed in length about a mean of 11 ethylene
oxide units, which results in the chain ends being randomly
distributed throughout the crystal structure.[8] The structure,
determined by single-crystal diffraction, does not identify
discrete chains, instead the chains appear continuous. Where
two chain ends meet, two CH3 groups are adjacent to each
other instead of a C�C bond. The separation of two
covalently bonded carbon atoms and two CH3 groups are of
course different. This introduces disorder along the chains
within the average crystal structure, hence the abnormal
distances observed from the single crystal diffraction data.
The observed C�C and C�O distances are less than expected
for such bonds. How might such disorder arise? The structure
indicates that Zn2+ is coordinated by two neighboring ether
oxygen atoms along a chain, the following pair of ether
oxygen atoms do not coordinate Zn2+, and this pattern is
repeated throughout the structure. It is likely that the chains
will end in the region between adjacent Zn2+ ions. Given the
polydispersity of the polymer, a Zn2+ ion could be coordi-
nated by a short chain that then ends leaving one or more
missing EO groups and thus introducing disorder. Other
mechanisms are also possible, but this example serves to
illustrate how such disorder may arise. Of course the effect of
chain ends may be reduced significantly by increasing the
average molar mass of the polymer, but then single crystals
cannot be grown.

Although we were unable to use the single-crystal
structure determination from the LMWP complex directly,
it does provide a suitable model with which to refine the
structure of a HMWP complex, PEO4:ZnCl2, by using
powder-diffraction data collected from the latter material.
We have demonstrated previously that structures may be
refined by using powder-diffraction data collected from
polymer electrolytes ranging in average molar mass from
1000 to 100000. It is clear that the crystallite size is generally
larger in polymer electrolytes prepared with materials of
molar mass close to 1000. This results in narrower peak widths
and hence peaks that are better resolved in the powder
diffraction patterns, thus providing data of better quality for
refinement. We have elected to refine the structure of
PEO4:ZnCl2 by using methoxy end-capped PEO of average
molar mass 2000, which offers a good compromise between

the resolution of the powder pattern and the proportion of
chain ends.

PEO4:ZnCl2 of average molar mass 2000 was prepared as
described in the Experimental Section. Refinement of
powder diffraction data (see Experimental Section) was
carried out starting from the model obtained from the
single-crystal diffraction of the LMWP. The GSAS program
package was used for refinement.[9] The powder pattern
consisted of 2498 points and contained 194 reflections. The
refinement involved 30 variables with 15 bond-length and
bond-angle slack restraints. The final c2 was 2.6 and corre-
sponded to a good fit as seen in Figure 1.

The structure of PEO4:ZnCl2 is shown in Figure 2 (left).
The PEO chains are located in sets of planes parallel to the bc
plane of the unit cell, with the chains running along b. As can

Figure 1. Fitted X-ray powder-diffraction pattern of PEO4:ZnCl2, average
molar mass 2000. Crosses, observed profile; solid lines, calculated
(upper) and difference (lower) profiles (esd=estimated standard devi-
ation; Diff.=difference. The unit cell is monoclinic with refined lattice
parameters a=8.4540(8) C, b=13.388(2) C, c=11.007(2) C,
b=89.84(3)8. The space group is C2/c.

Figure 2. (Left) View of the structure of PEO4:ZnCl2 showing the stack-
ing of four PEO chains in the unit cell. The chains are located within
the bc plane and run along b. (Right) The conformation of an individ-
ual chain and the coordination around the Zn+ cation (thin lines;
hydrogen atoms not shown): zinc pale gray; chlorine pale green;
carbon green; oxygen red.
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be seen in Figure 2 the chains are remarkably flat within these
planes. A single chain is shown in Figure 2 (right). It describes
large loops within each of which a Zn2+ ion is located. Each
Zn2+ ion is coordinated by two neighboring ether oxygen
atoms along the chain and two Cl� ions, the coordination
number around the Zn2+ ion is therefore four, and these four
atoms form a slightly distorted tetrahedron. A mixed oxygen-
chlorine environment for zinc as seen here in the crystalline
phase, is probably retained in the amorphous phase as seen by
EXAFS studies.[10] There are two noncoordinating ether
oxygen atoms between each Zn2+ ion along the chain. Each
chain is isolated from its neighbors. The Cl� ions protrude
from each chain but are more than 2.5 : from the atoms of
the neighboring chains, therefore there is no evidence of
interaction between the Cl� ions, or indeed any other parts of
the chain, with neighboring chains. The chains are held
together in the solid state by only weak Van der Waals forces.
It is instructive to compare the structure of PEO4:ZnCl2 with
the structure of the complex formed between PEO and HgCl2
molecules, PEO4:HgCl2.

[6] The structure of PEO4:HgCl2 is
orthorhombic (a= 8.58 :, b= 13.55 :, c= 11.75 :) with flat
PEO chains located within the bc plane of the unit cell. The
conformation of the chain is different from that in
PEO4:ZnCl2. The chains in PEO4:HgCl2 are three times
more stretched, thus forming a zigzag, compared to an almost
square-wave shape in PEO4:ZnCl2. Unlike the {Cl�Zn�Cl}
unit in PEO4:ZnCl2, the covalently bonded {Cl-Hg-Cl} moiety
in PEO4:HgCl2 preserves the linear geometry of the HgCl2
molecule (deviation from linearity in the complex is less than
48). The shortest Hg�O distance is 2.6 : compared to the
shortest Zn�O distance of 2.14 : in PEO4:ZnCl2.

As might have been anticipated for the first structure of a
polymer electrolyte that contains divalent cations, the struc-
ture is completely different from any of the previously known
polymer electrolytes that contain monovalent cations. It
would not have been possible to establish the structure of
the present material starting from any known monovalent
structure or from the structural model of PEO4:HgCl2. We
have used a similar approach to establish the structure of
PEO4:ZnBr2. The structure is very similar to that of the
chloride and will be reported elsewhere.

The combination of single-crystal growth by using a
LMWP, single-crystal-diffraction methods, and the use of the
single-crystal structure as a model for refining the structure of
the material of higher molecular weight by using powder-
diffraction data, provides a powerful tool with which to access
polymer-electrolyte crystal structures that cannot be solved
from powder data alone. In particular by solving the first
crystal structure of a polymer of a multivalent-cation electro-
lyte, we have demonstrated that it is possible to establish such
structures, which opens the way to investigate other multi-
valent-cation polymer electrolytes.

Experimental Section
Methods: Single crystals of the 4:1 complex formed between 500
molar mass methoxy-end-capped ethylene oxide and ZnCl2 were
grown by first dissolving ZnCl2 (0.32 g, 2.35 mmol, Fluka, � 98%)
and oligomer (0.41 g, 0.77 mmol, Aldrich, > 98%) in anhydrous

methanol (5 mL, Aldrich, 99.8%). This corresponded to an ethylene
oxide:salt ratio of 4:1. All constituents were dried prior to use and all
manipulations were carried out in a high-integrity argon-filled
MBraun glove box. Once the salt and polymer had completely
dissolved, the methanol was removed by slow evaporation, which
yielded a clear solution from which crystals were seen to precipitate.
PEO4:ZnCl2 was prepared for powder X-ray diffraction by first
dissolving poly(ethylene glycol) dimethyl ether of averagemolar mass
2000 (Aldrich, > 98%) and ZnCl2 in methanol at room temperature.
After dissolution, the solution mixture was allowed to evaporate
slowly to remove the methanol and yield a powder product.

Single crystal X-ray diffraction data were collected at 125 K from
a colorless crystal of average size 0.1 mm by using Mo Ka on a Bruker
SMART diffractometer equipped with a fine-focus sealed tube, a
graphite monochromator and a CCD detector. Powder X-ray-
diffraction data were collected at room temperature, in transition
mode by using a STOE STADI/P diffractometer with Cu Ka1

radiation and a position-sensitive detector. The sample was placed
into a sealed Lindeman tube 0.7 mm in diameter. The data were
collected with a step size of 0.028 in 2q.
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Bacterial Communication

Synthesis and Biological Validation of a
Ubiquitous Quorum-Sensing Molecule**

Michael M. Meijler, Louis G. Hom,
Gunnar F. Kaufmann, Kathleen M. McKenzie,
Chengzao Sun, Jason A. Moss, Masayuki Matsushita,
and Kim D. Janda*

Cell-to-cell communication is used by single-cell organisms to
coordinate their behavior and function in such a way that they
can adapt to changing environments and possibly compete
with multicellular organisms. Chemical communication
amongst bacteria has been termed “quorum sensing”.[1]

Examples of quorum-sensing-controlled behaviors are bio-
film formation, virulence-factor expression, antibiotic pro-
duction, and bioluminescence. These processes are useful
only when a group of bacteria carries them out simulta-
neously. For example, bioluminescence produced by the
marine bacteria Vibrio fischeri is beneficial to a number of
marine animals that host this species, but only when a
sufficient number of bacteria synchronize their production of
light. The host can use the light to seek out food sources and
mates as well as for defense against predators, and in turn,
protection and nutrients are provided for the symbiotic
bacterial species.[2]

Quorum sensing is regulated by autoinducers that can be
categorized into three classes:[3, 4] 1) acyl homoserine lactones
(AHLs) are produced by over 70 species of Gram-negative
bacteria, and differences within this class of autoinducers
occur in the acyl side chain; 2) autoinducing peptides (AIPs)
are generally employed by Gram-positive bacteria, and they
typically consist of 5–10 amino acid residues, with a subgroup
of AIPs containing a cyclic thiolactone moiety; 3) a third type
of autoinducer, termed AI-2, is used by both Gram-positive
and -negative species.

Awide variety of bacteria has been shown to produce and
respond to AI-2,[3,4] and this molecule is regarded by some as
a species-nonspecific autoinducer.[5,6] The structure of this
purported universal signaling molecule has recently been

solved by X-ray crystallography in a complex with the Vibrio
harveyi sensor protein LuxP (Scheme 1). In this structure,
AI-2 is found as a furanosyl borate diester formed from
reaction of the ring-closed form of (R)-4,5-dihydroxy-2,3-

pentanedione (DPD) and boric acid.[7] This is a highly unusual
structure as boron has not commonly been assigned a
functional role in biological systems.[8] The generation of
AI-2 has been proposed to proceed through conversion of the
ribose moiety of S-ribosylhomocysteine (RH) into DPD by
the enzyme LuxS, but the method of formation of AI-2 is still
uncertain as the generation of DPD can only be inferred from
the indirect detection of the homocysteine by-product with
Ellman's reagent and through the reaction of generated DPD
with 1,2-phenylenediamine.[9–12]

Consequently, we have become interested in the chemical
synthesis of DPD, as its total synthesis would allow critical
questions to be addressed that cannot be answered with
biosynthesis, including: 1) is DPD the penultimate “precur-
sor” of AI-2 and thus important in the quorum-sensing
cascade, 2) must DPD be chaperoned into its active cyclic
confirmation by the LuxS protein or does this process simply
occur on a chemical timescale, and 3) is boron complexation
to DPD an essential requirement for the activity seen with
AI-2?

Herein, we describe the first chemical synthesis of DPD,
in enantiopure form, and prove that this structure is the ligand
precursor of AI-2; when complexed to boron this previously
hypothesized precursor induces bioluminescence inV. harveyi
with an activity almost identical to that reported for
biosynthetic preparations of the complex.

AI-2 activity has been observed in a number of species,
including V. harveyi, Escherichia coli, Helicobacter pylori,
Salmonella typhimurium, Shigella flexneri, Borrelia burgdor-
feri, and Neisseria meninginitidis ;[6,13] however, information is
sparse concerning the regulation and turnover of this auto-
inducer. An assay that has been used extensively to inves-
tigate AI-2 production in bacteria involves a V. harveyi
mutant (BB170) that lacks the LuxN receptor for type 1
autoinducers (AHLs) but does contain the sensor protein
(LuxP) for AI-2.[14] Addition of biosynthetically produced AI-
2 has been shown to induce bioluminescence in this mutant.

The relatively compact five-carbon framework of DPD
suggests at first glance that the synthesis should be straight-
forward. However, this simple analysis is misleading in that its
skeletal backbone is densely functionalized in a contiguous
array containing two hydroxy and two keto moieties. This
arrangement suggests that DPD is a highly reactive molecule
that could exist at physiological pH values in an equilibrium

Scheme 1. Structures of AI-2, (R)-4,5-dihydroxy-2,3-pentanedione
(DPD), and 4-hydroxy-5-methyl-3-(2H)-furanone (MHF).
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between the linear and two anomeric cyclized forms
(Scheme 1).[15] Indeed, many attempts to synthesize DPD
have been thwarted by such instability and reactivity.[9,10]

Our approach to synthesize DPD commenced from (R)-
(�)-2,2-dimethyl-1,3-dioxolane-4-methanol (1; Scheme 2). A

high-yielding Swern oxidation with oxalyl chloride resulted in
the aldehyde, which was converted into alkyne 2 by applying a
Corey–Fuchs homologation following work reported by
Witulski et al.[16]

Oxidation assisted by potassium permanganate in a
buffered water/acetone mixture yielded diketone 7, but
regrettably deprotection of 7 mediated by acetic acid did
not lead to pure DPD. Instead, a mixture of compounds was
obtained; purification of the more polar fragments resulted in
fractions that showed significant AI-2-like activity in V. har-
veyi strain BB170. Extensive purification attempts failed to
yield a pure compound. Interestingly, a less-polar fraction of
this mixture did provide a crystalline compound (8), which
was examined by X-ray crystallography and revealed to be a
dimeric triacetal combination of DPD and one of its two
anomeric furanone isomers (Figure 1). We entertained hopes

that 8might be a pro-AI-2 molecule, but unfortunately it only
displayed a low light-inducing activity in V. harveyi strain
BB170; this activity could be the result of slow hydrolysis of
the acetal bond with concomitant formation of DPD or
simply of binding to LuxP, albeit with lower affinity than AI-2.

Further efforts to synthesize DPD focused on altering the
diol-protecting group. The use of benzyl or silyl ether
protection did not cede satisfactory results, whereas conver-
sion of the acetonide moiety into a more acid-labile methoxy-
methylene acetal protecting group (yielding 3) proved to be
successful. Oxidation of 3 led to diketone 4. Compound 4 was
dissolved in phosphate-buffered D2O (pH 6.5) and the slow
formation of DPD, along with its ring-closed equilibrium
anomers, could be clearly monitored by 1H NMR spectros-
copy. When the concentration of 4 was kept moderate (less
than 3 mm, or 0.5 mgmL�1), only a minimal amount (< 1%)
of polymerized by-products was observed and DPD was
stable for at least one month at room temperature. At higher
concentrations the stability of DPD decreased significantly.
Additional evidence for the clean formation of DPD and its
two cyclic anomers 5a and 5bwas obtained by addition of 1,2-
phenylenediamine (1.5 equiv), which led to a Maillard
reaction and the formation of a single quinoxaline derivative.
We noted that, in the presence of 1,2-phenylenediamine, the
disappearance of the three compounds in equilibrium was
nearly complete within 30 minutes, as monitored by 1H NMR
spectroscopy (see the Supporting Information).

To examine the biological activity of synthetic DPD,
freshly prepared DPD was diluted in autoinducer-bioassay
medium and tested for AI-2 activity (Figure 2).[14] As a
reference substance we used 4-hydroxy-5-methyl-3-(2H)-
furanone (MHF, Scheme 1), a compound similar in structure

Scheme 2. Synthesis of DPD. Reagents and conditions: a) oxalyl chlo-
ride, DMSO, CH2Cl2; then Et3N; b) CBr4, Ph3P, CH2Cl2; c) tBuLi, MeI,
THF; d) 60% AcOH; e) CH(OMe)3 (neat), H2SO4 (cat.); f) KMnO4,
acetone, buffer (aq); g) H2O, pH 6.5 (K2HPO4/KH2PO4 (0.1m), NaCl
(0.15m)), 24 h. DMSO=dimethylsulfoxide, THF= tetrahydrofuran.

Figure 1. Compound 8 and its solid-state structure determined by
X-ray crystallography.[17]

Figure 2. Induction of bioluminescence in a) V. harveyi strain BB170 and b) V. harveyi strain MM30 with autoinducers (AI): MHF (^), MHF with
boric acid (&), DPD (~), DPD with boric acid (H ), only boric acid (*), compound 8 (*).
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to cyclized DPD that has been observed as a by-product of the
in vitro degradation of RH.[9,10] MHF has been shown to be
roughly 1000-times less active than biosynthetic AI-2.
Schauder et al.[9] determined EC50 values of approximately
80 nm for biosynthetic AI-2 versus approximately 100 mm for
MHF, while Winzer et al.[10] reported higher values (ca. 1 mm
versus ca. 1 mm) but a comparable difference in activities.
Figure 2 shows light-inducing activity in V. harveyi mutants
BB170[14] and MM30[18] with different concentrations of
synthetic DPD or MHF. In our assays we observed a roughly
500-fold higher activity for synthetic DPD than for MHF
(EC50= ca. 250 nm for DPD versus ca. 125 mm for MHF), a
result indicative of the strong relationship between DPD and
AI-2.

Addition of boric acid to synthetic DPD did slightly
increase the activity of DPD in both strains BB170 and
MM30. Figure 2, however, clearly shows that addition of boric
acid by itself induces bioluminescence in BB170 and not in
MM30, an expected result since MM30 lacks the synthase
LuxS. Addition of boric acid to MHF did significantly
increase the activity of MHF in both bacterial strains, but its
EC50 value remained roughly 50-times lower than that of
DPD with boric acid. One explanation could be that a small
amount of theMHF is converted into AI-2 upon reaction with
borate. Additional evidence for the necessity of boron for
induction of bioluminescence was demonstrated by using
BB170 grown in a boron-free autoinducer-bioassay medium.
These bacteria showed no bioluminescence until boric acid
was added to the medium. Finally, preliminary studies that we
have carried out with 1H and 11B NMR spectroscopy as well as
mass spectrometry confirm that synthetic DPD is capable of
chelating borate at high (> 8) pH values.

The described synthesis of enantiopure DPD and our
biochemical examination of its properties substantiates the
argument that it is the true precursor to AI-2 and adds a
unique analytical tool to the quorum-sensing field. From our
studies it can be deduced that DPD does not require LuxS to
direct it into a chemical state that can be readily utilized by
LuxP and will result in induction of bioluminescence.
Furthermore, chelation of boron by cyclic DPD appears to
be a requirement for full induction of bioluminescence.
Additional studies will be required to determine whether
alternative metals can coordinate to cyclic DPD and generate
bioluminescence. Synthetic DPD is stable at moderate
concentrations in buffer solution. This observation is in
contrast with previous reports from research groups that were
unable to synthesize DPD or claimed that the compound was
too unstable to isolate. Our straightforward synthetic route
could be used to produce DPD as a reliable standard to
readily investigate bacterial coordination of gene expression,
biofilm formation, and other AI-2 quorum-sensing-regulated
processes. Our findings also provide a foundation for a
structure- and mechanism-based approach to develop an
innovative antimicrobial therapy targeting the disruption of
quorum-sensing networks.
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Peptidomimetics

Using a b-Hairpin To Mimic an a-Helix: Cyclic
Peptidomimetic Inhibitors of the p53–HDM2
Protein–Protein Interaction**

Rudi Fasan, Ricardo L. A. Dias, Kerstin Moehle,
Oliver Zerbe, Jan W. Vrijbloed, Daniel Obrecht, and
John A. Robinson*

The design of novel protein ligands and inhibitors of protein–
protein interactions is an important goal in post-genomic
proteome analyses and in drug and vaccine discovery.
Unfortunately, the design of synthetic molecules that target
surface-exposed regions on folded proteins is presently
difficult. Moreover, typical libraries of small “druglike”
compounds have so far not been a fruitful source of
protein–protein interaction inhibitors. One potential
approach to such inhibitors arises through the design and
synthesis of peptidomimetics that reproduce the conforma-
tional and electronic properties of functional native protein
epitopes (so-called protein epitope mimetics (PEMs)). One
supersecondary structure frequently found at natural protein–
protein interfaces is the b-hairpin motif. Conceivably, b-
hairpin mimetics, just like the natural motifs in functional
protein epitopes, may provide a robust presentation platform
upon which the groups (e.g. side chains) essential for protein
surface capture can be combined in a structurally defined yet
malleable array. As an illustration of this approach and the
robustness of the b-hairpin scaffold, we show here how b-
hairpin PEMs based on a naturally occurring a-helical
peptide can be designed as inhibitors of the p53–HDM2
interaction.
The p53 tumor suppressor, which is present at low

concentrations in normal cells and at elevated levels in cells
subject to stress, is regulated by its interaction with HDM2.
The design of molecules that inhibit the interaction between
p53 and HDM2 appears to be an attractive strategy for
increasing p53 tumor-suppressor activity in tumor cells.[1] The
HDM2-binding domain on p53 is localized to a region at the
N-terminus of the protein, from about residues 10–30. The
p53-binding domain on HDM2 is also located at the N-
terminus of this multidomain protein from residues 1–120.
The structure of a complex formed between HDM2 (residues
17–125) and a p53-derived peptide (residues 15–29) has been

determined by X-ray crystallography.[2] The p53-derived
peptide adopts a largely amphipathic a-helical backbone
conformation, with the side chains of Phe19, Trp23, and
Leu26 inserting into hydrophobic pockets on the surface of
the HDM2 domain (Figure 1). The HDM2–p53 interface
buries a total of 1498 =2 of surface in the complex, or about
690 =2 and 808 =2, respectively, on each protein. Some of the
few known p53–HDM2 inhibitors include the natural product
chlorofusin,[3,4] various linear peptides,[5–13] and some chalcone
derivatives.[14]

For the design of a p53 mimetic we noted that the distance
between the Ca atoms of Phe19 and Trp23 on one face of the
HDM2-bound p53 a-helix is close to the distance expected
between the Ca atoms of two residues i and i+ 2 along one
strand of a b-hairpin (see Figure 2). A designed hairpin

Figure 1. Ribbon and surface representation of the crystal structure of
the complex consisting of a p53-derived peptide (yellow) and HDM2
(blue).[2] The side chains of Leu26, Trp23, and Phe19 in p53 are high-
lighted in red. The representation was prepared using Molscript,[23]

Grasp,[24] and Raster 3D.[25]

Figure 2. A model b-hairpin (yellow) superimposed on the p53 helical
peptide (red, see text and Figure 1). The b-hairpin could act as a scaf-
fold to preorganize side chains to give a geometry similar to that seen
in a helical peptide.
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mimetic could therefore function
as a scaffold to hold the side chains
of Phe19 and Trp23 (and possibly
also Leu26) in the correct relative
positions so that each can interact
simultaneously with the p53 bind-
ing site on HDM2.
To test this idea, the hairpin

mimetic 1 was designed, in which
an eight-residue loop is preorgan-
ized into a regular b-hairpin by
mounting upon a d-Pro-l-Pro
dipeptide template. We have
described in earlier work how d-
Pro-l-Pro can function as a tem-
plate to stabilize b-hairpin loop
conformations in cyclic mimet-
ics.[15–19] In a computer model of
1, the residues Phe1, Trp3, and
Leu4 appear ideally placed to
mimic the critical residues Phe19,
Trp23, and Leu26 in p53
(Figure 2). Mimetic 1 was synthe-
sized on 2-chlorotrityl chloride
resin as shown in Scheme 1 and
purified by reverse-phase HPLC.
A BIAcore (Biacore AB) sol-

ution-phase competition assay was
used to monitor binding of the
mimetic 1 to HDM2. The biotin-
SGSG-p53 (residues 15–29) pep-
tide conjugate 2 was immobilized
on a streptavidin-coated biosensor
chip. The HDM2 protein (residues
17–126) with a His6-tag fused to the
N-terminus, was produced in
E. coli using the vector pET14b
(Novagen). This protein binds to
the p53 peptide–sensor surface
with a Kd= 670 nm (cf. Kd=
600 nm for a peptide corresponding
to residues 15–29 of p53[2]). The
affinity of mimetics to HDM2
could then be expressed as an IC50
value, by coinjecting each with
HDM2 (250 nm, in HEPES buffer
(10 mm, pH 7.4) with NaCl
(150 mm), EDTA (3.4 mm) and
surfactant p20 (0.005%v/v)) over
the biosensor surface. With
increasing concentrations of the
mimetic, the binding of HDM2 to
the surface is increasingly inhib-
ited, which leads to a decrease in
the biosensor response (see Table 1
and Figure 3). In this way, the IC50
value for the linear p53-derived peptide 3 was determined to
be 1.1 mm. Although the affinity of 1 for HDM2 appears weak
(IC50= 125 mm), it provided a lead for optimization.

A library of eight mimetics (4–11), in which each residue
in 1 was replaced by alanine, was made and tested. This
revealed that not only the side chains of Phe1, Trp3, and

Table 1: The inhibitory concentrations of peptidomimetics causing a 50% drop in biosensor response
(IC50 mM) in the BIAcore assay (see text and Figure 3). Positions 1–8 refer to the residues 1–8, mounted
on the d-Pro-l-Pro template (as shown for 1 in Scheme 1).

Mimetic Position IC50 [mm][a]

1 2 3 4 5 6 7 8

1 F L W L N K E T 125�8
4 F L W A N K E T 350�6
5 F L A L N K E T >1000
6 F A W L N K E T 207�15
7 A L W L N K E T >1000
8 F L W L N K E A 122�10
9 F L W L N K A T 195�7
10 F L W L N A E T 650�35
11 F L W L A K E T 250�6
12 F L W L N Y E T 53�2
13 F K W L N Y E F 9.5�2.4
14 F E W L N W E Y 1.4�0.3
15 F E W L N W E F 0.89�0.05
16 F E W L D W E F 0.53�0.06
17 F E W LN

[b] N F E Y 2.6�0.6
18 F E W LN

[b] D W E F 0.37�0.07
19 F E (6Cl)-

W[b]
L D W E F 0.14�0.06

[a] Mean value and standard deviation result from at least three independent experiments. [b] The usual
symbols for proteinogenic amino acids are used, except LN refers to N-(2-methylpropyl)-glycine and
(6-Cl)W refers to 6-chlorotryptophan.

Scheme 1. Synthesis of mimetic 1. HATU=2-(1-hydroxy-7-azabenzotriazol-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate, HOAt=1-hydroxy-7-azabenzotriazole, TIS= triisopropylsilyl.
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Leu4 (as expected), but also that of Lys6 make important
energetic contributions to HDM2 binding (see Table 1).
Further libraries, in which individual residues in 1 were
exchanged for other proteinogenic amino acids, were then
prepared and screened. For example, a K6Y replacement (12)
improved the IC50 to 53 mm ; mimetic 13 with three changes
has an IC50 value of 9.5 mm ; derivative 14 has an IC50 value
close to that seen for the p53-derived peptide 3 ; whereas
mimetics 15 and 16 are submicromolar inhibitors. Further
mimetics were also prepared containing non-proteinogenic
amino acid building blocks. The derivatives 17 and 18 have a
peptoid unit at the hairpin tip, and 19 has a 6-chlorotrypto-
phan at position 3. This last mimetic displays an increase in
affinity for HDM2 over that of the initial lead 1 by a factor of
almost 900-fold, and an improvement over that of the linear
p53 analogue 3 by almost 8-fold. Another comparison is with
the natural product chlorofusin, itself a cyclic peptide, whose
IC50 value determined by ELISA was 4.6 mm.

[3]

Evidence that the mimetics interact with HDM2 at the
p53 binding site was obtained by NMR spectroscopy. 2D
[15N,1H]-HSQC spectra of uniformly 15N-labeled HDM2 were
recorded in the presence and absence of mimetic. Using NMR
assignments reported earlier,[14] the site contacted by 1 and 19
on HDM2 was mapped by measuring changes in chemical
shifts of backbone HN-N15 cross-peaks upon binding. The
largest changes occurred for residues within and around the
p53 binding site revealed by crystallography (Figure 4),
although several perturbations are more remote from the

interaction site, possibly due to changes in protein conforma-
tion that are required to accommodate the ligand. Whereas 1
appeared to be in fast exchange between the HDM2-bound
and free states, on the chemical shift time-scale, the bound
form of mimetic 19 was shown to be in slow exchange with the
free form, as evident from the occurrence of two sets of cross-
peaks for substoichiometric concentrations of 19.
The solution structures of several mimetics have also been

investigated by NMR spectroscopy in 1:1 MeOH/water (the
peptides are not sufficiently soluble for studies in pure water).
For example, average NMR structures were determined for
mimetic 17 in solution (1:1 CD3OD:H2O/D2O (9/1), pH(ap-
parent) 5, 300 K), using NOE-derived upper-distance limits as
restraints with DYANA[20] (see Table 2). It was apparent from
the numerous cross-hairpin connectivities seen in NOESY
spectra that this molecule adopts a regular b-hairpin con-
formation (see Figure 5), with a b-turn at the hairpin tip. A

Figure 3. Top: Sensorgrams from the BIAcore inhibition assay (see
text), showing the decrease in response upon addition of increasing
amounts of peptidomimetic 19 (see Table 1). Bottom: The BIAcore
data for mimetics 1 (magenta), 15 (blue), 16 (red), and 19 (green) as
used to derive IC50 values (see Table 1).

Figure 4. Surface representations of HDM2 illustrating the locations of
residues that experience changes in [15N,1H]-HSQC spectra upon addi-
tion of the peptidomimetic 1 (left) and 19 (right) to U-15N-labeled
HDM2. The hairpin mimetics shown have been modeled (Figure 2)
into the p53 binding site on HDM2 by docking/energy minimization.
Red= chemical shift Dd>0.22 ppm, yellow=Dd=0.22–0.15 ppm,
orange=much reduced intensity of cross-peak in 2D spectrum,
blue=no change (where Dd=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðDd1HÞ2 þ ð0:2Dd15NÞ2
p

). The repre-
sentation was prepared using Molscript,[23] Grasp,[24] and Raster 3D.[25]

Table 2: Summary of conformational constraints and statistics for the
NMR structure calculations performed on mimetic 17 with the program
DYANA. The final 20 NMR structures are shown in Figure 5.

Mimetic 17

NOE upper-distance limits 76
Intraresidue 22
Sequential 33
Medium- and long-range 21
Dihedral angle restraints (HN-Ca-H) 7
Residual target function value 0.53�0.18 L2

Mean RMSD values
All backbone atoms 0.53�0.31 L2

All heavy atoms 1.66�0.34 L2

Residual NOE violations
Number >0.2 L 8
Maximum 0.35 L2
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superposition of one typical NMR structure with the b-
hairpin model used at the outset and depicted in Figure 2 is
shown in Figure 5. It is also noteworthy that an increase in
amphiphilicity of the b-hairpin parallels the improved affinity
as 1 is changed to 17 (see also 12–19). An extensive aromatic
core is thereby generated on one face, which may both
stabilize the hairpin structure through cross-strand aromatic
interactions,[21,22] and promote association with the rather
hydrophobic p53-binding site on HDM2.[2] Work is now
ongoing to determine the structure(s) of the bound forms of
these inhibitors and to investigate the mechanism(s) of
binding in more detail.
In conclusion, the structural data together with the

functional binding data provide confirmation of our starting
hypothesis, that a b-hairpin can be used to mimic some
features of an a-helical peptide. This type of mimicry may be
of general use in the design of other novel PEM-based
inhibitors of protein–protein interactions. Moreover, the
mimetics reported here might be of direct value in the
search for novel agents with tumor-suppressor activity.

Received: November 4, 2003 [Z53242]
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(in yellow), as shown in Figure 2. The representation was prepared
using Molmol.[27]
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Nanotechnology

Long-Range Electrical Contacting of Redox
Enzymes by SWCNT Connectors**
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Dedicated to Prof. Helmut Schwarz
on the occasion of his 60th birthday.

The combination of biological molecules and novel nano-
material components is of great importance in the process of
developing new nanoscale devices for future biological,
medical, and electronic applications.[1] The electrical contact-
ing of redox enzymes with electrodes is a subject of extensive
research over the last decade, with important implications for
developing biosensing enzyme electrodes, biofuel cells and
bioelectronic systems.[2–4] Tethering of redox-relay units to
enzymes associated with electrodes,[5–7] the immobilization of
enzymes in redox-polymers,[8] and the reconstitution of apo
enzymes on relay-cofactor units associated with electrodes[9]

were reported as means to establish electrical communication
between redox proteins and electrodes. Recently, the recon-
stitution of the apo–flavoenzyme glucose oxidase, GOx, with
a single Au nanoparticle functionalized with the flavin
adenine dinucleotide (FAD) cofactor was reported.[10]The
assembly of the Au-nanoparticle/GOx biocatalyst on an
electrode led to an effective electrically contacted enzyme
electrode. Single-walled carbon nanotubes (SWCNTs) exhibit
unique structural, mechanical, and electronic properties,[11–14]

and recent studies have demonstrated the use of SWCNTs in
nanodevices and sensors.[15–19] Several research activities have
addressed the generation of biomaterial–SWCNT hybrid
systems, protein-linked CNT[20] and nucleic acid-functional-
ized SWCNT.[21,22] The oriented assembly of short SWCNT
normal to electrode surfaces was accomplished by the
covalent attachment of the CNT to the electrode surfa-
ces.[23–26] This structural alignment of the SWCNTs allows the
secondary association of redox-active components to the
CNT, and the examination of charge transport through the
SWCNT. Herein we wish to report on the structural alignment
of the enzyme glucose oxidase, GOx, on electrodes by using
SWCNTs as electrical connectors between the enzyme redox
centers and the electrode. We demonstrate that the surface-
assembled GOx is electrically contacted to the electrode by
means of the SWCNTs, which acts as conductive nanoneedles
that electrically wire the enzyme redox-active site to the
transducer surface. The effect of the length of the SWCNTon

controlling the electrical-communication properties between
the enzyme redox center and the electrode is discussed.

SWCNTs (Carbolex, Sigma) were first purified by heating
the as-received nanotubes in refluxing 3m nitric acid for 24 h
and then washing the resulting nanotubes with water by using
a 0.6 mm polycarbonate membrane filter (Millipore). The
purified long SWCNTs were chemically shortened by oxida-
tion in a mixture of concentrated sulfuric and nitric acids (3:1,
98% and 70%, respectively) that was subjected to sonication
for 8 h in an ice/water bath. This procedure yields shortened
SWCNTs with a broad length distribution and that have
terminal carboxyl functionalities. The shortened SWCNTs
were purified by dialysis and filtering. The resulting SWCNTs
suspension was further stabilized by sonication for 3 minutes
in 1wt% sodium dodecylsulfate (SDS) as surfactant. After
some macroscopic particles had settled down, the SWCNTs
supernatant dispersion was loaded onto a controlled pore
glass (CPG 3000 >, MPG) chromatographic column to
perform length fractionation of the SWCNTs and finally
dialyzed against a 1wt% Triton X-100 solution. The eluted
SWCNTs fractions (ca. 50 fractions) were analyzed by atomic
force microscopy (AFM), to determine the length distribution
of SWCNTs in each fraction. The average SWCNTs length
decreased as the fraction number increased, and the AFM
histograms derived from each fraction showed a relative
narrow length distribution. Previous studies have shown that
the chemical shortening of SWCNTs by strong acids leads to
the formation of carboxylic (and phenolic) groups at the
nanotube ends (and sidewall defect sites),[27] thus allowing the
covalent immobilization of the SWCNTs on surfaces. A 2-
thioethanol/cystamine mixed monolayer (3:1 ratio) was
assembled on an Au electrode and the length fractionalized
SWCNTs were coupled to the surface in the presence of the
coupling reagent 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide hydrochloride (EDC) as depicted in Figure 1. The
incorporation of 2-thioethanol in the mixed monolayer was
anticipated to prevent nonspecific adsorption of the surfac-
tant-protected SWCNTs onto the electrode surface (and
presumably to prevent lying of the SWCNT pipes on the
surface). Figure 2 shows the AFM images of the 50 nm
SWCNTs-modified surfaces upon coupling the CNTs to the
modified surface for different time-intervals. Longer coupling
times lead to higher surface coverage of the SWCNTs. As
illustrated in Figure 2A, isolated needlelike protrusions are
clearly seen on the surface after 30 minutes of surface
modification, the density of which increases gradually, until
a densely packed, needlelike pattern of standing SWCNTs is
obtained after five hours of coupling. We could not find by
AFM measurements SWCNTs that lie on the surface. There
could be as many as eight carboxy groups at each end of the
1.3 nm diameter SWCNT of a (16,0) zigzag structure. There-
fore, eight amide bonds could be created between each
nanotube and the gold surface, thus leading to a preferred
standing conformation of the SWCNTs onto the surface. We
found, that the height of the surface-standing nanotubes
(determined by AFM) relates directly to the length of the
corresponding SWCNTs fraction, although the height meas-
ured by AFM is always lower than the length of the free
SWCNTs adsorbed on mica surfaces and measured by AFM,
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Figure 2D. This could be attributed to the fact that the
accurate AFM determination of the average SWCNT heigth
is limited by the nature of the SWCNTs assembly. Experi-
ments with a quartz crystal microbalance (QCM) were
performed to elucidate the surface coverage of the
SWCNTs. From the average length of the SWCNT fractions,
the frequency changes observed upon the coupling of the
SWCNTs, and the respective mass changes that occurred on
the Au/quartz crystal, the surface coverage of the SWCNTs
on the surface were calculated (Figure 3). The amino
derivative of the FAD cofactor (1), was then coupled to the
carboxy groups at the free edges of the standing SWCNTs
(after wall protection in the presence of surfactants Triton X-
100 and PEG, M̄W= 10000). Cyclic-voltammetry experiments
revealed that FAD units were electrically connected with the
electrode surface. The FAD units linked to the CNTs reveal a
quasireversible cyclic voltammogram, Eo=�0.45 V versus a
saturated calomel electrode (SCE) pH 7.4. Coulometric assay
of the FAD redox wave and microgravimetric QCM experi-
ments indicate an average surface coverage of about 1.5 D
10�10 molcm�2. Apo–glucose oxidase, apo–GOx, was then
reconstituted on the FAD units linked to the ends of the
standing SWCNTs. The reconstitution of the apo–GOX units

on the FAD units linked to the ends of the SWCNTs was
supported by AFM measurements (Figure 4). In contrast to
the SWCNTs needlelike pattern shown in Figure 2, after the
enzyme reconstitution, the surface was covered by densely
packed clumps with an average lateral dimension of about
5 nm, attributed to individual GOx molecules associated with

Figure 1. Assembly of the SWCNT electrically contacted glucose ox-
idase electrode.

Figure 2. AFM images of SWCNTs covalently linked to a cystamine/2-
thioethanol monolayer associated with an Au electrode: A) After
30 minutes of coupling; B) after 90 minutes of coupling; C) after
180 minutes of coupling. D) Comparison of the SWCNTs lengths
measured by AFM after deposition on mica surfaces (left ordinate),
and the SWCNTs heights measured by AFM (right ordinate) for the dif-
ferent freactions of CNTs.
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the SWCNTs. The observed heights of the individual GOx
units are consistent with the dimensions of the protein.[10] The
protection of the SWCNTs wall surface prior to the binding of
the FAD units and the reconstitution with apo–GOx, is
crucial to yield biocatalytic GOx units specifically bound to
the free ends of the standing nanotubes. Surfactants such as
SDS were shown to be inefficient in preventing nonspecific
adsorption of proteins to the CNTs walls.[20] Indeed, QCM
and electrochemical experiments showed that reconstitution
of apo–GOx on SDS-protected FAD-modified SWCNTs
monolayer linked to the Au-support, leads to the nonspecific
adsorption of apo–GOx enzyme units to the walls of the
nanotubes. The pretreatment of the SWCNTs monolayer with
a mixture of the surfactants Triton X-100 and PEG (M̄W=

10000) prior to the binding of FAD units and the reconsti-
tution with apo–GOx was found to be an essential step to
generate a bioelectrocatalytically active interface, with the
enzyme specifically coupled to the SWCNTs FAD-modified
ends. Further support that the reconstitution of apo–GOx
units takes place preferentially at the edges of the FAD-
modified SWCNTs is obtained by analysis of the structures of
Triton X-100/PEG protected FAD-modified CNTs reconsti-
tuted with GOx in solution (Figure 5). In these experiments,
CNTs are functionalized in solution with (1), and reconsti-
tuted with apo–GOx. The modified enzyme CNTs were
deposited on mica. Figure 5A shows the AFM image of the
GOx–SWCNTs hybrid. We observe SWCNTs with one or two
enzyme units at the edges of the tubes. The height of the
enzyme units is about 5 nm,[10] which is consistent with the
dimensions of GOx. Figure 5B shows the high resolution

TEM image (HRTEM) of a CNT modified with two GOx
units (negatively stained with uranyl acetate) at the edges of
the tube. Experiments with surfactant-free or SDS protected
SWCNTs, showed a great extent of nonspecific adsorption of
the protein onto the wall of the carbon nanotubes.

The modification of the surface with the reconstituted
GOx units was further characterized by means of micro-
gravimetric QCM and electrochemical experiments. Au/
quartz crystals (9 MHz) were modified with a 2-thioethanol/
cystamine mixed monolayer, the SWCNTs were then coupled
to the surface, FAD units were coupled to the CNTs protected
with Triton X-100/PEG, and the apo–GOx was reconstituted
on the surface. From the frequency changes of the crystals and
the voltammograms of the FAD units, we estimate the surface
coverage of the CNTs (using the fraction of about 25 nm
average length) and of the GOx units to be 4 D 10�11 molcm�2

(3–4 FAD units per SWCNT) and 1D 10�12 molcm�2, respec-
tively.

Figure 6A shows the cyclic voltammograms correspond-
ing to the GOx–CNT-functionalized Au electrode (average
CNT length 25 nm) in the presence of different concentra-
tions of glucose. The bioelectrocatalytic oxidation of glucose
is observed at E> 0.18 V versus SCE, and the electrocatalytic
anodic current becomes higher as the concentration of
glucose increases. The respective calibration curve, depicted
in Figure 6B, shows a saturation current that corresponds to
60 mA. Knowing the surface coverage of the GOx–CNTunits,
we estimate the turnover rate of electrons transferred to the
electrodes to be about 4100 s�1. This value is about sixfold

Figure 3. Surface coverage, Gswcnt, of the 50 nm long SWCNTs on the
Au surface at time intervals of chemical coupling to the surface.

Figure 4. AFM image of the GOx reconstituted on the FAD-functional-
ized CNTs (ca. 50 nm) monolayer associated with the Au surface. Figure 5. A) AFM image of SWCNTs reconstituted at their ends with

GOx units. B) HRTEM image of a SWCNTmodified at its ends with
GOx units.
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higher than the turnover rate of electrons from the active site
of GOx to its natural O2 electron acceptor (700 s�1).[28]

Figure 6C shows the calibration curves corresponding to the
anodic currents generated by GOx-reconstituted SWCNT

electrodes of different SWCNT lengths, in the presence of
variable glucose concentrations (the currents were normal-
ized to the sameGOx surface coverage determined by QCM).
A clear dependence on the length of the CNTs is observed.
The GOx–CNT with an average length of 25 nm reveals an
about 1.5-fold enhanced electrocatalytic current (or electrical
communication) as compared to the GOx–CNT electrode
with an average length of 50 nm (2570 s�1). Thus, the electron-
transfer barrier between the FAD center and the electrode, is
lower for systems that include shorter SWCNTs as connec-
tors. This length-controlled electron transfer is further
supported by examining the interfacial electron transfer to
the FAD sites at the ends of the standing SWCNTs. The
interfacial electron-transfer rate constants, between the FAD
sites and the electrode, in the presence of SWCNTs of
different lengths, before the reconstitution of the enzyme
apo–GOx, were extracted by the electrochemical Laviron
analysis.[29] From this analysis, we estimate the interfacial
electron-transfer rate constants to be 83 s�1, 42 s�1, 19 s�1, and
12 s�1, for assemblies that include standing SWCNTs of
25 nm, 50 nm, 100 nm, and 150 nm average length, respec-
tively. Thus, the nanotube length indeed controls the electron
transfer between the FAD units and the electrode, a process
that is reflected in the overall bioelectrocatalytic oxidation of
glucose. Although the mechanism of CNT length-controlled
electrical contacting of the enzyme redox center and the
electrode is, at present, not fully understood, these results
clearly indicate that electrons are transported through the
SWCNT along distances greater than 150 nm from the
enzymatic active center to the electrode. These distances
eliminate the possibility of charge transport by tunneling
processes. Our results reveal, however, that the electrical
communication is controlled by the length of the CNTs. A
possible origin for the length-dependent electrical communi-
cation, found here, may be the fact that wall defect sites are
introduced into the CNT walls upon their oxidative short-
ening. Such sites may act as local barriers to charge transport.
Back scattering of the transported electrons or the electron
hopping over these defect sites may then explain the length
dependence. Figure 6D shows the linear dependence
between the turnover rate of electron transfer and L�1 (L is
the CNT length). This linear dependence suggests that the
back scattering or electron hopping prevail in charge trans-
port through SWCNTs and the electrical activation of the
biocatalyst.

To conclude, our study demonstrates for the first time the
aligned reconstitution of a redox flavoenzyme (glucose
oxidase) on the edge of carbon nanotubes that are linked to
an electrode surface. We reveal that the SWCNT acts as a
nanoconnector that electrically contacts the active site of the
enzyme and the electrode. The electrons are transported
along distances greater than 150 nm and the rate of electron
transport is controlled by the length of the SWCNTs. These
results show the compatibility of SWCNTs with the prepara-
tion of novel biomaterial hybrid systems that may have
fascinating new properties.

Received: November 6, 2003 [Z53275]

Figure 6. A) Cyclic voltammograms corresponding to the electrocata-
lyzed oxidation of different concentrations of glucose by the GOx
reconstituted on the 25 nm long FAD-functionalized CNTs assembly:
a) 0 mm glucose. b) 20 mm glucose, c) 60 mm glucose, d) 160 mm glu-
cose. Data recorded in phosphate buffer, 0.1m, pH 7.4, scan rate
5 mVs�1. B) Calibration curve corresponding to the amperometric
responses of the reconstituted GOx/CNTs (25 nm) electrode (at
E=0.45 V) in the presence of different concentrations of glucose.
C) Calibration curves corresponding to the amperometric responses
(at E=0.45 V) of reconstituted GOx–CNTs electrodes in the presence
of variable concentrations of glucose and different CNT lengths as
electrical connector units: a) about 25 nm SWCNTs. b) about 50 nm
SWCNTs. c) about 100 nm SWCNTs. d) about 150 nm SWCNTs.
D) Dependence of the electron-transfer turnover rate between the GOx
redox center and the electrode on the lengths of the SWCNTs compris-
ing the enzyme electrodes.
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Cluster Compounds

Giant Single-Molecule Magnets: A {Mn84} Torus
and Its Supramolecular Nanotubes**

Anastasios J. Tasiopoulos, Alina Vinslava,
Wolfgang Wernsdorfer, Khalil A. Abboud, and
George Christou*

The discovery that individual molecules can function as
magnets provided a new, “bottom-up” approach to nanoscale
magnetic materials,[1–3] and such molecules have since been
called single-molecule magnets (SMMs).[4] Each molecule is a
single-domain magnetic particle that, below its blocking
temperature, exhibits the classical macroscale property of a
magnet, namely magnetization hysteresis. In addition, SMMs
straddle the classical/quantum interface in also displaying
quantum tunneling of magnetization (QTM)[5,6] and quantum
phase interference,[7] which are the properties of the micro-
scale. SMMs have various potential applications, including
very high-density information storage with each bit stored as
the magnetization orientation of an individual molecule, and
as quantum bits for quantum computing[8] by taking advant-
age of the quantum superposition of states provided by the
QTM. For a number of reasons, including facilitating devel-
opment of techniques for addressing individual SMMs, we
have sought to synthesize SMMs of very-large dimensions (by
molecular standards). In effect, can the molecular (or bottom-
up) approach reach the size regime of the classical (or top-
down) approach to nanoscale magnetic materials? Indeed,
herein we report a giant Mn84 SMM. It has a 4 nm diameter
torus structure, exhibits both magnetization hysteresis and
QTM, and crystallizes as supramolecular nanotubes.

The compound [Mn84O72(O2CMe)78(OMe)24(MeOH)12-
(H2O)42(OH)6]·xH2O·yCHCl3 (1·xH2O·yCHCl3) was
obtained from the reaction of [Mn12O12(O2CMe)16(H2O)4]·4 -
H2O·2MeCO2H (2) with (NnBu4)(MnO4) in MeOH that
contained a little acetic acid, followed by filtration and
layering of the filtrate with chloroform. After several weeks,
the well-formed reddish-brown crystals were isolated in a
20% overall yield, based on the total available Mn equiv-
alents. The compound crystallizes in hexagonal space group
P6 with the asymmetric unit containing 1/6 of the molecule
and approximately 25 water and 2 chloroform solvent mole-
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cules of crystallization, which are severely disordered. The
structure[9] (Figure 1) comprises a {Mn84} torus with C6

crystallographic symmetry composed of alternating near-
linear [Mn3O4] and cubic [Mn4O2(OMe)2] subunits. All the

metal centers are six-coordinate. Close inspection of the Mn�
O bond lengths, the Mn bond valence sum calculations (2.82–
3.26),[10] and the detection of Jahn–Teller axial elongations as
expected for a d4 metal ion in near-octahedral geometry,
identified the metal ions as all being in the Mn3+ oxidation
state.

A better appreciation of the structure and the size of the
molecule is provided by the space-filling plots of Figure 2,
which show that the torus has a diameter of about 4.2 nm and
a thickness of about 1.2 nm, with a central hole of diameter
1.9 nm. The Mn84 molecules order within the crystal in an
aesthetically pleasing manner, thus giving nanotubular stacks
parallel to the crystal c axis and to their neighbors (Figur-
es 2b,c). This yields a hexagonal close packing analogous to
densely packed straws in a box. The crystalline structure of
Mn84 thus displays extensive cylindrical channel formation
along one dimension. Molecules in neighboring chains are
exactly adjacent (Figure 2b), and thus the structure may be
alternatively described as consisting of graphite-like {Mn84}
sheets lying on top of each other with perfect registry.

The magnetic properties of {Mn84} have been investigated
by both DC and AC methods. The molecule comprises eighty-
four Mn3+ ions (S= 2), and it was anticipated that there would
be fairly strong pairwise exchange interactions between them
because they are all monoatomically bridged by O2� or MeO�

Figure 1. The structure of the {Mn84} torus, excluding hydrogen atoms.
The rectangle shows the repeating {Mn14} unit that represents the con-
tents of the asymmetric unit; for clarity, it is reproduced above the
structure without the carbon atoms (except for those of the MeO�

groups to clarify their positions in the {Mn14} unit). Colour code: Mn
blue; O red; C grey.

Figure 2. Space-filling representations of {Mn84}, and its supramolec-
ular aggregation into ordered nanotubes and sheets. a) Space-filling
representations (including hydrogen atoms) from viewpoints perpen-
dicular (top) and parallel (bottom) to the plane of the torus, showing
the dimensions of the molecule and its central hole. b) Ordered
arrangement of {Mn84} molecules (excluding hydrogen atoms) into
two adjacent supramolecular nanotubes viewed perpendicular to the
propagation axis; this view emphasizes the exact registry of molecules
in adjacent tubes and thus the sheetlike structure formed. c) A view
along the propagation axes of seven tubes showing the hexagonal
packing of neighbors within a single sheet of molecules (excluding
hydrogen atoms). Color code: Mn blue; O red; C grey; H white.
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groups. Preliminary magnetic susceptibility (cM) studies on
polycrystalline samples down to 1.8 K indicated a small
uncompensated molecular spin of S� 6. In the presence of
sufficient magnetic anisotropy of the easy axis (Ising) type, a
spin of this magnitude is sufficient to provide a SMM, and
more detailed studies to lower temperatures were therefore
carried out to investigate this possibility.

Studies were performed by magnetization measurements
on single crystals of {Mn84} by using an array of micro-
SQUIDs (SQUID is superconducting quantum interference
device). [11] The magnetization versus applied DC field at a
0.035 Ts�1 sweep rate (Figure 3a) exhibited hysteresis, which

is the diagnostic property of a magnet, thus establishing
{Mn84} as the largest SMM yet discovered. At this sweep rate,
the hysteresis becomes evident at 1.5 K, and its coercivity
increases with decreasing temperature, as expected for the
superparamagnet-like properties of an SMM, before becom-
ing essentially temperature-independent below 0.3 K. The
magnetization in Figure 3a is plotted as spin (S) per molecule
(determined by using quantitative molar magnetization data).
The saturation value indicates a molecular ground state spin
of S= 6, thus confirming the preliminary estimate above. The
hysteresis loop shows no sign of the steps diagnostic of QTM
that are visible in the hysteresis loops of several smaller
SMMs such as {Mn12},

[5,6] {Mn4},
[12, 13] and {Fe8},

[7,14] and the
exchange-biased {(Mn4)2} dimer.[15] In previous cases in which
no steps are visible, for large SMMs such as the {Mn18}

2+[16]

and {Mn30}
[17] SMMs, this lack of visible steps is due to a

broadening and smearing of the steps from low-lying excited
states and a distribution of molecular environments (and thus
a distribution of relaxation barriers) caused by disordered
lattice solvent molecules and ligand disorder; the magnetic
properties of SMMs are sensitive to such relatively small
variations in local environments. For {Mn84}, the large
numbers of disordered solvent molecules in the central
cavity readily rationalize a distribution of molecular environ-
ments.

With Figure 3a establishing {Mn84} as an SMM but not
showing steps, it became of importance to establish by an
alternative means whether quantum tunneling is still occur-
ring in such a giant SMM. This was addressed by collecting
magnetization-relaxation data from 1) out-of-phase AC-sus-
ceptibility (cM’’) data at different AC frequencies, and 2) plots
of magnetization versus time decay. Both methods provide
data of the rate of magnetization relaxation (1/t) versus T (t is
the relaxation time). These data are plotted as t versus 1/T in
Figure 3b. There is a thermally activated region above about
0.5 K, and fitting of this region to the Arrhenius relationship
of Equation (1) gives Ueff= 18 K and t0= 5.7 I 10�9 s, in which

ð1=tÞ ¼ ð1=t0Þ exp ð�Ueff=kTÞ ð1Þ

Ueff is the effective (mean) relaxation barrier and t0 is the pre-
exponential factor.

The relaxation rate levels off below 0.5 K, and below
about 0.2 K it is temperature-independent, which is consistent
with relaxation only by ground-state tunneling between the
lowest energy MS=� 6 levels of the S= 6 manifold. Such
temperature-independent relaxation rates arising from QTM
have been observed previously for several other
SMMs.[12–14,16–18] Independent conformation of QTM in
{Mn84} was obtained from “quantum hole digging”,[19] which
can establish resonant QTM even when no steps are apparent
in the hysteresis loops. It is thus clear that {Mn84} still exhibits
the quantum behavior that has become a common feature of
the much smaller SMMs.

The above results establish {Mn84} as a giant SMM. In
general, SMMs have many advantages over classical magnetic
particles made of Co metal, Fe3O4, etc., including monodis-
persity, crystallization as highly ordered ensembles, true
solubility (rather than colloidal suspensions), and a shell of
organic groups that protects the magnetic cores from surface
variations and prevents their contact with each other. The
discovery of a {Mn84} SMM establishes that these advantages
can also be extended to this giant molecule, which is still
soluble, stable, and crystalline. Such large wheel-like mole-
cules are with precedent, but only in molybdenum chemis-
try,[20] with the largest currently known being the {Mo154}

[21]

and {Mo176}
[22] compounds prepared by MJller and co-work-

ers. Although they contain more metal atoms than {Mn84}, the
{Mo154} and {Mo176} wheels have diameters of about 3.4 and
about 4.1 nm, respectively. These, and other giant polyoxo-
metallates,[23–25] are diamagnetic or nearly so, and none of
them exhibit SMM properties.

But although {Mn84} is very large by molecular standards,
it is pertinent to ask how it compares to classical nano-

Figure 3. The results of magnetic susceptibility studies on single crys-
tals of {Mn84}. a) Magnetization versus applied DC magnetic field
plots, with the field applied along the c axis (perpendicular to the
{Mn84} torus plane), exhibiting hysteresis loops. The magnetization
has been plotted as spin (S) per {Mn84} molecule. A background slope
due to low-lying excited states has been subtracted from the data.
b) Arrhenius plot constructed by using a combination of out-of-phase
AC susceptibility (cM’’) data and DC magnetization decay data. The
dashed line is a fit of the thermally activated region to the Arrhenius
relationship; see the text for the fit parameters.
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particles. In Figure 4 the sizes of {Mn4}, {Mn12}, {Mn30}, and
{Mn84} SMMs are compared with that of a 3 nm Co nano-
particle recently reported,[26] all drawn to the same scale. With
a 4.2 nm diameter, {Mn84} is thus of comparable size to the
smallest nanoparticles. The total number of atoms in {Mn84} is
1032, roughly the same as the 3 nm Co nanoparticle, which
contains about 1000 Co atoms. Of course, the former has a
very different shape, given its central hole and essentially
wheel-like rather than spherical structure. Another useful
way, particularly in the physics literature, of comparing the
“size” of magnetic systems is by their NKel vector (N, the sum
of the individual spins), which are 7.5, 22, 61, and 168 for
{Mn4}, {Mn12}, {Mn30}, and {Mn84}, respectively. This is the
scale used in Figure 4. With a value of 168, {Mn84} is a far
larger spin system than any other molecular cluster (greater
than the next largest, 75, observed previously for an Fe30

species with S= 0[24,25]) and is at the lower limit of values
found for classical nanoparticles, which can range from a few
hundred to many thousands, depending on the precise size
and constituent metal; for the 3 nm Co nanoparticle shown,
the NKel vector is approximately 1000.

The new {Mn84} SMM thus essentially represents a long-
sought-after meeting of the bottom-up and top-down
approaches to nanoscale magnetic materials. It will be
interesting to see whether even larger SMMs that contain
more metal atoms can be obtained in the near future; we see
no reason why this should not be so. It is also interesting that
{Mn84} exhibits magnetization quantum tunneling, a point of
relevance to the general question of how large magnetic

nanoparticles can become and still display quantum effects.[27]

Such studies for classical magnetic nanoparticles have been
hampered by complications from distributions of particle size,
shape, surface roughness, and spin[11,28] a problem that does
not exist for crystalline, monodisperse SMMs. Finally, we
recognize that the supramolecular architecture of the {Mn84}
molecules as ordered nanotubular stacks offers a variety of
future possibilities for accessing interesting new materials,
including the insertion of guest molecules (either organic or
inorganic, diamagnetic or paramagnetic) or chains (either
conducting or insulating) into or through the tubes. In
addition, the large shape anisotropy and solubility of {Mn84}
suggest that it should be fairly straightforward to deposit and
visualize these molecular rings on surfaces.

Experimental Section
Compound 1: A freshly-prepared solution of NnBu4MnO4 (0.30 g,
0.83 mmol) in MeOH (10 mL) and glacial acetic acid (0.75 ml) was
added to a slurry of [Mn12O12(O2CMe)16(H2O)4]·4H2O·2HO2CMe
(0.425 g, 0.206 mmol) in MeOH (15 mL) over a period of two
minutes. The mixture was left under magnetic stirring for a few
minutes, and then filtered to give a reddish-brown filtrate. Equal
amounts of the filtrate were placed in five different vials and layered
with chloroform. After a few weeks reddish-brown crystals appeared,
and were left to grow for several more weeks to give well shaped X-
rays quality crystals. When product formation was deemed to be
complete, the crystals were collected by filtration, washed with
chloroform and dried in vacuum. The yield was 0.10 g (20% based on
total Mn). Elemental analysis (%) calcd for C192H464O322Mn84

Figure 4. The position of {Mn84} on a size scale spanning atomic to nanoscale dimensions. On the far right is shown a high-resolution transmis-
sion electron microscopy view along a [110] direction of a typical 3 nm diameter cobalt nanoparticle exhibiting a face-centered cubic structure and
containing about 1000 Co atoms.[26] The {Mn84} molecule is a 4.2 nm diameter particle. Also shown for comparison are the indicated smaller Mn
SMMs, which are drawn to scale. An alternative means of comparison is the N8el vector (N), which is the scale shown. The green arrows indicate
the magnitude of the N8el vectors for the indicated SMMs, which are 7.5, 22, 61, and 168 for {Mn4}, {Mn12}, {Mn30} and {Mn84}, respectively. The
green arrows from the Co nanoparticle are merely meant to indicate that the N8el vector of nanoparticles can take many values, depending on the
exact size and the identity of the constituent metal.
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(1·10H2O): C 18.39, H 3.73; found: C 18.35, H 3.45. Selected IR data
(KBr pellet): ñ= 3400(s, br), 2965(w), 2931(w), 1576(s, br), 1527(s,
br), 1425(s, br), 1348(m), 1250(w), 1028(m), 949(w), 696(m), 666(s),
623(s), 580(s), 548(s), 506(m).
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Molecular Devices

Intermittent Molecular Shuttle as a Binary
Switch**

Lasheng Jiang, Junji Okano, Akihiro Orita, and
Junzo Otera*

Rotaxanes have attracted intensive attention as potential
molecular switching devices.[1] Most of the studies have so far
focused on nondegenerate molecular shuttles in which two
recognition sites (stations) are nonequivalent.[2] Thus, fixation
of a bead at one station gives rise to state 1 while fixation at
the other gives state 2 and these two bistable states could
constitute a binary logic system. In addition to such a protocol
based on the differentiation between nonequivalent station-
ary states, a dynamic/static binary mode may be feasible if the
shuttling and stationary processes could be switched freely in
a degenerate rotaxane (Figure 1). Leigh and co-workers
reported that shuttling in a degenerate rotaxane bearing a
sulfide linkage at the center of the thread could be interrupted
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by introduction of a bulky tosylimino group on the sulfur
atom.[3] Reduction of the resulting sufinylimine with P4S10

regenerated the original sulfide to re-start the shuttling
process. However, no mention was made of whether these
events could be repeated.[4] Herein, we report on novel
molecular shuttles which can be converted repeatedly
between dynamic and static states through alternating
intermolecular complexation and decomplexation processes.

We designed degenerate [2]rotaxanes 1 containing a
central bipyridine moiety for effective formation of a chelate
and bipyridinium units to act as stations for a crown ether
bead. The requisite molecules were prepared according to the
slippage method[5] as shown in Scheme 1. [2]Rotaxane 1a
bearing a central 2,2’-bypyridine moiety substituted at the
4,4’-positions was obtained in 38% yield together with
[3]rotaxane 4a (25 %) by heating a solution of thread 2a
and bead 3 in acetonitrile at 55 8C for 6 days.[6] The 1H NMR
spectrum of 1a exhibited a pattern consistent with a
centrosymmetric molecular structure at room temperature
(Figure 2a). Thus, the crown ether bead moves back and
forward between the two equivalent bipyridinium stations at
a rate which cannot be followed on the NMR time scale.
Addition of a solution of [Cu(CH3CN)4]PF6 (0.5 equiv) in
acetone to a solution of 1a (1.0 equiv) in the same solvent
resulted in the solution immediately turning from orange to
dark red.[7] Evaporation of the solvent afforded the 2:1
complex 5a, which is formed by chelation of the central
bipyridine ligands to a CuI ion. The stoichiometry of the
complex was confirmed by MALDI-TOF mass spectrome-
try.[6,8] The 1H NMR spectrum of this complex in (CD3)2CO
showed a desymmetrization of the original pattern of 1a, and
is most evident for the ring protons of the bipyridinium
moieties (Figure 2b). Each of the four relevant proton signals
was split into two parts with equal intensity: one encircled by
the crown ether ring (Ha’, Hb’, Hc’, or Hd’) and the other
bearing no crown ether (Ha’’, Hb’’, Hc’’, or Hd’’). This

observation shows that the shuttling of the macrocycle is
apparently hampered by the blockade in its path. Treatment
of the complex (0.005 mmol) with a suspension of ion-
exchange resin (Murochelate B-1,[9] which is equivalent to
Dowex A-1; 400 mg) in acetone at pH 5.5 led to complete
decomplexation in 15 minutes and resulted in the original
color as well as the 1H NMR spectrum being restored as 1a
was recovered. Adjusting the pH value of the commercially
available resin (pH 8.5) to 5.0–6.0 was crucial for this
process.[10] At higher pH values the quaternary pyridinium–
carbon bond to the central bipyridine unit in 1a was cleaved,
while at lower pH values decomplexation took place, but the
released 1a could not undergo further complexation because
of protonation on the bipyridine unit.

The same behavior towards the CuI ion was essentially
observed with rotaxane 1b, in which the central 2,2’-bipyr-
idine unit is substituted at the 5,5’-positions.[6] The solution of
1b changed from orange to dark-red upon addition of the
copper salt. However, rotaxane 1c with a central 2,2’-
bipyridine unit substituted at the 6,6’-positions failed to give
a 2:1 complex because of the steric congestion resulting from
the side arms located in proximity to the nitrogen atoms.[11]

With these results in hand, we turned our attention to
devise a system that would enable alternate complexation and
decomplexation. Figure 3a shows the apparatus used for this
purpose. A glass cylinder was separated into two compart-
ments by a filter. The ion-exchange resin (pH 5.5, 400 mg) was
added to one compartment (A) while a solution of 1a
(17.2 mg, 0.006 mmol) in acetone (3.0 mL) was introduced
into the other (B). A solution of [Cu(CH3CN)4]PF6 (1.1 mg,
0.003 mmol) in acetone (0.2 mL) was added through the inlet
connected to compartment B and the color of the solution
changed instantaneously from orange to dark red (Figure 3b).
The apparatus was then inverted to allow the solution to
transfer to compartment A.[12] The color of the solution
gradually changed and in 15 minutes became the original
orange color (Figure 3c). Inverting the apparatus again
resulted in the solution returning to compartment B, where
further addition of the CuI solution regenerated the complex.
These operations were repeated 10 times and resulted in
alternating color changes (Table 1). Longer times were
understandably required for decomplexation as the repetition
number increased because of reduction of the active sites on
the resin surface. The accumulation of copper salts was
apparent from the gradual green coloration of the resin.
Although the switching process could be readily judged by the
color change of the solution, the formation of complex 5a in
compartment B followed by regeneration of free rotaxane 1a
in compartment A was further confirmed on the basis of
1H NMR spectra obtained by analysis after the fifth and tenth
runs. The spectra could be entirely superimposed on those of
the respective pure species, thus indicating that perfect
switching was realized between the two states. It should also
be noted that the rotaxane was recovered quantitatively
(ca. 100 %) after the tenth run, and is thus indicative that no
loss of the materials occurs during the complexation and
decomplexation process or on filtration. The switching events
also occurred with 1b, and the times required for decom-
plexation are also given in Table 1.[13]

Figure 1. Schematic representation of a dynamic/static binary mode.
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In summary, a novel switching system has been devised,
namely, a dynamic state in which free shuttling occurs is
completely interrupted by complex formation and the bead
sticks on either of the two stations. The switching can be
achieved simply by treating rotaxanes containing chelating
sites with CuI ions followed by exposing the complexes to an
ion-exchange resin. Hence, no redundant reagents are

accumulated in the system during the process, thus keeping
the system clean. Although the switching time is not quick at
present, we believe that the protocol of complexation/
decomplexation in combination with an immobilized resin
has potential as a new type of molecular switch.

Received: December 15, 2003 [Z53534]

Scheme 1. Synthesis of the rotaxanes by the slippage method.
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Figure 2. 1H NMR spectra of a) rotaxane 1a and b) the CuI complex of
rotaxane 5a.

Figure 3. a) Apparatus used for the complexation and decomplexation
process, with b) complex 5a in compartment B and c) rotaxane 1a in
compartment A after decomplexation.

Table 1: Time required for the decomplexation of 5.

Entry t [min] Entry t [min]
5a[a] 5b[b] 5a[a] 5b[b]

1 12 12 6 20 34
2 15 14 7 24 38
3 15 15 8 28 44
4 15 18 9 35 55
5 18 24 10 45 70

[a] Murochelate B-1 (pH 5.5) was used as the resin for decomplexatoin.
[b] Murochelate B-1 (pH 5.0) was used as the resin for decomplexation.
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Cluster Compounds

[SiAu4]: Aurosilane**

Boggavarapu Kiran, Xi Li, Hua-Jin Zhai, Li-Feng Cui,
and Lai-Sheng Wang*

Because of the strong relativistic effects, the chemistry of gold
differs substantially from the rest of the coinage metals.[1–6]

The relativistic stabilization of the 6s orbital in gold gives rise
to an anomalously high electron affinity of Au, which has
been compared to the halogens,[5, 7,8] such as in the recently
predicted tetraaurides [MAu4] (M=Ti, Zr, Th).[9] The most
remarkable chemistry of gold is the isolobal analogy between
a gold phosphane unit {AuPR3} and a hydrogen atom,[10–12]

which has been exploited to bring out tetra- and hyper-
coordination in compounds, such as [C(AuPR3)4]and
[C(AuPR3)5]

+.[13–17] Herein we show that a single gold atom
can also exhibit chemistry analogous to the hydrogen atom.
We report experimental and theoretical evidence that a series
of Si–Au clusters, [SiAun] (n= 2–4), are structurally and
electronically similar to SiHn. Photoelectron spectroscopy
(PES) of the corresponding [SiAun]

� anions reveals that
[SiAu4] has a large energy gap of 2.4 eV, thus indicating an
extremely chemically stable molecule. Ab initio calculations
show that [SiAu4] has an ideal tetrahedral structure and the
nature of the chemical bonding in [SiAun] has a one-to-one
correspondence to that in SiHn. The chemical stability of the
aurosilane, [SiAu4], suggests that it may be synthesized as an
isolated compound. The current finding is also relevant to
understanding the chemical interactions in the technologi-
cally important silicon–gold interface.

The silicon–gold clusters were produced by laser vapor-
ization of a mixed Au–Si target and their electronic structures
were studied by PES (see Experimental Section). Figure 1
shows the PES spectra of [SiAun]

� (n= 2–4) at two different

photon energies. Numerous transitions were observed for
each species. The spectra of [SiAu3]

� were very broad and the
first band seemed to contain two components, a sharp peak
overlapping with a more diffused band (Figure 1d). The most
interesting observation was the extremely large energy gap
observed in the spectra of [SiAu4]

� (Figure 1e,f). This
observation suggested that SiAu4 is a highly stable neutral
molecule with a large gap between its highest occupied
molecular orbital (HOMO) and its lowest unoccupied
molecular orbital (LUMO), 2.36 eV as measured by the
binding energy difference between the X and A bands
(Figure 1 f). The inset of Figure 1 f shows a high resolution
spectrum of the X band of SiAu4

� at 532 nm, revealing a
partially resolved vibrational progression with an average
spacing of 140� 30 cm�1. This observation suggested that
both [SiAu4] and [SiAu4]

�must be highly symmetric and there
is little geometry change between their ground states. The
spectra of [SiAu2]

� also showed a sizable energy gap
(1.76 eV), indicating that SiAu2 is a closed-shell molecule.
However, we found that the numerous sharp peaks (labeled
X’) in the higher binding-energy side (Figure 1a) were due to
contamination of [Si8Au]

� , as a result of a near mass
degeneracy between seven Si atoms (mass 196) and one Au
atom (mass 197). The adiabatic detachment energies (ADEs)
and vertical detachment energies (VDEs) for the first two
bands (X and A) for each species are given in Table 1. The
sharp X band in the spectra of [SiAu2]

� and [SiAu4]
� allowed

accurate ADEs to be determined. However, we were only
able to estimate a detachment threshold for the X band of
[SiAu3]

� due to its diffused nature.
It has been demonstrated previously that PES combined

with ab initio calculations is a powerful tool for elucidating

Figure 1. Photoelectron Spectra of [SiAun]
� (n=2–4). a) [SiAu2]

� at
193 nm (6.424 eV). b) [SiAu2]

� at 266 nm (4.661 eV). c) [SiAu3]
� at

193 nm. d) [SiAu3]
� at 266 nm. e) [SiAu4]

� at 193 nm. f) [SiAu4]
� at

266 nm. The inset shows the spectrum taken at 532 nm.
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the electronic structure and chemical bonding of novel
clusters. Inclusion of relativistic and correlation effects are
essential to produce accurate structures and energies for gold-
containing molecules. We studied the Si–Au clusters by using
hybrid density functional theory (DFT) method with effective
core potentials, which has been shown previously to be
suitable for clusters that involve Au.[18,19] Further refinement
was obtained at the coupled-cluster level [CCSD(T)], which
incorporates dispersion effects omitted by the DFT methods
(see Experimental Section). The two lowest-energy structures
for [SiAun] and [SiAun]

� (n= 2–4) are given in Figure 2, along
with important geometrical parameters.

At all levels of theory, the most stable
[SiAu2]

� structure has C2v symmetry with a
doublet 2B1 state (Figure 2a). A quasi-linear
Cs isomer (Figure 2b) is much higher in
energy. The most stable neutral [SiAu2] is
1A1 of C2v symmetry with a very similar
structure as the anion. The most stable
structure of [SiAu3]

� has C3v symmetry
(Figure 2c). The second-lowest isomer (Fig-
ure 2d) is 0.78 eV higher in energy. The D3h

isomer, which is a transition state (a first-
order saddle point) for the umbrella inver-
sion of the C3v [SiAu3]

� , is 0.96 eV higher in
energy. The ground state of [SiAu3] has the
same C3v symmetry as the anion, but there is

a large geometry change upon electron detachment. The Si�
Au bond length is decreased by 0.07 C and theaSiAuSi bond
angle increased considerably by 188 in [SiAu3] relative to
[SiAu3]

� (Figure 2c). For [SiAu4]
� , we calculated several

isomers and found the most stable structure is tetrahedral
(Figure 2e) with a pyramidal low-lying isomer (Figure 2 f) at
both the DFT and CCSD(T) levels of theory. Neutral [SiAu4]
is found to be a closed-shell singlet also with Td symmetry and
there is only a slight shortening of the Si�Au bond length
(0.05 C) compared to the anion. The relative energy differ-
ence between the two isomers is 0.47 eV for the neutral and
0.66 eV for the anion at the DFT level, and 0.39 eV for the
neutral and 1.13 eV for the anion at the CCSD(T) level.
Clearly, at the CCSD(T) level, the tetrahedral [SiAu4]

� is
much more stable than the pyramidal isomer.

The geometry changes between the ground states of
[SiAun]

� and [SiAun] (Figure 2) are consistent with the nature
of the first PES band (X, Figure 1). The sharp threshold peaks
in [SiAu2]

� and [SiAu4]
� and the broad band in [SiAu3]

� were
all born out in the calculated structural changes from the
anions to the neutrals. We further calculated the ADEs and
VDEs for the ground state structures of [SiAun]

� at both DFT
and CCSD(T) levels of theory (Table 1). At the CCSD(T)
level, the ADE of [SiAu2]

� and the VDEs of [SiAu2]
� and

[SiAu3]
� are in quantitative agreement with the experimental

values. The calculated ADE for [SiAu3]
� (2.93 eV) is much

smaller than the experimentally estimated threshold value
(3.22 eV). This difference is due to the large geometry change
between the ground states of [SiAu3]

� and [SiAu3] such that
there is negligible Franck–Condon factor for the 0–0 tran-
sition. In this case, the detachment threshold estimated from
the PES spectra can only be viewed as an upper limit for the
true ADE. For [SiAu4]

� , the calculated VDE and ADE at
both DFT and CCSD(T) agree well with the experimental
values, but are off by about 0.16 eV in different directions at
the two levels of theory (Table 1). We also calculated the
vibrational frequencies for [SiAu4] at the B3LYP level and
obtained an unscaled value of 127 cm�1 for the totally
symmetric mode (see Supporting Information), in excellent
agreement with the experimental value of 140� 30 cm�1. To
facilitate better comparison with the experiments we also
simulated the PES spectra by using the time-dependent DFT
method (Figure 3). Excellent overall agreement between the
simulated spectra and the experimental data was observed,

Table 1: Experimental adiabatic (ADE) and vertical (VDE) detachment energies of SiAun
� (n=2–4)

compared to those calculated from the lowest energy isomers. All energies are in eV.

Experimental Theoretical: DFT (CCSD(T))[a]

ADE VDE ADE VDE

[SiAu2]
� X 1.68�0.03 1.72�0.03 1.77 (1.67) 1.81(1.71)

A 3.48�0.05 3.19
[SiAu3]

� X 3.22�0.03[b] 3.48�0.02 2.74 (2.93) 3.22 (3.46)
A 3.67�0.06 3.66

[SiAu4]
� X 1.96�0.02 2.00�0.01 2.08 (1.79) 2.15 (1.84)

A 4.36�0.02 4.23

[a] DFT calculations by using hybrid B3-LYP functional and CCSD(T) values are given in parentheses.
Aug-cc-pVTZ basis set for Si and Stuttgart 19-electron effective core potentials augmented with two f
(0.498 and 1.461) polarization functions were used for both R(U)B3-LYP and R(U)CCSD(T) calculations.
[b] Estimated detachment threshold.

Figure 2. Optimized structures at B3-LYP level for the two low-lying
isomers of [SiAun]

� and [SiAun] . All bond lengths are given in ang-
stroms and angles in degrees. The relative energies (in bold) are in eV
for the higher energy isomer. The values and the symmetry labels
given in the parentheses correspond to the neutral structures.
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thus confirming the ground state structures for the [SiAun]
�

and [SiAun] clusters.
We noted that the structures of the [SiAun] clusters are

nearly identical to the silicon hydride (SiHn) molecules.[20] The
geometry changes between the [SiAun]

� ions and the [SiAun]
neutrals also exactly parallel those between SiHn

� and SiHn,
that is, very little geometry change exists between SiH2

� and
SiH2, and between SiH4

� and SiH4, whereas a large bond
angle change occurs between SiH3

� and SiH3.
[20] To further

understand the chemical bonding in the Si–Au clusters, we
analyzed the molecular orbitals (MOs) of [SiAun] and
compared them to those of the SiHn counterparts (Figure 4
and Supporting Information). Except the sd hybridization in
Au, the valence MOs that involve the Si–Au bonding in SiAun
(n= 2–4) are nearly identical to those of the corresponding
SiHn species. Like silylene, the HOMO of SiAu2 (aurosily-
lene) is mainly a Si lone-pair (Figure 4d) and its LUMO is a
pure silicon p orbital (Figure 4b). The HOMO of both
[SiAu3]

� and SiH3
� is a Si lone pair, which is one of the Si sp3

hybrid MOs. Removal of an electron from this MO produces
the doublet ground state for both SiAu3 and SiH3 and
significantly flattens the neutral molecules in both cases.
Similarly, the silane counterpart, [SiAu4], brings out sp3

hybridization in silicon, analogous to that in SiH4. The
LUMO and the four Si�Au bonding orbitals are very similar
to those in SiH4 (Figure 4 and Supporting Information).
Charge analysis by using the natural-bond-orbital theory
revealed that the interaction between Si and Au in all [SiAun]
species is covalent with negligible charge transfer. This
conclusion is consistent with a previous suggestion for a
series of main-group XAun

m+ (X=B–N, Al–S) species at the
Hartree–Fock level.[21] Thus we observe a complete isolobal
analogy between Au and H in the [SiAun] series of molecules.

This analogy is further supported by the similar electro-
negativity of gold (2.4) and hydrogen (2.2).

To evaluate the stability of the new SiAun molecules, we
calculated their atomization energies (at CCSD(T) level) and
compared to the corresponding silicon hydrides:

[SiAu2] (C2v,
1A1) + 2Au (2S)!Si (3P) DE= 5.82 eV

(134.2 kcalmol�1)
[SiAu3] (C3v,

2A1) + 3Au (2S)!Si (3P) DE= 7.89 eV
(181.9 kcalmol�1)

[SiAu4] (Td,
1A1) + 4Au (2S)!Si (3P) DE= 10.87 eV

(250.7 kcalmol�1)
[SiH2] (C2v,

1A1) + 2H (2S)!Si (3P) DE= 6.52 eV
(150.4 kcalmol�1)

[SiH3] (C3v,
2A1) + 3H (2S)!Si (3P) DE= 9.68 eV

(223.2 kcalmol�1)
[SiH4] (Td,

1A1) + 4H (2S)!Si (3P) DE= 13.80 eV
(318.2 kcalmol�1)

Figure 3. Simulated spectra of [SiAun]
� (n=2–4) by using TD-DFT.

a) [SiAu2]
� . b) [SiAu3]

� . c) [SiAu4]
� .

Figure 4. Comparison of the relevant frontier molecular orbitals
between SiHn and [SiAun] (n=2–4). a) The LUMO (b1) of SiH2. b) The
LUMO (b1) of [SiAu2]. c) The HOMO (a1) of SiH2. d) The HOMO (a1)
of [SiAu2]. e) The HOMO (a1) of SiH3. f) The HOMO (a1) of [SiAu3].
g) The LUMO (a1) of SiH4. h) The LUMO (a1) of [SiAu4]. i) one of the
three Si�H bonding orbitals of SiH4 (t2). j) one of the three Si�Au
bonding orbitals of [SiAu4] (t2).
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The total atomization energies, as well as the single Si�Au
bond energies in [SiAu2] (67.1 kcalmol�1), [SiAu3] (60.6 kcal -
mol�1), and [SiAu4] (62.7 kcalmol�1), are amazingly similar to
those in the corresponding Si�H molecules, SiH2 (75.2 kcal -
mol�1), SiH3 (74.4 kcalmol�1), and SiH4 (79.6 kcalmol�1).[22]

These relatively high atomization energies and the strong Si�
Au bonds reflect both the covalent nature of the Si�Au bonds
and the high stability of the [SiAun] silicon auride molecules.

Although Au and Si do not form any stable alloys, the Au–
Si interfaces have been studied extensively owing to their
importance in microelectronics. It has been shown that
despite the fact that Au is a very stable and unreactive
noble metal, it is very reactive on Si surfaces even at room
temperature.[23] Several metastable Si–Au alloys, including a
[SiAu4] phase, have been observed to form in the Si–Au
interface.[24] However, the nature of the chemical interactions
between Au and Si in the Si–Au interface is still not well
understood.[25] The current finding of the Au/H analogy, the
strong Si–Au covalent bonding, and the highly stable gaseous
silicon auride species are consistent with the high reactivity of
Au on Si surfaces and should provide further insight into the
nature of the chemical interactions in the Si–Au interfaces.
The new chemistry of Au in analogy to hydrogen may allow
new auro analogues of hydride molecules to be designed. The
extremely stable aurosilane, [SiAu4], may be synthesized in
solution with stabilizing PR3 ligands, opening a new area of
Si–Au chemistry.

Experimental Section
Photoelectron spectroscopy: Details of the experimental apparatus
have been published elsewhere.[26] Briefly, a compressed disk target
made with Si–Au (1:10 atomic ratio) was used as the laser vapor-
ization target with a helium carrier gas. Clusters from the source
underwent a supersonic expansion and collimated with a skimmer.
Negatively charged clusters were extracted from the cluster beam and
were analyzed by a time-of-flight mass spectrometer. The [SiAun]

�

(n= 2–4) cluster anions of interest were mass-selected before photo-
detachment with one of the four photon energies: 532 nm (2.331 eV),
355 nm (3.496 eV), 266 nm (4.661 eV), and 193 nm (6.424 eV).
Photoelectron spectra were measured by using a magnetic-bottle
time-of-flight photoelectron analyzer with an electron kinetic energy
resolution of DEk/Ek ~ 2.5%. The spectrometer was calibrated with
the known spectrum of Rh� .

Theoretical calculations: The initial search of the most stable
structures for [SiAun]

� (n= 2–4) and vibrational frequency calcula-
tions were done using analytical gradient with the aug-cc-pVTZ basis
set for silicon, and small-core pseudorelativistic Stuttgart effective
core potential (ECP) and the corresponding basis set, augmented by
two (a= 0.498 and a= 1.461) f-type polarization sets for gold.[27] All
the lowest-energy structures were found to be minima. The lowest-
energy structures were optimized by using the couple-cluster method
[CCSD(T)] with the same basis set. Vertical-electron-detachment
energies were calculated by using time-dependent density functional
theory (TD-DFT) for neutral molecules, whereas DSCF method was
used for closed-shell anions with hybrid (B3-LYP) functional at the
CCSD(T) geometries. All the DFT and TD-DFT calculations were
carried out by using Gaussian03[28] and R(U)CCSD(T) calculations
with the MOLPRO 2000.02 program.[29] Molecular orbitals were
generated with GaussView. Gaussian03 calculations were done at
Washington State University Linux cluster and MOLPRO calcula-
tions were performed by using supercomputers at EMSL, Molecular

Science Computing Facility of Pacific Northwest National Labora-
tory.

Received: December 22, 2003 [Z53602]
Published Online: March 11, 2004

.Keywords: density functional calculations · gold ·
isolobal relationship · photoelectron spectroscopy · silicon

[1] P. PyykkI, J. P. Desclaux, Acc. Chem. Res. 1979, 12, 276 – 281.
[2] P. PyykkI, Chem. Rev. 1988, 88, 563 – 594.
[3] P. Schwerdtfeger, M. Dolg, W. H. E. Schwarz, G. A. Bowmaker,

P. D. W. Boyd, J. Chem. Phys. 1989, 91, 1762 – 1774.
[4] P. Schwerdtfeger, Chem. Phys. Lett. 1991, 183, 457 – 463.
[5] P. PyykkI, Angew. Chem. 2002, 114, 3723 – 3728; Angew. Chem.

Int. Ed. 2002, 41, 3573 – 3578.
[6] H. Schwarz, Angew. Chem. 2003, 115, 4580 – 4593; Angew.

Chem. Int. Ed. 2003, 42, 4442 – 4454.
[7] W. J. Peer, J. J. Lagowski, J. Am. Chem. Soc. 1978, 100, 6260 –

6261.
[8] A. V. Mudring, M. Jansen, J. Daniels, S. Kramer, M. Mehring,

J. P. P. Ramalho, A. H. Romero, M. H. Parrinello,Angew. Chem.
2002, 114,128 – 132; Angew. Chem. Int. Ed. 2002, 41, 120 – 124.

[9] L. Gagliardi, J. Am. Chem. Soc. 2003, 125, 7504 – 7505.
[10] K. P. Hall, D. M. P. Mingos, Prog. Inorg. Chem. 1984, 32, 237 –

325.
[11] J. W. Lauher, K. Wald, J. Am. Chem. Soc. 1981, 103, 7648 – 7650.
[12] J. K. Burdett, O. Eisenstein, W. B. Schweizer, Inorg. Chem. 1994,

33, 3261 – 3268.
[13] F. Scherbaum, A. Grohmann, G. MMller, H. Schmidbaur,Angew.

Chem. 1989,101, 464 – 467;Angew. Chem. Int. Ed. Engl. 1989, 28,
463 – 466.

[14] A. Grohmann, H. Schmidbaur, Nature 1990, 345, 140 – 142.
[15] H. Schmidbaur, O. Steigelmann, Z. Naturforsch. B 1992, 47,

1721 – 1724.
[16] J. Li, P. PyykkI, Inorg. Chem. 1993, 32, 2630 – 2634.
[17] H. Schmidbaur, F. P. Gabbai, A. Schier, J. Riede, Organometal-

lics 1995, 14, 4969 – 4971.
[18] X. Li, B. Kiran, J. Li, H. J. Zhai, L. S. Wang,Angew. Chem. 2002,

114, 4980 – 4983; Angew. Chem. Int. Ed. 2002, 41, 4786 – 4789.
[19] J. Li, X. Li, H. J. Zhai, L. S. Wang, Science 2003, 299, 864 – 867.
[20] C. Pak, J. C. Rienstra-Kiracofe, H. F. Schaefer, J. Phys. Chem. A

2000, 104, 11232 – 11242.
[21] P. PyykkI, Y. Zhao, Chem. Phys. Lett. 1991, 177, 103 – 106.
[22] The atomization energies obtained here for the Si�H species are

in good agreement with a previous study: R. S. Grev, H. F.
Schaefer, J. Chem. Phys. 1992, 97, 8389 – 8406.

[23] J. J. Yeh, J. Hwang, K. Bertness, D. J. Friedman, R. Cao, I.
Lindau, Phys. Rev. Lett. 1993, 70, 3768 – 3771.

[24] Z. Ma. L. H. Allen, Phys. Rev. B 1993, 48, 15484 – 15487.
[25] J. Ivanco, H. Kobayashi, J. Almeida, G. Margaritondo, E. Pincik,

J. Appl. Phys. 2001, 90, 345 – 350.
[26] L. S. Wang, H. Wu in Advances in Metal and Semiconductor

Clusters. IV. Cluster Materials (Ed.: M. A. Duncan), JAI, Green-
wich, CT, 1998, pp. 299 – 343.

[27] J. M. L. Martin, A. Sundermann, J. Chem. Phys. 2001, 114, 3408 –
3420.

[28] Gaussian03 (RevisionB.04), M. J. Frisch,. G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A.
Montgomery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M.
Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M.
Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,
T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E.
Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,

Communications

2128 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 2125 –2129

http://www.angewandte.org


C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A.
Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S.
Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q.
Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J.
Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong,
C. Gonzalez, J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 2003.

[29] MOLPRO a package of ab initio programs designed by H. J.
Werner and P. J. Knowles, version 2002.6, R. D. Amos, A.
Bernhardsson, A. Berning, P. Celani, D. L. Cooper, M. J. O.
Deegan, A. J. Dobbyn, F. Eckert, C. Hampel, G. Hetzer, P. J.
Knowles, T. Korona, F. Lindh, A. W. Lloyd, S. J. McNicholas,
F. R. Manby, W. Meyer, M. E. Mura, A. Nicklass, P. Palmieri, R.
Pitzer, G. Gauhut, M. Schultz, U. Schumann, H. Stoll, A. J.
Stone, R. Tarroni, T. Thorsteinsson, H. J. Werner.

Angewandte
Chemie

2129Angew. Chem. Int. Ed. 2004, 43, 2125 –2129 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


Heterogeneous Catalysis

Vital Role of Moisture in the Catalytic Activity of
Supported Gold Nanoparticles**

Masakazu Dat	,* Mitsutaka Okumura,
Susumu Tsubota, and Masatake Haruta

Why can inert gold become catalytically active only when
dispersed in the form of nanoparticles?—This simple ques-
tion has attracted growing interest in the field of not only
catalytic and industrial chemistry,[1–4] but also cluster and
theoretical science.[5–7] To answer this question, CO oxidation
has been intensively studied as a model reaction.[8–14] The
reaction is known to be greatly influenced by moisture in the
reactant gas.[10,15] However, only a few recent studies discuss
the reaction mechanisms taking water into account.[16, 18] Even
in these studies on the effect of moisture, for practical reasons,
the addition of water vapor has been examined only at high
concentrations.

It was first reported in 1989 that gold nanoparticles
deposited on metal-oxide supports form active catalysts.[8]

Supported Au catalysts exhibit significant activity not only
at low temperatures,[8] but also in the presence of moisture.[15]

These two features make the catalysts advantageous for
applications at ambient conditions, that is, moderate temper-
atures and humid atmospheres, and have led to their
commercialization for odor removal in restrooms in Japan
in 1992. On the other hand, fundamental studies are usually
carried out under relatively dry conditions.[5,11,13,14] Therefore,
it is important to elucidate the effect of moisture to under-
stand the unique catalysis of gold. The effect of moisture in
gold catalysts has been investigated mainly for CO oxida-
tion,[10, 16] because of the extremely low reaction temperature
(< 273 K) and because of the remarkable effect of moisture.
In most cases to date, however, the effect has been studied
only qualitatively, that is, to determine whether the addition
of a few mole percent of water vapor enhances or suppresses
the reaction. In this study, we employ a special apparatus that
allows the control of water vapor to extremely low levels,[19]

and show that such low levels can still influence the catalytic
reaction.

The effect of moisture on the catalytic activity for CO
oxidation was examined on three gold catalysts prepared by
using TiO2, Al2O3, and SiO2 supports (Figure 1). Gold nano-

particles were deposited onto these supports by originally
developed methods,[20,21] so that high catalytic activities could
be achieved. Experimental details, including the sample
characterizations and activity measurements, are described
in the Experimental Section.

The degree of rate enhancement depends on the type of
support used: high for insulating Al2O3 and SiO2; moderate
for semiconducting TiO2 (Figure 2). The effect of moisture
becomes significant only above about 200 ppm H2O for Au/
Al2O3, while the activity for Au/SiO2 diminishes considerably
with a decrease in moisture to about 0.3 ppm. The activity of

Figure 1. Photographs of a) Au/TiO2 (violet in appearance), b) Au/
Al2O3 (grayish blue) and c) Au/SiO2 (dark red) catalyst samples along
with TEM micrographs of d) Au/TiO2, e) Au/Al2O3 and f) Au/SiO2.
Scales in the micrographs indicate 50 nm.
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Au/TiO2 at about 3000 ppm H2O is so high that it reaches full
conversion of CO (100%). The arrow in Figure 2a means that
the actual value of the reaction rate at about 3000 ppmH2O is
much higher than that shown by the solid circle. In the case of
Au/TiO2, several samples were prepared under different
conditions, for example, by changing pH of the starting
HAuCl4 solution. Representative data for such catalysts are
shown in Figure 2a. A few Au/TiO2 catalyst samples with
lower initial activities, for example, with smaller Au loadings
or larger particle sizes, tend to show somewhat different
behavior, as previously reported.[19] It should be noted that
the activity for the Au/Al2O3 is slightly higher at about
0.1 ppm H2O than at about 2 ppm H2O. It was experimentally
confirmed that Al2O3, as well as TiO2, without deposited gold
shows trace activity (a few percent of conversion at 600 K)
only after being dried at 623 K in a stream containing about
0.1 ppm H2O. The reaction over the support surface could
then contribute to the slight increase in activity of Au/Al2O3 at
about 0.3 ppm H2O, whereas a decrease in the activity of gold
by the elimination of moisture seems to be predominant over
TiO2 and SiO2 at < 0.3 ppm H2O.

Despite the large effect of moisture, the apparent
activation energies for Au/TiO2 and Au/Al2O3 are almost
independent of moisture concentration (Figure 3), thus
indicating that moisture does not significantly change the

reaction mechanisms for CO oxidation over these two
catalysts, for example, by adding a new reaction path. In
other words, moisture should be involved in the reaction at
any concentration > 0.1 ppm H2O. On the contrary, the
conversion curves for Au/SiO2 are unusual and are drastically
altered by the moisture concentration (Figure 4). A peak was

observed at about 320 K, which decreased in intensity as
moisture was eliminated. The activity for about 150 and about
1 ppm H2O at around 400 K was much lower than that at
approximately 300 K. This inversion can be attributed to the
desorption of moisture at higher temperatures. It is clear that
moisture in the reactant gas is a prerequisite for the activity of
Au/SiO2 at lower temperatures. Since the particle size of Au
over SiO2 is relatively large, its lower turnover frequencies
(TOFs) can be partly attributed to the size effect.[1]

As depicted in Figures 2–4, the effect of moisture on CO
oxidation over the three catalyst samples are different. This
suggests that the reaction mechanisms depend strongly on the
nature of support and in a more complex manner than
expected from the simple comparison of activities measured
at a certain concentration of moisture (usually ca. 3 ppm).[16,21]

Since the abrupt switching in H2O concentration is always
followed by a gradual change in activity,[19] the amount of H2O
adsorbed on the catalyst surface mainly determines the
catalytic activity. The effect of moisture is basically reversible
and no significant change in the particle size of the gold was
observed by TEM before and after the reaction.[19]

As for the origin of the moisture effect, the possibility of
the water-gas shift (WGS) reaction can be ruled out
(Equation 1 in Scheme 1). Although this reaction takes
place over Au/TiO2,

[22] the reaction temperature (ca. 573 K)
is much higher than in the present study. Actually, formation
of H2 was not detected by gas chromatography. Moreover, the
concentration of H2O (0.1–6000 ppm) is far less than that
required by stoichiometry for reaction with CO (10000 ppm).

Based on the above experimental results together with
those reported previously, we consider that moisture plays
two roles in the reaction: one is the activation of oxygen and
the other is the decomposition of carbonate. The possibility of
the former is suggested in a spectroscopic study.[17] Oxygen
may be activated bymoisture according to Equations (2a) and
(2b). The perimeter interfaces appear to function as major
active sites,[1,10,23] whereas the support surface serves as a
moisture reservoir. The activated oxygen will rapidly react

Figure 2. Turnover frequencies per surface gold atom at 273 K for CO
oxidation over a) Au/TiO2, b) Au/Al2O3 and c) Au/SiO2 as a function of
moisture concentration. Upright arrow indicates the saturation of CO
conversion.

Figure 3. Arrhenius plots for CO oxidation over (a),(b) Au/TiO2 and
(c),(d) Au/Al2O3. Moisture concentration and apparent activation
energy are a) �40 ppm and 26 kJmol�1, b) �0.1 ppm and 25 kJmol�1,
c) �200 ppm and 22 kJmol�1, d) �2 ppm and 22 kJmol�1, respec-
tively.

Figure 4. CO conversion over Au/SiO2 as a function of reaction tem-
perature. Moisture concentration is a) �6000 ppm, b) �150 ppm,
c) �1 ppm and d) �0.3 ppm.
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with CO adsorbed on the gold particles to form an inter-
mediate,[17] which is immediately transformed into CO2

[Eq. (3)]. Formation of the O–Au–CO species was observed
by FTIR.[17] Under ambient pressure, the active interface sites
are gradually covered with an inert carbonate species
accumulated during the reaction,[24] so that the activity
steadily decreases. The deactivated catalyst can be regener-
ated by the addition of moisture in the reactant gas.[15] A
model for the decomposition mechanism of carbonate was
recently proposed by Costello et al. ,[25] as shown in Equa-
tions (4a) and (4b). Carbonate species are formed by the
reverse reaction of Equation (4a) under dry conditions, as
well as by Equations (5a) and (5b). It should be noted that
neither H2O nor OH is substantially consumed to produce
CO2 in Equations (2)–(4), but they contribute to increase the
reaction rate. This is consistent with the experimental results,
although there are still other possibilities, for example,
involvement of OH groups in the reaction intermediate in
the form of hydroxy carbonyl (CO�Au�OH) and/or bicar-
bonate (Au�CO3H) species,[10,25] or modification of the
electronic states at the perimeter interface.

The influence of the type of support on the catalytic
activity of gold requires explanation. For “inert” (irreducible
or insulating) oxide supports, the reaction steps are restricted
to gold surfaces, thus resulting in lower activities than in the
case of “active” (reducible or semiconducting) oxide sup-
ports.[26,27] The dependence of the effect of moisture on the
support oxides may thus reflect the difference in the mobility
of surface oxygen species. In the case of Au/TiO2, CO
adsorbed on the gold nanoparticles is ready to react with
oxygen coming from the support surface even under dry
conditions with a trace amount of moisture,[17] as evidenced by
the observation that the reaction rate is almost independent
of the partial pressure of CO or O2.

[9] The reaction can be
further enhanced by the addition of moisture, according to
Equations (2) and (4). In fact, no substantial contribution of
support oxygen is expected for Au/SiO2. Since the reaction
takes place only with a considerable amount of moisture, the
presence of moisture might be indispensable for the adsorp-
tion of oxygen on Au/SiO2. Although the mobility of oxygen
on Al2O3 is much less than that on the semiconductiong

oxides, oxygen is still mobile to some extent.[28] This may
explain why the intrinsic activity of Au/Al2O3 is lower than
that of Au/TiO2, despite the fact that they exhibit a similar
effect with moisture. A probable reaction model that
summarizes the discussion is shown in Figure 5.

In summary, the effect of moisture in the reactant gas has
been investigated for the low-temperature oxidation of CO by
Au/TiO2, Au/Al2O3, and Au/SiO2 over a wide range of
concentrations, from about 0.1 to 6000 ppm H2O, which
includes ultralow levels, < 1 ppm. Moisture enhances the
catalytic activities for no less than two orders of magnitude
and the effect of moisture depends on the type of metal
oxides. We consider that moisture plays two roles in the
reaction: one is the activation of oxygen and the other is the
decomposition of carbonate. A mechanism model for its
action is proposed.

Experimental Section
Au/TiO2 and Au/Al2O3 catalyst samples were prepared by the
deposition-precipitation (DP) method.[20] Because the DP method is
not applicable to acidic supports with isoelectric points (IEP) less
than 5, Au nanoparticles were deposited on SiO2 (IEP= 2) by the gas-
phase grafting method.[21] All the samples were calcined in air at
673 K for 4 h. The loading amounts of gold over TiO2 (P-25, provided
by a courtesy of Nippon Aerosil, Co., Ltd.), Al2O3 (reference catalyst
JRC-ALO-7, The Catalysis Society of Japan) and SiO2 (type G, Fuji
Silicia), determined by ICP analysis, were 0.9, 0.4, and 10 wt%,
respectively, and the mean diameter of the Au nanoparticles

Scheme 1. Possible reaction steps at around the perimeter interfaces
between gold and oxide support. (p), (s) and (Au) represent the
adsorption at the perimeter interfaces, support surfaces, and Au surfa-
ces, respectively, while (g) denotes the gas phase. O* indicates the
activated oxygen species.

Figure 5. Schematic model (top view) for CO oxidation under the coex-
istence of moisture. Arrows indicate the processes on the catalyst sur-
face: (1) oxygen diffusion from the support surface, (2) activation of
oxygen, (3) production of CO2, (4) decomposition of carbonate and
(5) formation of carbonate. The numbers except for (1) correspond to
Equations (2)–(5) in Scheme 1.
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calculated from TEM micrographs were 3.0, 3.9 and 8.2 nm,
respectively.

The catalytic activities were measured by using an “ultraclean”
fixed-bed flow reactor specially designed for the measurements under
extremely dry conditions (0.1–3 ppm H2O),[19] as well as by using a
conventional reactor for the measurements at moisture concentra-
tions higher than 3 ppm. The former consists of stainless-steel tubes
with inner walls coated with chromium oxide to suppress the
accumulation of moisture. The reactant gas, 1 vol% CO in air, was
fed with a space velocity of 20000–80000 mLh�1 g�1 of catalyst. The
gas supplied from a commercial gas cylinder, which contained about
3 ppm H2O, was dried with a gas purifier and moistened with wet
molecular sieves, as well as a water bubbler. Moisture concentration
was monitored with two cryoptical dew-point meters before and after
passing through the catalyst bed and an electrostatic capacitance dew-
point meter after the catalyst bed. The effluent gas was analyzed with
a gas chromatograph equipped with a thermal conductivity detector,
in which N2, O2, CO, CO2, and H2 were monitored. Prior to the
measurements, the catalyst samples were heated at 523 K for 0.5 h in
an air stream as a standard pretreatment. For the measurements at
about 0.1 ppm H2O, the samples were thoroughly heated at 673 K
over 3 days by using an air purifier for the semiconductor process.
Reaction rates were calculated from the steady-state CO conversions
by assuming the zero-order kinetics.[9]
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Inclusion Compounds

[Pt@Pb12]
2�

Emren N. Esenturk, James Fettinger, Yiu-Fai Lam, and
Bryan Eichhorn*

The icosahedron is a regular (platonic) polyhedron that
contains 12 vertices, 20 triangular faces and has Ih point
symmetry in the limiting case. Icosahedral clusters of atoms
are relatively common[1] among organometallic complexes,[2–4]

inorganic clusters,[5–8] boranes and carboranes,[9–11] interme-
tallics, and other solid-state materials.[12–14] However, homo-
leptic free-standing icosahedral clusters are not as common
and those with Ih point symmetry (either crystallographically
imposed or virtual symmetry) are in fact quite rare. (B12H12)

2�

is the prototype[15] free-standing icosahedron, whereas
[Tl13]

11� and [Tl12Cd]
12� are examples of centered, symmet-

rical homoleptic icosahedra found in solid-state com-
pounds.[12, 14,16] Other structurally characterized clusters with
Ih point symmetry include dodecahedrane (C20H20),

[17] C60 and
its derivatives,[18,19] and [As@Ni12@As20]

3�.[20] We describe
herein the free-standing naked icosahedral cluster,
[Pt@Pb12]

2�, that contains a Pt atom centered in a closo-
[Pb12]

2� icosahedral Zintl ion with virtual Ih point symmetry.
The [Pt@Pb12]

2� ion was prepared from reactions between
ethylenediamine (en) solutions that contain [Pb9]

4� ions and
toluene solutions of [Pt(PPh3)4] in the presence of 2,2,2-crypt.
Despite the extensive fragmentation necessary for the growth
of the Pb cluster from the parent Zintl anion (i.e. [Pb9]!
[Pb12]), the title complex crystallizes as a dark brown [K(2,2,2-
crypt)]+ salt in good yield (60%). In contrast to related Pt-
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Zintl ion chemistry,[21] oxidation of the [Pb9]
4� Zintl ion to

form the title complex does not result in H2 gas evolution. The
crystalline salt is air-sensitive, forms stable dark greenish-
brown solutions (dimethylformamide (dmf), dimethyl sulfox-
ide (dmso)) and has been characterized by energy-dispersive
X-ray (EDX) analysis, 207Pb and 195Pt NMR spectroscopy and
single crystal XRD.

The [{K(2,2,2-crypt)}2][Pt@Pb12] salt is trigonal, space
group P3̄, and is surprisingly devoid of disorder.[22] Both the
[Pt@Pb12]

2� ion and the [K(2,2,2-crypt)]+ ions have crystallo-
graphically imposed threefold symmetry and reside on 3̄
inversion and threefold rotation axes, respectively. The [Pt@
Pb12]

2� anion is defined by an icosahedron of 12 Pb atoms with
a centered Pt atom and has near-perfect Ih point symmetry
(Figure 1). The central atom refines equally well as either a Pb
or Pt atom, however, EDX and NMR spectroscopy, and
structural considerations unequivocally identify it as plati-
num.

The [Pt@Pb12]
2� cluster is a 12-vertex 26-electron poly-

hedron with a highly-regular closo icosahedral structure as
expected from a Wade–Mingos type analysis. In this analysis,
the Pb and Pt atoms donate two electrons and zero electrons
to cluster bonding, respectively, that give a 26 electron, 2n+ 2
cluster with a closo geometry when the �2 charge of the
cluster is taken into consideration. The 30 Pb�Pb bonds and
12 Pt�Pb bonds are very symmetrical with average contacts of
3.216(12) C and 3.058(2) C, respectively. There is a slight
elongation of the cluster along the 3̄ axis giving slightly longer
Pb1�Pb2 contacts (3.223(10) C) relative to the Pb1�Pb1
(3.206(2) C) and Pb2�Pb2 (3.205(2) C) distances. However,
all of the Pb�Pb contacts are in the range found for the [Pb9]

4�

and [Pb9]
3� ions.[23–25] The Pt�Pb bonds are equivalent within

experimental error and similar Pt complexes for comparison
do not exist to our knowledge.

The 207Pb NMR spectrum (Figure 2a) shows a singlet at
1780 ppm flanked by Pt satellites (1J207Pb-195Pt� 3440 Hz, 34%
relative intensity), which indicates coupling to a single Pt
atom. The measured T1 value for this resonance is quite short
at 1.5 msec and is over an order of magnitude shorter than the
39.8 msec T1 value for [Pb9]

4� under the same conditions (dmf
solvent, 11 8C, 104.6 MHz). The 195Pt spectrum (Figure 2b)
contains a single resonance at d=�4527 ppm with a satellite
pattern consistent with coupling to 12 equivalent Pb atoms

(1J207Pb-195Pt� 3440 Hz, see inset of Figure 2b for simulated
intensities). Both spectra are consistent with the nuclearity of
the cluster and its solid-state structure.

Rudolph and co-workers first described the reaction
between [Pt(PPh3)4] and [Pb9]

4� in the absence of 2,2,2-crypt
in which a [(Ph3P)xPt�Pb9]

4� complex was identified by NMR
studies.[26] Based on subsequent NMR studies,[27] we believe
that their complex is the Pb analogue of our recently reported
10-vertex C3v [Sn9Pt2(PPh3)]

2� ion.[21] In the presence of 2,2,2-
crypt, the [Pb9Pt2(PPh3)]

2� complex is apparently converted
to the icosahedral [Pt@Pb12]

2� ion.
An important ramification of the Ih point symmetry of

the[Pt@Pb12]
2� ion is that the centered Pt atom experiences a

cubic ligand field which renders the 5 d orbitals degenerate.
The qualitative molecular-orbital diagram (Figure 3) shows
the interaction of the valence Pb12

2� orbitals with the Pt-based
s, p, and d orbitals, which transform under the a1g, t1u, and hg

irreducible representations, respectively. The primary inter-
actions between the Pt atom and {Pb12} cage involve the Pt s
(a1g) and p (t1u) atomic orbitals, therefore, the interactions

Figure 1. ORTEP drawings of the [Pt@Pb12]
2� ion showing a) the icosa-

hedral structure and b) a view down the 3̄ axis. Pt is gray, Pb is black,
thermal ellipsoids are set at the 50 % probability level.

Figure 2. a) 207Pb NMR spectrum of the [Pt@Pb12]
2� ion recorded in

dmf at 11 8C and 83.7 MHz. b) 195Pt NMR spectrum of the [Pt@Pb12]
2�

ion recorded in dmf at 11 8C and 107.5 MHz. The insets show the
simulated patterns based on isotopic abundances.

Figure 3. Qualitative MO diagram for the [Pt@Pb12]
2� ion constructed

from the Pt atom and [Pb12]
2� fragments with the aid of extended

HAckel molecular-orbital calculations. The highest occupied hg levels
of the [Pt@Pb12]

2� complex and [Pb12]
2� fragment were normalized for

comparison.
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involving the d orbitals have been omitted from Figure 3 for
clarity. The general electronic structure is quite similar to that
of related centered icosahedra, such as [Tl12Cd

12]� .[12] The
HOMO and LUMO frontier orbitals are primarily lead-based
states and are presumably associated with the lowest-energy
electronic “intraligand” charge-transfer transition that is
responsible for the intense color of the compound. The
presence of fivefold degenerate d states in a Pt complex is
unusual and is reminiscent of the electronic structures of gas-
phase atoms and endohedral complexes. The endohedral
fullerenes (e.g. [La@C60]) have received significant attention
due to their unusual physical, electronic, and spectroscopic
properties[28–31] and the centered Zintl clusters should prove to
be equally interesting.[32]

During the review process of this manuscript, we learned
of the theoretical studies of Schleyer, King, Lievens, and co-
workers regarding the aromatic nature of the closely related
icosahedral [Si12]

2� cluster,[33] its anomalous paratropic chem-
ical shift,[33] and the identification of the isoelectronic [Al@
Pb12]

+ ion by mass spectroscopy.[34] A comparison of the
chemical bonding and spectroscopic properties of related
aromatic clusters (e.g., [Ni@Pb10]

2� and [Al@Pb10]
+)[27,34] will

hopefully shed light on the unusual properties of this growing
class of highly symmetric aromatic inorganic structures.

Experimental Section
Preparation of [K(2,2,2-crypt)]2[PtPb12]: In a drybox, [K4Pb9] (80 mg,
0.039 mmol) and 2,2,2-crypt (59.6 mg, 0.156 mmol) were dissolved in
en (ca. 2 mL) in vial 1 and stirred for about 5 min to yield a dark green
solution. In vial 2, [Pt(PPh3)4] (49 mg, 0.039 mmol) was dissolved in
toluene (ca. 1 mL) to yield a pale yellow solution. The solution from
vial 2 was added drop wise to vial 1 and the resulting mixture was
stirred for about 2 h to yield a reddish-brown solution. The solution
was then filtered through tightly packed glass wool. After 24 h, large
dark brown crystals of [{K(2,2,2-crypt)}2][PtPb12] precipitated. Yield:
� 48 mg (� 60%). EDX analysis on crystals showed presence of Pb,
K, Pt atoms. 207Pb NMR (dmf, 11 8C): d= 1780 ppm (vs 1.0 m
Pb(NO3)2, d= -2961), Dn1/2= 190 Hz, 1JPt�Pb= 3430(� 20) Hz. 195Pt
NMR (dmf, 11 8C): d=�4527 ppm (vs H2PtCl6, d= 0),Dn1/2= 165 Hz,
1JPt�Pb= 3440(� 15) Hz. Errors in coupling constants were estimated
from the experimental digital resolution and line width of the
corresponding spectral lines. The average coupling constant is
reported in the text.
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Directing Lithiation

Controlling Chemoselectivity in the Lithiation of
Substituted Aromatic Tertiary Amides**

David R. Armstrong, Sally R. Boss, Jonathan Clayden,
Robert Haigh, Basel A. Kirmani, David J. Linton,
Paul Schooler, and Andrew E. H. Wheatley*

Aromatic compounds can be elaborated by directed lithiation
in a number of ways[1] and both ortho and lateral metallation
have been employed as synthetic tools generally[2] and in a
host of recent total syntheses specifically.[3,4] Whereas ortho
metallation occurs both because the directing group can
inductively raise the acidity of the ortho hydrogen atom and
also because the incoming organometallic substrate closely
approaches this position, lateral metallation results from the
directing function coordinating an organometallic substrate
whilst conjugatively withdrawing electrons from a benzylic
group. Consequently, the processes are competitive and, as
such, result from the presence of similar directing agents.
Recently, ring substitution and lateral-group branching[5] have
been employed, in addition to the use of a-silyl lateral
groups,[6] as means of controlling the regioselectivity of
deprotonation. The use of deuterium as a protecting group
at kinetically acidic positions has been reported both for
amides[7] and N-heterocyclic systems.[8] Overall, studies to
date have clearly established that, for either class of reaction,
amide-type groups are among the most useful directors of
reaction.[2]

Transformations of ortho- and laterally lithiated tertiary
amides have been investigated,[9] with directing effects having
been attributed to the rate-determining deprotonation of a
substrate–organolithium complex.[10–12] However, it is only
very recently that solid-state structural evidence has been
presented in support of the nature of lithiated intermediates
in either reaction pathway. For 1 and 2 ortho lithiation has led
to the characterization of solid-state dimers, 3, and isostruc-
tural N,N-diisopropyl-2-lithionaphthamide–THF complex, 4,
respectively. These are based on core C···Li interactions,
support of the metals coming from (amide)O�Li bonding

with concomitant modulation of the sterically induced twist
angle between the amide and the plane of the aromatic
ring.[13] Contrastingly, the laterally deprotonated salt of 5
reveals a tris(thf) solvate, 6, in which the metal center is only
coordinated by O atoms with no C···Li interaction, thus
allowing the amide and aromatic planes to be near to
perpendicular in the solid state.[14] These data suggest a link
between the number of donor atoms per solvent molecule
(solvent denticity) and reaction chemoselectivity and lead us
to report here on the competitive deprotonation of 2-ethyl-
N,N-diisopropyl-1-benzamide, 7.

Treatment of 7 in THF/toluene at �78 8C with 1 equiv-
alent of tBuLi gave a maroon solution from which, on storage
at �30 8C, crystals were deposited. Surprisingly, in light of
previous work,[2,12,15] these were identified as N,N-diiso-
propyl-2-ethyl-6-lithiobenzamide–THF, 8, by X-ray crystal-
lography.[16] In accordance with our own recent studies,[13] 8
forms a solid-state dimer based on the stabilization of each
metal component in a {(CLi)2} core (C2�Li1= 2.345(5) ?,
C2A�Li1= 2.187(5) ?] by an amide-O center (O1�Li1=
1.972(5) ?) and one THF molecule (Scheme 1 and
Figure 1). A comparison of these parameters with those
recorded for 3 and 4[13] reveals that the core dimensions in 8
are more closely related to those of the latter complex.
Consistent with this, the amide–arene torsional angles in 4
and 8 are both significantly greater (at 65.78 and 59.98,
respectively) than that of 47.88 in 3. The relative magnitudes
of these angles, representing as they do a compromise
between the maintenance of amide–metal bonding and the
introduction of amide–arene interaction, are consistent with
the similar steric properties of C2 (in 7) and C8a (in 2).

Attempts to isolate and fully characterize the lateral
lithiate of 7 combine the knowledge that THF solvation
results in the isolation only of dimeric 8 with the recent
structural determination of the charge-centre separated
tris(thf) solvate 6.[14] Accordingly, tridentate Lewis base
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stabilization is enforced by effecting the lithiation of 7 in
pmdeta/hexane (pmdeta=N,N,N’,N’’,N’’pentamethyldiethy-
lenetriamine). The resulting crystalline deposit is revealed
by X-ray diffraction to be a-lithio-2-ethyl-N,N-diisopropyl-1-
benzamide–pmdeta, 9 (Scheme 1 and Figure 2).[17] While the
solid-state structure reveals extensive disorder in the posi-
tioning of the aryl fragment, the essential features are clear.
An observed amide–arene torsional angle of 79.2(4)8 com-
pares with that of 82.5(5)8 in 6. In both cases, the large angle
between the amide and aromatic planes is allowed by solvent-
induced C�Li bond cleavage, with tris(thf) solvation in 6
being closely mimicked by the imposition of pmdeta coordi-
nation in 9.

As with 6,[14] NMR spectroscopy reveals diastereotopic
isopropyl groups at low temperature for samples of both 8 and
9 in [D8]THF solution. In fact, for both of these complexes,
data indicate that dissolution is accompanied by significant
structural reorganization to afford three solution entities in a
2:10:1 ratio and 1H NMR spectra that, notwithstanding the
presence of THF (see 8) or pmdeta (see 9), are essentially

identical (see the Supporting Information). A comparison of
these spectra with that of the starting material suggests that
the resonances due to the first of these solution types are
consistent with the reformation of 7 on dissolution (species
no. 1, see Experimental Section)—a process that could not be
eradicated in spite of repeated spectroscopic experiments.
The last two species yield the following 7Li data; at�50 8C d=

�1.11 (1Li), �1.76 ppm (0.1Li) for 8 and d= 0.18 (1Li),
�0.30 ppm (0.1Li) for 9. More instructively, whereas each
1H NMR spectrum shows four major sets of aromatic signals
for the dominant metallated unit in solution (species no. 3),
three of these resonances are associated with trace analogue
signals (species no. 2). For 8 at �50 8C we observe d= 6.35 (d,
0.1H), 6.22 (dd, 1H), 6.02 (dd, 0.1H), 6.00 (d, 1H), 5.51 (d,
1H), 5.03 (dd, 0.1H), 4.84 ppm (dd, 1H). At the same
temperature 9 yields d= 6.35 (d, 0.1H), 6.21 (dd, 1H), 6.02
(dd, 0.1H), 5.94 (d, 1H), 5.50 (d, 1H), 5.03 (dd, 0.1H),
4.77 ppm (dd, 1H). For both 8 and 9, similar patterns are also
observed for NCH signals, though dynamics lead to convo-
lution of the remaining isopropyl signals such that those
consistent with trace species (no. 2) are not confidently
attributable (see Experimental Section). Taken together,
these data show that the dominant product in solution created
from either 8 or 9 contains four different aromatic hydrogen
atoms and is laterally metallated, whereas the trace species is
an ortho-lithiate. Hence, 9 has essentially retained its solid-
state-structure type while 8 has rearranged to yield the
dominant lateral metallate on dissolution.

This propensity for reorganization into, or retention of, a
laterally lithiated structure (for 8 and 9, respectively) has been
probed by using Gaussian98[18] (see the Supporting Informa-
tion). Exploratory geometry optimizations (HF/6-31G*)[19]

were followed by a frequency calculation and suitable geo-
metries were refined by using density functional theory
(DFT) procedure (MPW1PW91[20]/6-311G**[21]). Reported
geometries come from DFT calculations with energies relat-
ing to DFT results scaled by the (0.91) zero-point energy
correction obtained from the HF study. Results indicate that
for unsolvated, mono- and bis(Me2O)-solvated monomers,

Scheme 1. Syntheses of 8 and 9 from 7; hex=hexane, tol= toluene.

Figure 1. Molecular structure of (8)2; hydrogen atoms and minor Et
disorder omitted for clarity. Selected bond lengths [?] and angles [8]:
C2-Li1 2.345(5), C2-Li1A 2.187(5), O1-Li1 1.972(5), O2-Li1 1.972(5),
C2-C1 1.411(4), C1-C9 1.512(4), C9-O1 1.249(3), Li1-C2-Li1A 68.7(2),
C2-Li1-C2A 111.3(2), C1-C2-Li1 91.99(19), C2-C1-C9 113.9(2), C1-C9-
O1 117.9(2), C9-O1-Li1 108.4(2).

Figure 2. Molecular structure of 9 ; hydrogen atoms and aromatic dis-
order omitted for clarity. Selected bond lengths [?] and angles [8]: O1-
Li1 1.873(9), N2-Li1 2.116(9), N3-Li1 2.121(6), C6-C7A 1.400, C7A-C8A
1.516(14), C1-C9 1.555(7), C9-O1 1.234(6), C9-O1-Li1 129.5(4), C1-C9-
O1 117.0(5), C6-C1-C9 115.2(4), C6-C7A-C8A 122.1.
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amide-stabilized lateral metallates (10a–c) derived from 7 are
preferred to analogous ortho-lithiates (11a–c) by 10.30, 10.98
and 11.12 kcalmol�1, respectively. Meanwhile, tris(Me2O)-
solvated, amide-stabilized laterally metallated monomer 10e
is preferred to Ca-bonded analogue 10d and to similarly
solvated ortho-lithiate 11d by 2.87 and 10.01 kcalmol�1,
respectively. Hence, if aggregation is inhibited by external
solvation then thermodynamic deprotonation gives an amide-
bonded lateral metallate (see 9). It is only with the modeling
of unsolvated dimer 12 that the experimental observation of 8
is explained. This species reveals both an enthalpy of
dimerization of 19.16 kcalmol�1 monomer�1 (note the pref-
erence for 10a over 11a) and incorporates monomeric
components that are each 8.87 kcalmol�1 more stable than
10a.

Plainly, theory is in accordance with both the crystallo-
graphic characterization of 8 and 9 and the observation that,
when dissolved in excess donor (that is, when external
solvation is enforced in place of aggregation), an equilibrium
mixture is established in which the dominant component is
laterally metallated. These data strongly suggest that com-
petition between ortho and lateral metallation is solvent
dependent. Polar media inhibit association and favor the
formation of a thermodynamically a-deprotonated monomer,
as evidenced by the solvent-induced migration of the lithium
center in 8 to the a carbon atom, while the ability of the
kinetic ortho metallate to dimerize is crucially important to
the retention of its structural integrity. Ongoing investigations
are presently seeking to further elucidate the ability of species
such as those reported here to reorganize and/or to reprot-
onate in solution, the exact solution structures (C�Li bonded
or charge-center separated) of lateral lithiates and the
imperatives for chemoselectivity in these systems.

Experimental Section
Synthesis of 8 : tBuLi (0.15 mL, 1.7m in pentane, 0.25 mmol) was
added to a solution of 7 (0.058 g, 0.25 mmol) in THF/hexane
(0.4 mL:0.2 mL) under nitrogen at �78 8C. The resultant maroon
solution was transferred directly to a �30 8C freezer. Dark-red
crystals of 8 were obtained after 1 day at this temperature. Yield
12 mg (15%); mp 104–1068C; elemental analysis (%) calcd for
C38H60Li2N2O4: C 73.29, H 9.10, N 4.50; found: C 72.81, H 8.86, N
4.65; 1H NMR (400 MHz, [D8]THF,�50 8C, TMS): d= 7.28 (m, 0.4H;
C6H4 no. 1), 7.19 (m, 0.2H; C6H4 no. 1), 7.10 (m, 0.2H; C6H4 no. 1),
6.35 (d, 0.1H; C6H3 no. 2), 6.22 (dd, 1H; C6H4 no. 3), 6.02 (dd, 0.1H;
C6H3 no. 2), 6.00 (d, 1H; C6H4 no. 3), 5.51 (d, 1H; C6H4 no. 3), 5.03
(dd, 0.1H; C6H3 no. 2), 4.84 (dd, 1H; C6H4 no. 3), 4.72 (m, br, 0.1H;
NCH no. 2), 4.50 (m, br, 1H; NCH no. 3), 3.62 (m, 5H; THF), 3.46
(m, br, 1H; NCH no. 3), 2.93 (q, 3J(H,H)= 6.7 Hz, 0.2H; ArCH2

no. 2), 2.61 (q, 3J(H,H)= 7.5 Hz, 0.4H; ArCH2 no. 1), 2.52 (q,
3J(H,H)= 5.7 Hz, 1H; ArCH no. 3), 1.79 (m, 5H; THF), 1.53 (dd,
1.2H; NCHMe no. 1), 1.48–1.40 (v br, 6H; NCHMe no. 3), 1.42 (d,
3J(H,H)= 5.7 Hz, 3H; CHMe no. 3), 1.21 (t, 3J(H,H)= 7.5 Hz, 0.6H;
CH2Me no. 1), 1.15 (br, 6H; NCHMe no. 3), 1.09 (dd, 1.2H; NCHMe
no. 1), 0.90 ppm (m, 0.3H; CH2Me no. 2). 7Li NMR spectroscopy
(155 MHz, [D8]THF, �50 8C, PhLi): d=�1.11 (s, 1 Li), �1.76 ppm (s,
0.1 Li).

Synthesis of 9 : tBuLi (0.15 mL, 1.7m in pentane, 0.25 mmol) was
added to a solution of 7 (0.058 g, 1 mmol) in toluene/hexane
(0.5 mL:0.1 mL) that contained pmdeta (0.052 mL, 0.25 mmol)
under nitrogen at �78 8C. The resultant maroon solution was stored
at �30 8C for 2 days whereupon purple crystals of 9 were deposited.
Yield 65 mg (63%); mp 132–1348C; elemental analysis (%) calcd for
C24H45LiN4O: C 69.87, H 10.99, N 13.58; found: C 69.85, H 11.04, N
13.47%; 1H NMR (500 MHz, [D8]THF, �50 8C, TMS): d= 7.29 (m,
0.4H; C6H4 no. 1), 7.19 (m, 0.2H; C6H4 no. 1), 7.12 (m, 0.2H; C6H4

no. 1), 6.35 (d, 0.1H; C6H3 no. 2), 6.21 (dd, 1H; C6H4 no. 3), 6.02 (dd,
0.1H; C6H3 no. 2), 5.94 (d, 1H; C6H4 no. 3), 5.50 (d, 1H; C6H4 no. 3),
5.03 (dd, 0.1H; C6H3 no. 2), 4.77 (dd, 1H; C6H4 no. 3), 4.75 (m, br,
0.1H; NCH no. 2), 4.59 (m, br, 1H; NCH no. 3), 3.65 (sept, 0.2H;
NCH no. 1), 3.57 (sept, 0.2H; NCH no. 1), 3.46 (m, br, 1H; NCH
no. 3), 3.41 (m, br, 0.1H; NCH no. 2), 3.01 (q, 3J(H,H)= 5.9 Hz, 0.2H;
ArCH2 no. 2), 2.80 (q, 3J(H,H)= 6.0 Hz, 0.4H; ArCH2 no. 1), 2.64 (q,
3J(H,H)= 7.7 Hz, 1H; ArCH no. 3), 2.42 (br, 8H; pmdeta), 2.29 (s,
3H; pmdeta), 2.16 (s, 12H; pmdeta), 1.55 (dd, 1.2H; NCHMe no. 1),
1.58 (br, 3H; NCHMe no. 3), 1.46 (d, 3J(H,H)= 5.7 Hz, 3H; CHMe
no. 3), 1.40 (br, 3H; NCHMe no. 3), 1.23 (t, 3J(H,H)= 7.8 Hz, 0.6H;
CH2Me no. 1), 1.16 (br, 6H; NCHMe no. 3), 1.11 (dd, 1.2H; NCHMe
no. 1), 0.92 ppm (t, 3J(H,H)= 7.1 Hz, 0.3H; CH2Me no. 3). 7Li NMR
spectroscopy (194 MHz, [D8]THF, �50 8C, PhLi): d= 0.18 (s, 1 Li),
�0.30 ppm (s, 0.1 Li).
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Polymer-Grafted Multiwalled Carbon Nanotubes
through Surface-Initiated Polymerization**

D.Baskaran,* Jimmy W.Mays, andMatthew S. Bratcher

Extensive research is focused on surface modification of
carbon nanotubes mainly to enhance their chemical compat-
ibility and dissolution properties.[1–5] Previously, the covalent
grafting of organic or polymeric molecules on to carbon
nanotubes has been accomplished by the “grafting-to”
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technique by using esterification and amidation reactions.[1]

However, the loss in conformational entropy of the polymer
significantly suppresses chains from diffusing to and reacting
with the carboxylic acid sites of single or multiwalled carbon
nanotubes (SWNTs or MWNTs), which leads to inefficient
grafting.

On the other hand, noncovalent functionalization meth-
ods, such as polymer wrapping and “pi–pi” stacking on the
surface of carbon nanotubes, are difficult to correlate
quantitatively with properties due to the presence of excess
polymer and the slippage of stacked molecules.[2,6, 7] Growth
of polymer chains from covalently attached surface initiators
by using the “grafting-from” strategy is the best way to
produce polymer brushes on any surface. So far, silicon, gold,
and clay surfaces have been used to grow polymers through
surface-initiated polymerization (SIP).[8] Carbon nanotubes
have nonreactive surfaces and, hence, they have not been
used for SIP. Herein, we report the surface-initiated atom-
transfer radical polymerization (ATRP) of styrene (S) and
methylmethacrylate (MMA) from MWNTs. To our knowl-
edge, SIP from MWNTs through a covalently attached
initiator has not been previously attempted, and this is the
first report that demonstrates the growth of homopolymers
and block copolymers in levels up to 70 wt% from the surface
of MWNTs.

We used surface-bound carboxylic acid groups (� 1
mol%) on MWNTs (NanoLab, Watertown, MA) to attach
the ATRP initiator (2). Scheme 1 outlines the strategy used
for growing polymer chains from the surface of MWNTs.
First, the MWNTs treated with thionyl chloride (1) were
reacted with excess hydroxyethyl-2-bromoisobutyrate (2) in
toluene in the presence of triethylamine at 100 8C for 24 h
under an atmosphere of pure nitrogen. The tubes were
washed thoroughly with ethanol until the filtrate showed an
absence of 2 by thin layer chromatography (TLC) and dried.

The attachment of 2 to the MWNTs to give 3 (Scheme 1)
was confirmed from the characteristic C�H and carbonyl
stretching vibrations centered at 2922 cm�1 and 1737 cm�1,
respectively in the FTIR spectrum. The quantity of the
initiator attached to the surface was determined from the
thermogravimetric analysis (TGA) of 3, which showed a
6.3% weight loss at 241 8C corresponding to the decomposi-
tion of the initiator fragments (Figure 1A, b). The mole
percent of the initiator ([I]MWNT= 0.36 mol% with respect to
carbon) on MWNT surface was calculated by using the
weight% and the initiator fragment molecular weight
(210 gmol�1).[9]

The SIP was performed in bulk by using known quantities
of 3 in 1 mL of MMA or S in the presence of CuBr and
pentamethyldiethylenetriamine (L) at a ratio of
[I]MWNT:[CuBr]:[L]= 1:1:2 at 90 8C for up to 24 h. After the
polymerization, the heterogeneous reaction mixture was
diluted with THF and the tubes were washed thoroughly
with THF, then filtered (Whatman1) to remove soluble
polymer. Washing was done until no polymer was found in
the filtrate. The polymer functionalized MWNTs (4) were
collected and dried under vacuum for 24 h at 40 8C. The yields

Scheme 1. Surface-initiated atom-transfer radical polymerization from MWNTs.

Figure 1. A) TGA of MWNTs recovered from the SIP after thorough
washing with solvent; a) pristine MWNTs, b) initiator attached
MWNTs, c) PS grown MWNTs (PS-g-MWNTs, Table 1, run 6),
d) PMMA grown MWNTs (PMMA-g-MWNTs, Table 1, run 2). B) FTIR
spectrum of various polymer grown MWNTs; a) PMMA-g-MWNTs
(Table 1, run 1), b) PS-g-MWNTs (Table 1, run 5), c) P(S-b-PMMA)-g-
MWNTs.
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of 4 were greater than 100% (on the basis of 3) indicating the
presence of surface-grown polymer. The TGA analysis of 4a–
d in the presence of air showed two major decompositions in
the temperature range at 225–400 8C and 500–625 8C corre-
sponding to surface grown polymer and MWNTs respectively
(Figure 1A, c and d). The surface grown poly (methyl
methacrylate) (PMMA) decomposes at Td� 330 8C and
poly(styrene) (PS) decomposes at Td� 360 8C (Table 1). The

FTIR spectrum of MWNTs recovered from the surface-
initiated MMA polymerization (4a, PMMA-g-MWNTs)
showed characteristic vibration bands for PMMA (in KBr:
nCHs at 2922, nC=Os at 1725, nC�Hb at 1440 cm

�1; Figure 1B,
a). Similarly the tubes recovered from the styrene polymer-
ization (4b, PS-g-MWNTs) exhibited vibration bands char-
acteristics to PS (in KBr: aromatic nC�Hs at 3025, C�Hv at
2922, 1662, 1028, and 694 cm�1; Figure 1B, b). The amount of
PMMA covalently attached in 4a determined by TGA is as
high as 70.9 wt% and in the case of 4b, it varies from 18 to
33 wt% depending on the initiator concentration in 3
(Table 1). Existence of a correlation between [I]MWNT and
the amount of polymer present on the surface shows that it is
possible to control the molecular weight of the growing
polymer chain. It was found that samples, 4a–d, exist as lumpy
aggregates, and after breaking the lumpy aggregates into
powder they dissolve freely in organic solvents. Although the
polymer growth from the surface was expected to break up
the bundles in to either individual or smaller aggregates, inter-
entanglement of the growing chains with tubes led to lumpy
aggregates during polymerization. Dispersion of aggregated
nanotubes into an organic solvent before functionalization
was very difficult even after the nanotubes have been
subjected to sonication. However, after functionalization,
the tubes were soluble in THF, chloroform, dichloromethane,
and toluene with mild sonication (1–2 min; see the Supporting
Information). The UV/Vis spectrum of 4a–d in CHCl3 shows
featureless absorbance starting from 290 nm decreasing

monotonously up to 900 nm, which is characteristic of the
dissolved MWNTs.[1b] The intensity of the absorbance is
inversely proportional to the amount of polymer present in
the tubes (see Supporting Information).

The Raman spectrum of 4a (run 3) and 4b (run 6) samples
shows characteristic tangential-mode peaks at � 1566 cm�1

and a disorder-band peak at � 1342 cm�1.[10] These peaks are
similar to the ones observed in pristine MWNTs except that
the ratio of the peak intensity changes in 4a and 4b due to
polymer grafting (Figure 2A). The presence of surface-

initiated polymer was clearly seen in 1H NMR of 4a and 4b
(Figure 2B). The observed proton signals are entirely due to
hairy polymer grown from MWNTs. However, considerable
line broadening was observed as a result of the present of
paramagnetic substances in the MWTNs.

A control experiment was also carried out under identical
conditions with S (1 mL) andMWNTs (20 mg) that contained
no initiator functionality. After 24 h, no polymer was found in
the reaction solution and the washed MWNTs had no major
polymer decomposition at � 360 8C, thus confirming that the
polymer formation from 3 is only from the initiator sites
anchored on the surface of MWNTs (see Supporting Infor-
mation).

Table 1: Surface-initiated poly(methyl methacrylate) and poly(styrene)
from MWNTs.[a]

Run [C]MWNT

[mmol][b]
[I]MWNT

[b]

[103 mmol]
t [h][c] Polymer-g-MWNTs

%[d] of
polymer

Td
[d] of

polymer
Tg

[e] of
polymer

Monomer-methyl methacrylate (9.36 mmol)
1 1.75 6.3 10 58.9 329 125.5
2 1.00 3.6 20 63.8 331 126.9
3 1.10 3.9 24 70.9 335 128.8
Monomer-styrene (8.73 mmol)
4 0.48 1.7 24 18.3 349 110.4
5 0.70 6.1 24 23.9 358 107.0
6 5.00 16.0 20 33.0 362 106.5
7[f ] 2.50 8.0 20 24.6 360 –

[a] ATRP condition:[I]MWNT:[CuBr]:[L]=1:1:2. SIP of MMA at 90 8C and S
at 100 8C. [b] [C]MWNT= (grams of MWNTs/12) and total initiator present
in the reaction, [I]MWNT= {(mol% of initiator by TGA/100)/12}H grams of
3. [c] Bulk polymerization reaction time. [d] wt% of attached polylmer
and the decomposition temperature determined from TGA curves.
[e] obtained from DSC second heating. [f ] copolymerization from a
mixture of monomers.

Figure 2. A) Raman spectra (514.5 nm excitation) of polymer grafted
MWNTs; a) PMMA grown MWNTs (PMMA-g-MWNTs, 4a, run 3),
b) PS grown MWNTs (PS-g-MWNTs, 4b, run 6), c) pristine MWNTs.
B) 1H NMR (300 MHz) spectrum polymer grafted MWNTs in CDCl3;
a) PMMA-g-MWNTs (4a, run 3) and b) PS-g-MWNTs (4b, run 6). The
star indicates solvent signal.
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Since the tubes are not monodisperse in terms of their
length and can contain different levels of initiator function-
ality, some portion of the samples of 4a–d is soluble in
monomer solution due to a higher percentage of grafting
especially for shorter tubes. Such a portion of polymer-g-
MWTNs becomes separated while washing with THF. The
recovered polymers appeared slightly grayish indicating the
presence of MWNTs (0.1–0.2 wt% by TGA) and analysis by
gel-permeation chromatography (GPC) showed very-large
molecular-weight species (300<Mw̄< 1000 kgmol�1) with
broad distribution (1.4< M̄w/M̄n< 3; M̄w is the mass-average
molar mass, M̄n is the number-average molar mass) due to the
presence of grafted tubes.

More convincingly, the samples (4a–d) had a discontin-
uous thin amorphous layer (� 2–5 nm) in TEM and SEM
images (Figure 3). As expected,[5] a large increase in the glass

transition temperature (Tg) of the grafted PMMA and PS
(15<DTg< 30 8C) was observed due to tethering (Table 1 and
Supporting Information). Surface-anchored poly(S-co-
MMA), 4c was also synthesized by using copolymerization
of a mixture of monomers (Table 1, run 7). The samples (4a–
d) carry alkyl bromide at the dangling chain-ends. Thus, they
can be used as MWNT-bound macroinitiators for block
copolymerization. Accordingly, 10 mg of 4b (Table 1, run 6)
with 33 wt% PS was taken in an ampoule and mixed with
MMA (1 mL) along with a solution of CuBr:L (1:2). After the
SIP at 90 8C for 24 h and subsequent washing procedure,

MWNTs grafted with poly(styene-b-methyl methacrylate)
were obtained as a mixture of tubes in a gray sponge. It
showed 63% wt loss in TGA at � 335 8C, which is 29 wt%
higher than the precursor and the FTIR spectrum shows the
presence of carbonyl stretching at 1726 cm�1 along with other
characteristic bands for PS and PMMA (Figure 1B, c; see the
Supporting Information for TGA results). To understand the
molecular characteristics of the grafted polymer, the poly-
styrene connected through ester linkage in 4b (run 5) was
cleaved by using KH in THF and analyzed by GPC.[11] The
molecular weight of the detached PS was M̄w= 1150 gmol�1

and the polydispersity, M̄w/M̄n= 1.34. Similarly, PS hydro-
lysized from run 6 gave M̄w= 1600 gmol�1 with M̄w/M̄n=

1.1(supporting information).
In conclusion, ATRP initiators anchored to MWNTs have

been successfully used in the surface-initiated polymerization
of S and MMA. Homo, block, and copolymer brushes
consisting of PS and PMMA chemically bound on the surface
of MWNTs at levels up to 70 wt% have been synthesized and
thoroughly characterized. The SIP with other monomers,
kinetics of the polymerization and the solution properties of
polymer-g-MWNTs are under investigation.

Experimental Section
MWNTs (Nanolab, Watertown, MA) containing � 1 mol% carbox-
ylic acid groups were used for the study. The tubes were purified by
washing several times with THF and finally with water and dried
under vacuum. The tubes had about 4–6 wt% iron catalyst as
impurity. The amount of acid functionality was confirmed by titration,
XPS, and prompt-gamma methods. CuBr (99.999%, Aldrich) was
used as received. Pentamethyldiethylene triamine (L; Aldrich) was
distilled over CaH2 under vacuum.Hydroxyethyl-2-bromoisobutyrate
was synthesized by using 2-bromoisobutyrylbromide with an excess
ethylene glycol in dichloromethane in the presence of triethylamine.
Methyl methacrylate and styrene (Aldrich) monomers were purified
by distillation over CaH2 and stored under a pure N2 atmosphere in a
refrigerator. Dichloromethane (Fisher) was distilled over CaH2.
Tetrahydrofuran (THF, Fisher) was distilled over Na/K alloy on a
vacuum line. Prepurifed toluene was distilled in the presence of a
small amount of styryllithum anion just before use.

Attachment of initiator on the surface of MWNTs (3): A sample
of MWNTs (200 mg) was refluxed with 50 mL of thionyl chloride at
70 8C. After 24 h, the excess thionyl chloride was removed under
vacuum. The activated MWNTs (MWNT–COCl) were washed with
anhydrous THF and dried under vacuum. Hydroxyethyl-2-bromoiso-
butyrate (2.3 mL) in toluene (5 mL) was added to the flask that
contained MWNT–COCl and the reaction was stirred at 100 8C for
about 24 h under a pure N2 atmosphere. After the reaction had
finished, the solvent was completely removed under vacuum, the
tubes were washed several times with ethanol (250 mL) and filtered.
The initiator-attached tubes were dried at 40 8C for 10 hr under
vacuum. FTRI (KBr): ñ= 2958 (C-H stretching), 2922 (C-H stretch-
ing), 2854 (C-H stretching), 1737 (C=O stretching), 1460 (C-H
bending), 1260, 800 cm�1 (other CH vibrations). TGA: 6.3% weight
loss at 240 8C.

Surface-initiated atom transfer styrene radical polymerization by
using 3 : In a typical polymerization, 3 (20.5 mg, [I]MWNT= 6.1 J
10�6 mol) was placed in a clean glass ampoule attached with a
septum adaptor connected to both nitrogen and a vacuum system.
Subsequently, styrene (1 mL) and a solution of CuBr (0.1 mL 6.1 J
10�6 mol) and ligand ([CuBr]:[L]= 1:2) in toluene were added into
the ampoule with a syringe under N2. Then the entire solution was
degassed four times and sealed off under vacuum. The sealed

Figure 3. A) TEM and B) SEM images of PMMA-g-MWNTs exhibiting a
fine coating of PMMA around the tubes (Table 1, run 2).
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ampoule was placed in an oil bath that was maintained at 100 8C and
the reaction stirred for 24 hr. It was noticed that after 4 h the
polymerization solution with tubes became viscous and the tubes
stuck to the walls of the ampoule. After 24 h, the reaction was
quenched by cooling with liquid N2 and the ampoule was opened. The
heterogeneous polymerization solution was diluted with THF
(30 mL) and kept stirring in a round bottom flask for few hours to
dissolve the soluble polymer. The supernatant THF was filtered by
usingWhatman1 filter paper and washing with THF; this washing was
repeated until the filtrate contained no polymer. The polymer grafted
MWNTs (4b) were recovered as lumpy aggregates and dried at 40 8C
for 24 h under dynamic vacuum (yield 25 mg, 121% on the basis of
the precursor MWNTs). The filtrate that contained the slightly
grayish polymer (� 13% on the basis of styrene) was recovered by
precipitation in methanol.

Hydrolysis of poly(styrene) from poly(styrene)-g-MWNTs (run
6): In a typical hydrolysis reaction, 8 mg of KH was taken in 3 mL of
THF and mixed with a dry sample of poly(styrene)-g-MWNTs
(25 mg). The solution was stirred at 50 8C under nitrogen for 10 h. The
resulting black solution was quenched with a small amount of
methanol and the entire solution was filtered with a 0.2 mm Teflon
membrane before being subjected to GPC analysis. The cleaved
polymer recovered from the THF solution was 6 mg (yield 75% on
the basis of wt% of PS in the TGA of the precursor).

Supporting Information available: UV/Vis and DSC 4a–b, GPC
of cleaved polymer, TGA of P(S-b-MMA)-g-MWNTs.
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Main-Group Metal Complexes

Preparation of Monomeric [LAl(NH2)2]—A
Main-Group Metal Diamide Containing Two
Terminal NH2 Groups**

Vojtech Jancik, Leslie W. Pineda, Jiri Pinkas,
Herbert W. Roesky,* Dante Neculai, Ana M. Neculai,
and Regine Herbst-Irmer

Dedicated to Professor Dietmar Seyferth
on the occasion of his 75th birthday

Aluminum amides supported by organic ligands are impor-
tant molecular precursors for the preparation of aluminum
nitrides, such as Al�N based semiconductors and Al�N
ceramics.[1] Amides with the general formula [R2Al(NH2)], in
which R corresponds to an organic substituent, are rare. The
presence of a reactive NH2 group, which can be involved in
further substitution reactions, may lead to mixed-metal
imides that have the Al�N(H)�M skeleton (M=metal
atom). However the known amides show a strong tendency
to oligomerize and form unstable trimers [{R2Al(m-NH2)}3]
(R=Me, tBu)[2a,b] or dimers [{R2Al(m-NH2)}2] (R=

Me3Si)
[2b–d] because of the Lewis acidity of the aluminum

center and the presence of the electron lone pair at the
nitrogen atom of the NH2 group. The steric bulk of the
substituents is the major factor that determines the degree of
association. The most recent example of such an aluminum
amide [{[(Me3Si)2Al(m-NH2)2]3}Al] was published in 1988 by
Janik et al. , in which the central aluminum cation is octahe-
drally coordinated to three [(Me3Si)2Al(m-NH2)2]

� ions.[2c] The
only known aluminum amide that contains a terminal NH2
group [AlCl3(NH2iPr)][{Al(NH3)(NH2)[Al(NHiPr)-
(NiPr)Cl]2}2] was prepared in low yield in 1997 by Chang
et al. by using AlCl3, iPrNHLi, and an excess of iPrNH2.

[3]

However, the mechanism of the formation of the product
remains unclear. The adducts of composition R3Al·NH3 are
thermodynamically unstable and thus decompose at elevated
temperatures to the corresponding amides under elimination
of alkanes.[2a, 4] So far there are no reports known on the
preparation of aluminum amides by treating KNH2 or NaNH2
with the corresponding aluminum halides. Previous experi-
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ments indicate that such reactions result mostly in the
decomposition of the starting material to yield insoluble
white powders under elimination of the free ligand.[5]

Recently, we showed that an N-heterocyclic carbene can
be used as an HCl acceptor for the preparation of a GeII

hydroxide derivative when water is used as a source of OH
ions.[6] Consequently we tried the same procedure for the
preparation of aluminum amides and hydroxides by adding
NH3 and H2O, respectively, to the corresponding aluminum
chloride derivative. It should be mentioned that previous
attempts to prepare compounds with terminal Al�OH and
Al�NH2 groups in the presence of NMe3, NEt3, or pyridine as
an HCl acceptor were not successful.[5] The addition of dry
ammonia to a toluene solution of [LAlCl2] (1; (L=

HC[C(Me)N(Ar)]2, Ar= 2,6-iPr2C6H3)
[7] and two equivalents

of 1,3-di-tert-butylimidazol-2-ylidene (2)[8] over a period of
10 min at �20 8C resulted in the formation of a slurry of
insoluble 1,3-di-tert-butylimidazolium chloride. Subsequent
filtration followed by extraction of the remaining solid with
toluene gave an oily residue after removal of
the volatiles in vacuo. Treatment of the residue
with cold pentane afforded [LAl(NH2)2] (3) as
a white powder in 70% yield. Furthermore,
when water is used instead of ammonia and
benzene as a solvent a white microcrystalline
powder of [LAl(OH)2] (4) can be obtained
within 10 min in a yield of 65%. Previously 4
was prepared in an NH3(l)/toluene two-phase
system,[9] after 7 h in a yield of 48%. This new
method clearly demonstrates the advantages
for the preparation of aluminum amides and
hydroxides. Scheme 1 summarizes the reactions
for preparing 3 and 4.
So far we have not given an answer to the

question: Why does the addition of the N-
heterocyclic carbene lead to the desired prod-
uct? Clearly, because of the high reactivity of 3
and 4 towards protons it appears that the amine
is not suitable as a HCl acceptor. On the one
hand, there is always an equilibrium between
the protonated amine and the free base and
thus the protons cause side reactions. On the other hand, in
the presence of the N-heterocyclic carbene there is no such an
equilibrium of free protons due to the favored covalent C�H
bond formation.[10] Moreover, the resulting imidazolium
chloride is very sparingly soluble in hydrocarbon solvents

such as hexane, toluene, or THF, which allows an easy
separation of the product from the reaction mixture by
filtration. In addition the imidazolium chloride can be easily
recycled to the free carbene by using a strong base such as
KOtBu or NaH.[8]

Surprisingly, compound 3 is monomeric in the solid state
and what is even more striking, the NH2 groups are not
involved in any kind of hydrogen bonding as shown by X-ray
structural analysis and IR spectroscopy. Moreover, 3 is
thermally stable and can be maintained at 70 8C for 2 h
without any significant decomposition, which is also reflected
by its high melting point (166 8C). Based on the assumption
that 3 is exposed to air, the rate of decomposition is
significantly slower than that of 4 (see below). Furthermore
we carried out some additional investigations on 4 to learn
more about its stability. Compound 4 is unstable and
decomposes upon heating to temperatures exceeding 70 8C
or rapidly after contact with air as indicated by temperature
dependent 1H NMR studies (Figure 1).

The 1H NMR spectrum of 3 shows the typical pattern for
the ligand (L) and a broad singlet at �0.55 ppm assigned to
the NH2 moieties with

15N satellites (1JNH= 64 Hz). The NH2
groups resonate in the 15N NMR at �378 ppm, whereas the
remaining two nitrogen atoms have a resonance at�205 ppm.
The IR spectrum shows two weak sharp absorptions for nasym
at 3468 and nsym at 3396 cm

�1, which also confirm the absence
of hydrogen bonds in the crystal lattice. Finally because of the
high thermal stability of 3, the EIMS spectrum shows the
molecular ion at m/z 476 (16%) while the most intense peak
atm/z 444 (100%) was assigned to the [M+�2NH2] fragment.
Single crystals of 3 suitable for X-ray structural analysis

were obtained by slow crystallization of its saturated pentane
solution at�32 8C. Compound 3 crystallizes in the monoclinic
space group P2(1)/c.[11] Figure 2 shows the molecular struc-
ture and numbering Scheme of 3.
The AlN4 core has a deformed tetrahedral geometry with

the smallest and biggest N-Al-N angle of 95.78 and 117.28,Scheme 1. Syntheses of 3 and 4.

Figure 1. 1H NMR spectroscopic kinetic study of the thermal decomposition of 4 to the free
ligand (LH). Resonances between d=1.5 and 1.7 ppm are assigned to the a-methyl groups (a 4 ;
d LH), and the doublets belong to the diastereotopic methyl groups of the iPr moieties (b+ c 4 ;
e+ f LH). The only soluble organic product of this decomposition is the free ligand, which was
identified by comparison with an original sample. The spectrum taken at 30 8C represents pure 4
in a sealed tube, whereas, the following spectrum was taken after three days. Further spectra
show thermally initiated decomposition of 4, which is slow below 60 8C, but accelerates signifi-
cantly at 70 8C. Finally the last spectrum was recorded after 15 min maintained at 70 8C and con-
firms the thermal lability of 4. Similar degradation of 4 was observed after its exposure to air in
both the solid and solution state.
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respectively. The N(1)-Al-N(2) angle (95.78) within the six-
membered ring is in the normal range, whereas the large
N(3)-Al-N(4) angle of 112.28 (compare with 86.9–106.18 in
the dimeric and trimeric cyclic species)[2, 3] might be due to the
monomeric nature of 3 and thus missing the ring strain
characteristics of the cyclic congeners. There are also
significant differences of the Al�N bond lengths within the
molecule. The Al�N(1) and Al�N(2) bond lengths (1.921,
1.903 I) are in the normal range, while the Al�N(3) and Al�
N(4) bond lengths (1.790, 1.788 I) represent the shortest
bonds for NH2 groups with Al so far known (compare with
1.873–2.034 I).[2,3] A similar shortening of the Al�(NH2)terminal
bond length was observed in [AlCl3(NH2iPr)][{Al(NH3)-
(NH2)[Al(NHiPr)(NiPr)Cl]2}2] and was assigned to the ionic
resonance effects of the Al�N bond.[3,12] The hydrogen atoms
of the NH2 groups were localized in the difference electron-
density map and the N�H bond lengths (0.85, 0.86, 0.87, and
0.88 I) are in the range of known compounds (0.75–
1.10 I).[2, 3] The nitrogen atoms of the NH2 groups have
almost planar environments (the sum of the surrounding
angles 3568—N(3) and 3578—N(4)), which indicates a low-
ering of the inversion barrier at the nitrogen center due to the
electropositive aluminum atom.[13] A similar phenomenon
was observed for [Cp*2 TiNH2] and [{[DippN(SiMe3)]-
Ge(NH2)NH}3] (Cp*=C5Me5, Dipp= diisopropyl-
phenyl).[14,15]

In summary, we have presented a novel method for
preparing aluminum amides and hydroxides from the corre-
sponding chlorides. The main by-product—1,3-di-tert-butyli-
midazolium chloride—can be easily separated from the
product by filtration and recycled to the free base.
[LAl(NH2)2] is to the best of our knowledge the first
monomeric main-group metal diamide that contains two
terminal NH2 groups. Further research will be focused on the
preparation of the heavier Group 13 analogues.

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

Synthesis of 3 : Dry gaseous NH3 was added in excess to a solution
of (2.410 g, 4.675 mmol) [LAlCl2] and 1.686 g (9.349 mmol) of 1,3-di-
tert-butylimidazol-2-ylidene in toluene (60 mL) cooled to �20 8C.
Immediately after the addition of NH3, a precipitate of 1,3-di-tert-
butylimidazolium chloride was formed. After 10 min the gas stream
of NH3 was disconnected, the cooling bath was removed, and the
suspension was stirred for additional 10 min. The excess ammonia was
released through a mineral oil bubbler attached to the flask. The
precipitate was removed by filtration, washed twice with toluene
(10 mL), and all the volatiles were removed in vacuo. The oily residue
was treated twice with cold pentane (5 mL) and after filtration and
drying in vacuo, 3 was obtained as a white microcrystalline powder.
Yield 1.67 g (75%). 1H NMR (500 MHz, C6D6, 25 8C, TMS): d=
�0.52 (bs, 1J(N,H)= 64 Hz, 4H, NH2), 1.17 (d,

3J(H,H)= 6.9 Hz,
12H, CH(CH3)2), 1.37 (d,

3J(H,H)= 6.9 Hz, 12H, CH(CH3)2), 1.58 (s,
6H, CH3), 3.47 (sept,

3J(H,H)= 6.9 Hz, 4H, CH(CH3)2), 4.88 (s, 1H,
g-CH), 7.05–7.20 ppm (m, 6H, m-, p- Ar-H); 13C NMR (125.8 MHz,
C6D6, 25 8C, TMS): d= 23.4, 24.8 (CH(CH3)2), 25.4 (CH(CH3)2), 28.5
(CH3), 96.5 (g-CH), 124.3, 127.0, 141.2, 144.5 (i-, o-, m-, p- Ar),
169.2 ppm (C=N); 15N NMR (50.7 MHz, C6D6, 25 8C, MeNO2): d=
�378 (NH2); �205 ppm (C=N); 27Al NMR (78.2 MHz, C6D6, 25 8C,
[Al(OH2)6]

3+): d= 102 ppm (n1/2= 4031 Hz); IR (KBr pellet): ñ=
3468 vw, 3396 vw (NH) cm�1; EI-MS (70 eV): m/z (%): 476 (16)
[M+], 459 (20) [M+�NH3], 444 (100) [M+�2NH2]; elemental analysis
(%) calcd for C29H45AlN4 (476.7): C 73.1, H 9.5; found: C 72.9, H 9.4.

Synthesis of 4 : H2O (180 mL, 9.989 mmol) was added quickly to a
solution of [LAlCl2] (2.560 g, 4.966 mmol) and 1,3-di-tert-butylimida-
zol-2-ylidene (1.790 g, 9.932 mmol) in benzene (60 mL) cooled to
10 8C. Immediately after the addition of water, a slurry of the 1,3-di-
tert-butylimidazolium chloride was formed. The suspension was
vigorously stirred for an additional 10 min and filtered. The precip-
itate was washed twice with benzene (5 mL) and all the volatiles were
removed in vacuo. The solid residue was treated twice with cold
pentane (5 mL) and after filtration and drying in vacuo, 4 was
obtained as a white powder. Yield 1.55 g (65%). 1H NMR (200 MHz,
C6D6, 25 8C, TMS): d= 0.22 (s, 2H, OH), 1.16 (d,

3J(H,H)= 6.8 Hz,
12H, CH(CH3)2), 1.42 (d,

3J(H,H)= 6.8 Hz, 12H, CH(CH3)2), 1.58 (s,
6H, CH3), 3.47 (sept,

3J(H,H)= 6.8 Hz, 4H, CH(CH3)2), 4.92 (s, 1H,
g-CH), 7.14–7.16 ppm (m, 6H, m-, p- Ar-H); 13C NMR (125.8 MHz,
C6D6, 25 8C, TMS): d= 23.1, 24.8 (CH(CH3)2), 25.2 (CH(CH3)2), 28.3
(CH3), 96.5 (g-CH), 124.5, 127.4, 139.9, 144.8 (i-, o-, m-, p- Ar),
170.3 ppm (C=N); IR (KBr pellet): ñ= 3458 wbr (OH) cm�1. EI-MS
(70 eV): m/z (%): 478 (38) [M+], 460 (10) [M+�H2O], 445 (100)
[M+�H2O�CH3]; elemental analysis (%) calcd for C29H43AlN2O2
(480.7): C 72.5, H 9.4; found: C 72.4, H 9.5.
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Figure 2. Thermal ellipsoids plot of 3 showing the atoms at the 50%
probability level. H atoms, except NH, are omitted for clarity. Selected
bond lengths [F] and angles [8]: Al(1)-N(1) 1.921(2), Al(1)-N(2)
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Glycosylation

Iterative Glycosylation of 2-Deoxy-2-
aminothioglycosides and Its Application to the
Combinatorial Synthesis of Linear
Oligoglucosamines**

Shigeru Yamago,* Takeshi Yamada,
Tomokazu Maruyama, and Jun-ichi Yoshida

The development of new methods for oligosaccharide syn-
thesis is a major focus in synthetic carbohydrate chemistry
owing to the multifaceted role of complex oligosaccharides
and glycoconjugates in biology.[1,2] As oligosaccharides consist
of several anomeric C�O bond linked monosaccharides, the
synthesis would necessarily require iterative glycosylation.
Although many methods have been developed to enhance the
efficiency of the iterative process,[3] the most straightforward
method is the use of one set of glycosylation conditions with a
single anomeric substituent for both glycosyl donors and
acceptors. However, this type of reaction has been limited to
the glycal assembly method.[4] Recently, new examples have
appeared from Gin and co-workers,[5] and from our own
laboratory.[6]

In a previous paper, we reported that b-bromoglycosides
generated from selenoglycosides could serve as glycosyl
cation equivalents and couple with selenoglycosides that
bear hydroxy groups to give new selenoglycosides, which
could then be used in the next glycosylation reaction under
the same reaction conditions. Although this method is
suitable for the iteration, it suffers from the low reactivity
of the b-bromoglycoside as a result of the strong covalent
character of the carbon–bromine bond. To overcome this, we
decided to use reactive glycosyl cation intermediates or their
equivalents. After the pioneering work by Crich and co-
workers, covalently bonded glycosyl cation equivalents, such
as glycosyl triflate intermediates, were recognized as discrete
intermediates with considerable stability.[7] Therefore, we
envisaged modulating the reactivity of glycosyl cations and
their equivalents by changing the counteranion species X,
from the covalently bonded 2 to the ionically bonded 2’
(Scheme 1). We were especially interested in the formation of
the b-glycoside bond of glucosamine derivatives, which is a
common structural unit in many biologically active oligosac-
charides.[8,9] We report herein a new iterative glycosylation
strategy that makes use of thioglycosides of the N-phthaloyl
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(Phth)-protected glucosamine (GlcN) derivative 5 as both the
glycosyl donor and acceptor.
We initially examined the effect of the counteranion X on

iterative glycosylation, with thioglycosides 5 as the donors and
acceptors (Table 1). Representative results are as follows. The
thioglycoside 5a was treated with 1-benzenesulfinyl piper-
idine (BSP) and triflic anhydride,[10] and the resulting
“glycosyl triflate” intermediate was treated with 5b at �
60 8C for 15 min to give the desired disaccharide 6 in 82%
yield (Table 1, entry 1). The involvement of the a-glycosyl
triflate intermediate was suggested by the signal for the
anomeric proton at d= 6.19 ppm with 3JH-H= 3.0 Hz in the
1H NMR and the signal for the anomeric carbon atom at d=

104 ppm in the 13C NMR in CD2Cl2 at � 75 8C. Although the
intramolecular participation of the Phth-group has been
proposed,[8] no such intermediate was observed by NMR
spectroscopic analysis. The glycosyl triflate intermediate was
stable at this temperature, but decomposed rapidly above �
50 8C.
The glycosyl triflate intermediate prepared by treatment

of 5a with benzenesulfenyl triflate (PhSOTf), which was
prepared in situ from benzenesulfenyl chloride and silver
triflate,[7b] afforded the same disaccharide in 62% yield. A
different counteranion of the silver salt in the formation of the
“glycosyl cation” intermediate resulted in a pronounced
effect on disaccharide synthesis. Thus, while the use of silver
bis[(trifluoromethyl)sulfonyl]amide (triflimide, NTf2)
afforded the same disaccharide in 82% yield,[11] other silver
salts, such as AgOTs, AgBF4, AgPF6, or AgSbF6 resulted in
low coupling efficiency (> 10% yield).
We next examined the generality in terms of glycosyl

acceptors. Although the hydroxy group at C4 of glucosamine
is known to be relatively unreactive, the glycosylation of 5a
with 7 afforded the desired disaccharide 8 in good yield
(Table 1, entry 2). The glycosyl acceptors are not limited to
glucosamine derivatives; galactose 9 and glucose 12 deriva-
tives, which bear hydroxy groups, coupled with the glycosyl
triflate intermediate with high efficiency (Table 1, entries 3–
5). The current method enables the construction of b-GlcN-
1,6-Gal, b-GlcN-1,3-Gal, and b-GlcN-1,4-Glc structures in 10,
11, and 13, respectively, which are found in many important
biologically active compounds such as proteoglycans, glyco-
lipids, and blood group substances.
The current method enables the use of hitherto impossible

glycosyl donor/acceptor combinations by selective activation
of glycosyl donors prior to the addition of acceptors. For
example, the activation of 12e is estimated to take place
approximately 1500 times faster than the activation of 5a
when these two glycosides are activated concurrently,[2e] and
thus 5a cannot serve as glycosyl donor in the presence of 12e
under conventional chemoselective glycosylation methods.[3h]

The present strategy, however, enables the use of 5a as donor
and 12e as acceptor to give 13 with high coupling efficiency
(Table 1, entry 5). Furthermore, while glycosides 12 f and 12g
are estimated to have a similar reactivity based on the armed/
disarmed glycosylation method,[3b] the coupling of 12 f and
12g was successful and gave the desired disaccharide 14h
(Table 1, entry 6). The coupling of 15j and 15k, both of which
have similar reactivity, also took place selectively to give 14 i
(Table 1, entry 7). In all cases, we could not detect side
products derived from the activation of the glycosyl acceptors.
The most striking feature of the current method is the

existence of the unreduced phenylsulfanyl group, which can
be directly used for the next glycosylation reaction under the
same reaction conditions. This feature was demonstrated in
the combinatorial synthesis of oligoglucosamine (Scheme 2).
Thus, the disaccharides 6 or 8, activated with BSP and Tf2O
followed by coupling with either 5b or 7, afforded the
isomeric triglucosamines 16,17, 18, and 19 in good yields.
Repetition of the same reaction sequence with the triglucos-
amines as the glycosyl donors gave the isomeric tetraglucos-
amines 20–27. The tetra-b-GlcN-1,4-GlcN structure in 27,

Scheme 1. Strategy for iterative glycosylation.

Table 1: Glycosylation of thioglycosides.

Entry Donor Acceptor Method[a] Product Yield [%]

1 5a 5b A 6 82
B 62
C 82

2 5a 7 A 8 84
3 5a 9c A 10 76
4 5a 9d A 11 46
5 5a 12e A 13 62
6[b] 12 f 12g A 14h 61c

7 15 j 15k D 14 i 66

[a] A: BSP/Tf2O; B: PhSCl/AgOTf; C: PhSCl/AgN(Tf)2; D: PhSCl/
AgSbCl6. The reaction was carried out in CH2Cl2. [b] The reaction was
carried out in toluene/CH2Cl2 mixture. [c] Products formed as a 39:61
mixture of a and b isomers.
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which is a fundamental sugar skeleton of Nod factors,[12] could
be easily prepared under a single set of conditions.
The reactive phenylsulfanyl groups in these tetraglucos-

amines can be used for further elongation of oligosaccharides
or for the synthesis of a simple reducing-end glycoside by the
glycosylation with alcohol. For example, activation of 20
followed by treatment with methanol afforded the corre-
sponding O-glycoside, which was transformed into free
glycoside 28b by standard deprotection procedures
(Scheme 3).
In summary, we have developed a new iterative glyco-

sylation to carry out b-glycosidic bond formation of glucos-
amine derivatives with the corresponding thioglycosides as
both donors and acceptors. Because thioglycosides are stable
and readily available, the current method offers practical
advantages for the rapid assembly of oligosaccharides. As

oligosaccharides can be assembled
under a single set of conditions,
the current method would be suit-
able for the automated synthesis
of oligosaccharides. Furthermore,
the fundamental principle descri-
bed herein should be applicable to
a wide variety of oligosaccharide
structures. Such possibilities are
now under active investigation.

Experimental Section
Typical procedure (6): Tf2O (230.3 mg,
0.82 mmol) was added to a solution of
5a (316.5 mg, 0.60 mmol), BSP
(138.1 mg, 0.66 mmol), 2,6-di-tert-
butyl-4-methylpyridine (246.8 mg,
1.20 mmol), and molecular sieves
(4 C; � 600 mg) in CH2Cl2 (6.0 mL)
at � 60 8C. After 30 min, a solution of
5b (548.7 mg, 0.90 mmol) in CH2Cl2
(3.0 mL) was added. After 15 min,
the reaction was quenched by the
addition of Et3N (ca. 0.60 mL), and
the resulting mixture was warmed to
room temperature, filtered, and
washed with a saturated aqueous
NaHCO3 solution. After separation
of the organic layer, the aqueous
phase was extracted with ethyl acetate,
and the combined organic extract was
washed with saturated aqueous NaCl
solution, dried over MgSO4, filtered,
and concentrated under reduced pres-
sure to give a crude oil. Purification by
flash chromatography (silica gel:
70.0 g; eluent: EtOAc/hexane (55%))
afforded 6 (557.3 mg, 90%) as a white
amorphous powder. IR (KBr): ñ=

1779, 1717 (s), 1387, 1273, 1244, 1109,
1071, 1028, 720 cm�1; 1H NMR
(500 MHz, CDCl3): d= 1.87 (s, 3H),
2.03 (s, 3H), 2.05 (s, 3H), 3.76 (dd, J=
11.3, 7.3 Hz, 1H), 3.78–3.82 (m, 1H),
4.01 (dd, J= 11.0, 2.0 Hz, 1H), 4.05–
4.12 (m, 2H), 4.25 (dd, J= 12.3, 4.8 Hz,

1H), 4.35 (dd, J= 10.5, 8.5 Hz, 1H), 4.42 (t, J= 10.3 Hz, 1H), 5.13 (t,
J= 9.5 Hz, 1H), 5.29 (t, J= 9.5 Hz, 1H), 5.50 (d, J= 8.5 Hz, 1H), 5.70
(d, J= 10.5H, 1H), 5.74 (dd, J= 10.5, 9.0 Hz, 1H), 6.15 (t, J= 9.8 Hz,

Scheme 2. Reaction conditions: a) Donor (1.0 equiv), BSP (1.1 equiv), Tf2O (1.4 equiv), CH2Cl2,
�60 8C; then 5b (1.5 equiv), �60 8C. b) Donor (1.0 equiv), BSP (1.1 equiv), Tf2O (1.4 equiv), CH2Cl2,
�60 8C; then 7 (1.5 equiv), �60 8C. BSP=1-benzenesulfinyl piperidine; Tf= trifluoromethanesulfonyl.

Scheme 3. Reaction conditions: a) BSP (1.2 equiv), Tf2O (1.5 equiv),
CH2Cl2, �60 8C; then methanol (2.0 equiv), 15 min; b) N2H4

(420 equiv), CD3OD, 60 8C, 11 h, c) Ac2O (430 equiv), py (450 equiv),
DMAP (2 equiv), room temperature, 1 h, 69% (three steps),
d) NaOMe (56 equiv)/MeOH/H2O, room temperature, 2 h, 65%.
DMAP=dimethylaminopyridine.
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1H), 7.20 (t, J= 10.5 Hz, 2H), 7.26–7.35 (m, 7H), 7.35–7.41 (m, 1H),
7.45–7.50 (m, 1H), 7.58–7.86 ppm (m, 12H); 13C NMR (125 MHz,
CDCl3): d= 20.4 (CH3), 20.6 (CH3), 20.7 (CH3), 53.5 (CH), 54.4 (CH),
61.9 (CH2), 68.8 (CH2), 69.0 (CH2), 69.8 (CH), 70.8 (CH), 71.8 (CH),
71.8 (CH), 77.3 (CH), 82.6 (CH), 98.3 (CH), 123.6 (CH), 128.2 (CH),
128.2 (CH), 128.4 (CH), 128.4 (C), 128.6 (C), 129.0 (CH), 129.7 (CH),
129.7 (CH), 131.1 (C), 131.1 (C), 131.5 (C), 132.8 (CH), 133.2 (CH),
133.4 (CH), 134.0 (CH), 134.1 (CH), 134.2 (CH), 165.1 (C=O), 165.5
(C=O), 166.7 (C=O), 167.8 (C=O), 169.5 (C=O), 170.1 (C=O),
170.7 ppm (C=O); HRMS (FAB): m/z : calcd for C48H46O17NS
[M+H+]: 940.2486; found: 940.2493.
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Natural Products Synthesis

Total Synthesis and Structural Assignment of
Spongidepsin through a Stereodivergent Ring-
Closing-Metathesis Strategy**

Jiehao Chen and Craig J. Forsyth*

Spongidepsin (1) is a remarkable natural product isolated
recently from a Spongia sp. sponge collected off the Vanuatu
Islands, Australia, by Riccio and co-workers.[1] Its cytotoxic
and antiproliferative activities against J774.A1, WEHI-164,
and HEK-293 cancer cell lines are accompanied by an
unprecedented structure.[1] The genus Spongia is a well-
known source of diterpenoid and polyketide natural products,
such as epispongiadiol[2] and spongistatin,[3] respectively.
However, 1 reflects a distinct biogenetic origin that combines
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amino acid and unprecedented ketide motifs within a 13-
membered macrocycle. The ketide domain is comprised of a
9-hydroxy-2,4,7-trimethyltetradeca-14-ynoic acid, while the
amino acid was established as (S)-N-methylphenylalanine by
Marfey analysis of the acidic hydrosylate of 1.[1,4] The
dimethyl substitution at C2 and C4 of 1 was determined to
be syn by application of Murata's NMR spectroscopic-based
method, but the absolute configuration was not estab-
lished.[1, 5] Neither the relative, nor the absolute stereochem-
istry of the two remaining stereogenic centers at C7 and C9
were originally assigned, partly owing to unfavorable
1H NMR spectral overlap. Hence, the actual structure of 1
could have been one of eight possible stereoisomers (2S,4S or
2R,4R + 7R/S,9R/S). The complete structural definition of 1
should extend our understanding of the complex biosynthetic
diversity of Spongia isolates, while the development of a total
synthesis should facilitate the complete biological evaluation
of 1. For this, a stereodivergent total synthesis strategy that
features macrocycle formation through ring-closing meta-
thesis (RCM) as the key step was employed. The successful
implementation of this plan culminated in the full structural
elucidation and total synthesis of spongidepsin, as summar-
ized herein.

The stereochemical-determination strategy relied on the
preparation of all eight possible diastereoisomers of the
macrolide-containing portion 2 of spongidepsin incorporating
(S)-N-methylphenylalanine. These include both the 2S,4S and
2R,4R enantiomers of the syn-2,4-dimethyl moiety conjoined
with the four diastereomeric combinations of R,S isomers at
C7 and C9. Comparison of the spectral data of each of the
diastereomeric probes 2 with those of natural spongidepsin
would, ideally, indicate which isomer to advance selectively in
the total synthesis of 1. As shown in Scheme 1, the 13-
membered macrolides 2would be prepared by RCM of dienes
3 and subsequent alkene hydrogenation. The RCM substrates
3, in turn, be derived from the C1�C5 and C6�C11 fragments
5 and 4, respectively. The two enantiomers of syn-2,4-
dimethyl carboxylic acid 5 are derivable from acetate alcohol
7 by alternative manipulations of the terminal functional
groups. Each of the four stereoisomers of 4 would originate

from the known l-malate-derived epoxide 6, which bears a C9
stereogenic center.[6]

The synthesis began with the CuI-mediated opening of
epoxide 6 with a 2-bromopropene-derived Grignard reagent
to give secondary alcohol 8 (Scheme 2). The hydroxy group of

8 was converted into TES ether 9, and the alkene was
subjected to a hydroboration–oxidation sequence to install
the C7 stereogenic center intentionally as an approximately
equal molar ratio of primary alcohols (7R,9R)-10a and
(7S,9R)-10b. Attempts to separate 10a and 10b or various
simple derivatives thereof from one another were unsuccess-
ful. It was anticipated, however, that the C7 epimers would be
separated at the stage of the conformationally constrained 13-
membered macrolides resulting from RCM. Thus, the dia-
stereomeric mixture of 10a and 10b was converted into the
corresponding alkenes 11a and 11b through an oxida-
tion[7]–olefination[8] sequence. Liberation of the secondary
hydroxy group of 11a and 11b followed by Mitsunobu
esterification[9] with (S)-N-methyl-N-Boc-phenylalanineScheme 1. Retrosynthesis of macrolides 2.

Scheme 2. Synthesis of esters 4a–d. Reagents and conditions: a) 2-
bromopropene (3 equiv), Mg, CuI (0.3 equiv), THF, �60 8C, 30 min,
86%; b) TESCl (1.5 equiv), imidazole (3 equiv), DMAP (0.1 equiv),
CH2Cl2, 1 h, 97%; c) BH3·THF (2.2 equiv), THF 0 8C, 2 h; NaOH, H2O2,
2 h, 95%; d) TPAP (0.08 equiv), NMO (1.5 equiv), molecular sieves
(4 F; 500 mgmmol�1), CH2Cl2, 30 min; e) CH2Br2, Zn, TiCl4, CH2Cl2,
10 min, 75% over two steps; f) TBAF (1.5 equiv), THF, 1 h, 99%;
g) DIAD (3 equiv), Ph3P (3 equiv), THF, N-Me-N-Boc-Phe (1.5 equiv),
10 min, 91%; h) TBSOTf (1.5 equiv), 2,6-lutidine (2 equiv), CH2Cl2,
1.5 h; TBAF (1.1 equiv), THF, 1 h, 82% over two steps for 4a and 4b,
85% over two steps for 4c and 4d ; i) Cl3C6H2COCl (1.2 equiv), DIPEA
(3 equiv), N-Me-N-Boc-Phe (1.1 equiv), THF; DMAP, toluene, 89%. N-
Me-N-Boc-Phe= (S)-N-methyl-N-Boc-phenylalanine, PMB=4-methoxy-
benzyl, TES= triethylsilyl, Boc= tert-butyl carbamate, Bn=benzyl,
DMAP=4-dimethylaminopyridine, TPAP= tetrapropylammonium per-
ruthenate, NMO=4-methylmorpholine N-oxide, TBAF= tetra-n-butyl-
ammonium fluoride, DIAD=diisopropyl azodicarboxylate, TBS= tert-
butyldimethylsilyl, Tf= trifluoromethanesulfonyl.
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yielded C9-inverted esters (7R,9S)-13a and (7S,9S)-13b.
Stepwise cleavage of the N-Boc carbamates[10] from 13a and
13b generated secondary amines 4a and 4b. The other two
C7�C9 stereoisomers (7R,9R)-4c and (7S,9R)-4d were pre-
pared from 12a and 12b and (S)-N-methyl-N-Boc-phenyl-
alanine with retention of (9R)-configuration via Yamaguchi
esterification.[11]

The enantiomeric syn-2,4-dimethyl-substituted carboxylic
acids (2S,4R)-5a and (2R,4S)-5b, one of which corresponds to
the C1�C5 moiety of 1, were prepared from monoacetate
(2S,4R)-7 (Scheme 3). Acetate 7, in turn, was obtained by

enzymatic resolution of the corresponding meso diol.[12] For
the synthesis of 5b, alcohol 7was silylated to yield 14, then the
acetate terminus was converted into an alkene (16b) in a
stepwise fashion culminating in a Lombardo olefination.[8]

Desilylation of 16b followed by Jones oxidation of the
resultant alcohol 17b furnished carboxylate 5b. Its enan-
tiomer 5a was similarly obtained from monoacetate 7 through
the complementary set of terminal functionalizations indi-
cated in Scheme 3.

With each of the four amine diastereomers 4a–d and the
two enantiomeric carboxylic acids 5a and 5b available, the
synthesis of the eight diastereomeric macrolides 2 was
addressed. PyAOP-mediated amide formation[13] of the
diastereomeric mixture of amines 4a and 4b with carboxylic
acid 5b proceeded smoothly to afford the corresponding
amides 3a and 3b (Scheme 4). Exposure of 3a and 3b to the
second-generation Grubbs catalyst[14] in refluxing toluene
yielded the four possible macrocycle 5E/Z,7R/S diastereom-
ers in 80% combined yield. The two E alkenes (18a and 18b)
were obtained in a 1:1 ratio and predominated over the
Z isomers by > 10:1. As anticipated, the two C7 epimers 18a
and 18b were separated from one another easily by flash
column chromatography. The absolute stereochemical assign-
ment of C7 in compounds 18a and 18b was not made at this
stage, although each isomer could be obtained in diastereo-
merically pure form. The two diastereomeric alkenes 18a and
18b were separately subjected to palladium-catalyzed hydro-

genation to provide the corresponding saturated macrolides
2a and 2b.

The remaining six diastereoisomeric macrolides 2c–h
were prepared in a similar fashion from the corresponding
acids and amines through amide formation, RCM, and
hydrogenation (Scheme 5). Among the eight diastereoisom-
ers of 2 prepared, the 1H and 13C NMR spectral data of
(2R,4R,9S,16S)-2a best matched those of natural spongidep-
sin.[15] To determine the configuration at C7, the RCM adduct
18a (the direct precursor to macrolide 2a) was chosen for
degradative analysis. First, the PMB ether 18a was converted
into TBDPS ether 20 as a prelude to ozonolytic cleavage of
the alkene moiety (Scheme 6). Ozonolysis of 20 followed by
reductive workup afforded diol 21. Hydrolysis of the ester
moiety of 21 with LiOH in aqueous tBuOH yielded 1,4-diol
22, which was oxidatively cyclized into five-membered
lactone 23 with TEMPO/BAIB.[16] Extensive NOE studies
and detailed 1H–1H coupling-constant analysis with reference
to analogous known cis and trans lactones,[17,18] indicated that
the methyl and (silyloxy)ethyl substituents were cis to each
other in lactone (S,S)-23. Hence, macrolide 2a was assigned
the corresponding 7R,9S stereochemistry. Given that the
configuration at C9 is established from l-malic acid via

Scheme 3. Synthesis of carboxylic acids 5a and 5b. Reagents and
conditions: a) TBDPSCl (1.5 equiv), imidazole (2.5 equiv), DMAP
(0.1 equiv), CH2Cl2, 1.5 h, 93%; b) K2CO3 (1.5 equiv), MeOH, 4 h,
�87%; c) TPAP (0.08 equiv), NMO (1.5 equiv), molecular sieves (4 F;
500 mgmmol�1), CH2Cl2, 20 min; d) CH2Br2, Zn, TiCl4, CH2Cl2, 10 min,
�67% over two steps; e) TBAF (1.5 equiv), THF, 3 h, �86%; f) Jones
reagent (excess), acetone, 30 min, 65%. TBDPS= tert-butyldiphenyl-
silyl.

Scheme 4. Synthesis of macrolides 2a–b. Reagents and conditions:
a) PyAOP (1.2 equiv), DIPEA (2 equiv), DMF, 24 h, 87%; b) second-
generation Grubbs catalyst[14] (0.1 equiv), toluene, 110 8C, 20 min, 80%
combined yield; c) silica gel chromatographic separation; d) H2, Pd/C
(0.1 equiv), EtOAc, 8 h, �88%. PyAOP= (7-azabenzotriazole-1-yloxy)-
tripyrrodinophosphonium hexafluorophosphate,
DIPEA=diisopropylethylamine, DMF=N,N-dimethylformamide.
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epoxide 6 with inversion of configuration during the forma-
tion of 13 and that (S)-N-methylphenylalanine[1] was
employed throughout, 2a was assigned the 2R,4R,7R,9S,16S
configuration.[19]

To extend the stereochemical assignment of 2a unambig-
uously to 1, the former was further functionalized to complete
a total synthesis. This involved conversion of the C11 alcohol
of 2a into the alkyne-terminated side chain of
(2R,4R,7R,9R,16S)-1. First, the primary alcohol was trans-
formed into iodide 24, which was then treated with allyl tri-n-
butyltin and catalytic AIBN to generate the allylation product
25 (Scheme 7). The resultant alkene was cleaved with K2OsO4

and NaIO4 to give the corresponding aldehyde. Finally, the
Bestmann reagent[20] was employed to convert the aldehyde
into the corresponding terminal alkyne (2R,4R,7R,9R,16S)-1,
which matched natural spongidepsin by 1H and 13C NMR
spectroscopy, HRMS, and specific rotation [synthetic

(2R,4R,7R,9R,16S)-1: [a]D=� 67.3 (c= 1.00, MeOH); Spon-
gia isolate 1:[1] [a]D=� 61.8 (c= 1.4, MeOH)].

In summary, this work highlights the convergence of
synthetic design, methodology, and spectroscopic analyses to
fully define the structure and provide an alternative source of
the recently described antiproliferative natural product
spongidepsin. The complete stereochemical assignment and
the total synthesis of 1 have been achieved through a
stereochemically divergent strategy that employed macro-
lide-closure by ring-closing metathesis as a key step. Finally,
the stereochemical assignments of the unprecedented 9-
hydroxy-2,4,7-trimethyltetradeca-14-ynoic acid moiety may
be relevant to biosynthetic congeners of 1.
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Aldehyde Coupling Reactions

Enantioselective Organocatalytic
Direct Aldol Reactions of a-
Oxyaldehydes: Step One in a Two-
Step Synthesis of Carbohydrates**

Alan B. Northrup, Ian K. Mangion,
Frank Hettche, and
David W. C. MacMillan*

The growing study of glycobiology[1] has led
to an increased focus upon carbohydrate
architecture[2] as an important platform for
reaction design and methodological advance-
ment.[3] Application of the aldol reaction[4] to
the synthesis of carbohydrates is well-docu-
mented;[5] however, the attendant need for
protection-group manipulations and oxida-
tion-state adjustments has thus far precluded
a broadly utilizable protocol. Intriguingly, a
highly expedient two-step carbohydrate syn-
thesis can be envisioned based on an iterative
aldol sequence using simple a-oxyaldehydes
[Eq. (1)]. While attractive in theory, the
practical execution of this carbohydrate
strategy would require the invention of two
new aldol technologies: a) an enantioselec-

tive aldol union of a-oxyaldehyde substrates (Aldol step 1)
and b) a diastereoselective aldol coupling between tri-oxy
substituted butanals and an a-oxyaldehyde enolate (Aldol
step 2). Herein we report the successful development of the
first enantioselective organocatalytic coupling of an a-oxy-
aldehyde (Aldol step 1). This new aldol reaction provides an
operationally simple protocol for the stereocontrolled pro-
duction of polyol architectures and sets the stage for a two-
step enantioselective carbohydrate synthesis.[6]

The development of a direct, enantioselective catalytic
aldol reaction between a-oxyaldehyde substrates (Aldol
step 1) is dependent upon three key issues of chemical
selectivity.[7] In addition to the traditional requirements of
absolute and relative stereocontrol comes the chemoselective
constraint that the a-oxyaldehyde reagent A must readily
participate as both a nucleophilic and electrophilic coupling
partner while the a-oxyaldehyde product B must be inert to
in situ enolization or carbonyl addition [Eq. (1)]. Recently,

we disclosed an organocatalytic strategy for the highly
regioselective, diastereoselective, and enantioselective aldol
cross-coupling of a-alkyl-bearing aldehydes [Eq. (2)].[8] An
important feature of this transformation is that the enan-
tioenriched aldehyde products C do not participate in further
aldol reactions (by either enamine formation or carbonyl
addition). With this in mind, we hoped that such remarkable
catalyst-controlled stereo- and chemoselectivity might be
extended to the union of a-oxygenated aldehydes [Eq. (3)],
thereby allowing the first step in a two-step carbohydrate
synthesis to occur [Eq. 1].

Our enantioselective organocatalytic a-oxyaldehyde cou-
pling was first examined using l-Proline (10 mol %) and a
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variety of glycoaldehyde substrates
(Table 1). Preliminary studies revealed
that the proposed enantioselective aldol
union is indeed possible, however, the
electronic nature of the oxyaldehyde sub-
stituent has a pronounced effect on the
overall efficacy of the process. For example,
substrates that possess an electron-with-
drawing substituent, such as a-acetoxyace-
tyaldehyde 1a, do not participate in this
transformation, while aldehydes bearing
relatively electron-rich oxyalkyl groups
provide useful levels of enantiocontrol and
reaction efficiency (entry 2, R=Bn,
73% yield, 98% ee ; entry 3, R=PMB,
85% yield, 97 % ee). Moreover, aldehydes
bearing bulky a-silyloxy substituents can be
readily utilized (entry 5, R=TBDPS, 61%
yield, 96 % ee ; entry 7, PG=TBS, 50%
yield, 88 % ee), with the TIPS-protected
glycoaldehyde (entry 6) affording excep-
tional reaction efficiency (92 %), enantio-
selectivity (95 % ee), and a readily separa-
ble 4:1 mixture of anti and syn diastereom-
ers. It should be noted that all of the dimeric
aldol adducts shown in Table 1 constitute
protected forms of the naturally occurring
sugar erythrose, a chiral synthon of estab-
lished utility.[9] More importantly, the a-
oxyaldehyde products of this new aldol
protocol are apparently inert to further
proline-catalyzed enolization or enamine
addition, a central requirement for the
proposed two-step iterative–aldol carbohy-
drate synthesis [Eq. (1)].[10]

We next examined the ability of proline
to catalyze the enantioselective cross-cou-
pling of a-oxy- and a-alkyl-substituted
aldehydes (Table 2). The principal issue in
this reaction is that the nonequivalent
aldehydes must selectively partition into
two discrete components, a nucleophilic
donor and an electrophilic acceptor. Given
that most a-oxy- and a-alkyl aldehydes bear
enolizable protons, we anticipated that such
catalyst-controlled substrate partitioning
would be mechanistically unfavorable.
Remarkably, however the glycoaldehyde
invariably acts as the electrophile in the
presence of alkyl aldehydes that contain a-
methylene protons (entries 1–4, 94–
99% ee). Surprisingly, even the sterically
demanding isovaleraldehyde assumes the
role of nucleophile when exposed to proline
and a-benzyloxyacetaldehyde or a-silylox-
yacetaldehyde (entries 3 and 4). However,
both triisopropylsilyl- and benzyl-protected
oxyaldehydes can function as aldol donors
in the presence of aldehydes that do not

Table 1: Organocatalytic aldol dimerization of a-oxyaldehydes.

Entry Product Solvent Yield [%] anti :syn ee [%][a],[b]

1 DMF 0 – –

2 DMF 73 4:1 98

3 DMF 64 4:1 97

4 DMF 42 4:1 96

5 DMF/dioxane 61 9:1 96[c]

6 DMSO 92 4:1 95

7 dioxane 62 3:1 88[c]

[a] Absolute and relative stereochemistry assigned by chemical correlation. [b] Determined by chiral
HPLC. [c] Using 20 mol% catalyst. Bn=benzyl, PMB=para-methoxybenzyl, MOM=methoxymethyl,
TBDPS= tert-butyldiphenylsilyl, TIPS= triisopropylsilyl, TBS= tert-butyldimethylsilyl.

Table 2: Cross-aldol reactions with protected glycoaldehydes.

Entry Aldehyde Product Yield [%] anti :syn ee [%][a],[b]

a-alkyl OX

1
OTIPS

75 4:1 99acceptor

2 donor
OTBDPS

84 5:1 99[c]

acceptor

3
OTIPS

54 4:1 99acceptor

4 donor
OBn

64 4:1 94acceptor

5
OTIPS

43 8:1 99donor

6 acceptor
OBn

33 7:1 96donor

[a] Absolute and relative stereochemistry assigned by chemical correlation. [b] Determined by chiral
HPLC. [c] Determined by Mosher ester analysis.
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readily participate in enamine formation (entries 5 and 6,
� 33% yield� 7:1 anti :syn, 96–99% ee). It should be noted,
however, that significant quantities of the homodimers 2 f and
2b were generated in these respective cases.

These organocatalytic results stand in marked contrast to
metal-mediated direct aldol technologies[11] where the
increased acidity and nucleophilicity afforded by a-oxygen-
ated aldol donors greatly enhances their effectiveness relative
to their all-alkyl counterparts. We are currently investigating
the mechanistic origins of such divergent reactivity between
metal and organic catalysts in aldol reactions with a-oxy-
genated substrates.

In summary, we have documented the first direct enan-
tioselective catalytic aldol reaction using a-oxygenated alde-
hydes as both the aldol donor and the aldol acceptor.
Significantly, this method allows direct and enantioselective
access to differentially protected polyols and monoprotected
anti-1,2 diols. A full account of these studies will be presented
in due course.
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Quantum Dots

Blue Luminescence from (CdS)ZnS Core–Shell
Nanocrystals**

Jonathan S. Steckel, John P. Zimmer, Seth Coe-Sullivan,
Nathan E. Stott, Vladimir Bulović, and
Moungi G. Bawendi*

The ability to synthesize semiconductor nanocrystals with
narrow size distributions and high luminescent efficiencies
has made quantum dots an attractive alternative to organic
molecules in applications such as optoelectronic devices[1,2]

and biological fluorescence labeling.[3–5] Not only are quan-
tum dots (QDs) more stable to photooxidation relative to
organic molecules, but their fluorescence is also more
saturated (narrow emission bandwidths). Their size-tunable
optical properties, which are independent of their chemical
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properties, along with their stability and saturated color
emission, have made them particularly interesting as the
active materials in large-area (cm2) hybrid organic/inorganic
QD light-emitting devices (QD-LEDs).[6–8] To date, efficient
red- and green-light-emitting QD-LEDs have been realized
with (CdSe)ZnS core–shell nanocrystals, but QD-LEDs that
emit blue light have remained elusive due to a lack of
appropriate core–shell materials. The ideal blue emission
spectrum of an LED for a flat panel display application would
have a narrow bandwidth and a wavelength such that its
coordinates on the Commission International d'Eclairage
(CIE) chromaticity diagram would lie to the outside of the
current National Television System Committee (NTSC)
standard color triangle. For a Gaussian emission spectrum
with a full-width at half-maximum (FWHM) of 30 nm and a
maximized perceived power, the ideal wavelength of blue
emission for display applications is � 470 nm. Wavelengths
shorter than 470 nm become difficult for the human eye to
perceive, while those longer than 470 nm have coordinates
that lie inside the standard NTSC color triangle. In this work,
we synthesize a core–shell QD material with these ideal
spectral characteristics, and show its potential as the active
material in a blue-light-emitting QD-LED.

The best-characterized semiconductor QD system to date
is CdSe, whose optical tuning range spans the visible region of
the spectrum.[9] Blue emission can be obtained from CdSe
particles smaller than 2 nm, which are difficult to synthesize
with narrow size distributions and good quantum efficiencies.
They are difficult to process, manipulate, and overcoat with a
higher-band-gap inorganic semiconductor, all of which are
necessary for incorporation into solid-state structures. A
core–shell-type composite rather than an organically passi-
vated QD is desirable in a solid-state QD-LED device due to
their enhanced photoluminescence (PL) and electrolumines-
cence (EL) quantum efficiencies and greater tolerance to the
processing conditions necessary for device fabrication.[2,10–12]

In addition, QDs < 2 nm in diameter have a small absorption
cross section, which leads to a small F@rster energy transfer
radius. All of these factors combine to make CdSe a poor
choice for blue QD-LEDs.

The largest high-quality ZnSe[13] nanocrystals recently
reported exhibit band-edge fluorescence up to 440 nm, which
is too short a wavelength.[14] Both ZnTe and CdS have
appropriate band gaps.[15] To date, it has been difficult to grow
large (> 4.5 nm diameter) particles of ZnTe with narrow size
distributions. We show in this work that (CdS)ZnS core–shell
nanocrystals can be made to emit in the 460–480 nm range
with relatively narrow size-distributions, making them ideal
blue-light-emitters for display applications.

A recent report has detailed the synthesis of high-quality
bare CdS QDs.[16] However, bare CdS cores tend to emit
deep-trap white luminescence that overwhelms the blue
emission. We report a procedure for the growth of CdS
nanocrystal cores of appropriate size, with narrow size
distributions, and a robust, reproducible method for over-
coating these cores with ZnS. The resulting core–shell
(CdS)ZnS nanocrystals exhibit bright blue (quantum effi-
ciencies= 20–30%) and narrow-band-edge luminescence
(FWHMs � 28 nm) from 460 to 480 nm.We also demonstrate

preliminary results of blue EL from these core–shell nano-
crystals by embedding them in an organic thin-film device.

The synthesis of the (CdS)ZnS core–shell nanocrystals is a
two-step procedure. The CdS cores are synthesized and
processed from a growth solution, and the shell of ZnS is
grown onto the CdS cores in a separate reaction. The
synthesis of the CdS nanocrystal core material is based on
the well established colloidal methods of preparing nano-
crystals, in which the precursors are rapidly injected at high
temperatures into a flask of high-boiling organic solvents.[9]

Here the cadmium and sulfur precursors are injected into a
mixture of oleylamine and trioctylphosphane in the presence
of a dialkyl phosphinic acid, which provides controlled growth
and leads to large particles with narrow size distributions.
Figure 1 shows the optical absorption spectra for a size series

of CdS cores, demonstrating their narrow size distributions.
The largest particles with a first absorption feature at 448 nm
(core diameter 5.2� 0.4 nm) still exhibit secondary and even
tertiary absorption features. The crystallinity of the core
material is seen clearly in the inset of Figure 2a, in which the
HRTEM micrograph shows the atom columns of a � 4.9 nm
particle. The low-resolution TEM image (Figure 2a) illus-
trates the relatively good size distribution and morphology of
the particles. PL quantum efficiencies for these CdS core
nanocrystals after processing were 3–6%. The PL of the CdS
core nanocrystals contains a noticeable quantity of deep-trap
emission (Figure 3), which gives the core materials a violet
appearance when excited with a UV lamp.

Growth of the ZnS shell is based on the prior overcoating
procedure for (CdSe)ZnS core–shell nanocrystals.[11,12] ZnS

Figure 1. Absorption spectra of a size-series of large CdS nanocrystals
ranging from 3.7�0.4 nm to 5.2�0.4 nm in diameter. The longest
wavelength absorption feature occurs at a) l=422, b) 427, c) 432,
d) 435, e) 439, f) 444, and g) 448 nm.

Angewandte
Chemie

2155Angew. Chem. Int. Ed. 2004, 43, 2154 –2158 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


was chosen as the shell material because of its large band gap
(3.7 eV corresponding to l= 335 nm), which aids confine-
ment of the exciton on the CdS core, accompanied by the
relatively small, 8% lattice mismatch between CdS and ZnS.
As the zinc and sulfur precursors are added, the weak violet
fluorescence changes gradually over the course of the over-
coating process to a bright blue emission. Figure 3 shows the
emission spectra of CdS cores before overcoating and the
corresponding (CdS)ZnS core–shell emission spectra after
overcoating. Consistent with previous overcoating studies,
suppression of deep-trap emission is achieved with the growth
of the ZnS shell, as well as increased PL stability (see
Supporting Information). The relatively good size distribution
and crystallinity of the (CdS)ZnS core–shell nanocrystals is
seen in Figure 2b. The core–shell nanocrystals exhibit quan-
tum efficiencies of 20–30%.[17] The quantum efficiency peaks
at an average ZnS shell thickness of � 3 monolayers (3.1 F
per monolayer). No change in the quantity of deep-trap
emission from the cores was seen in the presence of amine.
We believe that the amine enables the controlled growth of
the ZnS shell based on the fact that in the absence of amine in
the overcoating solution not all of the deep-trap emission is
suppressed.[18] These observations make it difficult to distin-
guish how the amine independently affects shell thickness
(amine concentration was always held constant) and quantum
yield. As thicker shells of ZnS are grown onto the core CdS
nanocrystals, an expected increase in the emission FWHM
occurs. The band-edge emission FWHM of the CdS core
particles is 17–19 nm. After overcoating with 2–3 monolay-
ers[19] the FWHM increases to about 24–26 nm accompanied

by red shifts of about 10 nm in emission and about 5 nm for
the first absorption feature (see Supporting Information for
the shift in absorption based on different ZnS shell thick-
nesses). Similar red shifts in absorption have been observed
for the overcoating of CdSe with ZnS and are due to the
leakage of the exciton into the shell.[12] Figure 4 shows the
absorption and emission spectrum of 5.4� 0.4 nm (CdS)ZnS
core–shell nanocrystals. The inset demonstrates (CdS)ZnS
core–shell EL. At low currents (*, 1 mAcm�2 at 14 V) the
FWHM of the QD-LED spectral peak is 30 nm centered at
468 nm, while at higher currents (c, 60 mAcm�2 at 21 V)
the EL from organic layers begins to dominate (seen as the
shoulders in the UV and the green regions of the spectrum).
Organic and QD luminescence occur simultaneously in the
working device, and as more current is applied the ratio of
QD to organic emission changes. At high currents, excitons
are created deeper in the organic transport layers, which
causes the width of the exciton-generation region to exceed
the organic-QD F@rster energy transfer radius, which results
in an increased contribution of organic luminescence to the
EL spectrum.[10] These preliminary results demonstrate the
potential of (CdS)ZnS core–shell nanocrystals as blue-light

Figure 2. TEM images of CdS core and (CdS)ZnS core–shell nanocrys-
tals. a) Micrograph showing bare, 4.9�0.4 nm CdS nanocrystals
(inset: corresponding HRTEM image); b) the same nanocrystal
sample overcoated with �3 monolayers (3.1 G per monolayer) of ZnS
(inset: corresponding HRTEM image).

Figure 3. Normalized PL spectra of bare CdS nanocrystals (a) and
the corresponding PL of the (CdS)ZnS core–shell nanocrystals (c).
a) Bare CdS nanocrystals emitting at 450 nm (4.7�0.4 nm diameter
core, FWHM=18 nm) and overcoated with �2 monolayers emitting
at 460 nm (FWHM=24 nm); b) bare CdS nanocrystals emitting at
450 nm (4.7�0.4 nm diameter core, FWHM=18 nm) and overcoated
with �3 monolayers emitting at 465 nm (FWHM=25 nm); c) bare
CdS nanocrystals emitting at 454 nm (4.9�0.4 nm diameter core,
FWHM=18 nm) and overcoated with �3 monolayers emitting at
469 nm (FWHM=27 nm); d) bare CdS nanocrystals emitting at
463 nm (5.2�0.4 nm diameter core, FWHM=18 nm) and over-
coated with �4.5 monolayers emitting at 480 nm (FWHM=28 nm).
IPL=photoluminescence intensity.
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emitters for display applications, but further optimization of
the device and the materials will be required to obtain
saturated blue EL. Figure 5a shows the X-ray powder pattern
for 4.9� 0.4 nm bare CdS nanocrystals, which appears to be a
wurtzite structure with zinc blende stacking faults along the
[002] direction.[9] The X-ray powder patterns of core–shell
nanocrystals with ZnS coverages of � 2 monolayers (Fig-
ure 5b) and � 3 monolayers (Figure 5c) show a noticeable
influence of the wurtzite ZnS shell on the overall diffraction
pattern. Little evidence of small ZnS particles was seen with
TEM or optical spectroscopy, but nonetheless care was taken
during sample preparation to ensure that no ZnS particles
were present for the XRD and WDS measurements.

In conclusion, we have detailed the synthesis of blue-light-
emitting (quantum efficiencies= 20–30%) (CdS)ZnS core–
shell nanocrystals. The procedure is a two-step synthesis, in
which CdS core nanocrystals 4.7� 0.4 to 5.2� 0.4 nm in
diameter are overcoated with ZnS to yield stable core–shell

particles emitting from 460 nm to 480 nm. Blue electrolumi-
nescence from the (CdS)ZnS core–shell nanocrystals is also
demonstrated. Access to this region of the spectrum has been
realized with stable, processible core–shell nanocrystals,
which make applications such as blue QD-LEDs and blue
QD-biological fluorescence labeling possible.

Experimental Section
A two-step synthetic route was employed to prepare (CdS)ZnS core–
shell nanocrystals. In the first step, the CdS cores were prepared by
rapidly injecting the precursor solution into a round-bottomed flask
containing degassed (under vacuum at 100 8C for 1 h) oleylamine
(7 mL, 98%; Pfaltz & Bauer Inc.)[20] and trioctylphosphane (TOP)
(8 mL, 97%; Strem) stirring rapidly at 250–2808C and then growing at
250 8C for 15 to 30 min. The precursor solution was made by mixing a
degassed (under vacuum at 100 8C for 1 h) mixture of cadmium
acetate hydrate (1–2 mmol), TOP (6 mL), and bis(2,4,4-trimethyl-
pentyl) phosphinic acid (BTMPPA) (1–2 mmol, Cyanex+ 272 Extrac-
tant, Cytec Canada Inc.)[21] with a degassed (under vacuum at room
temperature for 1 h) solution of elemental sulfur (1–2 mmol) in
oleylamine (3 mL). The size was tuned by changing the injection
temperature, growth time, and concentration of precursors, while
maintaining the sulfur-to-cadmium-to-BTMPPA ratio at 1:1:1.

Before overcoating, the CdS cores were precipitated out of the
growth solution and then one more time out of hexane to remove
unreacted precursors and excess capping ligands. The particles were
flocculated from the growth solution by adding 0.4 equiv of hexane,
0.8 equiv of butanol, and 3 equiv of methanol to 1 equiv of growth
solution and centrifuging for 5 min. The particles were then dispersed

Figure 4. Absorption and emission spectra of (CdS)ZnS core–shell
nanocrystals. The (CdS)ZnS core–shell nanocrystals have a
4.7�0.4 nm diameter core, with a ZnS shell thickness of
�2 monolayers. The emission peaks at 459 nm with a FWHM of
24 nm and the first absorption feature is at 445 nm. The inset shows
the EL spectra, at two different current densities, of (CdS)ZnS core–
shell nanocrystals embedded in a QD-LED. The layered device struc-
ture, based on that reported in ref. [6], consists of ITO/CBP/(CdS)ZnS
QD monolayer/TAZ/Alq3/Mg:Ag/Ag[22] and exhibits an external quan-
tum efficiency of 0.1% (see Supporting Information for I–V curve and
efficiency plot). IPL=photoluminescence intensity; IEL=electro-
luminescence intensity.

Figure 5. XRD patterns for a) 4.9�0.4 nm bare CdS nanocrystals and
ZnS overcoated samples with a coverage of b) �2, and c) �3 mono-
layers, respectively. The powder patterns for wurtzite CdS and ZnS are
shown for comparison in the bottom and top insets, respectively. The
lines with arrows are included to help guide the eye to the respective
bulk material powder peaks.
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in 0.15 equiv of hexane and flocculated by adding one drop of butanol
per equivalent of original growth solution and 0.5 equiv of methanol,
and then centrifuging for 5 min.

In the second step, the ZnS shell was grown. Trioctylphosphane
oxide (TOPO) (8–14 g, 99%; Strem), oleylamine (3 mL), hexadecyl-
amine (2 g, 98%; Aldrich), and BTMPPA (0.3–2.0 mmol) were
degassed under vacuum for 2 h in a four-necked flask at 100 8C. The
CdS cores dispersed in hexane were then added to the degassed
solution and the hexane was removed at 80 8C under vacuum.Under a
flow of argon, the nanocrystal solution was heated to 180 8C and the
ZnS shell precursor solution (diethylzinc (min. 95%); Strem) and
hexamethyldisilthiane (> 97%; Fluka) dissolved in TOP (7 mL)) was
added dropwise. After addition was complete the solution was kept at
180 8C for 5 min and then left stirring overnight at 75 8C to promote
annealing of the shell. The (CdS)ZnS core–shell nanocrystals were
obtained by precipitation using a mixture of butanol and methanol,
similar to the core-processing procedure.

Optical absorption spectra were acquired on a Hewlett Pack-
ard 8453 diode array spectrometer. Photoluminescence spectra were
acquired using a SPEX Fluorolog-2 spectrometer in a right-angle
collection configuration. The core CdS absorption spectra were
collected with samples prepared by diluting the as-grown nanocrystal
solutions in hexane, while all (CdS)ZnS core–shell optical character-
ization was carried out with samples that had been precipitated out of
solution at least one time and redispersed in hexane. High-resolution
transmission electronmicroscopy (HRTEM) carried out to determine
the shell thickness, crystallinity, and particle-size distributions was
performed on a JEOL-2010 electron microscope operated at 200 kV.
Low-resolution TEM was carried out on a JEOL 2000FX microscope
operated at 200 kV. Elemental analysis of the core–shell material was
obtained using wavelength dispersive spectroscopy (WDS) on a
JEOL JXA-733 Superprobe. Powder X-ray diffraction (PXRD)
patterns were obtained on a Rigaku Ru300 X-ray diffractometer.
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Immunoassays for Proteins

DNA-Based Amplified Bioelectronic Detection
and Coding of Proteins**
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As research moves into the area of proteomics, scientists are
faced with the challenge of developing effective tools for
identifying, quantitating, and characterizing proteins.[1,2] Such
new methods for analyzing proteins have the potential to
improve drug discovery as well as the diagnosis and under-
standing of various disease states. The transduction of protein
recognition events is of considerable interest for meeting this
goal. Most clinical diagnostic methods for detecting proteins
are based on conventional enzyme immunoassays.[3,4] These
and other antibody-based techniques hold great promise for
designing microarrays for detecting multiple protein tar-
gets.[5,6]
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Here we report on a new and powerful bioelectronic
protocol for the amplified electrical detection and coding of
proteins. Electronic transduction of protein interactions is a
major challenge in protein-based bioelectronics, while elec-
trical devices are ideally suited for meeting the size, low-cost,
and power requirements of point-of-care protein testing.
Ultrasensitive electrical immunoassays have been developed
by using enzyme labels as well as inexpensive and compact
instrumentation.[7, 8] In a recent study Nam et al.[9] demon-
strated a highly sensitive DNA-based optical (scanometric)
method for the detection of proteins. While DNA can act as
an ideal molecular label,[10] its utility in electrochemical
detection has not been documented. Our new amplified
bioelectronic protein detection takes advantage of the state-
of-the-art in electrical DNA detection methods,[11] including
the electroactivity and highly sensitive stripping response of
the guanine (G) and adenine (A) nucleobases,[11,12] the
amplification potential of polymeric beads carrying numerous
DNA tags, and the ability to create distinct oligonucleotide-
identifiable electrical bar codes. Electrical measurements
based on the redox activity of purine nucleobases have been
widely used for label-free DNA hybridization assays.[13–15]

The bioelectronic protocol (Figure 1) involves a sandwich
immunoassay based on two antibodies linked to magnetic

beads and DNA-functionalized polystyrene (PS) spheres
(steps A and B), followed by alkaline release of the oligonu-
cleotide strands from the beads (C), the acidic dipurinization
of the released DNA (D), and adsorptive chronopotentio-
metric stripping measurements of the free nucleobases at a
pyrolytic graphite electrode transducer (E). The last step
involves adsorptive accumulation of the purine bases fol-
lowed by passage of a constant anodic current through the
electrode.[12]

The protein-recognition event leads to a three-dimen-
sional protein-linked particle assembly (Figure 2a), with the
1.5-mm anti-IgG-coated magnetic beads (dark) cross-linked to
the 0.5-mm DNA-loaded PS spheres (bright) and with the
antibody–antigen–antibody complex acting as “glue”. Similar
biorecognition-induced particle aggregations have been
reported in nanoparticle-based electrical and optical DNA
hybridization assays.[16] No such cross-linking was observed in

a control experiment performed in the absence of the target
protein (Figure 2b). Apparently, the DNA/anti-IgG-function-
alized (IgG= immunoglobulin G) PS spheres are effectively
removed by magnetic separation, thus leaving the dark
magnetic beads behind.

The quantitative assessment of the hybridization-free
DNA-based bioelectronic protein assay that does not utilize
the polymerase chain reaction (PCR) is based on monitoring
the dependence of the purine (marker) oxidation peak arising
from the immunological reaction. Figure 3a displays typical
chronopotentiograms for increasing levels of the IgG target
protein (1–100 ngmL�1; I–III). Well-defined guanine signals
are observed for these low concentrations of protein after

Figure 1. Schematic representation of the analytical protocol: A) bind-
ing of the IgG analyte to the anti-IgG-coated magnetic beads; B) sec-
ondary binding and capture of the DNA/anti-IgG-functionalized poly-
styrene tags to the magnetic beads coated with the antibody–antigen
complex; C) release of the DNA marker using 0.05m NaOH; D) acid
dipurinization; E) electrochemical (adsorptive chronopotentiometry)
detection of the acid-released purine bases with a pyrolytic graphite
electrode. Magnetic separation is used after steps A and B to remove
unwanted constituents and unbound tagged spheres, respectively.

Figure 2. a) TEM image of the protein-linked particle assembly pro-
duced following a 30 min incubation in the 10 ngmL�1 solution of IgG,
b) same as (a) but without the IgG target. The images were taken with
a Hitachi H7000 instrument, operated at 75 kV, after washing the parti-
cle–protein assembly with autoclaved water, and placing a 5-mL droplet
of the particle aggregate onto a carbon-coated copper grid (3-mm
diameter, 200 mesh) and allowing it to dry.

Figure 3. Stripping potentiograms for increasing levels of the target
IgG(a): I) 1 ngmL�1; II) 10 ngmL�1; III) 100 ngmL�1; IV) 0 ngmL�1;
and V) response to 1 mgmL�1 bovine serum albumin. Also shown are
the resulting calibration plot over a range of 0.1 to 500 ngmL�1 (b)
and a stripping potentiogram for a 0.01 ngmL�1 solution of IgG (c).
Amounts of magnetic beads and functionalized PS spheres: 25 mg and
5 mg, respectively; incubation time (of each recognition event):
30 min. The DNA/anti-IgG-functionalized PS spheres were prepared by
gently mixing 5 mg of the particles in 100 mL PBS solution containing
56 mgmL�1 dG25 and 10 mgmL�1 anti-IgG for 30 min. The protein-
linked particle assembly was dispersed in 50 mL 0.05m NaOH to
release the DNA marker; 10 mL 3m H2SO4 were then added and the
solution was heated to dryness. An acetate buffer solution (1 mL,
0.5m, pH 5.9) was used to transfer the digested DNA into the detec-
tion cell. Electrode preconditioning: 1 min at 1.25 V; accumulation:
2 min at �0.10 V; stripping current: 5 mA.
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incubation for 30 minutes. The corresponding calibration plot
of response versus log[protein] (Figure 3b) is linear over the
0.1–500 ngmL�1 range and is suitable for quantitative work. A
similar logarithmic dependence was reported for other
particle-based bioassays[16a,17] and was attributed to changes
in the degree of aggregation and blocking of binding sites at
high ligand concentrations.[18] The coupling of carrier-sphere
amplifiers with the preconcentration feature of electrochem-
ical stripping detection leads to extremely low detection
limits. The response obtained with the 10 pgmL�1 DNA target
(Figure 3c) indicates a detection limit of around 2 pgmL�1

(13 fm), that is, 0.65 amol or 4 D 105 protein molecules in a
50 mL sample. Such a low detection limit compares favorably
with values obtained with common immunological assays
such as the enzyme-linked immunosorbent assay (ELISA).[17]

Further extension of the detection limits—to the attomolar
level–-could be achieved (at the cost of higher procedural
complexity) by replicating the DNA tags by PCR, in a manner
analogous to immuno-PCR optical tests.[9,10] The use of longer
oligonucleotide strands and/or the electrocatalytic action of a
[Ru(bpy)3]

2+ redox mediator should also be useful for
obtaining further amplification. The high sensitivity is cou-
pled with excellent selectivity and the absence of nonspecific
binding effects. No background signals are observed in
control experiments without the target protein or when
using a huge (ca. 103) excess of bovine serum albumin
(Figure 3a, IV and V, respectively). Such behavior reflects
the shielding of the magnetic beads and the efficient removal
of unwanted constituents (including unbound tagged spheres)
by magnetic effects. This finding is encouraging, as proteins
tend to exhibit greater nonspecific binding to solid supports
than do short oligonucleotides. The sensitive and specific
response is coupled with high reproducibility. The precision
was estimated from a series of six measurements of samples
containing 10 ngmL�1 of the target protein which yielded a
mean peak area of 432 ms and a relative standard deviation of
5%.

Since the amplified detection of protein interactions relies
on the use of numerous oligonucleotide tags per binding
event, proper attention must be given to the surface coverage
of the tagged polymeric spheres. A coverage of around 7.5 D
104 dG25 oligonucleotides per PS sphere (that is, the binding
event) was estimated from a separate electrochemical experi-
ment in which the guanine response of a given amount of the
DNA-loaded spheres was compared with that of a standard
solution of free guanine. Such a loading corresponds to an
average surface coverage of 9.95 D 1012 oligonucleotide
strands per cm2 (if each sphere is assumed to have an area
of 0.75 mm2). This coverage approaches the high surface
densities (3 D 1013 cm�2) common to self-assembly of thiolated
DNA on gold electrodes.[19] Such optimal surface coverage
was obtained by incubating 5 mg of the PS beads in a
56 mgmL�1 solution of dG25 for 30 minutes. This concentra-
tion of DNAwas selected by monitoring the guanine response
over a wide concentration range of dG25. The guanine signal
increased rapidly upon increasing the concentration of dG25

(in the “loading” solution) from 10 to 55 mgmL�1 and almost
leveled off thereafter. The optimal anti-IgG loading on the PS
spheres was obtained using a 10 mgmL�1 solution of the

antibody (containing 56 mgmL�1 dG25). Other factors influ-
encing the response were assessed. The highest sensitivity
(along with elimination of nonspecific binding effects) was
obtained by simultaneous loading of the dG25 and anti-IgG,
25 mg of the IgG-coated magnetic beads, 5 mg of the DNA/
anti-IgG-functionalized PS spheres, and using an accumula-
tion potential of �0.1 V over 2 minutes (see Supporting
Information for details and related data). We also evaluated
several carbon-electrode transducers, including carbon paste,
graphite pencil, carbon-nanotube-coated glassy carbon, and
pyrolytic graphite, and found that the last of these offered the
most favorable purine response in connection with a pre-
conditioning for one minute at +1.25 V.

In addition to single-analyte formats, the new DNA-based
bioelectronic protocol offers great promise for the electrical
detection of multiple proteins. For this purpose, it is possible
to create distinct identifiable oligonucleotide barcodes for
electrochemical immunoassays. In particular, a large number
of recognizable electrochemical signatures can be obtained by
designing oligomers with different predetermined A/G ratios.
Initial assessment of this electrical coding strategy appears to
be very promising. For example, Figure 4 displays the
chronopotentiometric immunoassay response obtained with
different oligonucleotide labels. As expected, the dG25 and
dA25 tags yield well-defined chronopotentiometric peaks at
0.83 (Figure 4a) and 1.05 V (Figure 4b), respectively, while
the dG15A10 tracer leads to two (G and A) peaks at similar
potentials (Figure 4c). The higher sensitivity of the adenine
nucleobase should be taken into account when designing

Figure 4. Chronopotentiometric immunoassay signals for a
100 ngmL�1 solution of IgG using different DNA markers: a) dG25;
b) dA25; c) dG15A10. Other conditions, as in Figure 2.
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biological barcode patterns. A wide range of distinguishable
signal intensities (namely, A/G ratios) are currently being
considered for increasing the number of uniquely identifiable
electrical barcodes and hence proteins.

In summary, we have demonstrated a new bioelectronic
strategy for ultrasensitive measurements of proteins based on
the use of nucleic acid tracers. The resulting electrical
detection scheme incorporates the high sensitivity, selectivity,
and miniaturization advantages of electrical assays. The
remarkable sensitivity reflects the use of numerous oligonu-
cleotide tags per protein-binding event and the amplified
detection of protein interactions has been coupled to an
efficient magnetic removal of unwanted constituents. We are
currently designing a wide range of oligomers with different
predetermined sequences for multiple protein analysis. The
DNA-based electrochemical technology is thus expected to
open new opportunities for protein diagnostics, microarrays,
and microchips, as well as for bioanalysis in general.

Experimental Section
Chronopotentiometric measurements were performed with a com-
puter-controlled potentiometric stripping unit PSU20 (Radiometer)
using TAP2 software (Radiometer). The immunological binding
reactions were performed on a MCB 1200 Biomagnetic Processing
Platform (Sigris Research, Fremont, CA, USA). A Micromax
centrifuge (Thermo IEC, MA) was used for removing the excess
reagent during the preparation of the polystyrene bead tags. The
detection was carried out in a 1.5-mL electrochemical cell containing
a three-electrode system (a pyrolytic graphite (Advanced Ceramics,
Cleveland, OH) disk working electrode (geometric area 0.16 cm2), an
Ag/AgCl reference electrode, and a platinum wire counter-elec-
trode). The pyrolytic graphite electrode was initially abraded using
600-grit silicon carbide paper, followed by thorough washing with
deionized water and drying under nitrogen. The protein-linked
particle assembly was characterized by using a Hitachi H-7000
transmission electron microscope.

Anti-mouse IgG–biotin conjugate, mouse IgG, sodium phosphate
(NaH2PO4), NaOH, NaCl, and sulfuric acid were purchased from
Sigma. Tween 20 was purchased from Aldrich. The anti-IgG-coated
magnetic beads (1.5 mm) and the streptavidin-modified polystyrene
beads (0.49 mm) were obtained from Bangs Laboratories (Fishers, IN,
USA). Oligonucleotides with 5’-biotin modification were received
from Life Technologies (Grand Island, NY, USA). The sequences of
the oligonucleotides are as follows:
5’-biotinylated-GGGGGGGGGGGGGGGGGGGGGGGGG;
5’-biotinylated-AAAAAAAAAAAAAAAAAAAAAAAAA;
5’-biotinylated-GGAGGAGAAGGAGGAGGAGGAGAGA.
All the other reagents were analytical grade and were prepared using
nanopure water (specific resistance 18 ohmcm�1) and autoclaved
water.

The DNA/anti-IgG-functionalized polystyrene microspheres
were prepared daily by adding the nucleic acid tracer and anti-IgG
(final concentrations: 56 and 10 mgmL�1, respectively) into 1.5-mL
vials containing streptavidin-coated polymeric microspheres (5 mg,
initially washed twice with phosphate-buffered saline (PBS) and
separated by centrifugation at 13000 rpm for 3 min) in PBS solution
(50 mL); the required amount of PBS buffer was added to obtain a
final volume of 100 mL. This was followed by incubation for 30 min at
room temperature with gentle mixing. The beads were then washed
and separated as above with PBST buffer (100 mL, 0.1mPBS at pH 7.4
containing 0.1%Tween 20) and the resulting pellet of anti-IgG/DNA-
loaded microspheres was suspended in PBS buffer (25 mL).

The bioelectronic assays involved transferring 25 mg of the anti-
IgG coated magnetic beads into 1.5-mL centrifuge vials, washing
them twice with PBS buffer (100 mL), and suspending them in PBS
buffer (50 mL) solution containing the target protein. The immuno-
logical reaction proceeded for 30 min at room temperature with
gentle mixing. After a magnetic separation, the magnetic beads
coated with the antibody–antigen complex were washed twice with
PBST buffer (100 mL) and suspended in PBS buffer (25 mL). This
volume of the immunocomplex-captured magnetic-bead solution was
then mixed with the DNA/anti-IgG-functionalized PS microsphere
solution (25 mL), and incubated for 30 min with gentle shaking at
room temperature. A magnetic separation and multiple washing with
PBST buffer (100 mL) were then carried out. The beads were then
dispersed in a solution of NaOH (0.05m, 50 mL) for 10 min with gentle
shaking to release the DNAmarker. The supernatant was transferred
to a 1.5-mL glass cell, followed by addition of 3m H2SO4 (10 mL). The
acid dipurinization proceeded by heating to dryness. An acetate
buffer solution (1 mL, 0.5m, pH 5.9) was used to transfer the digested
DNA into the electrochemical cell.

Chronopotentiometric stripping measurements of the released
purine nucleobases were performed at a pyrolytic graphite electrode
following 1 min preconditioning at 1.25 V, using a 2 min accumulation
at �0.1 V in a stirred acetate buffer solution (0.5m, pH 5.9; 1 mL).
Subsequent stripping was carried out after a 10 s rest period (without
stirring) using an anodic current of +5.0 mA. The stripping data were
filtered and baseline corrected using the TAP2 software.
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Asymmetric Synthesis

Coupling of Biocatalytic Asymmetric Epoxidation
with NADH Regeneration in Organic–Aqueous
Emulsions**

Karin Hofstetter, Jochen Lutz, Irene Lang,
Bernard Witholt, and Andreas Schmid*

The pivotal role of chiral oxyfunctionalized hydrocarbons as
building blocks for pharmaceuticals or agrochemicals has
driven the research for effective methods to obtain them in
enantiopure form. Over the past few decades, numerous
chemical routes have been developed for catalytic asymmet-
ric epoxidations.[1, 2] Amongst them, chiral salen–MnIII com-
plexes and metalloporphyrins have emerged as efficient
catalysts for syntheses of optically active epoxides. Despite
their applicability in synthetically useful organic oxidations
and related reactions, these catalysts are often limited by their
low stability against autoxidation, resulting in low turnover
numbers.[3]

Alternatively, enzymes can be applied, as they are
promising catalysts owing to their regio- and enantiodiscri-
mination, high turnover numbers (kcat= 1–20 s�1), broad
substrate spectra,[4] and environmentally friendly reaction
conditions.[5] Chiral epoxides can be obtained through various
biocatalytic methods.[6] The most elegant approach is the
asymmetric synthesis from the corresponding olefins by using
oxidoreductases.[7, 8] Oxygenases are particularly interesting
biocatalysts because of their ability to activate molecular
oxygen in situ. Reactive oxygen donors such as peracids,
ozone, and iodosylbenzene are thus becoming obsolete.

The specific technical approach to a particular biocatalytic
process must take into account the performance of the
relevant enzyme under process conditions. For oxygenases,
the best catalysts developed thus far are whole cell systems,
which stabilize the often complex heteromultimeric enzyme
(up to four individual enzyme subunits) and enable coenzyme
regeneration based on cell metabolism. At the same time, the
use of whole cells introduces further complexity in a
biocatalytic process owing to the frequently observed over-
oxidation and the functional necessity of cellular and
metabolic integrity of the biocatalyst. Products have to be

separated from complex mixtures that contain not only
substrate, products, and a single catalyst, but also whole
cells and cell debris. Thus, as biocatalytic processes develop
further, isolated oxygenases coupled with NAD(P)H regen-
eration may well become a viable alternative to whole-cell
applications. Several challenges are identified and become an
issue in cell-free oxygenations.[9] The supply of reducing
equivalents can, in principle, be solved as several regeneration
systems become available.[10] In contrast, oxygenase avail-
ability and stability under process conditions represent major
obstacles towards preparative cell-free biocatalytic oxygen-
ations and so far remain unsolved.

Herein we report the first example of the preparation and
synthetic application of a bacterial monooxygenase as a
reagent for asymmetric cell-free epoxidation. As catalyst, we
chose the soluble flavin- and NADH-dependent styrene
monooxygenase (StyAB) from Pseudomonas sp. VLB120.
StyAB catalyzes the enantiospecific epoxidation of a broad
range of styrene-type substrates, such as 1,2-dihydronaph-
thalene and indene.[11] This two-component enzyme consists
of the actual oxygenase subunit (StyA) and a reductase
(StyB).[12]

StyA was obtained in multigram amounts from a 30-L-
scale fermentation of recombinant Escherichia coli JM101
(pSPZ10), yielding 1.2 kg of wet cells.[13] Overall, approx-
imately 15 g of technical-grade StyA was obtained in one
purification step from 280 g of wet cells (Table 1). This

corresponds to more than 22000 U. Thus a total of 60 g of
catalyst (almost 100000 U) can be obtained from a single 30-L
fermentation within one week. Lyophilization was used to
attain a stable biocatalyst preparation, and full specific
enzyme activity was retained for at least three months.[14]

This biocatalyst powder was used for the production of
selected aromatic epoxides. Previous results (unpublished
data) indicated that StyA is deactivated in the presence of
high substrate and product concentrations, possibly caused by
the covalent attachment of the epoxides to nucleophilic
amino acid residues of proteins. To circumvent StyA deacti-
vation, a biphasic reaction setup was applied in which the
organic phase serves as substrate reservoir and product sink
(Figure 1).

Dodecane was used as the organic phase so that the
reactant concentrations in the aqueous, enzyme-containing
phase could be maintained at values that did not significantly

Table 1: Parameters for StyA enrichment during expanded bed chroma-
tography.

Sample Protein
[g]

StyA
[g][a]

Specific
activity
[Umg�1][b]

Total
activity
[kU]

Yield
[%]

Crude cell extract 59.7 16.1 0.57 24.3 100
Fractions containing StyA[c] 25.3 15.2 0.89[d] 22.5 93

[a] Calculated from purities in the enzyme samples. [b] 1 U (international
unit) corresponds to 1 mmol product formed per minute. [c] Upon
stepwise elution with KCl two StyA-containing fractions were obtained
(45% and 70% purity). [d] Average activity of the two different pools
obtained after expanded bed chromatography.

[*] Dipl.-Natw. K. Hofstetter, Dipl.-Biotech. J. Lutz, Dipl.-Ing. I. Lang,
Prof. Dr. B. Witholt, Dr. A. Schmid
Institute of Biotechnology, HPT
Swiss Federal Institute of Technology Zurich
Wolfgang-Pauli Strasse 16
8093 Zurich (Switzerland)
Fax: (+41)16-331-051
E-mail: andreas.schmid@biotech.biol.ethz.ch

[**] StyB was kindly provided by Dr. Katja Otto. Dipl.-Ing. Ulrich Bauer is
gratefully acknowledged for excellent technical assistance. The
authors thank Dr. Frank Hollmann and Dr. Bruno BChler for critical
reading of the manuscript. The project was financially supported by
the EU (QLRT-1999-00439).

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

Angewandte
Chemie

2163Angew. Chem. Int. Ed. 2004, 43, 2163 –2166 DOI: 10.1002/anie.200353338 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



affect StyA activity.[15] An emulsion was formed to avoid
mass-transfer limitations across the phase boundary. Enzyme
denaturation at the liquid–liquid interface was apparent from
the formation of white protein aggregates, but could be
almost completely avoided by the addition of bovine serum
albumin (BSA). This prolongs StyA epoxidation activity from
several minutes to hours (data not shown). StyAwas supplied
with the reducing equivalents needed for the activation of
molecular oxygen by its native NADH:flavin reductase
StyB.[16] Concomitant NADH regeneration was achieved by
the formate/formate dehydrogenase (FDH) system of Pseu-
domonas sp. 101, which has a higher solvent tolerance and
high substrate affinity than other FDHs.[17] Maximal StyA
activity relative to epoxidation activity was achieved by
adding a four–fivefold excess of FDH.[18] Figure 2 shows the
time course of three preparative epoxidation reactions with 3-
chlorostyrene (1), a-methylstyrene (2), and trans-b-methyl-
styrene (3) as substrates. Reaction parameters are given in
Table 2.

Aeration was detrimental to enzyme activity, as protein
denaturation was observed at the gas–liquid interface at high
aeration rates. At the same time, oxygen limitation should be

avoided, as O2 is a cosubstrate in the epoxidation reaction.
The influence of aeration on StyA epoxidation activity is
shown in Figure 2a (box). A diminished activity was observed

Figure 2. Biocatalytic epoxidation of different styrene derivatives by
StyAB in a biphasic system. The time courses of substrate depletion
(&) and product formation (~) are shown for the epoxidation of 3-
chlorostyrene (a), a-methylstyrene (b), and trans-b-methylstyrene (b).
The substrate was pulsed at the time points indicated by arrows in
reactions a (a total of 1.9 mmol) and c (2.5 mmol). In the beginning of
reaction a (enclosed in box), oxygen was supplied at a low rate. Imme-
diately after increasing aeration (180 min), the epoxide formation rate
also increased.

Table 2: Data for the conversion of different vinyl aromatics into their enantiopure epoxides in a cell-free biphasic system with isolated styrene
monooxygenase.

Substrate Product Substrate [mm] Conversion [%] Initial
product-formation
rate [Ug�1][a]

Average
product-formation
rate [Ug�1][b]

TNStyA
[c] TNNAD

[d] ee [%] Yield [%][e]

50 (+2.5)[f ] 90.5 108 48 2171 66 >99.9 73

50 87.9 112 44 1844 56 98.1 75

50 (+1.9)[f ] 95.3 118 66 2867 87 99.7 87

[a] Activity measured for the first 30 min. [b] Average activity measured over the entire reaction period. [c] TNStyA : Total turnover number for StyA=
(moles of product formed)/(moles of StyA). The amount of StyA was calculated based on the purity (70%) of the lyophilized sample. [d] TNNAD: Total
turnover number for NAD+= (moles of product formed)/(moles of NAD+ in the reaction). [e] Yields of isolated product after purification. [f ] In
parenthesis, the amount of substrate (in mmol) pulsed during the reaction is given.

Figure 1. Reaction pathway during biocatalytic epoxidation in a biphasic system. The organic
phase serves as a substrate reservoir and product sink. In the aqueous phase, FDH and for-
mate were used for the regeneration of NADH. StyB transfers the reducing equivalents from
NADH to FAD. FADH2 and oxygen are cosubstrates for olefin epoxidation by StyA. R1=H,Cl;
R2=R3=H,CH3.
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at a low aeration rate at the beginning of the reaction. StyA
activity could be recovered by increasing the air supply. A
compromise with respect to the aeration rate was found by
regulating the dissolved oxygen in the reaction mixture at
10% of oxygen saturation. Under these conditions, gram-
scale production of each epoxide with ee values higher than
98% and yields up to 87% were achieved; no by-products
were detected besides trace amounts of diols (from sponta-
neous, non-enzymatic hydrolysis),[19] phenethyl alcohols, and
phenylacetaldehydes.

We showed the simple and fast preparation of an easily
applicable oxygenase in multigram amounts. Despite the
early development stage, we were able to use this enzyme to
produce enantiopure epoxides in a simple and scalable
reaction setup. Volumetric product formation rates
(� 1 gL�1h�1) are already in the range of those reported for
whole-cell oxygenations.[11,20,21] For the first time, nearly
complete conversion was achieved with high reactant con-
centrations, which was not possible so far in other applications
with isolated oxygenases in a biphasic system.[22] For StyA,
total catalyst turnover numbers and average reaction rates of
1800–2800 and 3–4.3 min�1, respectively, were achieved under
process conditions. These values are already promising and
compare well with chemical catalysts for which total turn-
overs below 1000 and frequencies mostly below 1 min�1 have
been reported.[23] Furthermore, the purification of the prod-
ucts from the reaction mixture is simple. Overall, StyA was
shown to epoxidize sterically hindered C-C double bonds,
especially trans olefins, complementing the product spectrum
of commonly applied chemical catalysts.[1, 24] We observed a
significant decrease of StyA activity (eightfold lower than in
biphasic short-term assays). Further investigations will there-
fore focus on increasing the turnover number of StyA.

Overall, the modular character of the presented biocata-
lytic reaction allows the substitution of single components to
achieve not only epoxidations but also specific hydroxyla-
tions, as well as Baeyer–Villiger or heteroatom oxidations.
This study has shown that cell-free oxygenase catalysis can be
a versatile tool for the asymmetric synthesis of enantiopure
oxyfunctionalized hydrocarbons.

Experimental Section
Chemicals: All substrates were obtained from Sigma-Aldrich Chemie
GmbH, Germany. Epoxide standards were prepared and character-
ized as described in the literature.[11] Flavin adenine dinucleotide
(FAD), sodium formate, b-nicotinamide adenine dinucleotide
(NAD+), buffer components, and solvents were obtained from
Fluka AG, Switzerland.

Cell Cultures: E. coli JM101 containing the plasmid pSPZ10[8]

(carrying the styrene monooxygenase genes styAB) were grown as
described in the literature,[21] but in a single-phase rather than a
biphasic medium. The expression of styAB was induced with
dicyclopropylketone (0.05% v/v; Fluka AG, Switzerland).

Large-scale enrichment of StyA: Wet cells (280 g) were disrupted
in a bead mill and the resulting crude extract was loaded onto 500 mL
of a Streamline DEAE matrix in the expanded-bed mode through a
Streamline50 column. After the flowthrough had become clear, the
packed-bed mode was applied. A stepwise salt gradient at 0, 0.16, and
0.24 m KCl was used for elution. During elution 100-mL fractions
were collected. The amount of StyA in every fraction was determined

by SDS-PAGE (sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis), and StyA activity was measured.[25] StyA-containing
samples were supplemented with 1% (v/v) sucrose and 2% (v/v)
mannitol and lyophilized in a Lyovac GT 3 Freeze-Drying Plant
(Leybold-Heraeus GmbH, Germany).

Biphasic reaction: The preparative biphasic conversion of the
different styrene derivatives was performed in 350-mL Sixfors
reactors (Infors HT, Switzerland) with pH and temperature control
(pH 7.5, 30 8C) at a stirrer speed of 400 rpm. The aqueous phase
contained StyA (2 gL�1), StyB (0.03 gL�1), FAD (0.1 mm), sodium
formate (50 mm), FDH (8 UmL�1; JHlich Fine Chemicals, Germany),
Catalase (250 UmL�1; Fluka AG, Switzerland), BSA (2 gL�1; Sigma-
Aldrich Chemie GmbH, Germany), and NAD+ (1 mm) in a total
volume of 100 mL in Tris buffer (50 mm ; pH 7.6). The organic phase
was composed of dodecane (100 mL) that contained the substrate
(50 mm). During the reaction, formate (1 mmol) was added every 1 h.
After reaction termination, the phases were separated by centrifuga-
tion and the enantiomeric excess was determined by normal-phase
high-pressure liquid chromatography (HPLC).[26]

Product purification: A silica-gel column (Fluka AG, Switzer-
land) was used to separate the product from substrate and dodecane.
The substrate was eluted with hexane containing 1% triethylamine,
and the product was eluted with hexane containing 1% triethylamine
and 10% diethyl ether to afford 1a (0.78 g), 2a (0.51 g), and 3a
(0.88 g).
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Polymerization Catalysts

Arylzinc Complexes as New Initiator Systems for
the Production of Isobutene Copolymers with
High Isoprene Content**

Shaun Garratt, Antonio Guerrero, David L. Hughes,
and Manfred Bochmann*

The production of butyl rubber by the copolymerization of
isobutene (IB) and isoprene (IP) is an important industrial
process. Commercially, polymerization is initiated by protons
generated by an AlCl3/H2O slurry in chloromethane at low
temperatures (ca.�100 8C).[1–3] Incorporation of IP is typically
of the order of 1–2%. However, under such conditions
isoprene acts as a powerful retardant,[4] and both polymer
molecular weight and polymer yield decrease sharply with
increasing IP concentration in the monomer feed. Copoly-
mers with increased isoprene incorporation, and hence
increased unsaturation in the main chain, are desirable since
they are more compatible and better at cross-linking with
other unsaturated polymer materials.

A number of Lewis acids have been employed as initiators
for IB/IP copolymerizations. Mixtures of alkyl aluminum
halides with alkyl halides are very efficient, although gel
formation is still evident at higher concentrations of IP, and
there is significant chain branching, even at �70 8C. Other
examples include BCl3,

[1,5] chelating boranes,[6] and a variety
of transition-metal halides, for example, TiCl4, VCl4, and
FeBr3.

[7–9] Organometallic Lewis acids paired with extremely
weakly coordinating anions, such as [AlCp2Me]/B(C6F5)3,

[10]

[SiMe3][B(C6F5)4],
[11] [Cp*TiMe3]/B(C6F5)3 (Cp*=C5Me5),

[12]

and [(CpR)2ZrX2]/[CPh3][B(C6F5)4] (X=Me, H) (CpR=

C5H4SiMe3)
[13–15] have also been found effective. However,

to our knowledge there are no reports to date on the use of
zinc compounds in IB homo- and co-polymerizations.

Zinc compounds have the advantage of being nontoxic
and relatively cheap compared to metallocene/borate initia-
tors. We now found that they also allow the synthesis of high-
molecular-weight copolymers with low gel content. Whereas
anhydrous ZnCl2 in the presence of tBuCl or MeCOCl was
inactive in both neat IB and CH3Cl, [Zn(C6F5)2]·toluene
(readily obtained from ZnMe2 and B(C6F5)3) is sufficiently
soluble in CH2Cl2, IB, and IB/MeCl mixtures and reacts with
suitable alkyl halides by ionization and initiation of IB
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polymerization [Eq. (1)]. Representative results are shown in
Table 1.

½ZnðC6F5Þ2� þRXÐ Rþ½ZnXðC6F5Þ2�� ð1Þ

Variable-temperature NMR spectroscopy confirmed the
formation of carbocations in this system. For example,
mixtures of cumyl chloride and [Zn(C6F5)2]·toluene in
CD2Cl2 at �78 8C show the signals of the PhCMe2

+ cation as
well as those of phenyltrimethylindane, the product of
cationic cyclization (Scheme 1).[16,17]

The formation of nonnucleophilic zincate anions in this
system was demonstrated by the reaction of Ph3CCl with
[Zn(C6F5)2]·toluene. Upon mixing, the typical orange color of
CPh3

+ ions was observed, and cooling to �20 8C afforded an
oily precipitate from which crystalline [CPh3][Zn(C6F5)3] was
isolated. The anion [Zn(C6F5)3]

� is reminiscent of the “non-
coordinating” perfluoroarylborates known from metallocene
catalysis[19, 20] and is to our knowledge the first example of a
zinc-based anion with sufficiently low nucleophilicity that it
can stabilize carbocations.[21]

The compound was characterized by X-ray diffraction.[22]

Both the cation and the anion have propeller structures, and
in the crystal they are stacked on top of each other, with
almost parallel C6H5 and C6F5 aryl substituents (Figure 1).
While donor–acceptor p-stacking of aryl rings having differ-
ent electron densities might be invoked, reminiscent of the
well-known C6H6·C6F6 phases,[23] the solid-state structure of
[CPh3][Zn(C6F5)3] is simply the most economical way of
packing cations and anions with threefold symmetry axes.

In the absence of alkyl halide, [Zn(C6F5)2]·toluene in neat
IB affords only low yields of high-molecular-weight poly-
(isobutene) (ca. 1.0 g in 60 min). Addition of isoprene reduces
the yield (Table 1, entry 1). Polymer formation in these cases
is presumably due to the reaction of the zinc Lewis acid with
adventitious traces of water. Premixing [Zn(C6F5)2]·toluene
and MeCOCl in CH2Cl2 at �78 8C prior to injection was
unsuccessful; however, the addition of first 0.15 mmol
MeCOCl then 0.15 mmol [Zn(C6F5)2]·toluene to the mono-
mer resulted in rapid polymerization (ca. 10% conversion in
1 min). In the presence of IP yields were found to drop
significantly. Thus, with 1.5 mL isoprene in the feed, only 4 g
copolymer was produced after 30 min ([Zn]= [MeCOCl]=
2 mm). Higher IP concentrations reduced the yields still
further, such that with a mixture of 90 mL IB/10 mL IP only

Scheme 1. Formation of carbocations in mixtures of alkyl chorides and
[Zn(C6F5)2]·toluene in CD2Cl2 at �78 8C.

Table 1: (Co-)polymerizations of isobutene initiated by [Zn(C6F5)2]·toluene/tBuCl.
[a]

Run Zn
[mmol]

tBuCl
[mmol]

IB
[mL]

IP
[mL]

t
[min]

Yield
[g]

M̄w/10
5 M̄w/M̄n IP incorp.

[mol%]
Gel quota
[wt.%]

1 0.2 – 100 1.5 60 0.6 12.23 2.2 1.4 [b]
2 0.2 0.2 100 – 5 4.1 12.89 1.7 – [b]
3 0.2 0.2 100 1.5 30 5.0 7.94 1.6 1.5 [b]
4 0.2 0.2 97 3 30 4.5 9.06 2.2 2.7 1.5
5 0.3 0.3 95 5 30 3.8 8.88 2.4 4.2 [b]
6 0.3 0.3 93 7 30 4.0 7.82 2.6 6.4 3.8
7 0.3 0.3 90 10 60 3.2 5.92 2.5 9.0 4.6
8 0.3 0.3 90 10 30 2.5 4.87 2.2 10.7 [b]
9 0.3 0.3 85 15 30 1.8 2.55 2.0 14.7 [b]

[a] Reaction conditions: IB+ IP�100 mL, �78 8C. Polymerizations terminated by the injection of methanol. [b] Not determined.

Figure 1. Top: Crystal structure of [CPh3][Zn(C6F5)3] (ellipsoids at 50%
probability). Selected bond lengths [I] and angles [8]: Zn-C(11)
2.030(6), Zn-C(21) 1.981(10), Zn-C(31) 2.056(11), C(21)-Zn-C(11)
120.7(5), C(11)-Zn-C(31) 118.5(5), C(21)-Zn-C(31) 120.7(2). Bottom:
View showing the eclipsed stacking of C6H5 and C6F5 rings, parallel to
the a axis.
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ca. 0.5 g copolymer was obtained after 30 min. The polymer
molecular weights were also lower than we had hoped.

Much higher conversions and polymer molecular weights
resulted when tert-butyl chloride was used as a coinitiator with
[Zn(C6F5)2]·toluene (Table 1).[24] Most reactions were con-
ducted in neat monomer (ca. 100 mL total volume, [Zn]=
[tBuCl]= 2 mm)) at �78 8C, with the zinc component being
added last. High reactivity was observed (e.g. 4.1 g polymer
after 5 min), and polymers of high molecular weights (M̄w�
1.3 I 106) and low polydispersities (M̄w/M̄n� 1.7–2) were
obtained. Addition of isoprene resulted in a general decrease
in activity and polymer molecular weights but much less so
than with the MeCOCl system described above. Thus, with
IB/IP= 100:1.5 (mL), 5 g of copolymer was obtained after
30 min, with a high M̄w of 8 I 105 gmol�1 and M̄w/M̄n = 1.6
(Table 1, run 3). Under these conditions when [Al(C6F5)3] was
used in place of [Zn(C6F5)2], a poorly soluble, extensively
cross-linked polymer resulted.

Increasing the isoprene con-
centration still further led to a
slow drop-off in activity, although
the molecular weights remained
high, with M̄w� 5 I 105 gmol�1 at
ca. 10 mol% IP incorporation and
M̄w� 2.5 I 105 gmol�1 at ca.
14.7 mol% IP (Table 1, runs 8 and
9). While some initiator systems
give an increase in molecular
weight at high IP feed as the
result of increased branching and
cross-linking, there is remarkably
little evidence for this here
(Figure 2). Incorporation of iso-
prene was found to increase line-
arly with the feed concentration.

As evident in Figure 3 and
Table 2, the molecular weight
decreases with increasing polymer-

ization temperature, as expected. At all temperatures the M̄w

values obtained with the zinc system are substantially higher
than those of polymers made with a classical [Et2AlCl]/tBuCl
initiator[3b] under comparable conditions.

The activity of the new initiator system can be improved
by increasing the tBuCl/Zn ratio, or by using tBuBr or tBuI as
the halide source (Table 3). With tBuBr there was some
improvement in polymerization rate. For example, with
[Zn]= 3 mm, > 10% conversion was obtained after 1 min,
which made it necessary to decrease the zinc concentration to
control the reaction. This, in turn, led to increased polymer
molecular weights.

In summary, the Lewis acidic zinc complex Zn(C6F5)2 in
combination with tBuX provides the first highly efficient
initiator system for isobutene/isoprene copolymerizations
based on zinc. Up to 14.7 mol% isoprene incorporation has
been realized, without significant cross-linking or gelation.
We are currently exploring the scope of this new system.
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Figure 2. Plot of M̄w in IB/IP copolymers versus the degree of IP incor-
poration (n(IP)). Polymerization temperature=�78 8C.

Figure 3. Trends in Mw of IB/IP copolymers (1.5 vol% IP feed) as a
function of temperature for the [Zn(C6F5)2]/tBuCl (^) and [Et2AlCl]/
tBuCl (&) systems, respectively. [Zn]= [tBuCl]=2 mm ; [Al]=16 mm,
[tBuCl]=1.15L10�3 mm.

Table 2: Temperature dependence of IB polymerizations initiated by [Zn(C6F5)2]·toluene/tBuCl.

Run Zn
[mmol]

tBuCl
[mmol]

IB
[mL]

IP
[mL]

T
[8C]

t
[min]

Yield
[g]

M̄w/10
5 M̄w/M̄n IP incorp.

[mol%]

1 0.2 0.2 100 1.5 �78 30 5.0 7.94 1.6 1.5
2 0.1 0.1 100 1.5 �50 10 3.9 4.36 1.8 1.4
3 0.1 0.1 100 1.5 �35 10 5.6 3.10 1.7 1.5

Table 3: Polymerizations with [Zn(C6F5)2]/tBuX (X=Br, I).[a]

Run X Zn
[mmol]

[tBuX]
[mmol]

IB
[mL]

IP
[mL]

Yield
[g]

M̄w/10
5 M̄w/M̄n IP incorp. [mol%]

1 Br 0.3 0.6 95 5 3.9 4.12 2.3 5.2
2 Br 0.1 0.5 95 5 2.0 8.75 2.3 5.1
3 I 0.3 0.6 95 5 2.7 4.26 2.0 5.5

[a] Reaction conditions: �78 8C, 30 min; initiator stock solutions in CH2Cl2 at �78 8C; polymerizations
terminated by the injection of methanol.
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Chemical Transport

GaAs5 and InAs5: Quantum-Chemical and
Experimental Investigations of Their Stability and
Structure**

Ralf K�ppe and Hansgeorg Schn�ckel*

Thirty years ago, Fischer and Wilkinson were honored with
the Nobel prize for their pioneering work on transition-metal
cyclopentadienyl compounds.[1] Analogous to the [FeCp2]
(Cp=C5H5) system,[2] chemistry with P5 units (P5

� is isolobal
with C5H5

�) was later developed by Scherer et al.[3] Recently,
the first purely inorganic [FeCp2] analogue, [Ti(P5)2]

2�, was
described.[4] In the chemistry of the light elements of
Group 13, it was only possible to confirm h5-bound Cp
groups with AlCp[5] and GaCp[6] about ten years ago [Eq. (1);
M=Al, Ga].

2MClðsolvÞ þ ½MgCp2� Ð 2MCpþMgCl2 ð1Þ

We have recently been able to show that GaP5, which is
analogous to GaCp, is the critical species for the chemical
transport of GaP under high phosphorus pressure [Eq. (2)].[7]

GaPðsÞ þ P4ðgÞ Ð GaP5ðgÞ ð2Þ

The results obtained with GaP5 and InP5
[7] raise the

question of whether the preparation of ME5 species (M=Al,
Ga, In, Tl; E=P, As, Sb) offers a basis for the production of
pure ME semiconductor materials that can be extended to
encompass all elements of Groups 13 and 15. Heating III–V
semiconductors incurs the danger that an elimination of
phosphorus or arsenic will alter the composition of the solid
phase.[8] In addition, mass spectrometric and photoelectron
spectroscopic examinations of the electronic structure of E5

�

ions (E=P, As, Sb, Bi)[9] provide an indication for the
existence of species such as molecular GaP5. Herein, we
report the chemical transport of GaAs and InAs with GaAs5

and InAs5, respectively, and attempt to answer the question of
the comparability of molecular compounds such as GaAs5 and
GaCp* (Cp*=C5Me5).

To judge the relevance of GaAs5 and InAs5 (GaAs3 and
InAs3 were considered as well) in the chemical transport of
GaAs and InAs, the ground-state geometries and energy
content of these molecules were initially calculated by
quantum-chemical methods (Figure 1 and Table 1).[10] The

results showed that earlier work on GaAs3
[11,12] needs some

revision. The participation of other molecular species, such as
Ga2As3, GaAs, Ga2As, and GaAs[13,14] in chemical transport
could be excluded on the basis of preliminary calculations,
although these species were detected by ESR[15] and IR[16]

spectroscopy in matrix investigations.[17]

For GaAs5 and InAs5, the structures determined by
quantum-chemical calculations indicate that the As5 rings
are h5-bound to the metal. Qualitatively these molecules can
be described as nido clusters (with 16 framework elec-
trons).[18] The butterfly-like GaAs3 and InAs3 species can be
viewed as distorted, substituted As4 tetrahedra, in which one
edge of the tetrahedron is open because of two missing
electrons (from As being replaced by Ga or In).

The equilibrium calculations subsequently carried out
(using the thermodynamic data given in Table 1) indicate high
stability for the GaAs5, GaAs3, InAs5, and InAs3 molecules,
even at temperatures above 1300 K. Taken into account in the
calculations were the five reactions in Equation (3).

As4ðgÞ Ð 2As2ðgÞ

As2ðgÞ Ð 2AsðgÞ

As3ðgÞ Ð 3AsðgÞ

MAsðsÞ þAs2ðgÞ ÐMAs3ðgÞ

MAsðsÞ þ 2As2ðgÞ ÐMAs5ðgÞ ðM ¼ Ga; InÞ

ð3Þ

Based on these equilibrium considerations [Eq. (3)] the
partial pressures p of the As1, As2, As3, As4, MAs3, and MAs5

Figure 1. Calculated structure parameters (pm) for the molecules
GaAs5, GaAs3, InAs5, and InAs3.

Table 1: Thermodynamic data for the molecules MAs3 and MAs5,
calculated by quantum-chemical methods, as well as literature data for
As1, As2, As3, As4, MAs(s) (M=Ga, In).

DfH
o
298K [kJmol�1] So

298K [J (molK)�1] co
p;298K [J (molK)�1]

GaAs3 276.82 360.01 78.6
GaAs5 220.39 437.15 124.45
InAs3 290.77 371.51 79.25
InAs5 218.0 432.27 124.77
As[21] 301.8 174.2 24.74
As2

[21] 190.8 240.9 34.99
As3

[21] 261.4 310.2 30.97
As4

[21] 153.3 327.4 77.12
GaAs(s)

[21] �74.1 64.2 47.0
InAs(s)

[21] �58.6 75.7 49.31

[*] Dr. R. K2ppe, Prof. Dr. H. Schn2ckel
Institut f6r Anorganische Chemie der Universit:t Karlsruhe (TH)
Engesserstrasse 15, 76128 Karlsruhe (Germany)
Fax: (+49)721-608-4854
E-mail: schnoeckel@chemie.uni-karlsruhe.de

[**] This project was supported by the Deutsche Forschungsgemein-
shaft (Priority Program: “Semiconductors and Metal Clusters as
Components for Organized Structures”) and the Fonds der
Chemischen Industrie. We thank Dr. Dr. H. Himmel for obtaining
the Raman spectra, as well as H.-J. G2cke and Prof. R. P2ttgen for
the X-ray fluorescence analyses.

Communications

2170 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/anie.200352499 Angew. Chem. Int. Ed. 2004, 43, 2170 –2173



species were calculated in the temperature range 900–2100 K
(Figure 2) to evaluate the possibility of transporting GaAs or
InAs by means of the different partial pressures of, for
example, MAs5 and MAs3 (M=Ga, In).

From these partial-pressure gradients, transport rates of
7.5 and 7.4 mg/2 days[20] were calculated for GaAs and InAs,
respectively, at a temperature gradient of 940 to 840 8C under
a total pressure of 3.45 bar. To experimentally confirm these
expectedly low transport rates, we placed GaAs or InAs and
an excess of arsenic in a quartz ampoule in a calibrated oven
set to the above-mentioned temperature gradient. After nine
days the ampoules were opened and the quantity of trans-
ported substance was weighed and analyzed. The resulting
transport rates of 3.6 mg GaAs/2 days and 7.8 mg InAs/2 days
met our expectations. Transport by way of the Ga or In
vapor[21] can be ruled out since calculations of the rate of
transport[20] by this mechanism lead us to expect a degree of
transport that is two or one orders of magnitude lower.

The reaction in Equation (4) is proposed as the transport
mechanism, to confirm this we carried out the transport of

MAsðsÞ þAs4ðgÞ ÐMAs5ðgÞ ð4Þ

InAs at various arsenic pressures (0.88 to 5.3 bar). Under
otherwise identical conditions, the quantity of InAs trans-
ported does not significantly change across these pressures.
This supports the proposed mechanism, since the partial
pressure of InAs5 is proportional to the pressure of As4 (law of

mass action) and the transport rate is proportional to
Dp(InAs5)/ptotal.

[20]

The transported substances were analyzed by energy
dispersive X-ray spectroscopy (EDX) measurements
(Ga:As= 49.6:50.4, In:As= 50.7:49.3) and X-ray powder
diffractometry. Raman spectroscopy was used to measure
the longitudinal optical (LO) and transverse optical (TO)
modes (GaAs: 289.2 and 267.0 cm�1,[22] InAs: 235.2 and
215.5 cm�1;[23] laser excitation 514 nm), which confirmed that
the transported compounds were highly pure.

The experimental results deliver indirect but unambigu-
ous evidence for the existence of GaAs5 and InAs5 at
temperatures around 900 8C. As a result of its analogous
bonding situation to GaCp, the compound GaCp* can, for
example, be heated to over 600 8C without decomposing,[24]

thus, the observed stability of GaAs5 and InAs5 appears
plausible. To further substantiate the analogy between GaCp,
GaP5, and GaAs5, we used the quantum-chemically deter-
mined frequencies to calculate the force constants for the
vibrational motions of the metal atoms relative to the
corresponding five-membered ring (Cp, P5, As5). The results
for GaP5, InP5, GaAs5, InAs5, [Ti(P5)2]

2�, and GaCp (Table 2)

indicate that the force constants of the metal–ring vibrations
for the Ga- and In-containing species with h5-bound P5, As5,
and Cp, which range from 0.25 to 0.47 mdynH�1, are all quite
similar. The force constant for [Ti(P5)2]

2� is approximately
twice as large (1.10 mdynH�1), which confirms the distinctly
stronger metal–P5 interactions in the transition-metal–P5

compounds.
These results allow us to understand the formation of

nanoscale GaAs and InAs species[25] on the basis of the
formation of molecules, such as GaAs5, GaAs3, InAs5, and
InAs3. It is not surprising that the existence of such molecules
at high temperatures has thus far not been taken into
consideration. The indications of such molecular species are
more easily deduced from basic research in modern organo-
metallic chemistry (e.g. GaCp) than from solid-state chemis-
try. Our quantum chemical calculations demonstrate that the

Figure 2. Calculated partial pressures in the chemical transport of
a) GaAs and b) InAs with arsenic.

Table 2: Quantum-chemically determined symmetry force constants
(mdynH�1) for ME5 and MCp units[a] and the charge (Q) on the metal
atom M.[b]

Molecule F(M–E5)
(M=Ga, In, Ti)

Fsym (E5)
(E=P, As, CH)

F(M–E5/E5) Q(M)

GaP5 0.349 2.987 �0.085 0.10
InP5 0.270 2.979 �0.06 0.23
GaAs5 0.329 2.374 �0.074 0.32
InAs5 0.253 2.361 �0.054 0.27

[Ti(P5)2]
2� 1.098 2.654 0.4026

GaCp 0.473 7.850 �0.154 0.22

[a] In the total symmetry group of the ME5 and MCp units there are two
skeletal vibrations: the movement of the metal atoms relative to the E5

ring and the ring-breathing of the E5 unit. F(M–E5) and Fsym(E5) are the
symmetry-adapted force constants for these two vibrations, F(M–Ring/
E5) is the corresponding interaction force constant. [b] Determined by
Mulliken population analysis.
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application of techniques from basic research can give a new
impetus to a central problem of applied chemistry.

Experimental Section
In the transport experiments, arsenic and either GaAs or metallic
indium were used. To obtain a high pressure of Asx, the experiments
were carried out in small quartz ampoules (12 cm long, 116 mm,
arsenic pressure about 0.9–5.3 bar), which were first baked out under
vacuum, filled in a glove box and then baked out for a second time
under vacuum. In control experiments, which delivered identical
results, the ampoules were filled as described above with In or with
GaAs, and heated under high vacuum with a blowtorch and the
arsenic was subsequently condensed in. To collect the deposited MAs
phases on the smallest possible surface for characterization, we used
horizontal single-zone ovens with calibrated temperature gradients.
GaAs and InAs were transported from 940 to 840 8C. The transport
rates by MAsx (M=Ga, In; x= 3, 5) were calculated to be 7.5 mg
GaAs/2 days and 7.4 mg InAs/2 days, under the assumption that
transport occurs by means of diffusion.[20] The transport mechanism
involving convection can be excluded because no transport of InAs
was observed in a control experiment under a low pressure of arsenic
and 2 bar of argon.

The electronic structures of the MAs3 and MAs5 (M=Ga, In)
molecules were calculated at the RI-MP2 level with the TZVPP basis
set, without considering electron correlation of the core orbitals. The
total energy of the ground states were calculated using the RI-CC2
method, and the self-consistent field (SCF) vibrations were deter-
mined using TZVP basis sets.[27] The partial charges were determined
by the Mulliken method. The entropies So

298K and zero-point energies
of the molecules were obtained with the FREEH module of the
TURBOMOLE program package. The standard enthalpies of
formation DfH

o
298K for MAsx (M=Ga, In; x= 3, 5) were obtained by

means of the quantum-chemically calculated reaction energies of the
gas-phase reactions M(g)+ x/4As4(g)!MAsx(g) (X= 3, 5), and cor-
rected for the zero-point energies (ZPE) and the enthalpies of
sublimation[21] for M and AS4 [Eq. (5) ].

DfH
o
298KðMAsxÞ ¼ EtotðMAsxÞ�x=4EtotðAs4Þ�EtotðMÞ

þDZPEþDSublHðMÞ þ x=4DSublHðAs4Þ
ð5Þ

With the exception of the data for MAsx, all of the thermody-
namic values came from experimental investigations.[21] The temper-
ature dependence of the thermodynamic data was taken into account
using the second Ulich approximation[19] [Eq. (6), and Eq. (7)]:

DfH
o
T ¼ DfH

o
298Kþ c298K

p ln ðT�298KÞ ð6Þ

So
T ¼ So

298Kþ c298K
p ln ðT=298KÞ ð7Þ

The partial pressures of the components in the thermodynamic
equilibrium were iteratively determined by the procedure described
by Binnewies.[19] In this method, all conceivable reactions have to be
taken into account. These include the equilibria between As4, As3,
As2, and As, as well as the formation of MAs5 and MAs3 from solid
MAs and arsenic. In addition, a possible transport mechanism
through the gas-phase species Ga2O or In2O, either (4MAs(s)+

M2O3(s)Ð3M2O(g)+As4(g) or 2MAs(s)+SiO2(s)ÐSiO(g)+M2O(g)+
0.5As4(g)), could be excluded because the partial pressures of the
M2O suboxides were two orders of magnitude lower. Participation of
hydrogen-containing species, such as GaH3, in the transport mecha-
nism could likewise be excluded because of their low thermal
stability.[28] Because the rates of deposition for a hypothetical
transport by gas-phase Ga or In can be approximated to be 0.08 mg
GaAs/2 days or 0.46 mg InAs/2 days, respectively, this mechanism can
be ruled out. As the calculated and actual transport rates for both the

4.5 and 9 day experiments were the same[26] a change in the transport
mechanism over this interval can be ruled out.

The Raman spectra were obtained with a DILOR-XY800-triple
monochromator and a CCD camera, combined with an argon ion
laser (Coherent Innova90-5; resolution 1 cm�1, excitation wavelength
514 nm, power 300 mW). The Debye–Scherrer photographs of the
polycrystalline products were obtained with a Stoe-IPDS X-ray
diffractometer. The X-ray fluorescence analyses were carried out with
a LEO Stereoscan420i electron microscope (Leica) and an INCA
analysis system (Oxford Instruments).
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9 mg InAs (calculated: 11.1 mg) was transported.

[27] R. Ahlrichs, M. BOr, M. HOser, H. Horn, C. KPlmel, Chem. Phys.
Lett. 1989, 162, 165; F. Weigend, M. HOser, H. Patzelt, R.
Ahlrichs,Chem. Phys. Lett. 1998, 294, 143; C. HOttig, F. Weigend,
J. Chem. Phys. 2000, 113, 5154; C. HOttig, K. Hald, Phys. Chem.
Chem. Phys. 2002, 4, 2111; A. SchOfer, H. Horn, R. Ahlrichs, J.
Chem. Phys. 1992, 97, 2571; R. S. Mulliken, J. Chem. Phys. 1955,
23, 1833.

[28] A. J. Downs, Chemistry of Aluminium, Gallium, Indium and
Thallium, Blackie, London, 1993, pp. 118 – 128.
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Cover Picture

Alexander C. Filippou,* Holger Rohde, and Gregor Schnakenburg

The molybdenum–lead triple bond in the plumbylidyne complex shown is the first
triple bond to a main-group element of the sixth period. The small Mo–Pb bond and a
linear coordination to the Pb atom are evident in the structure. Quantum-chemical
analysis with the electron localization function (reflected on the water) shows the
electronic analogy between the plumbylidyne complex and Fischer carbene
complexes. More about this can be found in the Communication by A. C. Filippou
et al. on page 2243 ff.
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A renaissance in b-lactam synthesis was
sparked by recent reports on the Kinugasa
reaction, including asymmetric versions
like that shown. Owing to the biological

activity of the heterocycles and their utility
in synthesis, these methods have
attracted much attention.
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Designer ligands : The use of phosphane
and N-heterocyclic carbene ligands allows
the Suzuki–Miyaura coupling of sterically
encumbered aryl chlorides and bromides
to aryl boronic acids with relatively low Pd
loadings under mild conditions. Even the
very bulky 2,4,6-triisopropylphenyl group
can be employed in the coupling reaction

in the presence of an appropriately
designed phosphane ligand (for example,
see formula).

Many aspects of the reactivity and
mechanisms of carbanion chemistry can

be explained by the complex-induced
proximity effect (CIPE) concept (see for-
mula). The current evidence for complex
formation along the reaction pathway in
deprotonations with organolithium
reagents is presented together with illus-
trations of use in organic synthesis.

Are you looking for an operationally
simple means of preparing enantio-
enriched benzylic-like centers bearing
nitrogen? Consider this new and conven-
ient alternative to asymmetric hydroge-
nation: CuH when ligated by an enantio-

pure SEGPHOS ligand can catalytically
reduce aryl ketimines at room temper-
ature in high yields and even higher
ee values (see scheme; TMDS=tetrame-
thyldisiloxane).

A colored butterfly can be drawn in three
dimensions by the precipitation and con-
trol of Au nanoparticles inside transparent
materials (see picture). The precipitation
involves two processes: photoreduction
of Au ions induced by femtosecond laser
irradiation, and precipitation of Au par-
ticles driven by heat treatment. The size of
the nanoparticles and their spatial distri-
bution can be controlled by the irradiation
conditions and annealing temperature.
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Hard graft : Heterobimetallic peralkylated
complexes [Ln{(m-R)2(AlR2)}3] (R=Me,
Et) can be exploited to study metal-size
effects in “Ziegler Mischkatalysatoren”.
Binary precatalyst system [Nd(AlMe3)4]/

Et2AlCl and heterogenized single-compo-
nent variants, such as [Nd(AlMe3)4]
@Et2AlCl@MCM-48 (see picture) effi-
ciently transform isoprene to a high-cis
polymer (>99%).

While long and very short alkyl chains in
alkylammonium-mica form a homogene-
ous mixture with remaining alkali ions on
the mica surface, chains of medium
length (�C12) prefer island structures (see
picture showing the type of system found
for various degrees of surface coverage
and chain length). This observation is
described in detail and a thermodynamic
explanation is given.

Mine’s a triple! The reaction of cis-
[Mo(N2)2(PMe3)4] with (Pb(Br)R)2 affords
the red-brown plumbylidyne complex 1
(see scheme), which is the first com-
pound to feature a triple bond to a main-
group element of the sixth row. The

molecular structure of 1 reveals a very
short Mo�Pb bond of 2.5495(8) R and a
near linear coordination at the lead atom
(Mo-Pb-Caryl 177.8(2)8) (R=2,6-Trip2-C6H3,
Trip=2,4,6-iPr3-C6H2).

In the swing : The Sonogashira coupling
reaction has been used to synthesize a
cyclic tetramer composed of 1,8-anthry-
lene and ethynylene units. This tetramer
adopts a diamond-prism structure and

interconverts between enantiomers by
skeletal swing (see picture); the energy
barrier to interconversion is approxi-
mately 38 kJmol�1.
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Exquisite nanoscale architectures are
exhibited by siliceous diatom shells (see
picture of the cell wall of Stephanopyxis
turris). A hierarchy of hexagonal silica
structures is a major motif. Long-chain
polyamines are a constituent of biosilica
and had been proposed to be involved in
pattern formation. In vitro studies have
now shown that long-chain polyamines
are indeed able to guide the formation of
hexagonally arranged silica structures.

Smaller amounts of proteins are now
required to screen for weak binding
interactions between ligands and the
active site of metalloproteins as a result of
the substitution of diamagnetic zinc(ii)
with paramagnetic cobalt(ii) in the matrix
metalloproteinase MMP-12. 1H NMR
spectroscopy then provides qualitative
information on the orientation of the
ligand in the catalytic site targeted by
drugs (see picture).

The starting point of any standard proto-
col for protein-structure determination by
NMR spectroscopy is the sequence-spe-
cific resonance assignment of the poly-
peptide chain. An experiment for deter-
mining backbone assignment starts and
ends on 13C nuclei and exploits only
heteronuclei. This experiment paves a new
route for those cases in which the 1H lines
are too severely broadened.

Ligand control : The use of Pd complexes
containing tBu3P or nitrogen-heterocyclic
carbene (NHC) ligands almost completely
prevents stereoisomerization, thereby

permitting an efficient and selective
methylation and higher alkylation of (Z)-2-
bromo-1,3-dienes (see scheme, dba=
trans,trans-dibenzylideneacetone).
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In the absence of any activator,
[Cp*Cr(C6F5)(h3-Bn)] (Cp*=C5Me5;
Bn=benzyl) promotes the “Aufbaureak-
tion” under ethylene to produce linear
alkyl products (see scheme). The molec-

ular-weight distribution of the resulting
ethylene oligomers is narrow and in good
agreement with that predicted by the
Poisson distribution formula. Thus this
novel system displays features of a living
polymerization.

Dressed up to the nines : A nonanuclear
FeII complex exhibiting rare m4:h1 azido
bridges that induce ferromagnetic
exchange interactions possesses a core
with a very large ground-state spin (prob-
ably S=14, see picture). The combination
of a large S value and the magnetic
anisotropy of iron(ii) centers endows this
unique species with superparamagnetic
behavior (SMM=single-molecule
magnet).

Perovskite nanoparticles were obtained by
treating alkali or alkaline-earth metals
dissolved in benzyl alcohol with transition
metal alkoxides, which is a novel and
generally applicable route to nanosized
perovskites and related materials. In the
picture, the synthetic route to BaTiO3

nanocrystals is superimposed on a high-
resolution TEM image of a single nano-
particle.

Better by degrees : Insertion of an azido
ligand in a polyoxometalate led to the
complex KRb5[(PW10O37){Ni(H2O)2}(m-
N3)]·19H2O, in which the NiII centers are
ferromagnetically coupled (see picture).
The {Ni(m-1,1-N3)Ni} core constitutes the
first monobridged azido NiII complex
obtained. The Ni-N-Ni angle is the largest
ever observed (129.38), and suggests that
m-1,1-azido complexes are ferromagneti-
cally coupled whatever the bridge angle.
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Inflatable rings : Low-valent Ni0–nitrogen-
heterocyclic carbene catalysts were found
to isomerize activated and unactivated
vinyl cyclopropanes to their respective

substituted cyclopentenes under mild
conditions and in high yields (see scheme,
cod= cycloocta-1,5-diene).

Heading south : The 1,2-migration of the
acyloxy, phosphatyloxy, and sulfonyloxy
groups in allenyl systems has been dis-
covered. This migration, combined with
the transition-metal-catalyzed cycloiso-

merization reaction, leads to the efficient
synthesis of tri- and tetrasubstituted acyl-,
phosphatyl-, and sulfonyloxy-substituted
furans as single regioisomers.

The rod of iron rules! Magnetic iron
phosphide (Fe2P) nanorods (see picture)
were synthesized through the thermal
decomposition of a mixture of [Fe(CO)5]
and trioctylphosphane that was continu-
ously supplied by using a syringe pump.
The size of the nanorods can be success-
fully controlled by subtle changes in the
experimental conditions.

News on the wires : Nanowires of the
titanium dioxide polymorph TiO2-B have
been synthesized in high yield by a simple
hydrothermal reaction between NaOH
and TiO2-anatase followed by acid wash-
ing and subsequent heat treatment (see
picture). Li+ ions and electrons may be
inserted into the TiO2-B nanowires, which
renders them ionically and electronically
conducting, and then subsequently
removed.
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The six pack : Six hexose residues make up
a conformational scaffold that is needed
to induce the proper three-dimensional
structure for the lipopolysaccharides of
the pathogenic bacterium M. catarrhalis
(see picture). The various serotypes of
M. catarrhalis are distinguished by the
presence of additional sugar residues and
different monosaccharides within the
chains.

Electron-deficient ruthenium complex
[Cp*Ru(SDmp)] (1; SDmp=2,6-dimesi-
tylphenylthiolate, Cp*=h5-C5Me5) is sta-
bilized by the coordination of Cipso of one
mesityl group of SDmp. It serves as a
precursor to coordinatively unsaturated

species in two ways: by the lability of Cipso

in reactions with ligands L, and by rever-
sible dissociation/association of the
SDmp ligand in the regioselective cyclo-
trimerization of substituted alkynes (see
scheme).

A key step in the synthesis of lactacystin b-
lactone (3), an inhibitor of the 20S
proteasome, was the ammonia-free
reductive aldol reaction of pyrrole 1 to
form 2 with complete anti selectivity. This

route to 3 takes just 13 steps (14% overall
yield) and allows the late-stage stereo-
selective introduction of a methyl group at
C4, which is crucial for the production of
analogues. Boc= tert-butoxycarbonyl.

Chemistry with currents : The application
of an indirect electroorganic approach has
enabled electroorganic reactions on solid
phases to be performed for the first time
using commercially available polystyrene
beads (see picture, Med= redox catalyst).
The 2,5-dimethoxylation of a variety of
furans was undertaken. This strategy can
be integrated into multistep solid-phase
synthesis.
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As exotic as the title complexes are, and
as classic as the concept of generating
reactive, unsaturated intermediates
[M(ER)n] is (M=d block metal; E=Al, Ga,
In; R=Cp*, C(SiMe3)3), there are still
many surprises to come. Some of these
are shown in the unexpected reactions of
[Ni(AlCp*)3] (see scheme; Cp*=C5Me5).

Carbocations may accumulate during sol-
volysis reactions! The fact that fast ion-
ization followed by slow trapping of the
carbocation R+ is a characteristic pattern
of many solvolysis reactions requires that
the generally accepted energy profiles of
these reactions be revised.

http://www.angewandte.org


Article Leads to Withdrawal of
Doctorate

In 1994, Guido Zadel et al. published an
article in Angewandte Chemie entitled
“Enantioselective Reactions in a Static
Magnetic Field”.[1a] Because, in their
own experiments, several external
teams were unable to produce enantio-
meric excess,[1b, c] and also because anal-
ogous control experiments at the Uni-

versity of Bonn remained negative, it
became evident that the results of the
experiments had been falsified. C.
Eisenbraun and F. Keller, both doctoral
candidates, were the first to attract
attention to the inconsistencies in the
experiments. The article was with-
drawn.[1d,e]

Professor Dr. Tr0per, then Dean of
the Faculty of Mathematics and Natural
Sciences, set up a commission to exam-
ine the course of events. After a thor-
ough examination of the facts and after
interviewing those concerned, the com-
mission came to the conclusion that the
“inventor” of the method, (at the time,
still Dr.) Guido Zadel had not only
made up the results published in chap-
ter 9 of his dissertation, but had also fal-
sified the experiments of his colleagues.
On February 7, 1996, as recommended
by the commission, the committee of
the Faculty of Mathematics and Natural
Sciences decided to strip Guido Zadel of
his doctorate because of grave decep-
tion during (and after) his doctoral stud-
ies. On February 3, 1997, Zadel insti-

tuted a suit before the first-instance
administrative court in Cologne against
the decision of the faculty and applied
for cancellation of that decision. On
February 3, 2002, after hearing the par-
ties involved on August 14, 2000, the
administrative court dismissed the com-
plaint against the decision made by the
faculty. On April 18, 2002, because the
court had not allowed an appeal,
Zadel<s lawyer applied for leave to
appeal to the North Rhine Westphalian
appellate administrative court. This
application was dismissed on January
22, 2004. In consequence, not only the
ruling of the administrative court in
Cologne but also the decision made by
the faculty are legally binding. The doc-
toral certificate must be withdrawn and
Guido Zadel is no longer allowed to
use the title of Doctor.

Correspondence by Prof. Dr. I. Lieb, Vice
Dean of the Faculty of Mathematics and Natural
Sciences, UniversitBt Bonn.
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Most-Read Articles in 2003

A total of about 3.5 million full-text
downloads were recorded for the two
editions of Angewandte Chemie in
2003. Disregarding downloads of the
graphical tables of contents, articles on
synthetic methods in organic chemistry
were the most popular; synthetic
organic chemists apparently form the

largest homogeneous group among the
readership of Angewandte Chemie.
Small differences were found between
the German and international editions
with regard to the Nobel Lectures:
Those by K. W0thrich (NMR spectros-
copy of biomacromolecules, issue 29)
and J. B. Fenn (electrospray mass spec-
trometry of large molecules, issue 33)
were among the ten most downloaded
articles in the German edition (probably
because of their exclusivity), but not in
the international edition.

In both editions the Reviews by S. J.
Danishefsky (total syntheses of gelse-
mine, issue 1), F. Diederich (chemical
and biological recognition processes,
issue 11), S. Blechert (olefin cross-meta-
thesis, issue 17), I. W. Hamley (soft
nanomaterials, issue 15), S. V. Ley
(copper-mediated bond formation,
issue 44), and C. T. Walsh (vancomycin
biosynthesis, issue 7) were among the
ten most downloaded articles. The Com-
munications in both editions to attract
the most readers were those by G. C.
Fu (oxindoles and benzofuranones with
a quaternary stereocenter, issue 33),
N. E. Leadbeater (Suzuki coupling reac-

tions in the absence of transition metals,
issue 12), E. Carreira (total synthesis of
spirotryprostatin B, issue 6), K. C. Nico-
laou (total synthesis of diazonamide A,
issue 15), H. Plenio (Sonogashira cou-
pling of aryl chlorides, issue 9), and I.
Rubinstein (nanotubes, issue 45). Sur-
prisingly, the Editorial by the Editor-
in-Chief P. GIlitz in issue 1 on the new
layout and the change to weekly publi-
cation was in the leading group of the
most frequently downloaded articles in
the international edition.

[1] a) G. Zadel, C. Eisenbraun, G.-J. Wolff,
E. Breitmaier, Angew. Chem. 1994, 106,
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Synthetic Methods

b-Lactam Synthesis by the Kinugasa Reaction
Jos� Marco-Contelles*

Keywords:
b-lactams · Kinugasa reaction · nitrones ·
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The b-lactams are one of the best
known and extensively investigated het-
erocyclic ring systems as a result of both
their biological activity as antibiotics[1]

and their utility as synthetic intermedi-
ates.[2] Among the different synthetic
approaches for the preparation of b-
lactams,[1] the Kinugasa reaction[3] has
been largely neglected in the current
practice of organic chemistry. It has
been only very recently, and mainly
due to some papers by groups led by
Basak and Fu highlighting the great
synthetic potential of the Kinugasa re-
action that this extremely interesting
reaction has caught the attention of the
scientific community.

In its first description[3] the Kinugasa
reaction involved the reaction of cop-
per(i) phenylacetylide with nitrones to
produce b-lactams (Scheme 1). The re-
action was performed in anhydrous
pyridine at room temperature under
nitrogen atmosphere and with short
reaction times (from 30 min to 1 h);
after hydrolysis and workup, the exclu-
sively cis products were obtained in
good yields (from 51.2 to 60.2%). Inter-
estingly, the use of copper(i) phenyl-
acetylide as the reagent was critical, as
the reaction of alkynes with nitrones
affords pyrrolinediones or isoxazoli-
nes.[4b] In 1976 Ding and Irwin reported
on the scope and limitation of the
Kinugasa reaction in a full paper,[5]

showing that under the general exper-
imental conditions,[3] mixtures of cis-

and trans-b-lactams were always ob-
tained in different ratios (from 1:1 to
12:1), the cis-b-lactam 3 being the major
diastereomer in most cases; the extent
of formation of trans-b-lactam 4
(Scheme 1) seemed related to the ease
of isomerization at C3 under the basic
conditions, and ultimately to the type of
substituents at this position. These au-
thors also proposed the first mechanism
for the Kinugasa reaction (Scheme 2),
which is still accepted today. In 1986,
overlooking Kinugasa's seminal re-
port,[3] Sandhu and colleagues described
the reaction of copper(i) phenylacety-
lide with benzoyl-N-tolylnitrone in pyr-
idine, rendering only one compound,
the trans-1-tolyl-3-phenyl-4-benzoylazet-
idin-2-one, in 88% yield.[6]

In 1993 in a preliminary communi-
cation and in 1995 in a full paper, Miura

and co-workers reported[7] an interest-
ing modification in the original protocol
for the Kinugasa reaction based on the
reaction of phenylacetylene (5) with a
series of C,N-diarylnitrones 6 in the
presence of catalytic amounts of copper
iodide and potassium carbonate. For the
example shown in Scheme 3, the yield of
the resulting products 7–10 was depend-
ent on the type of phosphanes or nitro-
gen-containing compounds used as li-
gands. In the absence of ligands or with
triphenylphosphane, tributylphosphane,
1,2-bis(diphenylphosphanyl)ethane
(dppe), 1,3-bis(diphenylphosphanyl)-
propane (dppp), or 2,2’-bipyridine, the
trans-b-lactam 8a was isolated in poor
yield but as the only product in the
reaction mixture. However, the pres-
ence of pyridine or 1,10-phenanthroline
as ligands significantly increased the

Scheme 1. Synthesis of b-lactams by the Kinugasa reaction.

Scheme 2. Mechanism for the Kinugasa reaction proposed by Ding and Irwin.[5]
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yields of the lactams (55–71%), now
isolated as mixtures of cis (8b) and trans
(8a) isomers in a 2:1 ratio for pyridine
and in a 1:1.2 ratio for 1,10-phenanthro-
line.

In an extension of these results,
Miura and colleagues described the first
examples of the asymmetric intermolec-
ular Kinugasa reaction with chiral li-
gands.[7] For this purpose bisoxazoline-
type ligands 11–13 were selected. With

stoichiometric amounts of compound
11, the reaction of alkyne 5 with nitrone
6 (Scheme 3) provided b-lactams 8a,b in
45% yield and in a 35:65 ratio; each
pure isomer showed a 40% ee ; increas-
ing the amount of CuI to 1 mmol
resulted in 68% ee. Chiral ligands 12
and 13 generated similar products with
enantiomeric excesses of 67% and 45%,
respectively. After some experimenta-
tion it was found that for the same
reaction, the slow addition of the phe-
nylacetylene (5) to a mixture of nitrone
6, CuI (0.1 mmol), and 11 (0.2 mmol)
afforded a selectivity of 57% ee. When
catalysts 12 and 13 were used under
these conditions, copper(i) phenylacety-
lide precipitated preventing further re-
action.

In 1997 and 1998 in their first two
contributions in this area Basak et al.
described the synthesis of the cis-b-
lactams 16 by the Kinugasa reaction of
the corresponding nitrones 2 and alkyn-
yl alcohols 14, followed by acetylation of
the intermediate alcohols 15
(Scheme 4).[8] Compound 16 was then
hydrolyzed with pig pancreatic lipase
(PPL) to provide enantiomerically pure
2-azetidinone compounds.

More recently, Basak et al. reported
an asymmetric version of the Kinugasa
reaction using Evans's oxazolidinone as
a chiral auxiliary.[9] Accordingly, pre-
cursor 17 was synthesized and sub-
mitted to reaction with nitrone 18,
providing mixtures of trans- and cis-
b-lactams (19 and 20, Scheme 5),
both in enantiopure form and with a
stereoselectivity in the range of 95%.
The absolute configuration at these
centers was assigned by X-ray struc-
ture analysis of compound 19
(Scheme 5). Finally, they demon-
strated, as had been previously pro-
posed,[5] that the cis isomers isomerize to
the trans isomers upon treatment with

base (nBuLi) at low temperature. How-
ever, they did not attempt to remove the
chiral auxiliary from the intermediates
to give the free, enantiomerically pure
b-lactams.

In 2002 Lo and Fu reported the first
completely diastereo- and enantioselec-
tive catalytic Kinugasa reaction, using
the chiral-ligand strategy.[10] This was
possible with the sterically hindered
base N,N-dimethylcyclohexylamine and
new C2-symmetric planar-chiral bis(aza-
ferrocene) ligands. Under Miura's con-
ditions,[7] the coupling of phenylacety-
lene (5) with N,a-diphenylnitrone (21,
Ar=R=Ph) in the presence of 22 and

catalytic amounts of copper chloride led
to moderate stereoselection. With cata-
lyst 23 the formation of b-lactams 24
(Scheme 6) proceeded with excellent cis

diastereoselectivity (95:5) and good ee
(from 67 to 85%). The more electron-

Scheme 3. The Kinugasa reaction according to
Miura et al.[7]

Scheme 4. The Kinugasa reaction as reported
by Basak et al.[8]

Scheme 5. Asymmetric Kinugasa reaction with a chiral auxiliary.[9]

Scheme 6. Asymmetric Kinugasa reaction according to Lo
and Fu.[10] Cy=cyclohexyl.
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rich the aromatic group on the nitrone,
the higher the enantioselectivity; the
best results were obtained for the p-
anisyl derivatives 21 (Ar= p-MeO).

Very recently Tang and colleagues
reported[11] that the chiral tris(oxazo-
line) 25 in the presence of Cu(ClO4)·
6H2O catalyzed the Kinugasa reaction

between terminal alkynes and nitrones,
giving high cis diastereoselection and
good enantioselectivities (55–85% ee).
Particular emphasis was placed on the
effect of the base in the asymmetric
induction; they found that secondary
bases, particularly dicyclohexylamine,
gave better results than primary or
tertiary amines. They also performed
the Kinugasa reaction for the first time
in the presence of copper(ii) salts, an
interesting variation on the previous
protocols, which allowed the authors to
work under air atmosphere.

Finally, in 2003 Shintani and Fu
described the first example of the intra-
molecular asymmetric Kinugasa reac-
tion.[12] With the alkynyl nitrone 26 as
the substrate, and under the previously
documented experimental conditions,[10]

reaction with catalysts 11 and 23 gen-
erated the expected adduct 27 in poor to
modest stereoselectivity (Scheme 7).
With the planar-chiral phosphaferro-
cene-oxazolines 28 and 29[13] a notably
improved enantioselectivity was ob-
served (Scheme 7). In addition to these
interesting observations, the authors
were able to trap the in-situ-formed
intermediate copper enolate, which had
been postulated in the mechanism for
the Kinugasa reaction,[5,7] by reaction
with suitable electrophiles (in the pres-
ence of allyl iodide, compound 26 gave
only product 30, Scheme 7), greatly
expanding the scope of this process.

In summary, the Kinugasa reaction is
a simple, but efficient protocol for the
synthesis of b-lactams in racemic or
enantiomerically pure form, with attrac-
tive features that include ready avail-
ability of the starting material (alkynes
and nitrones), convergence, and high
functional-group tolerance. The recently
described new aspects in the Kinugasa
reaction nicely complement the number
of methods known and published for the
synthesis of enantiomerically pure b-
lactams.[1d]
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Scheme 7. Intramolecular asymmetric Kinugasa reaction.[12]
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Cross-Coupling

Rational Ligand Design in Constructing Efficient
Catalyst Systems for Suzuki–Miyaura Coupling
Masahiro Miura*
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Transition-metal-catalyzed cross-cou-
pling is now recognized to be one of
the most powerful carbon–carbon bond-
forming reactions.[1] The palladium-cat-
alyzed coupling of aryl halides or their
synthetic equivalents, such as aryl trif-
lates, with aryl metals (M=Mg, Zn, B,
Sn, Si, etc.) are very often employed in
the synthesis of biaryl molecules, whose
skeletons are found in a wide range of
important compounds including natural
products and organic functional materi-
als (Scheme 1).[1–3]

Recently, various bulky and elec-
tron-rich phosphanes[4,5] and N-hetero-
cyclic carbenes (NHCs)[5,6] have been
developed as ligands to promote the
cross-coupling reaction. The ligands
may afford coordinatively unsaturated
monophosphane- or monocarbene-li-
gated complexes and accelerate the
catalytic steps, that is, oxidative addi-
tion, transmetalation, and reductive

elimination. As a result, even relatively
less-reactive aryl chlorides can be used
effectively in the coupling.[5, 6] In the last
couple of years, further impressive prog-
ress in ligand design has been achieved.
The leading reports are summarized
herein, especially focused on the Suzu-
ki–Miyaura coupling[7] with aryl boronic
acids (M=B(OH)2). The reaction has
been the subject of most of the studies
owing to its wide applicability and the
low toxicity of the reagents. Effects of
other variables such as solvent and

activator (or base) may be
found in the literature.[7]

Bulky trialkylphosphanes
such as PCy3 and P(tBu)3 were
reported to be effective for the
Suzuki–Miyaura coupling[8]

and for the amination[9] of aryl
chlorides. The latter ligand was
found to be highly versatile.
The adamantyl group was
shown to be a good choice for
the bulky alkyl substituents of
phosphane.[10] Furthermore,
Buchwald and co-workers

demonstrated that dialkyl(biphenyl-2-
yl)phosphanes 1a–c afforded potentially
active catalysts.[11]

One of the advantageous aspects of
ligands that bear biphenyl moiety is that
sterically and electronically flexible per-

turbations are possible by introducing
appropriate substituents on the benzene
rings. Furthermore, the latter may be
replaced by other aromatic and hetero-
aromatic moieties. Thus, various substi-
tuted dialkyl biphenylphosphanes[12] and
heteroaryl-[13] and ferrocenyl-contain-
ing[14] phosphanes of this type were
prepared and shown to enable the
coupling with varying degrees of cata-
lytic activity, depending on the struc-
tures.

It was postulated that besides bulki-
ness and electron-richness, an important
factor that imparts a high catalytic
performance on dialkyl biphenylphos-
phanes is that the p-systems of the
ortho-aromatic groups on the ligands
interact with the Pd center.[15] Indeed, it
was found that in [Pd(1a)2] (2), there is a
h1–p interaction with C2’, evidence for
which was obtained by NMR spectro-
scopic and X-ray crystallographic anal-
yses.[16] However, this interaction may
cause cyclopalladation, which decreases
the lifetime of the catalyst. Thus, it is
conceivable that the introduction of two
appropriate substituents at the 2’- and
6’-positions can prevent the metalation,
simultaneously increasing the steric bulk
of the ligand.

Consequently, Buchwald and co-
workers prepared the dimethoxy-substi-
tuted ligand 3.[17] It was also expected
that the methoxy groups would increase
the electron density of the biphenyl
moiety and thus stabilize the corre-
sponding Pd complex by the interaction
of the lone pairs of electrons with the
metal center. It was found that ligand 3
is an excellent ligand, and even sterically
encumbered aryl halides or aryl boronic
acids, which generally react sluggishly,
can be used effectively with relatively

Scheme 1. Pd-catalyzed cross-coupling of aryl halides
with aryl metal reagents.
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low Pd loadings. Significantly, an un-
expected and unprecedented h1–p in-
teraction of the Pd center with C1’ was
observed in the crystalline state of
complex 4 (dba= dibenzylideneace-
tone); this interaction may extend the
lifetime of the catalyst.[18]

Representative reactions with ligand
3 are summarized below. The reaction of
2,6-dimethylchlorobenzene with 2-
methylphenylboronic acid[8b,11c] in the
presence of Pd (0.2 mol%) afforded
2,2’,6-trimethylbiphenyl in 98% yield
after 0.2 h at 90 8C. The same reaction
can also proceed at room temperature
(Scheme 2).

The very bulky 2,4,6-triisopropyl-
bromobenzene and naphthylboronic
acid are also suitable substrates for the
coupling (Scheme 3).

Unactivated aryl bromides couple
with ortho-substituted phenyl boronic
acids in high yields in the presence of Pd
(10 ppm). Heteroaryl chlorides such as
chloroindole can be used without pro-
tection of the N atom. Notably, ligand 3
is effective for reactions with alkyl
boronic acids.

Meanwhile, Fu and co-workers re-
ported that PMe(tBu)2 is a suitable
ligand for the reactions with alkyl bro-
mides, whereas relatively bulkier PEt(t-
Bu)2 and P(tBu)3 are far less effective.[19]

Oxidative addition of alkyl bromides to
[Pd{PMe(tBu)2}2] has been shown to
occur under mild conditions, so that

undesirable b elimination in the corre-
sponding alkyl palladium intermediates
can be suppressed.

The application of NHC ligands to
the Suzuki–Miyaura coupling was first
reported in 1998,[20] and it was found
that ligands bearing two bulky aryl
groups such as 5a (IMes) and 5b (IPr)
also promote the reaction of unactivated
aryl chlorides.[21, 22] More recently, Nolan
and co-workers prepared NHC pallada-
cycle complexes,[23] as various pallada-
cycles proved to be potential catalyst
precursors for the Mizoroki–Heck reac-
tion.[24]

It was shown that complex 6 (which
is prepared from 5b and 2-dimethyla-
minobiphenyl) can catalyze coupling

reactions to produce di- or tri-ortho-
substituted biphenyl compounds in
high yields. The reactions with
2 mol% of 6 can be completed at
room temperature within 50–
75 min.[23b] It was proposed that the
2-dimethylaminobiphenyl moiety is
eliminated in the reaction medium to
give catalytically active [(IPr)Pd0].
Notably, the phosphane analogues
of 6 were also prepared and exam-
ined at 100 8C.[25]

Herrmann and co-workers re-
ported a new bisadamantyl NHC
ligand 7.[26] The Pd complex of 7

(0.1–3 mol% Pd loading) catalyzes the
Suzuki–Miyaura coupling of various
3- or 4-substituted aryl chlorides and
aryl boronic acids at room temperature.
However, substrates with ortho-sub-
stituents are less tolerable. To overcome
this problem, Glorius and co-workers
prepared a NHC ligand with flexible
steric bulk, which may allow the ap-
proach of bulky substrates to Pd.[27] As
expected, ligand 8 induces the couplings
to give di- or tri-ortho-substituted biaryl
compounds at room temperature.

Herein we described recent progress
in ligand design, especially for the
Suzuki–Miyaura coupling reaction.
However, these concepts may certainly
be applied to other palladium-catalyzed
coupling reactions, including those that
occur through C�H or C�C cleavage.[28]

Furthermore, these results could be
extended to other transition-metal cata-
lysts. As transition-metal catalysis is
indispensable in organic synthesis, fur-
ther elaborated ligands with higher
activities and ready recoverability will
be explored continuously.
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2004.

Scheme 2. Suzuki–Miyaura coupling of 2,6-dimethylchlorobenzene with 2-methylphenylboronic
acid.

Scheme 3. Suzuki–Miyaura coupling of 2,4,6-triiso-
propylbromobenzene with 1-naphthylboronic acid.
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1. Introduction

Multistep syntheses of organic compounds generally
involve reactions in which a carbon-/hydrogen bond is
replaced chemoselectively, regioselectively, diastereoselec-
tively, and/or enantioselectively by a carbon–carbon or
carbon–heteroatom bond. The majority of these hydrogen
replacements involve intermediate carbanions formed by
deprotonations of substrates that have conventional activat-
ing groups adjacent to the site of the proton to be removed. In
1986, it was noted that a number of novel carbanion
formations by organolithium bases can be described as a
two-step process in which the formation of a prelithiation
complex brings reactive groups into proximity for directed
deprotonation.[1,2] This phenomenon was termed the com-
plex-induced proximity effect (CIPE).

The idea that a temporarily bound species can promote a
chemical reaction can be traced to Pauling's application of
Emil Fischer's insightful lock-and-key concept of transition
structures.[3, 4] In organolithium chemistry, the pioneering
work of Gilman, Wittig, Roberts, and Curtin on ortho
lithiations was seminal.[5–7] Suggested roles for reactive
complexes in exchanges of hydrogen for lithium have been
recurrent in the last 50 years.[8, 9]

Yet, two contemporary questions remain: 1) Does con-
vincing evidence exist for the formation of complexes on the
reaction pathway? 2) Is CIPE useful in providing guidance
for synthetic development and/or rationalization for new
reactions?

These questions, although linked by concept, could have
different answers. Herein we discuss developments related to
CIPE in deprotonations with respect to each question from
the perspective of recent work. Representative cases that
illustrate the current understanding, applications, and limits
of the concept are presented. Related reactions of lithium
enolates, lithium amides, or ylides are not covered.

2. The CIPE Concept

2.1. Illustrations of the Complex-Induced Proximity Effect

The general CIPE is illustrated for a lithiation/substitution
sequence from 1 to 5. Association of 1 with an organolithium
reagent provides the complex 2. Subsequent directed lithia-
tion of 2 via 3 affords 4, which can react with an electrophile
to provide 5 (Scheme 1). Cases that can be cited for CIPE
include not only deprotonative mono- and dilithiations, but
also heteroatom–lithium exchanges, inventive displacements,
and additions.[1, 2,10–16]

Applications of CIPE to synthetic goals have been
particularly well-developed for directed ortho metalation
(DoM) methodologies.[17–19] The lithiation sequences from
7a–c to 6 and 8 are illustrative (Scheme 2).[20] Treatment of 7a
with LDA affords 6, the result of a directed lithiation and an
anionic ortho Fries rearrangement. In the case of 7b or 7c, the
normal site of metalation is blocked and deprotonation of the
remote ring becomes thermodynamically favored by the
initial formation of a complex between the directing group
and the organolithium reagent. Rearrangement and acid-

The concept of the complex-induced proximity effect (CIPE) in
deprotonations is helpful in elucidating the mechanisms involved in
carbanion chemistry and in planning organic syntheses. In this Review,
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discussed. Experimental data from kinetic measurements and isotope-
labeling experiments as well as the results of calculations in many cases
point to a prelithiation complex as a reaction intermediate. Some
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can be used to obtain intermediates in a regio- or stereoselective
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catalyzed cyclization follow to provide the dibenzopyranones
9 in good yields.

A CIPE can be used to control the regioselectivity of
directed ortho metalations by altering the balance of induc-
tive and association effects. For example, the directed
lithiation of 11 with sBuLi·TMEDA provides 10, the product
of lithiation adjacent to the strongly complexing carboxamide
(Scheme 3).[21] However, lithiation of 11 by a-ethoxyvinyl
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Scheme 2. When the preferred site for deprotonation in 7, the ortho position, is blocked (7b,c), a directed deprotonation at the unfunctionalized
phenyl ring is followed by rearrangement to 8. Acid-catalyzed cyclization leads to lactone 9. LDA= lithium diisopropylamide.

Scheme 3. Regioselectivity of DoM with different organolithium
reagents. HMPA=Hexamethylphosphoramide, TMEDA=N,N,N’,N’-
tetramethylethylenediamine.

Scheme 1. Deprotonation of an organic substrate with an organo-
lithium reagent. FG= coordinating functional group, E+=electrophile.
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lithium·HMPA affords 12, the kinetic product of lithiation
adjacent to the methoxy functionality. A reasonable rationale
is that complexation, which drives the formation of 10 with
sBuLi·TMEDA, is suppressed with a-ethoxyvinyl lith-
ium·HMPA. Formation of 12 is then attributed to a favorable
inductive effect of the methoxy group.

A CIPE can be operative in both the formation and the
reaction of an organolithium intermediate.[22] The dilithiation
of 13 gives 15 via 14 (Scheme 4), whereas lithiation of

ethylbenzene, a model for benzylic lithiation in the absence of
a complexing group, gives predominantly metalation of the
aromatic ring. Subsequent reaction of 15 with methyl iodide
provides 16 diastereoselectively (d.r. 91:9). The diastereose-
lectivity is not established in the initial dilithiation; hence, the
methylation is an asymmetric substitution and must involve
the formally remote stereogenic center of the carbanion and
the stereogenic center adjacent to the nitrogen atom. Com-
plexation brings both centers near the lithium atom; this
proximal stereochemical influence leads to an energy differ-
ence between the competitive transition states, which results
in diastereomeric enrichment.

A CIPE, or lack thereof, can be manifested by divergent
reaction pathways from a lithiated intermediate.[1,2] A syn-
thetically interesting illustration involves addition of the a-
lithio-Boc amine 18 to cyclohexenone.[23] Reaction of
18·TMEDA with cyclohexenone affords the expected 1,2-
addition product 17. However, reaction of 18·dibutylbispidine
with cyclohexenone provides the 1,4-addition product 19
(Scheme 5). A CIPE-based rationale is that the formation of

17 involves initial complexation of the carbonyl oxygen atom
to the lithium center of 18. When carbonyl/lithium complex-
ation is suppressed by complexation of 18 with bulkier
dibutylbispidine, 1,4-addition to give 19 is observed.[24]

2.2. Does Complexation Precede the Reaction?

Although CIPE suggests that complex formation precedes
proton transfer to the organolithium base,[1, 2, 5–9,25] application
of Occam's razor to directed lithiations can be taken to
suggest that a single-step mechanism in which complexation
and proton transfer occur simultaneously should be preferred.
A pertinent observation made for the ortho lithiation of
anisole involved the detection of an unreactive complex
between anisole and nBuLi which showed Li–H contact by
6Li,1H-heteronuclear Overhauser effect spectroscopy
(HOESY).[26] When TMEDAwas added and ortho lithiation
proceeded, the previously observed complex of anisole with
the organolithium reagent was not detectable. This nBuLi·
anisole complex apparently is not involved in the reaction.
Lithiation through a complex composed of (nBuLi)2·
TMEDA·anisole was suggested.[26]

Earlier, Hommes and Schleyer had suggested, on the basis
of calculations, that the CIPE be replaced by “kinetically
enhanced metalation.”[27, 28] This term focuses attention on the
transition-state structure for proton transfer. We interpret the
difference between the two hypotheses to be that the former
postulates a complex as an intermediate along the reaction
pathway, whereas the latter does not. CIPE allows, but does
not require, proton transfer in the rate-determining step,
whereas “kinetically enhanced metalation” requires proton
transfer to be the only step between the reactant and the
lithiated product.

Consideration of the possible reaction profiles for the
conversion of 1 into 4 via 2 is useful (Figure 1). A one-step
mechanism would involve a single transition structure, arising
from simultaneous complexation and proton transfer (Fig-
ure 1a). For the two-step mechanism, five limiting possibil-
ities are shown in Figures 1b–f: The formation of a complex
that is higher in energy than the reactants with b) rate-
determining complex formation or c) rate-determining
proton transfer; alternatively the complex formed is lower
in energy than the reactants with d) rate-determining com-
plex formation, e) rate-determining proton transfer with a
fast, reversible first step, or f) rate-determining proton trans-
fer with a fast, irreversible first step.

The mechanistic issues arising from the possible reaction
energy profiles can be addressed in
specific cases. Useful information
has been garnered from kinetic iso-
tope effect experiments, kinetic
measurements, studies of complex-
ation of reactants, observations of
structural requirements for lithia-
tions, and theoretical calculations.

Circumstantial support for com-
plexation preceding reaction is pro-
vided by solid-state and solution

Scheme 4. Stereoselective methylation of the dilithiated intermediate
15.

Scheme 5. The addition of TMEDA results in the 1,2-addition of 18 to cyclohexenone, whereas dibu-
tylbispidine promotes 1,4-addition. Boc= tert-butyloxycarbonyl.
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studies. Stable structures of organolithium compounds are
well-established as highly aggregated and strongly ligand-
associated.[8, 9, 29–33] The origin of the stabilization can be
attributed to a favorable binding energy between the
relatively concentrated positive charge of the small lithium
atom and the negative charge of the carbanion or the electron
pair of a Lewis base in intermolecular and/or intramolecular
interactions. Support for lithium–electron pair complexation
in ground states was provided by X-ray crystallographic
structures.[34, 35]

Strong lithium–heteroatom interactions in products of
lithiations generally have been taken to suggest that complex-
ation plays a role in the transition structures of proton
transfer. A good example is one of the early cases of DoM, the
reaction of dimethylbenzylamine (20) with nBuLi·TMEDA to
afford 21 (Scheme 6).[36] The structure of 21 was investigated

in the solid state and shown to be a tetramer in which each
lithium atom is associated with three carbanionic carbon
atoms and one nitrogen atom.[37] In diethyl ether, 21 exists as a
mixture of three different dimers, each of which exhibit strong
intramolecular chelation.[38] The two major dimers differ in
whether the benzyldimethylamino moiety is complexed to the
same or to different lithium atoms. The strength of the
lithium–nitrogen interaction is demonstrated by the fact that
complexation persists in HMPA, which breaks down the
dimer into a monomer.

Organolithium structures 22 and 23, analogous to 15 and
18 (Schemes 4 and 5), respectively, show lithium–carbanion
interaction. An NMR spectroscopic study of the structure of
13C-, 6Li-, and 15N-labeled 22·(�)-sparteine established that

the nitrogen atom of the amide is associated with the lithium
center bound to the benzylic carbon atom.[39] The crystal
structure of the a-lithiated benzyl amide 23 shows both
intramolecular and intermolecular ligand binding.[40]

Studies of ground-state structures also show agostic
interactions between C�H bonds and lithium atoms, which
may precede proton transfer and can be interpreted to
provide support for CIPE. A survey of X-ray crystal
structures supports a systematic weakening of C�H bonds
associated with lithium atoms.[41] Additionally, an NMR
spectroscopic study of the lithiation of 1-naphthol in con-
junction with calculations suggests that a CIPE develops
along the reaction path for these compounds.[42] Recent
reports of the lithiation of methylthiomethyl oxazolidin-2-one
compounds demonstrated the presence and mechanistic
implications of complexation between the carbonyl oxygen
atom and the lithium atom of the anionic species.[43] A
complex has been invoked to describe a mechanism for the
configurational inversion of dipole-stabilized a-aminoorga-
nolithium reagents.[44] However, these structures provide only
circumstantial evidence with respect to the question of
whether intermediate complexes are present in the reaction
pathway of a directed lithiation.

Experiments that might be used to distinguish between
the alternative reaction profiles of Figure 1 are subject to
different interpretations. Kinetic data can be consistent with,
but cannot “prove”, that a proposed reaction pathway is
operative (see Section 2.4). The fact that reactive complexes
have not been observed spectroscopically could be due to the

Figure 1. Reaction profiles for lithiations in a) one step or b)–f) via a complex.

Scheme 6. A classic example: Deprotonation of N,N-Dimethylbenzyl-
amine (20) with nBuLi.
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intermediate not being present at detectable levels. However,
even detection of a complex under the reaction conditions
does not prove it to be necessarily on the reaction pathway. In
fact, a recent kinetic investigation of a directed lithiation
afforded kinetic data that are consistent with the simulta-
neous existence of reactive and unreactive complexes.[45]

2.3. Is There Convincing Evidence for the CIPE?

Protium/deuterium isotope effects may provide definitive
information on the number of steps in a reaction involving a
proton transfer. At the low temperatures at which these
reactions are carried out, values of primary protium/deute-
rium isotope effects of 25� 5 would be expected for a
symmetrical atom transfer. Experimental determinations of
these isotope effects in lithiations have given a wide range of
values.[46,47] High values are taken to indicate that tunneling
occurs in the proton transfer. Low values could indicate a
highly asymmetric proton transfer or that a step other than
proton transfer is rate-limiting. Nonetheless, definitive infor-
mation can be obtained from comparative isotope-effect
investigations.

Reactions in which two symmetrical protons are available
for transfer can be especially informative, as a straightforward
comparison of intermolecular and intramolecular isotope
effects can be made.[48,49] The reactions of 24, [D1]24, and
[D2]24 can be taken as representative. An apparent intermo-
lecular isotope effect would be measured from reaction of 24
and [D2]24 by the ratio 25/[D1]25 (Scheme 7). An actual
intramolecular isotope effect would be measured by the ratio
25/[D1]25 from the lithiation of [D1]24.

If the reaction proceeds either in a single step without
prior complex formation (Figure 1a) or in two steps with
reversible complexation (Figures 1c or e), then the product-
determining steps would involve the same primary isotope
effects and the ratio 25/[D1]25 would be essentially the same
for both experiments if the small difference due to the
secondary isotope effect is disregarded. However, if the
reaction involves two steps (Figures 1b,d, f), two different

ratios of products 25/[D1]25 should be observed. In the
simplest case, the intermolecular experiment would give a 25/
[D1]25 ratio of 1. This product ratio would be due to the fact
that, after irreversible complexation, which is assumed to be
unaffected by labeling, deprotonation or dedeuteration will
necessarily occur for 2 to be converted into 4 (Scheme 1). In
effect, after the formation of the complex in the intermolec-
ular case, the base does not have a choice of selection between
protium or deuterium. On the other hand, for the intra-
molecular experiment (Figures 1b,d, f), the product ratio
would be determined by a primary isotope effect, since, after
irreversible complexation, the base is able to select the
protium or the deuterium.

An investigation of the protium/deuterium isotope effects
for the directed lithiation of urea 26 was reported.[49] Treat-
ment of 26, [D1]26, or [D2]26 with sBuLi·TMEDA provided a
lithiated intermediate that upon reaction with CO2 furnished
27 or [D1]27 (Scheme 8). Measurements of the ratio 27/[D1]27
allowed the calculation of experimental isotope effects. An
apparent intermolecular isotope effect of 5–6 was obtained
from 26 and [D2]26 and found to be substantially lower than
the intramolecular isotope effect of > 20 from [D1]26. Since
the intra- and intermolecular isotope effects are different, a
one-step mechanism is precluded and a mechanism consisting
of at least two steps is required. The observation of a lower
intermolecular than intramolecular isotope effect can be
rationalized by a complexation step that is higher in energy
than a deprotonation step and is most reasonably consistent
with an energy profile in which the activation energies for the
formation of the complex and the lithiated intermediate are
similar. If the complexation is not completely irreversible, an
intermolecular isotope effect > 1 but less than the intra-
molecular isotope effect is observed as expected.

Application of this approach to DoM has been reported
for the lithiation of tertiary amide 28 and secondary amide
30.[49] By analysis of the product ratios, high inter- and
intramolecular isotope effects were found in both cases.
Although comparable isotope effects do not allow for differ-
entiation between a one- or two-step mechanism, energy
diagrams represented by Figures 1b and d can be excluded as
possibilities, since they require complex formation as the rate-
determining step. If the deprotonations of 26, 28, and 30 can
be described similarly, then the reactions of 28 and 30may be
described by Figure 1e. Given other evidence for complex-
ation between lithium and amide functional groups, a fast,
reversible complexation followed by slow deprotonation is a
reasonable description of these pathways.

2.4. Are Kinetic Studies Consistent with a Prelithiation Complex?

Although the kinetics of lithiation reactions can be
complex, a discussion in terms of minimal models can be
useful. The overall rate for the transformation of 1 into 4
(Scheme 1) does not necessarily differentiate between the six
reaction energy diagrams shown in Figure 1. For example, the
reaction pathways of 1a and 1c would give the same kinetic
behavior with respect to disappearance of 1 and appearance
of 4. However, a variation of the ratios of reagents under

Scheme 7. Illustration of inter- and intramolecular isotope effects.
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pseudo-first-order reaction conditions may provide informa-
tion about the individual steps of the reaction mechanism.
From this kinetic data, rate constants can be determined and
used to identify the reaction order in each reagent.

A case in which an intermediate complex was directly
observed in a directed lithiation was the reaction of 32 with
sBuLi in cyclohexane at room temperature to give 35
(Scheme 9).[50] The reaction was shown to involve rapid
formation of differentially complexed sBuLi tetramers with
favorable equilibrium constants consistent with profile 1e.
Structure 33, which shows only one complete amide structure
for clarity, contains three amide substrates complexed to the
tetrameric organolithium complex and is the most reactive by
a factor of 1000 relative to differentially complexed tetramers.
A surprising decrease in the initial rate constant for the
formation of 35 with an increase in sBuLi concentration is

attributable to the fact that the
concentration of this critical spe-
cies decreases as the concentra-
tion of sBuLi is increased. The
high reactivity of 33 led to the
hypothesis that transition struc-
ture 34 is favored for proton
transfer. In 34, ligands bound to
the lithium centers promote
release of the carbanion to bond
with the proton. In effect, this
association can be considered to
move the lithium ion away from
the carbanion and promote a
transition state in which a bond
forms between the carbanion and
the proton on the methyl group,
as illustrated by 34.

Interestingly, further study
established that the sBuLi tet-
ramer is maintained upon addi-
tion of TMEDA. Thus, in contrast
to the dogma of the time,
TMEDA was not proposed to
accelerate the reaction by break-
ing up the tetramers. The ration-
ale was advanced that TMEDA
promotes deprotonation by assist-
ing in release of the carbanion in
the transition state for deproto-
nation, analogous to that of 34.[51]

In a careful study of the
kinetics of the lithiation of triphe-
nylmethane (36) by the lithium
bases 37, 38, and 39, Klumpp and
co-workers suggested that these
reactions proceed via complexes
which are on the reaction path-
way (Scheme 10).[52] The rates of
lithiation decrease in the order
39> 38> 37, which reflects
decreasing aggregation and
strength of the Li–N interactions.

This effect was noted by Klumpp and co-workers to be a case
of Lewis base assisted deprotonative lithiation.

In another study, the kinetics of the a-lithiation of N-Boc-
pyrrolidine (42) with (iPrLi)2·(�)-sparteine·(Et2O)n complex
(43) to give 45 were studied (Scheme 11).[53] A high inter-
molecular protium/deuterium isotope effect for the reaction
of 42 and [2,2,5,5-D4]42 indicates that the reaction proceeds
with rate-determining proton transfer. The structure of the
complex 43, which acts as the base, was determined by 1H, 13C,
and 6Li NMR spectroscopic studies.[54] The rate is independ-
ent of the concentration of organolithium reagent, as a zero-
order dependence on organolithium concentration was
observed under pseudo-first-order conditions in 42. This
observation is consistent with an equilibrium constant Kc>

300 for the formation of the prelithiation complex. As the
equilibrium lies heavily on the side of complex 44, and

Scheme 8. Selected illustrations of the determination of inter- and intramolecular isotope effects.
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deprotonation is the rate-limiting step, the presence of a
prelithation complex of type 44 along the reaction pathway is
strongly implicated. The reaction diagram in Figure 1e is
consistent with these observations.

The mechanism of the (�)-sparteine-mediated lithiation
of 46 by 47 (Scheme 12) was investigated by in situ IR
spectroscopy (ReactIR), which allowed the direct observation
of the prelithiation complex 48.[18,45,55,56] The results of kinetic
studies are consistent with an equilibrium that is predom-
inantly to the side of the complex, and very large hydro-
gen–deuterium isotope effects are indicative of tunneling.
Interestingly, the reaction rate was found also to be inversely

dependent on the nBuLi/ligand ratio. This result was inter-
preted to indicate the presence of one or more unreactive
complexes composed of substrate 46 and the organolithium
base, an interpretation which is supported by kinetic simu-
lations.

The relative efficiencies of different groups in directing
ortho lithiations (DMG power) was established experimen-

tally by contributors from many laboratories (Figure 2).[18,57]

These orders often seem consistent with an initial equilibrium
for complexation as an important factor in the reaction.
However, the possibility that different complexes can be
formed to different extents clearly complicates interpretation
of these hierarchical orders.[17–19] Moreover, in many cases,
ortho lithiations that proceed without initial complexation
also follow a qualitative order consistent with complex
formation.

Recently, the nBuLi·TMEDA-mediated directed ortho
lithiations of benzene and four alkoxy benzenes were care-
fully investigated by Collum and co-workers.[58] The fact that
these reactions follow a common rate law was interpreted to
favor a triple-ion model consistent with a lack of oxygen–
lithium complexation in the transition state for the rate-
limiting proton transfer. This hypothesis is consistent with
ab initio calculations (see Section 2.6).

2.5. Are Structural Requirements Consistent with a Prelithiation
Complex?

For a directed lithation in the conversion of 1 into 4
(Scheme 1) to occur, the proton to be removed must be in
close proximity to the base, whether achieved through a
complex or in a single step. This necessary condition is
reflected in the structures of substrates that undergo selective
lithiations.

The deprotonation of the piperidine carbamate 50 affords
the cis product 52 by equatorial lithiation and retentive

Scheme 9. The directed metalation of 32 proceeds through complexa-
tion to sBuLi tetramers.

Scheme 10. Lewis base promoted deprotonation of triphenylmethane
(36).

Scheme 11. The deprotonation of N-Boc-pyrrolidine (42) proceeds via
the prelithiation complex 44.

Figure 2. Efficiency of directed metalation groups (DMGs) (1.0 equiv
RLi/THF at �78 8C). DMG=directed metalation group,
MOM=methoxymethyl.
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substitution of 51 (Scheme 13).[59] The transition state for
proton removal can maintain amide conjugation and allows
complexation, whereas an axial lithiation with complexation
would require twisting of the C�N bond.

An indication of the geometrical restrictions of lithiations
in DoM reactions has been demonstrated. Early experiments
and calculations of competitions between enolization and
dipole-stabilized carbanion formation was consistent with
complexation.[60] Studies of a series of amides in which the
proximity of the carbonyl oxygen atom to the ortho proton
was systematically varied showed the competitive efficiencies
of deprotonation of 53/54/55 to be 32000:1800:1.[61a] These

results indicate that a planar geometry (as in 53) and close
approach of the oxygen/organolithium base complex to the
ortho proton lead to a favorable transition state for proton
transfer.[61b] In contrast, studies of DoM with a series of
benzylic alcohols suggest that an out-of-plane relationship is
most favorable for complexation and ortho lithiation,
although the range of the competitive efficiencies was much
lower than for the amides.[61]

The geometrical dependence of carbamate-directed lith-
iation reactions was demonstrated by competition experi-
ments involving lithiation and deuteration of selected carba-

mates.[62] The results of reactions under pseudo-first-order
studies carried out with 15 equivalents of sBuLi and second-
order conditions with a deficient amount of sBuLi gave
qualitatively similar orders of relative competitive efficiencies
in the deuterations of 56 and 58 to provide 57 and 59,
respectively (Scheme 14). Carbamate 58 has a first-order

competitive efficiency 230 times greater and second-order
competitive efficiency five times greater than that of piper-
idine 56. A possible interpretation is that this difference
reflects different extents of formation of different complexes.
The rotational restriction of 58 provides a more favorable
geometry between the organolithium base complexed to the
carbonyl (directing) group and the proton to be removed than
is the case in the N-Boc amine 56. Tests of configurational
stability showed that compounds that are more efficient in
deprotonation are also more configurationally stable than
those which undergo less-efficient deprotonation, suggesting
that product stability may be linked to the preceding
transition structure, at least in some cases.

2.6. Are Calculations Indicative of CIPE?

Initial calculations by Streitwieser et al. identified organo-
lithium species as highly ionic compounds.[63] Their results
were supported and were extended to transition structures for
directed lithiations.[27,28,64,65] Although theoretical calculations
do not provide definite evidence, they can provide support for
the presence of a complex along a reaction pathway.

Prelithiation complexes 60 (R=Me, iPr, tBu)[66] and
44[67,68] of an organolithium reagent, a chiral diamine, and a
carbamate substrate were used for theoretical calculations of

Scheme 12. The prelithiation complex 48 was observed directly by in situ IR spectroscopy.

Scheme 13. The piperidine carbamate 50 is deprotonated selectively in
the equatorial position as a result of the CIPE of the N-Boc function.

Scheme 14. Determination of the geometrical dependence on the rate
of lithiation.
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transition-state structures of asymmetric deprotonations.
Calculations of transition-state energies and geometries are
consistent with the selective removal of the pro-S hydrogen
atom of N-Boc pyrrolidine (42) in the prelithiation complex
44 (Scheme 11).[67] Calculations of the energies of transition
structures from different conformations of the prelithiation
complex 61 of N-Boc piperidine (56) were also investi-
gated.[69] Removal of the pro-S hydrogen atom of 61 was
found to require a higher activation energy than for 44 and to
offer little differentiation for removal of the pro-R hydrogen
atom. This result is consistent with experimental observations
and supports a role of prelithiation complexes (more-favor-
able five- over six-membered ring) in understanding these
reactions.

MNDO calculations have been carried out to determine
the extent of agostic interactions in prelithiation complexes
and transition-state energies of the corresponding lithiated
intermediates.[64] For example, computational investigations
were carried out on the complexation/lithiation of secondary
benzamide 62, a member of a class of compounds known to
undergo DoM readily (Scheme 15). Important interactions in
the complexed species 63 were found to involve a small
distance of 3.47 K between the proton to be removed and the
CH3 of the MeLi and a favorable trajectory (CH3(MeLi)-H-Cortho

118.78) for approach of the anion and a Cortho-Cipso-O-Li angle
of 18.28 similar to that of the transition state for 64 of 29.88.

Similar calculations were performed for several other
systems, and the results were compared with experimental
observations. The data obtained allowed the authors to
predict the ability of a molecule to undergo ortho lithiation.

They concluded that agostic interactions are important,
providing indirect evidence in support of a prelithiation
complex in the reaction pathways of the molecules studied.

On the other hand, ab initio calculations were carried out
by Collum and co-workers to explore the substituent depen-
dence of reaction rates for the lithiation of several alkoxy-
substituted aryl compounds (see Section 2.4). Calculated
transition structures were interpreted to support a triple-
ion-based model, with minimal alkoxy–lithium interactions.
The authors concluded that inductive effects are of great
importance and precomplexation between lithium and a
substituent is not a factor in this DoM.[58]

2.7. Deprotonative Lithiations: CIPE or “Kinetically Enhanced
Metalation”?

Both postulates accommodate proton transfer as the slow
step. A distinction between the two reaction pathways for a
given case requires the determination of whether a complex is
on the reaction pathway prior to proton transfer. In one case,
studies of intramolecular/intermolecular isotope effects pro-
vided definitive information which rules out a one-step
process.[49]

In most cases, however, the distinction has not been
definitively made and is subject to interpretation. For
example, NMR spectroscopic studies of the lithiation of
1,4,7-triazacyclononane 65 (Scheme 16) with tBuLi to provide

66 show the complex to be a dimer in which two of the
nitrogen atoms are associated with a lithium center.[70]

Intracomplex lithiation of a methyl group to afford 66
involves a proton transfer from the methyl group adjacent

to the nitrogen atom that is not initially
complexed to the lithium center. The inter-
pretation by the authors is that this assign-
ment supports the “kinetically enhanced
metalation” model (Section 2.2). However,
the definition of CIPE does not require that
complexation occur adjacent to the reaction
center, but rather that a complex be on the
reaction pathway. Since this is suggested to
be the case for the conversion of 65 into 66,
this observation may be considered to be
consistent with a CIPE.

Scheme 15. Plausible reaction pathway for the DoM of N-methylbenzamide (62) as deter-
mined by MNDO calculations.

Scheme 16. Deprotonation of dimeric 65 occurs selectively at the
methyl group of the uncoordinated nitrogen atom.
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3. The CIPE Concept in Synthesis

Since CIPE is predicated and dependent on the selection
of a favorable transition state, it can be used as a heuristic
model regardless of the detailed reaction mechanism. The
concept can be applied to explain unexpected lithiations at
sites formally remote from, but conformationally in proximity
to, a functional group that is likely complexed by a lithiating
reagent. The following cases are illustrative of reactions in
which a CIPE appears to direct lithiation. The suggestions of
CIPE are speculative but clearly useful for these selected
synthetic applications.

3.1. CIPE at Remote Positions of Alkyl Chains

Deprotonations at the b position of amides by alkyl
lithium reagents provided one of the initial reactions for
which a CIPE was suggested. The reactions studied are
summarized by the conversion of 67 into 69 via the
intermediate 68 (Scheme 17). Although both secondary and

tertiary amides can serve as complexing groups for directed
deprotonation, the former has been applied more often in
synthetic applications.[22, 25,71] Some synthetic useful applica-
tions include formation of butyrolactones 70, including
subsequently setting three contiguous stereogenic centers in
71, pyrrolidinones 72, and systems 73 and 74, which bear
quaternary carbon centers.

Lithiation of the secondary amide 75 followed by the
addition of (�)-sparteine and an electrophile gave products
76 in good yields with mostly high ee values (Scheme 18).
Routes to chiral b-hydroxydihydrocinnamic acids (76!78!
79) and enantioenriched substituted butyrolactones 80, func-
tionalized valerolactone 81, and dihydrocoumarins 82 are
thus available.[71]

The rational extension to chiral auxiliary mediated b-
diastereoinduction was recognized first in the conversion of
the (S)-N-phenylethyl derivative 13 into products 16 in
modest yields and good d.r. (Scheme 4). The concept was
extended to other alkylations.[22] When a 2-methoxyaryl group
was used, products 83 were obtained in higher yields and d.r.
Similarly, hydrocoumarin 84 and g-unsaturated amides 85
were also prepared enantioselectively.

Based on a limited accumulation of results to date, CIPE
activation of highly strained saturated hydrocarbons offers
opportunity for demonstration of unusual reactivity of
potential synthetic value. Thus the high s-C�H bond content
of cubanes 86[72] and cyclopropanes 87[73] lead, after b-
lithiation and reaction with electrophiles, to products whose

Scheme 17. Functionalization of secondary and tertiary amides 67 in
the b-position.

Scheme 18. Enantioselective conversion of amide 75 through CIPE-
mediated deprotonation and subsequent reaction with an electrophile
into functionalized amides 76–78 and b-hydroxyester 79. MTBE=
methyl tert-butyl ether, TMS= trimethylsilyl, DMAP=N,N-dimethylami-
nopyridine, MCPBA=meta-chloroperbenzoic acid.
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synthesis would be laborious by other routes (TMP= 2,2,6,6-
tetramethylpiperidine).

However, cases that seem to be indi-
cative of CIPE may need further analysis
to be correctly categorized. With the aim
of establishing concise functionalization
of cagelike compounds, the homocubane
acetal alcoholate 88 was deprotonated
with a noncoordinating base/TMEDA
reagent to give highly selective deproto-
nation (95% by NMR spectroscopic anal-
ysis after a D2O quench).[74] The fact that
the epimeric alcoholate of 89 also under-
went deprotonation with comparable effi-
ciency and that the homologous acetal

alcoholate derived from cis,cis-1,2,4-cyclohexanetriol did not
undergo metalation suggest that the pathway of this lithiation
is not a unimolecular CIPE.

The operation of CIPE over large distances has been
described. In a study designed to test the effect of distance on
coordination and deprotonation sites, Clark and Jahangir
showed that whereas the N-Boc derivative 90 (n= 0) under-

goes exclusive path b deprotonation, the corresponding n= 1
and n= 3 systems provide products only from path a depro-
tonation.[75] In the case of n= 2, paths a and b are observed in
a ratio of 4:1. For 90 (n= 4), deprotonation is difficult,
presumably as a consequence of the larger distance between
the benzylic site and the coordinating N-Boc group. The
demonstration of the utility of this CIPE for the preparation
of benzannelated seven- and eight-membered-ring lactams
and 3-phenylpyrrolidines provides stimulus for further syn-
thetic application.

A most dramatic demonstration of CIPE was reported by
Magnus and co-workers, who found that secondary amide
chiral auxiliaries control the diastereoselectivity at very

remote sulfone-activated carbanions. In view of the signifi-
cance of sulfones in synthetic chemistry, the conversion 91!
92 has interesting synthetic implications (Scheme 19).[76]

3.2. CIPE at Remote Vinyl Positions

Direct deprotonations to form a number of b-acyl anion
equivalents 93 is undoubtedly facilitated by the a-heteroatom
X as well as by coordination to the Y group. Although such

species are synthetically useful, they are not decisive for a
CIPE-driven as opposed to a thermodynamic lithiation.[77]

However, comparison of a’- and g’-deprotonation of the
methallyl amines 94 and 95[78] with the allyl amines 96 places
the latter in the CIPE context (Scheme 20). Synthetic utility is
provided by the conversions of secondary allyl amine 97 into
pyrrolidinones 98[79] and of diallyl amines 99 into fused
pyrroles 101 and amino dicarboxylic acids 102.[80] The former
reaction proceeds through b-deprotonation–carbolithiation
(100) as established by deuterium-quench experiments.[80a]

Notably, the tertiary allyl amine corresponding to 97 under-
goes g-lithiation[81] in parallel to the behavior of the amides,
which undergo b-deprotonation. An extension of this double
metalation process, 103!104, was also studied by deuteration
experiments to shed light on the mechanism (Scheme 21).[80b]

Deprotonation of the sulfinamide 105a at the g-allenic
rather than at the thermodynamically more acidic a-sulfinyl
position may be driven by S–O coordinative CIPE. As the a-
deuterated compound retains deuterium upon deprotonation,
an a to g proton exchange can be excluded.[82] Initial g-

Scheme 19. Chiral secondary amide auxiliaries direct the functionaliza-
tion of 91 at remote positions.
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deprotonation of the sulf-
oxide 105b is followed by
formation of the corre-
sponding a-lithio propargylic deriva-
tive, a process of synthetic value for
the formation of propargylic sulfox-
ides and 2,5-disubstituted furans.[83]

3.3. CIPE in Remote a-Silyl Lithiations

A competition between CIPE and
DoM is apparent in a number of

systems. The CIPE can also be seen as a directed remote
metalation (DreM). In exploratory experiments, the ortho-
protected amide 108a was treated with LDA to give not only
the fluorenone 106 but also the disiloxane 107 as the major

product (Scheme 22).[84] The corresponding O-carbamate
108b led more efficiently to 109, the product of carbamoyl
migration.[20]

DoM also does not compete with a remote CIPE directed
a-silyl deprotonation in the general sequence 111!112
(Scheme 23) in which treatment with BF3 was carried out to
facilitate the characterization of products. In selected cases it
was demonstrated that compounds such as 114 could be used
in synthetically useful routes to
ortho-hydroxyacetophenone 113
and catechol 115 derivatives
through Tamao and Baeyer–Vil-
liger oxidations, respectively
(Scheme 24). As yet synthetically
unexplored is the CIPE-mediated
preference for a-silyl deprotona-
tion 108!109, which has also
been observed as a side reaction
in more complex systems 110 as
part of a total synthesis endeavor.[85]

In a recent development, the chelating effect of the
pyridine nitrogen atom was effectively employed for a-silyl
lithiation 116!119 (Scheme 25). This strategy renders the
starting material an overall umpoled hydroxymethylating
equivalent 119 and allows a general synthesis of alcohols 118
via 117.[86] NMR evidence for 119 has been obtained but a
CIPE competition experiment remains to be tested. The
crucial role of the pyridyl nitrogen atom in the deprotonation

of 116 was established by control studies, which showed that
the corresponding 3- and 4-TMS derivatives undergo addition
of tBuLi. The pyridyl vinyl silane 120, which can be obtained

Scheme 20. Deprotonation of remote vinyl groups facilitate the synthesis of
highly functionalized compounds such as 101 and 102. FG= functional
group.

Scheme 21. Double metalation in the synthesis of 104.

Scheme 23. CIPE a-silyl deprotonation of 111 is preferred over ortho
lithiation. Treatment with BF3 facilitated the characterization of the
products.

Scheme 22. a-Silyl lithiation of amide 108a and carbamate 108b.
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from a bispyridylsilane by Peterson olefination, has shown
synthetic utility in Hiyama, Heck, and ipso electrophilic
substitution reactions.[86]

3.4. The CIPE in DoM and DreM

The impact of the CIPE in biaryl metalation was first
observed in the regioselective deprotonation of the prototype
amide 121a and O-carbamate 121b derivatives under appa-
rent kinetic or thermodynamic control. Under thermody-
namic conditions, fluorenones 122 and biaryl amides 123,
respectively, were obtained as the products of DreM proc-
esses (Scheme 26).[20,87]

Despite little precedent,[88] this reactivity has general
synthetic applicability as demonstrated for the conversion of
126 (rapidly available by Suzuki–Miyaura
cross-coupling of aryl halides and triflates
124 with DoM-derived ortho-boronic acids
125 (Y=B(OH)2)) into fluorenones 127 and
several azafluorenones (Scheme 27).[89]

The construction of two natural products,
dengibsinin (131, Scheme 28) and imeluteine
(135, Scheme 29) provides instructive exam-
ples of the DreM approach. Thus, the biaryl
amide 130, available from Suzuki–Miyaura
reaction, when treated with excess LDA
followed by chemoselective deprotection
with BCl3, afforded 131; a classical Friedel–
Crafts approach failed owing to an alterna-

tive lactonization route to a dibenzopyrano-
ne.[87a] The equally short and efficient synthesis
of imeluteine (135) from biaryl ethylamine 134
(also available by Suzuki–Miyaura cross-cou-
pling) takes advantage of the amide acting as a
lynchpin to construct the tetracyclic framework
of the alkaloid in a one-pot reaction.[87b,90]

The carbamoyl migration 136!137 is sim-
ilarly general, provided that the ortho site is
protected. The dibenzopyranones 138 can then
be obtained from the biaryl amides 137

(Scheme 30).[20] This structural change constitutes an overall
carbonyl dication equivalency and is applicable to the syn-
thesis of highly oxygenated systems, including peri-substituted
139, heterocyclic analogues 140,[91] and the natural product
141.[87b]

The combination of amide and O-carbamate DreM
strategies is illustrated in the synthesis of dengibsin (147),
another member of the rare Dengibsium class of naturally
occurring fluorenones. Thus the differentially protected biaryl
O-carbamate 144 (available by Suzuki–Miyaura cross-cou-
pling followed by DoM-mediated silylation) was treated with
excess LDA under vigorous conditions to afford the amide
145. Protection and desilylation leads to 146, which upon the
second LDA-mediated reaction (under milder conditions)
and subsequent deisopropylation affords the natural product
147 (Scheme 31).[20]

Scheme 24. Synthesis of ortho-hydroxyacetophenones 113 and catechol derivatives
115.

Scheme 25. a-Silyl deprotonation of 116 provides a general synthetic
method for alcohols 118.

Scheme 26. Kinetic and thermodynamic control of the deprotonation
of 121a and 121b.

Scheme 27. DoM and CIPE-controlled metalation in the synthesis of functionalized
fluorenones 127.
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The ring-to-ring carbamoyl transfer also serves as the key
step in the synthesis of the heterocyclic natural products
defucogilvocarcin V (152) and plicadin (156). In the approach
to 152 (Scheme 32),[92] Suzuki–Miyaura cross-coupling

chemistry leads to 150, which upon treatment
with LDA followed by acid-catalyzed cycli-
zation results in the formation of benzonaph-
thopyrone 151 in good yield. Minor manipu-
lations complete the synthesis of the natural
product 152.

The synthesis of plicadin 156
(Scheme 33),[93] a purported natural product
isolated from Psorelea plicata, takes advant-
age of a new construction method[94] for the
chromene 153 that involves a DoM and
Sonogashira coupling sequence. Compound
153 is then subjected to a Sonogashira–
Castro–Stephens cascade with 154, also
derived by DoM, to afford 155 in modest
yield. The DreM reaction proceeds smoothly
and furnishes, after cyclization and careful
deprotection, plicadin in good overall yield
from N,N-diethyl resorcinol di-O-carbamate.

Although not evaluated for alternate
ortho deprotonation, the tolyl biaryl amides
157, also readily available by Suzuki techni-
ques, undergo DreM lithiations to afford the
9-phenanthrols 158 (Scheme 34).[95] Substitu-
tion patterns not readily achieved by conven-
tional routes (159a–f) as well as more-highly
condensed analogues 160 and heterocyclic
161[96] are thus constructed rapidly. Similarly,
approaches via the biaryl nitriles, oxime
ethers, and hydrazones 164 provide a general
route to the corresponding 9-aminophenan-
threnes 165, including the natural product 166
(Scheme 35).[97]

The above CIPE for tolyl groups found
advantage in additional syntheses of natural
products. Thus a concise and efficient route to
eupolauramine (169) involves a key DreM of
azabiaryl 167, available by sequential cross-

coupling and DoM chemistry, to give lactone 168 after acid-
catalyzed cyclization (scheme 36).[98] The simple natural
product b-lapachone (170) has also been prepared by a
remote ortho-tolyl deprotonation reaction.[99]

Scheme 28. Synthesis of dengibsinin (131).

Scheme 29. Synthesis of imelutein (135).

Scheme 30. CIPE-controlled metalation in the synthesis of functionalized dibenzopyranones 138.
TES= triethylsilyl.

Scheme 31. Synthesis of dengibsin (147). TBDMS= tert-butyldimethylsilyl, TFA= trifluoroacetic acid.
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On the other hand, the construction of gymnopusin (173)
highlights a sequential O-carbamate Fries rearrangement and
ortho-tolyl cyclization process; both steps are remote and
anionic in nature.[98] The differentially protected biaryl 171,
conveniently accessible by Suzuki–Miyaura coupling, under-

goes smooth carbamoyl ring-to-ring migration to give, after
methylation of the resulting phenol, the amide 172. Ortho-
tolyl deprotonation either with LDA or nBuLi followed by
protection of the derived 9-phenol and selective deisopropy-
lation gives gymnopusin (173) in good overall yield
(Scheme 37). Attempts to effect double carbamoyl transfer
(as shown in 174) with excess LDA has so far produced only
the product of single migration in modest yield.[91]

The presence of a heteroatom in a biaryl framework (177)
offers further opportunities for CIPE-induced processes.

Scheme 32. Synthesis of defucogilvocarcin V (152).

Scheme 33. Synthesis of plicadin (156).

Scheme 34. Controlled metalation of the tolyl biaryl amide 157 in the
synthesis of 9-phenanthrolenes 158.

Scheme 35. Synthesis of piperolactam C (166).

Scheme 36. Synthesis of eupolauramine (169).
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Thus, thioxanthones 178a,[100] xanthones
178b,[101] dibenzophosphorinones 178c,[102]

and acridones 178d[103] are obtained by
simple LDA-mediated reactions of ortho-
unprotected Ar-X-Ar systems 177, which
themselves are easily prepared by DoM–
Ullmann, and Buchwald–Hartwig cou-
pling protocols (Scheme 38). Under very
similar conditions, two of the Ar-X-Ar
series underwent a one-pot anionic remote
Fries and amide DreM sequence (177!
179!180a and 180b). These general reac-
tions are equivalent to anionic Friedel–
Crafts reactions and thereby permit new
efficient approaches to the given hetero-
cycles thus overriding the regioselectivity
and circumventing the harsh conditions[104]

of the venerable named reaction.
The syntheses of 6-deoxyjacareubin

(183) is illustrative of the application of
the regioselective DreM strategy for the
construction of xanthones. Thus, exposure
of 181 (which is readily available by the
DoM–Ullmann-coupling tactic) to stan-
dard LDA conditions afforded 182, which
was readily transformed into the natural
product 183 (Scheme 39).[101]

In the diarylamines series 184, besides the normal DreM
(path a), a tolyl deprotonation (path b) is also possible
(Scheme 40).[103b] Path a is the major pathway followed by

diarylamines with DMGs, irrespective of the presence or
absence of the tolyl methyl group, to give 185. In the absence
of a DMG, path b predominates as the
major reaction course to give dibenzazepi-
nones 186.

A recent application is the synthesis of
oxcarbazepine (Trileptal, 187), presently
the antiepileptic drug of choice, by Lohse
et al.[105] A combined aryl amination–
DreM protocol was employed for its
large-scale (200 mmol) preparation.

To expand the methodology to other
Ar-X-Ar systems, the amides 188 were
converted into the corresponding dibenzthiepinone,[106]

dibenzophosphepinone,[102] and dibenzoxepinone[101] deriva-
tives 189 (Scheme 41).Scheme 37. Synthesis of gymnopusin (173).

Scheme 38. Lithiation of the Ar-X-Ar substrate 177 allows the formation of the tricyclic frame-
work of 178 and 180.

Scheme 39. Synthesis of desoxyjacareubin (183).
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4. Summary and Outlook

In summary, the CIPE is a useful concept that has found
support in many studies since it was first suggested.[1,2]

However, to answer the question as to whether reactions for
which a CIPE may be involved follows one or two steps
requires investigation of the individual cases. At present,
cases for which strong analogies exist for complex formation
would seem to be reasonably interpreted as two-step CIPE
processes. On the other hand, cases in which complexation is
not likely would be interpreted reasonably as “kinetically
enhanced metalations.” Fortunately, as may be perceived
from this selective review, the question of which pathway is
followed for a given case does not impede the application of
CIPE for synthetic design or mechanistic rationalization.
Thus, thinking beyond thermodynamic acidity leads to new
synthetic methodologies for remote functionalization: b- and
more remote (75!76 and 91!92), sp2 bonds, C�H bonds
with high s character, a-silyl C�H bonds (96, 86, and 108!
109), and on alternative aryl rings (121!122 and 123).
Furthermore, the latter processes may be combined as, for
example, in the synthesis of dengibsin (147). ACIPEmay thus
serve as a heuristic to discover newmodes for C–H activation,
which could be extended, as evident in the recent literature, to
metal–halogen exchange, SNAr, carbolithiation, and other
traditional carbanion-mediated reactions.
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CuH, when coordinated by enantiopure SEGPHOS derivative, can
reduce aryl ketimines catalytically at room temperature. This conven-
ient route to enantio-enriched benzylic-like centers bearing a nitrogen
atom is economically attractive as the starting materials and catalyst
are inexpensive. For more information see the communication by B. H.
Lipshutz and H. Shimizu on the following pages.
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Asymmetric Synthesis

Copper(i)-Catalyzed Asymmetric
Hydrosilylations of Imines at Ambient
Temperatures**

Bruce H. Lipshutz* and Hideo Shimizu

Catalytic asymmetric hydrosilylation of aryl-ketone-derived
imines remains to this day a nontrivial, challenging reaction in
organic synthesis that is highly valued in both industrial and
academic circles.[1] Although considerably greater attention
has been paid to the analogous asymmetric hydrogenation,[2]

the use of safe and inexpensive silanes can be viewed as a
highly desirable alternative. As is the case for hydrosilylations
of aryl ketones,[3] catalysts derived from transition metals such
as Rh,[4] Ru,[5] and Ti[6] predominate, although related
chemistry based on Ir[7] has also been reported. Non-
transition-metal-based processes in which induced chirality
derives from a binaphthyl array[8] or proline derivatives[9] also
show promise, although thus far ee values tend to be
moderate.

The problems we faced in developing new methodology,
as others have noted previously, include the crucial choice of
the substituent attached to nitrogen (R in Scheme 1).

Opportunities for E/Z isomerism can play a pivotal role in
the observed outcomes. Another variable of consequence can
be the silane, the source of stoichiometric hydride. A general
process that not only addresses these reaction variables but
has no special reliance on temperature control and/or
handling of imines, is efficient, and provides product amines
of high ee values, is still lacking. In this contribution we
describe unprecedented technology which relies on a base
metal, copper. When in the form of CuIH that is nonracemi-
cally ligated by a particular biaryl bisphosphane, a reagent
results which gives rise to a straightforward, very efficient,

and highly enantioselective hydrosilylation at room temper-
ature.

The diphenylphosphinyl moiety was chosen first as the
appendage on the nitrogen atom.[10] These derivatives are
very commonly used and easily constructed, being obtained as
a single (presumably E) isomer. Importantly, they can be
readily hydrolyzed to the desired amines[10,11] without erosion
of stereoechemical integrity in the newly formed product.
Moreover, the nature of the phosphinyl residue was antici-
pated to be crucial in weakening an otherwise strong
copper–nitrogen bond, the likely initial outcome from addi-
tion of the elements of Cu�H across the imine prior to any
transmetalation event required for the regeneration of the
metal catalyst (see compound 1, Scheme 2).

Initial experiments conducted at �25 8C in toluene by
using ligated CuH prepared in situ[12] from CuCl, NaO�tBu,
DTBM–SEGPHOS,[13] and polymethylhydrogensiloxane
(PMHS)[14] as hydride source led to low conversions (ca.
40%) and modest ee values (ca. 70%). Although previous
hydrosilylations with CuH that involved carbonyl systems[15]

indicated that the nature of the silane had little impact on
levels of induction,[16] changing to tetramethyldisiloxane
(TMDS)[17] dramatically increased the observed ee value
(ca. 92%), although the extent of conversion remained low.
The key observation was then made that only one equivalent
of MeOH[18] as additive and by using NaOMe in place of
NaO�tBu as base drove the reaction almost to completion in
the presence of DTBM–SEGPHOS as ligand,[19] without
erosion of the enantiomeric excess. When the reaction was
warmed to room temperature, the ee value remained above
the 80% mark, which encouraged further optimization. By
switching to the 3,5-dixylyl analogue[20] of the diphenylphos-
phinyl residue on nitrogen (Scheme 3), ee values on the order
of > 95% were realized although the reactions took 2–3 days
to reach completion. Ultimately, use of 2–3.3 equivalents of
tBuOH in place of MeOH nicely improved the rates of these
hydrosilylations while maintaining high levels of enantiose-
lectivity.

Table 1 illustrates representative examples studied to
date, all of which are based on DTBM–SEGPHOS-chelated
CuH thereby documenting both versatility and elements of
generality that is characteristic of this newmethod. Branching
in the alkyl residue associated with the imine carbon did not
adversely affect the ee values (compare entries 1–3). Imines
derived from 1-indanone (entry 4) and a-tetralone (entry 5)
behaved similarly, affording the corresponding nonracemic

Scheme 1. General reaction for asymmetric hydrosilylations of
aromatic ketimines.

Scheme 2. Presumed pathway for addition of CuH to a phosphinyl
imine.
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products in high enantiomeric excess. Results from three
substituted aromatic imine derivatives (entries 6–8) suggest
that electronic perturbations are not significant at least
insofar as yields and ee values are concerned. Most of these
reactions were run at room temperature, although in the case
of imines 2 (entry 1) and 3 (entry 3), cooling the reaction
mixture to �25 8C increased the observed selectivity. Thus, it
is assumed that higher ee values might follow, in general, at
lower temperatures, a trend noted previously with aryl
ketones by using a related reagent combination.[16]

While the examples in Table 1 were conducted at 0.14m in
toluene by using a convenient 6% of each catalyst precursor
(i.e., CuCl, NaOMe, and DTBM–SEGPHOS), the level could
be lowered to 1%, although reaction times increased (ca.
24 h). Raising the concentration (from 0.14m to 0.5m) led to
an expected drop in reaction time [Eq. (1)].[21]

The sense of chiral induction engendered by (R)-DTBM–
SEGPHOS was determined for all substrates by treating each
isolated product with HCl in alcoholic media.[11] Basic workup
led to the respective primary amines for which the rotation of
each was measured and compared with literature values.[22] In
all cases, the (R)-amine was clearly formed.[23]

In summary, a novel process for effecting asymmetric
hydrosilylations of aryl ketimines based on catalytic amounts
of copper hydride has been uncovered. This new technology
offers convenience in the form of room temperature reac-
tions, attractive economics due to reliance on catalytic
quantities of a nonprecious metal, and an inexpensive
silane. Efficiencies with regard to both chemical yields and
enantioselectivities are high, and the resulting products are
smoothly converted to their free-base forms upon mild
hydrolysis. Further assessment of the scope and limitations
of this method is underway, in particular regarding imines of
dialkyl ketones.

Experimental Section
General procedure for the asymmetric hydrosilylation of phosphinyl
imines at room temperature. (R)-N-(1-phenylethyl) bis(3,5-dimethyl-
phenyl)phosphinamide (Table 1, entry 1). CuCl (3.7 mg, 0.038 mmol),
NaOMe (2.0 mg, 0.038 mmol) and (R)-DTBM–SEGPHOS (44.3 mg,
0.038 mmol) were placed into a 25 mL round-bottomed flask (RBF).
Toluene (1.0 mL) was added to the RBFand the resultingmixture was
stirred at room temperature for 30–40 min. Meanwhile, N-(1-phenyl-
ethylidene) bis(3,5-dimethylphenyl)phosphinamide (235 mg,
0.626 mmol), tBuOH (0.20 mL, 2.1 mmol) and toluene (1.8 mL)
were placed into a separate 5 mL pear-bottomed flask (PBF). The
RBF was charged with tetramethyldisiloxane (TMDS; 0.33 mL,
1.9 mmol). The contents of the PBF were slowly added to the RBF

Scheme 3. Reagents and conditions used in these asymmetric hydrosi-
lylations.

Table 1: Asymmetric hydrosilylations of imine derivatives using
(R)-DTBM–SEGPHOS.[a]

entry imine[b] Yield [%][c] ee [%][d]

1 99 96.2
94 99.3

2 96 97.5

3 90 94.3[f ]

93 97.3[f ]

4 93 98.4

5 93 97.6

6 95 96.1

7 98 94.2

8 94 97.3[g]

[a] Reactions were all run by using 6% CuCl, 6% NaOMe, 6% R-(�)-
DTBM–SEGPHOS, 3 equiv TMDS, 3.3 equiv tBuOH in toluene at RT for
17 h unless specified otherwise. [b] R=P(O)(xylyl)2. [c] Of isolated,
chromatographically purified reduced material. [d] Determined by chiral
HPLC unless noted otherwise. [e] Run at �25 8C. [f ] Used 6 equiv TMDS.
[g] Determined by chiral GC on the derived free amine.
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by syringe and then the PBF was washed with additional toluene
(1 mL). The reaction mixture was stirred at room temperature for
17 h. MeOH (1 mL) was slowly added and after 30 min 1n NaOH in
MeOH (0.5 mL) was added. The mixture was stirred for a few hours,
filtered through a plug of silica and concentrated under vacuum.
Purification by silica gel chromatography (10% acetone in CH2Cl2)
gave the corresponding phosphinyl amine (235 mg, 99% yield).
HPLC analysis indicated 96.2% ee. (Daicel Chiralcel OD, hexane/
isopropylalcohol 90/10, 1.0 mLmin�1, 220 nm; Rt= 5.3 min, (R),
7.3 min (S)).

Supporting Information available: Procedures and spectral data
for all hydrosilylations.
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Transparent Materials**
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Nanoparticles have a wide range of electrical and optical
properties owing to the quantum-size effect, surface effect,
and conjoint effect of nanostructures.[1] Materials doped with
noble-metal nanoparticles exhibit large third-order nonlinear

[*] Prof. J. Qiu, X. Jiang, Prof. C. Zhu
Photon Craft Project
Shanghai Institute of Optics and Fine Mechanics
Chinese Academy of Sciences and
Japan Science and Technology Corporation
Shanghai 201800 (China)
Fax: (+86)21-5992-9373
E-mail: jrq@photon.jst.go.jp

M. Shirai, J. Si
Photon Craft Project
Japan Science and Technology Corporation
SuperLab 205
Keihanna-Plaza, Kyoto 619-0237 (Japan)

N. Jiang
Department of Physics and Astronomy
Arizona State University
Tempe, AZ 85287 (USA)

Prof. K. Hirao
Department of Material Chemistry
Graduate School of Engineering
Kyoto University
Sakyo-ku, Kyoto 606-8501 (Japan)

[**] J.Q. acknowledges support from the National Natural Science
Foundation of China (No:50125208). We thank Mr. T. Nakaya (JST,
Kyoto) and Prof. P. Kazansky (Southampton Univ. (UK)) for helpful
discussions.

Communications

2230 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/anie.200352380 Angew. Chem. Int. Ed. 2004, 43, 2230 –2234



susceptibility and ultrafast nonlinear responses.[2] They are
expected to be promising materials for ultrafast all-optical
switches in the THz region. For the applications related to
integrated optoelectronics, a well-defined assembly and
spatial distribution of nanoparticles in materials are essen-
tial.[3] Many studies have been carried out on the fabrication
of nanoparticle-doped materials,[4] but there are no effective
methods to control the spatial distribution of nanoparticles in
these materials. In addition, Zheng and Dickson reported the
synthesis of photostable, water-soluble, silver nanodots by
direct photoreduction of silver ions under ambient condi-
tions.[5] Photoactivated fluorescence has also been observed
from individual silver nanoclusters.[6] Herein, we report a
method that can control the precipitation of Au nanoparticles
in three dimensions inside transparent materials by using
focused femtosecond laser irradiation. In brief, the precip-
itation involves two processes: the photoreduction of Au ions
to atoms induced by multiphoton process, and the precip-
itation of Au particles driven by heat treatment. The size of
nanoparticles and their spatial distribution can be controlled
by the conditions of the laser irradiation. Interestingly, the
precipitated nanoparticles obtained by this technique can be
also space-selectively “dissolved” by the femtosecond laser
irradiation, and reprecipitated by annealing. This implies that
the laser can be used not only in practical applications, such as
the 3D optical memory and the fabrication of integrated all-
optical switches, but also in the study of the control of
nucleation and crystal growth.

Au2O3-doped (0.01 mol%) silicate glass samples were
irradiated by using a focused Ti–sapphire mode-locked
femtosecond laser beam (800 nm, 120 fs, 1 KHz) with an
intensity of 3.5 ; 1015 Wcm�2 for 1/63 s (16 laser pulses) on
each spot. Gray spots of about 40 mm in diameter were then
observed in the focused area through an optical microscope
after irradiation. No microcracks were observed in the
samples. After the samples were annealed at 550 8C for
30 min, the gray spots became red. Using this technique, we
first drew a gray owl with the laser beam, and then annealed
the sample at 550 8C for 30 min, and as expected, the gray owl
became red. After the sample cooled down to room temper-
ature, we drew a gray butterfly in a different area of the
sample. These images are shown in Figure 1.

Figure 2 shows extinction spectra of the Au2O3-doped
glass sample before and after femtosecond laser irradiation.
There is an apparent increase in extinction in the wavelength
region from 300 to 800 nm in the irradiated area. The inset of

the Figure 2 shows the difference extinction spectrum of the
glass sample before and after the laser irradiation. The peaks
at 245, 306, 430, and 620 nm can be assigned to E’ centers
(E’= Si), which include an electron trapped in an sp3 orbital of
silicon at the site of an oxygen vacancy, a hole trapped by an
oxygen vacancy that neighbors alkali-metal ions, and non-
bridging oxygen holes HC1 (a hole trapped by an SiO4

polyhedron that contain one bridging oxygen and three
nonbridging oxygen atoms) and HC2 (a hole trapped by an
SiO4 polyhedron that contain two nonbridging oxygen
atoms).[7]

The extinction spectra of the Au2O3-doped glasses, which
were annealed at various temperatures for 30 min after
irradiation, are also plotted in Figure 2. When the annealing
temperature is below 300 8C, the extinction (300–800 nm)
intensities induced by irradiation decrease as the annealing
temperature increases, and completely disappear when the
temperatures reaches 300 8C. One can see in Figure 2 that
spectrum a and c are almost identical. The gray induced by the
femtosecond laser irradiation disappears at 300 8C and the
glass becomes colorless and transparent. Annealing at 450 8C
results in the appearance of a new peak at 506 nm, and the
laser-irradiated areas turn red. The extinction peak can be
assigned to the surface plasmon resonance absorption of Au
nanoparticles.[2] The wavelength of the extinction peak
increases from 506 to 526 to 548 nm with increasing annealing
temperature, at the same time its intensity significantly
increases. Based on the Mie theory, R/ l2p/Dl, in which R is
the average radii of the metal nanoparticles, lp is the
characteristic wavelength of surface plasmon resonance and
Dl is the full width at half maximum of the absorption band.[8]

Figure 1. Photograph of images drawn inside the Au2O3-doped glass
(0.01 mol%) by using the femtosecond laser irradiation: a) gray butter-
fly (without annealing); b) red owl (with annealing).

Figure 2. Extinction spectra of the Au2O3-doped glass (0.01 mol%).
a) Before femtosecond laser irradiation; b) after femtosecond laser
irradiation; c), d), e), and f) after femtosecond laser irradiation and
subsequent annealing at 300, 450, 500, and 550 8C for 30 min, respec-
tively. Inset of Figure 2. Difference extinction spectrum of the Au2O3-
doped glass sample (0.01 mol%) before and after the femtosecond
laser irradiation.
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The value of l2p/Dl increases from 1306 to 1774 to 2208 nm
when the annealing temperature is increased from 450 to 500
to 550 8C. Therefore, the average size of the Au nanoparticles
increases with increasing annealing temperature.

Figure 3 is a TEM image showing the precipitation of
nanoparticles in the laser-irradiated Au2O3-doped glass after
annealing at 550 8C for 30 min. Composition analysis by using
energy dispersive spectroscopy (EDS) in TEM confirms that
these spherical nanoparticles are metallic Au. The size of the
Au nanoparticles ranges from 6 to 8 nm.

The inset of Figure 4 shows the photograph of a Au2O3-
doped glass sample, which is irradiated by using femtosecond
laser beams of 6.5 ; 1013, 2.3 ; 1014, or 5.0 ; 1016 Wcm�2 in the
different areas and then annealed at 550 8C for 1 hour. With
increasing light intensity, the color of the laser-irradiated
areas became violet, red, or yellow. Figure 4 shows the

extinction spectra from these different colored areas. The
extinction peak shifts from 568 to 534 to 422 nm with the
increase of the light intensity. The peak with the wavelength
longer than 500 nm observed at spectra a and b, can also be
assigned to the surface plasmon resonance absorption of the
Au nanoparticles. The apparent blue shift of the peak from
568 to 534 nm is due to the decrease in the average size of the
Au nanoparticles. An extinction peak is observed at 420 nm
(2.94 eV) in the spectrum c of the Figure 4. There are few
reports on the observation of such peaks in glasses doped with
Au nanoparticles. However, the peak position and shape are
very similar to those of an undecagold compound with small
Au clusters, for example, [Au11].

[9] The peak can be attributed
to interband transitions from 5d to 6sp, that is, originating in
the submerged and quasicontinum 5d band and terminating in
the lowest unoccupied conduction band of the Au clusters.
The average size of Au nanoparticles in area c (Figure 4 inset)
is much smaller than those in areas a and b. Therefore, the
average size of the Au nanoparticles decreases with an
increase of the light intensity. This is probably because the
high irradiation intensity produces a high concentration of
reduced Au atoms per unit volume, and thus a high concen-
tration of nucleation centers. As a result, under the same
annealing process, the higher the light intensity, the smaller
but denser the precipitated particles are. Further investigation
is needed to verify the above hypothesis.

The reduction of Au ions to atoms by femtosecond laser
irradiation is the key process of this method. Au ions capture
the “free” electrons created by multiphoton processes and are
then reduced to atoms, which aggregate to form nanoparticles
during annealing. A similar phenomena have also been
observed with Ag+ ions that have been irradiated with X-
rays.[4] To test this mechanism, we studied the white emission
observed during the femtosecond laser irradiation. If the light
intensity was sufficiently high and the laser beam was not
tightly focused, supercontinuum white light due to the self-
phase modulation of the laser beam was observed during the
laser irradiation. We observed that the gray area was induced
in the area where supercontinuum white light was observed in
the glass. We tightly focused the laser beam and confirmed
that the gray area was generated in the area at which white
emission was observed, even when no supercontinuum was
detected. The white emission is due to plasma formation.[10] It
was also found that three areas, the white emission area, the
gray area, and the nanoparticle-precipitated area were
basically the same. If the diameter of the beam was kept the
same (9 mm), the length of emission region was proportional
to the light intensity, which increased from 1.2 ; 1014 to 4.0 ;
1015 Wcm�2. In general, the light intensity, in order of 1014–
1017 Wcm�2, is high enough to generate multiphoton ioniza-
tion in the glass matrix.[10] Therefore, the active electrons and
holes can be created in the glass through multiphoton
ionization, Joule heating, and collisional ionization,[10] and
form plasma, which yield white emission. Electrons are driven
out of the valence states by multiphoton absorption of the
incident photon. Some of the Au ions capture free electrons to
form Au atoms. At temperatures below 300 8C, only some
trapped electrons and holes are excited by thermal energy and
recombine with each other. When annealing at temperatures

Figure 3. TEM image of Au nanoparticles (small white dots) in the
laser-irradiated Au2O3-doped (0.01 mol%) glass after annealing at
550 8C for 30 min.

Figure 4. Extinction spectra of Au2O3-doped glasses (0.1 mol%) irradi-
ated by using different light intensities: a) 6.5H1013 Wcm�2;
b) 2.3H1014; c) 5.0H1016. All samples were annealed at 550 8C for
1 hour. Inset of Figure 4: Photograph of images drawn inside the
Au2O3-doped (0.1 mol%) glass sample.
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above 400 8C, Au atoms get sufficient energy to overcome the
interaction between the Au atoms and the glass network
structure and start to move. The formation of the Au
nanoparticles is due to the aggregation of Au atoms. It is
also confirmed that no change occurs in the extinction
spectrum of the nanoparticle-precipitated glass sample at
room temperature, even over a period of six months. This
indicates that the precipitated nanoparticles are stable at
room temperature. Additionally, the precipitation of Au
nanoparticles was not seen in the glass sample without laser
irradiation, even after the sample had been annealed at 600 8C
for more than 2 h. Therefore, the reduction of an Au ion to an
atom by femtosecond laser irradiation is essential in forming
Au nanoparticles, and the Au atom acts as a crystal nucleus
for crystal growth.

Figure 5 shows the changes of the Au nanoparticle-
precipitated Au2O3-doped glass sample after further laser

irradiation. The glass sample was first irradiated by the
focused laser with a light intensity of 5.8 ; 1014 Wcm�2 and a
scanning rate of 1000 mms�1, and then it was annealed at
550 8C for 30 min. The laser-irradiated area became red as
shown in Figure 5a, as discussed above. Then the laser beam
was focused on the center of the region where the nano-
particles had been precipitated and lines were drawn with the
laser that were slightly longer than the nanoparticle region
(Figure 5b). The light intensity and scanning rate were 3.9 ;
1014 Wcm�2 and 1000 mms�1, respectively. One can see that
there is a slight change between Figure 5a and b due to the
formation of colored centers. After the annealing process at
300 8C for 30 min, the second femtosecond laser-irradiated
part became transparent, which is shown in Figure 5c.
Interestingly, the transparent part in the center became red
after further annealing of the sample at 550 8C for 30 min.
Figure 6 shows the extinction difference between the sample
before (Figure 5a) and after (Figure 5b) the second laser
irradiation. It is clear that the extinction due to the surface
plasmon resonance absorption decreases while the absorption
due to the nonbridging oxygen hole centers HC1(430 nm) and
HC2 (620 nm) increases after further laser irradiation. There-
fore, we suggest that some of the nanoparticles are broken
into small-size particles or atoms owing to the strong
interaction between the Au nanoparticles and ultrashort
laser pulses such as dramatic heating of nanoparticles due to

the linear and nonlinear absorption of laser energy during the
further femtosecond laser irradiation.

Many experiments have confirmed that it is possible to
control the diameter and longitudinal spread of the structur-
ally changed area from several hundred nanometers to
several millimeters by selecting the appropriate irradiation
conditions, such as light intensity and diameter of the laser
beam.[11] Our results further prove that it is also possible to
precipitate Au nanoparticles in such microscopic dimensions
inside materials by using the focused nonresonant femto-
second pulsed laser and successive annealing. The 3D gray
images created by the laser can be erased after annealing at a
lower temperature, and can be turned into various colors by
annealing at higher temperatures. Therefore, this present
technique will be useful in the fabrication of 3D multicolored
industrial art objects, optical memory with ultrahigh storage
density and ultrahigh recording speed, and integrated wave-
guide all-optical switches with ultrafast nonlinear responses.
By using an Ag+ ion-doped photosensitive glass, we have
space-selectively precipitated silicate crystals inside the
glass.[12] We believe it will be possible to spatially control
the growth of other functional crystals in glasses. Recently, we
have also succeeded in the fabrication of a grating of 400 nm
in width by precipitating Au nanoparticles. Owing to the
extremely short energy-deposition time and elimination of
the thermal effect and nonlinear processes enabled by highly
localizing laser photons in both time and spatial domains, the
size of the laser-induced microstructures may be less than the
diffraction limit. [13] In glasses with a high concentration of Au
ions, we expect to able to produce 3DAu nanocircuits.

Experimental Section
The silicate glasses used in this study were 70SiO2·10CaO·20Na2O
(mol%) doped with different concentration of Au2O3. Reagent grade
SiO2, CaCO3, Na2CO3, and AuCl3·HCl·4H2O were used as starting
materials. Approximately 40 g batches were mixed and melted in
platinum crucibles in an electronic furnace at 1550 8C for 1 hour under
the ambient atmosphere. The melts were then quenched to room
temperature to obtain transparent and colorless glasses. The glass
samples were cut and polished to sizes of 3 ; 9; 9 mm3 or 4 ; 10;
10 mm3, then were used in our experiments.

Figure 5. Photographs of images drawn inside the Au2O3-doped glass
(0.01 mol%): a) by using femtosecond laser irradiation and annealing
at 550 8C for 30 min; b) further irradiation at the center part of the
image in (a) by focused femtosecond laser by using a 20H objective
lens; c) then the glass was annealed at 300 8C for 300 min.

Figure 6. Spectrum showing the difference in extinction between nano-
particle sample before (Figure 5a) and after (Figure 5b) the second
laser irradiation.
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ATi sapphire laser systemwith an oscillator (Tsunami pumped by
a solid-state laser Millennia, both from Spectra Physics Co. Ltd.) and
an amplifier (Spitfire pumped by Merlin both from Spectra Physics
Co. Ltd.) was used in this study. The system emits 800 nm, 120 fs laser
pulses at a 1 kHz repetition rate. To write an image inside the glass
sample, the laser beam was focused by a 10; objective lens with an
aperture of 0.30 onto the interior of the glass, about 1 mm beneath the
surface. The glass sample was put on a computer-controlled XYZ
stage. The diameter of the laser beam was 9 mm. Extinction spectra
were acquired with a spectrophotometer (JASCO V-570). The size
and composition of precipitated nanoparticles were examined in a
JEOL-2010FEF transmission electron microscope (TEM) equipped
with energy dispersive X-ray spectrometer (EDS) operating at an
accelerating voltage of 200 kV.
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Polymerization Catalysts

Stereospecific Polymerization of Isoprene with
Molecular and MCM-48-Grafted Lanthanide(iii)
Tetraalkylaluminates**
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Markus Widenmeyer, Eberhardt Herdtweck,
Wolfgang Scherer, and Reiner Anwander*

Organolanthanide compounds are not only unique model
systems for studying the elementary processes of a-olefin
polymerization but they can also act as competitive precata-
lyst systems,[1] however, to date their implementation in this
area has been very limited. In contrast, the interaction of low-
agglomerated rare-earth metal (“neodymium”) complexes,
such as alkoxide or carboxylate derivatives, with various
organoaluminum reagents is successfully exploited to gener-
ate high-performance catalysts for industrial 1,3-diene poly-
merization.[2] Solubility in aliphatic solvents, low Al:lantha-
nide(Ln) ratios, cis-stereospecificity, and medium polydisper-
sity are the criteria to be met by such ternary “Ziegler
Mischkatalysatoren” (Mischkatalysatoren=mixed catalysts),
the mechanisms of which are still not completely under-
stood.[3] Although the homoleptic tetraalkylaluminate com-
plexes Ln(AlR4)3 have a unique preorganized set of bridged,
heterobimetallic moieties, their application in olefin trans-
formations has not been reported so far.[4] Moreover, the
compounds Ln(AlR4)3 are exceptional for they are obtained
as alkyl-only ligated monomeric systems, without the forma-
tion of ate complexes for the entire lanthanide series. Herein
we describe the use of a Ln(AlR4)3/Et2AlCl binary precatalyst
system in highly (cis)stereoregular isoprene polymerization.
Additionally, the use of grafted variants as storable single-
component heterogeneous catalysts is investigated by
employing periodic mesoporous silica MCM-48 as a struc-
tured support material.

Homoleptic tetramethylaluminate complexes of the tri-
valent lanthanide metals [Ln{(m-Me)2AlMe2}3] (1) are readily
available by the reaction of LnCl3(thf)x with three equivalents
of LiNMe2 and a subsequent AlMe3-mediated [NMe2]!
[AlMe4] transformation. Following this synthetic strategy Y
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(1a), Nd (1c), and Sm (1d) derivatives have been obtained
previously and fully characterized.[4] To address any stereo-
electronic factors, for the present study we also prepared the
La (1b) and Gd (1e) derivatives and the corresponding
tetraethylaluminate complexes [Ln(AlEt4)3] (2). Complexes
1b and 1e were isolated as thin colorless needles from
saturated hexane solutions at �45 8C in good yields and their
composition confirmed by elemental analysis and spectro-
scopic data. Although a [NR2]![AlEt4] transformation was
clearly indicated by 1H NMR spectroscopy, the isolation of
complexes [Ln(AlEt4)3] was tricky owing to the difficult
separation of the highly soluble complexes from residual
AlEt3 and the alkylated by-product [{Et2Al(m-NMe2)}2] . Only
the reaction of [La{N(SiHMe2)2}3(thf)2] (3b) with AlEt3
produced separable single crystals, these took several weeks
to form (Scheme 1).

Compound 2b was fully characterized by elemental
analysis and IR and NMR spectroscopy. The protons of the
ethyl ligands appear as one set of signals, that is, as a triplet at
d= 2.78 ppm and a quartet at d= 0.18 ppm in the 1H NMR
spectrum. According to a variable temperature NMR study
decoalescense of the signals indicating the presence of two
bridging and two terminal ethyl groups did not occur even at
�90 8C. This fluxional behavior clearly documents a less
distinct bonding of the sterically more encumbered tetrae-
thylaluminate units to the large La(iii) center compared to the
tetramethylaluminate bonding in complexes 1a and 1d.
Scheme 1 also shows the molecular connectivity of complex
2b to be [La{(m-Et)2AlEt2}3] as derived from an X-ray
crystallographic study.[5] Three tetraethylaluminate ligands
coordinate in a h2-fashion implying a distorted trigonal-
antiprismatic coordination geometry at the lanthanum center.

Upon activation with 1–3 equivalents of Et2AlCl, com-
plexes [Nd(AlMe4)3] (1c, Table 1, entries 7–9) and
[Gd(AlMe4)3] (1e, Table 1, entries 12–14) initiated the stereo-
specific polymerization of isoprene in quite an efficient
manner. Quantitative yields of highly stereospecific cis-
polymers were obtained within 24 h. Signals assignable to
trans-1,4-polyisoprene units were not observed in the
13C NMR spectra. Molecular weights and polydispersities
follow a similar pattern in the Nd- and Gd-based experiments,
seemingly adjustable by the ratio of lanthanide to Et2AlCl
(the nCl:nLn ratio). A nCl:nLn ratio of 1:1 afforded approx-
imately double the molecular weight than ratios of 2:1 or 3:1.
Assuming a living polymerization, this would imply two
polymer chains per metal center for the higher nCl:nLn ratios.
With the smallest and largest metal centers, Y (1a) and La
(1b), respectively, quantitative or almost quantitative yields

were obtained only with two equivalents of the chloride
source (Table 1, entries 2 and 5);[6] addition of a third
equivalent deactivated the catalyst system (Table 1, entries 3
and 6). Whereas 1b produced cis-polymers exclusively, the
number of cis-connectivities in the yttrium-catalyzed systems
increased with the nCl:nY ratio from 67 to 97%. This is in
agreement with other Ln-based catalysts for the polymer-
ization of butadiene and isoprene.[7] Interaction of the
cocatalyst with [Sm(AlMe4)3] (1d) produced low-valent Sm
species as shown by the formation of a black solid after 1–2 h,
which afforded only 1–7% of highly stereospecific cis-1,4-
polyisoprene after one day (Table 1, entries 10 and 11).

The polymerization experiments were repeated with two
equivalents of the cocatalyst and stopped after 15 min by
pouring the mixtures onto isopropanol. Gravimetrically
determined polymer yields increased in the order Y(1)<
La(4%)<Gd(60%)<Nd(99%), once more corroborating
the intrinsic “neodymium effect” (Table 2, entries 1–4).[8]

To develop a more convenient catalytic system, in situ
formation of [Nd(AlMe4)3] (1c) from [Nd{N(SiH-
Me2)2}3(thf)2] (3c) was examined. Accordingly, silylamide 3c
was treated with 8 equivalents of trimethyl- or triethylalumi-
num for 15 min and then further activated with 1–3 equiv-
alents of Et2AlCl. We found that the yields and cis stereo-
specificities from the 24-h reactions were similar to those
obtained with pre-isolated 1c (Table 1, entries 7–9 vs. 15–17).
However, molecular weight, polydispersity index (Table 1,
entries 15–17), and polymerization rate (Table 2, entries 5
and 6) seemed to be markedly affected by the presence of the
by-products [AlMe3(thf)] and [{Me2Al[m-N(SiHMe2)2]}2].
Also, commercially available [Nd{N(SiMe3)2}3] (4) could be
activated with excess trimethylaluminum in the presence of
Et2AlCl to quantitatively polymerize isoprene after 24 h (not
listed).[9] In situ activation of 4 in the presence of AlEt3
instead of AlMe3 markedly increased the catalytic activity
(Table 2, entries 7 and 8).

The development of more efficient large-scale industrial
processes often requires immobilized catalyst species.[10] Such
gas-phase and slurry polymerizations favor the control of
polymer morphology as well as low cocatalyst(Al):catalyst
ratios. Periodic mesoporous silica (PMS) of the M41S and
SBA families were recently discussed as versatile supports for
organometallic species.[11,12] Notably, extrusion polymeriza-
tion of a-olefins from group 4-grafted PMSs was proposed to
be crucial for morphology control (e.g., “polyethylene nano-
fibers”).[13] In a preliminary study, cubic MCM-48 featuring a
three-dimensional mesopore system[14] was applied to make
the binary [Nd(AlMe4)3](1c)/Et2AlCl precatalyst system

Scheme 1. Synthesis of [La{(m-Et)2AlEt2}3] (2b).
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heterogeneous. All of the organometallic–inorganic hybrid
materials were characterized by FTIR spectroscopy, elemen-
tal analysis, and nitrogen physisorption (Table 3). Initially, a
dehydrated sample of pore-enlarged MCM-48 (5) was treated
with excess of [Nd(AlMe4)3] (1c) to give a blue reaction
mixture, from which after several hexane washings blue-green
material 6a was isolated (Scheme 2).

Subsequent reaction of hybrid material 6a with one
equivalent of Et2AlCl for 3 h gave light blue-green material

6b. Approximately 0.85 mmol of complex 1c could be grafted
per gram of MCM-48 corresponding to a surface coverage of
0.56NdIII nm�2. The nitrogen adsorption/desorption iso-
therms of materials 5, 6a, and 6b (Figure 1) clearly indicated
the filling of the mesopores upon consecutive grafting with 1c
and Et2AlCl, while mesoporosity of the hybrid materials was
retained. Consequently, analysis of the Barret–Joyner–
Halenda (BJH)[15] pore size distributions shows reduced
pore diameters after each step.

Nd-grafted 6b performed as an efficient single-compo-
nent catalyst in a slurry polymerization of isoprene (Table 1,
entry 20). Polymer analysis revealed a high cis stereospeci-
ficity of the grafted Nd centers. In comparison to the
homogeneous system, the immobilized variant produced
higher molecular weights and smaller PDIs. The order of
the grafting sequence seems to have minor implications for
the catalyst performance (Table 3; hybrid materials 8a and
8b ; Table 1, entry 18). Two control experiments employing a
threefold increased precatalyst concentration (Table 1,
entry 19) and identically Al- and Nd-grafted nonporous
Aerosil-200 (AS200) materials 7a and 7b, respectively
(0.50 mmol of complex 1c per gram of AS200, 1.51 Ndiii nm2;
Table 1, entry 21) showed that the lower conversions are due
to the inaccessibility of Nd surface sites in the pores (pore

Table 1: Effect of Ln size, in situ preparation, and immobilization on the [Ln(AlMe4)3]-based polymerization of isoprene after 24 h.

Entry[a] Precatalyst Et2AlCl
[b] Yield cis[c] Mn

[d] Mw
[d] PDI[d]

[equiv] [%] [%] [G10�3] [ G10�3]

Homogeneous tetramethylaluminate complexes:
1 [Y{(m-Me)2AlMe2}3] (1a) 1 65 67.1 54 226 4.21
2 [Y{(m-Me)2AlMe2}3] (1a) 2 97 75.9 101 400 3.95
3 [Y{(m-Me)2AlMe2}3](1a) 3 2 97.3 n.d.[e] n.d. n.d.
4 [La{(m-Me)2AlMe2}3](1b) 1 92 >99 128 546 4.25
5 [La{(m-Me)2AlMe2}3](1b) 2 99 >99 184 600 3.26
6 [La{(m-Me)2AlMe2}3](1b) 3 <1 >99 n.d. n.d. n.d.
7 [Nd{(m-Me)2AlMe2}3](1c) 1 >99 >99 228 788 3.45
8 [Nd{(m-Me)2AlMe2}3](1c) 2 >99 >99 117 326 2.78
9 [Nd{(m-Me)2AlMe2}3](1c) 3 >99 >99 113 329 2.92
10 [Sm{(m-Me)2AlMe2}3](1d) 1 <1 >99 n.d. n.d. n.d.
11 [Sm{(m-Me)2AlMe2}3](1d) 2 7 >99 n.d. n.d. n.d.
12 [Gd{(m-Me)2AlMe2}3](1e) 1 >99 >99 278 937 3.33
13 [Gd{(m-Me)2AlMe2}3](1e) 2 >99 >99 146 377 2.58
14 [Gd{(m-Me)2AlMe2}3](1e) 3 >99 >99 195 486 2.49

In situ preparation of the active catalyst :
15 [Nd{N(SiHMe2)2}3(thf)2]+ 8 AlMe3 1 >99 98.7 121 539 4.47
16 [Nd{N(SiHMe2)2}3(thf)2]+ 8 AlMe3 2 >99 >99 223 611 2.74
17 [Nd{N(SiHMe2)2}3(thf)2]+ 8 AlMe3 3 94 >99 50 236 4.77

Immobilized tetramethylaluminate complexes:
18 [Nd(AlMe4)3]@Et2AlCl@MCM48 (8b) 0 32 >99 357 670 1.88
19[f ] [Nd(AlMe4)3]@Et2AlCl@MCM48 (8b) 0 >99 >99 641 1026 1.60
20 Et2AlCl@[Nd(AlMe4)3]@MCM48 (6b) 0 38 >99 771 1029 1.33
21 [Nd(AlMe4)3]@Et2AlCl@AS200 (7b) 0 >99 >99 324 897 2.45

Siloxide-based model complexes:
22 [Nd{OSi(OtBu)3}(AlMe4)2(AlMe3)] (9b) 1 51 98.0 52 115 2.24
23 [Nd{OSi(OtBu)3}(AlMe4)2(AlMe3)] (9b) 2 >99 >99 116 233 2.00
24 [Nd{OSi(OtBu)3}(AlMe4)2(AlMe3)] (9b) 3 16 >99 113 269 2.38

[a] Polymerization procedure: 0.02 mmol precatalyst, 8 mL hexane, 0.02–0.06 mmol Et2AlCl (1–3 equiv), 20 mmol isoprene; 24 h, 40 8C. [b] Catalyst
preformation 15 min at RT. [c] Measured by 13C NMR spectroscopy in CDCl3. [d] Determined by means of size exclusion chromatography (SEC) against
polystyrene standards. [e] n.d.=Not determined. [f ] 0.053 mmol precatalyst.

Table 2: Results of the isoprene polymerization after 15 min.

Entry[a] Precatalyst Yield [%]

1 [Y{(m-Me)2AlMe2}3] (1a) 1
2 [La{(m-Me)2AlMe2}3] (1b) 4
3 [Nd{(m-Me)2AlMe2}3] (1c) >99
4 [Gd{(m-Me)2AlMe2}3] (1e) 60
5 [Nd{N(SiHMe2)2}3(thf)2] (3c) + 8 AlMe3 19
6 [Nd{N(SiHMe2)2}3(thf)2] (3c)+ 8 AlEt3 17
7 [Nd{N(SiMe3)2}3] (4)+ 6 AlMe3 9
8 [Nd{N(SiMe3)2}3] (4)+ 6 AlEt3 18

[a] Polymerization procedure: 0.02 mmol precatalyst, 8 mL hexane,
0.04 mmol Et2AlCl (2 equiv), 20 mmol isoprene; 15 min, 40 8C; catalyst
preformation 15 min at RT.
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blockage) and/or the formation of
catalytically inactive [(�SiO)2NdR]
surface sites (Type A, Scheme 2).
The narrow molecular-weight dis-
tributions produced by the hetero-
geneous single-component catalyst
can be attributed to the absence of
any organoaluminum cocatalyst
dissociation/reassociation proc-
esses at the active Nd center.

To get a deeper insight into the
reactivity of compounds
[Ln(AlMe4)3] (1) towards silanol
functionalities we treated the
homoleptic tetramethylaluminate
complexes 1b and 1c with equi-

molar amounts of tris(tert-butoxy)silanol HOSi(OtBu)3
(Scheme 3). The resulting heteroleptic complexes 9 represent
the first structurally characterized alkylated rare-earth-metal
siloxide derivatives and can be regarded as molecular models

of the covalently bonded alkylated surface species B pro-
posed for hybrid material 6a in Scheme 2. An X-ray structure
analysis of the lanthanum derivative 9a revealed a 7-
coordinate rare-earth metal center (Figure 2): two asym-
metrically h2-coordinating tetramethylaluminate ligands, an
asymmetrically h2-coordinating siloxide ligand and one
methyl group of a trimethylaluminum donor give a distorted
pentagonal bipyramidal geometry.[16, 17] After activation with
Et2AlCl alkylated siloxide 9b produced cis-1,4-polyisoprene
within 24 h in yields of 16 to > 99% (Table 1, entries 22–24).

In conclusion, we have shown that homoleptic complexes
[Ln{(m-Me)2AlMe2}3] can be efficiently used to design binary
and single-component precatalysts for 1,3-diene polymeriza-
tion. Their favorable polymerization behavior not only
provides strong evidence that heterobimetallic {Ln(m-R)2Al}
moieties act as important reaction intermediates but also
establishes compounds [LnAl3R12] as unique catalyst precur-
sors for mechanistic investigations of rare-earth-based Zie-
gler Mischkatalysatoren.

Experimental Section
Representative synthesis of 2b : A 12-fold excess of AlEt3 (1.0m in
hexane, 6.00 mL, 6.00 mmol) was added to a solution of [La{N(SiH-

Table 3: Analytical data, pore volume, surface area, and effective mean pore diameter of supported
catalysts.

Material[a] wt% C as [m
2g�1][b] Vp [cm

3g�1][c] dp [nm]
[d]

MCM-48 (5)[e] – 950 1.02 3.5
[Nd{(m-Me)2AlMe2}3]@MCM-48 (6a) 11.2 520 0.44 2.5
Et2AlCl@AS200 (7a) 2.87 – – –
Et2AlCl@MCM-48 (8a) 8.9 530 0.46 2.7
Et2AlCl@[Nd{(m-Me)2AlMe2}3]@MCM-48 (6b) 11.0 480 0.39 2.4
[Nd{(m-Me)2AlMe2}3]@Et2AlCl@AS200 (7b) 4.24 – – –
[Nd{(m-Me)2AlMe2}3]@Et2AlCl@MCM-48 (8b) 11.3 450 0.32 2.5

[a] Pretreatment temperature: 280 8C, 4 h, 10�3 torr for 5 ; 25 8C, 5 h, 10�3 torr for 6–8. [b] Specific BET
surface area. [c] BJH desorption cumulative pore volume of pores between 1.5 and 6.5 nm diameter.
[d] Pore diameter according to the maximum of the BJH pore size distribution. [e] A pore-expanded
sample of 5 was synthesized by using [CH3(CH2)21N(CH3)2(CH2)12N(CH3)2(CH2)21CH3]

2+2Br�

(=̂C22-12-22) gemini surfactants as structure directing agents and hydrothermal restructuring.[14]

Scheme 2. Proposed surface species of hybrid materials 6a and 6b
after the immobilization of 1c and Et2AlCl on MCM-48 (5). A=catalyti-
cally inactive [(�SiO)2NdR] surface sites, B=covalently bonded alkyl-
ated surface species (compare with complexes 9, Scheme 3).

Figure 1. Nitrogen adsorption/desorption isotherms at 77.4 K and the
corresponding BJH pore size distributions (dp, inset) of the parent and
modified MCM-48 materials 5 (&), 6a (^), and 6b (*; see Table 3).

Scheme 3. Synthesis of [Ln{OSi(OtBu)3}(AlMe4)2(AlMe3)] (9).
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Me2)2}3(thf)2] (0.340 g, 0.50 mmol) in hexane at ambient temperature
in an argon-filled glovebox. After the reaction mixture was stirred
overnight, it was filtered through a Celite pad and crystallized at
�45 8C. After several weeks 0.236 g (0.24 mmol, 48%) of 2b were
isolated as colorless crystals. IR (nujol): ñ= 1408 m, 1189 m, 1096 m,
978 s, 945 s, 722 s, 651 s, 589 s, 550 m, 501 m, 467 cm�1 w. 1H NMR
(400 MHz, C6D6, 25 8C): d= 2.78 (t, 3JHH= 7.8 Hz, 12H, CH3),
0.18 ppm (q, 3JHH= 7.8 Hz, 8H, CH2).

13C{1H} NMR (100 MHz,
C6D6, 25 8C): d= 11.0 (CH3), 6.7 ppm (CH2). Elemental analysis
calcd. for C24H60Al3La: C 50.70, H 10.64; found: C 51.29, H 10.85.

Representative synthesis of 8a and 8b : Dehydrated MCM-48 (5,
500 mg) was suspended in hexane and a solution of Et2AlCl (360 mg,
2.99 mmol) in hexane was added. The mixture was stirred for 3 h at
ambient temperature, then centrifuged, the separated white solid 8a
washed several times with hexane, and dried until constant weight.
Yield: 625 mg. Elemental analysis found (%): C 8.85, H 1.77, Cl 8.33,
Al 6.9. Et2AlCl@MCM-48 (8a, 200 mg) was suspended in hexane and
a solution of 1c (162 mg, 0.40 mmol) in hexane was added. The blue
mixture was stirred for 3 h at ambient temperature. After centrifu-
gation and several hexane washings separated light blue-green
material 8bwas dried until constant weight. Yield: 230 mg. Elemental
analysis found (%): C 11.28, H 2.45, Cl 5.92, Al 6.6. The amount of
recovered 1c was determined as 82 mg (0.20 mmol, 51%).

9a : [La(AlMe4)3] 1b (124 mg, 0.31 mmol) was dissolved in
hexane and a solution of HOSi(OtBu)3 (82 mg, 0.31 mmol) was
added. After stirring the solution for 1 h at ambient temperature, the
solvent was removed in vacuo. The remaining solid was recrystallized
from hexane at �45 8C to give 9a (151 mg, 0.23 mmol, 75%) as
colorless crystals. IR: 1305 w, 1246 m, 1188 s, 1089 s, 1062 s, 1027 m,
941 m (sh), 923 m, 897 s, 832 w, 820 m, 802 w, 695 s (br), 573 m, 532 m,
492 cm�1 m. 1H NMR (400 MHz, C6D6, 25 8C): d= 1.24 (s, 27H,
CMe3), 0.06 (s, 24H, AlMe4), �0.14 ppm (s, 9H, AlMe3).

13C{1H}
(100 MHz, C6D6, 25 8C) NMR: d= 78.0 (CMe3), 31.6 (CMe3), 6.0
(AlMe4), 0.2 ppm (AlMe3). Elemental analysis calcd (%) for
C23H60Al3LaO4Si: C 42.59, H 9.32; found: C 42.85, H 9.32.

Representative polymerization procedure (Table 1, entry 8): To a
solution of 1c (8.1 mg, 0.02 mmol) in hexane (8 mL) 2 equiv of

Et2AlCl (5.0 mL, 0.04 mmol) were added and the mixture aged at RT
for 15 min. After the addition of isoprene (2.0 mL, 20 mmol) the
polymerization was carried out at 40 8C for 24 h. The polymerization
mixture was poured onto a large quantity of acidified isopropanol
containing 0.1% (w/w) 2,6-di-tert-butyl-4-methylphenol as a stabil-
izer. The polymer was washed with isopropanol and dried under
vacuum at ambient temperature to constant weight. The polymer
yield was determined gravimetrically.

Full experimental and physicochemical details for complexes 1,
2b, and 9 as well as for hybrid materials 6–8 are available in the
Supporting Information.
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Organoclays

Surface Structure of Organoclays**

Hendrik Heinz and Ulrich W. Suter*

Mica with amphiphilic cations is of extensive technological
interest. The mechanical stability of various plastics and
rubbers, as well as barrier and optical properties in thin films,
can be substantially improved by the addition of organically
modified mica.[1] Besides, mica surfaces have proved to be an
excellent model system for surface phenomena because the
mineral can be cleaved into regular surfaces that extend over
mm. The inorganic–organic interfaces have been the subject of
numerous experimental studies[2–8] and theoretical investiga-
tions of related systems were performed at coarse-grained[9,10]

and atomistic levels.[11–14] Accurate molecular dynamics
simulation at the atomistic level supports the interpretation
of experiments, for example, XRD and solid-state NMR
data.[7,15] With our recent simulations,[13,14] the inclination
angles of the alkyl chains and basal-plane spacings of the filler
particles are reproduced in quantitative agreement with
experiments, and predictions of the interface structure as
well as conformational analyses of the hydrocarbon chains are
possible. Herein, we report monolayer phases on mica
platelets with alkali ions and surfactant ions of different
length, at different temperatures, and we give insight into the
occurring phase transitions.[6,7, 13,14]

We consider that in dry mica surfaces in which 80% of the
alkali ions, most commonly lithium in the reported exper-
imental studies, are exchanged by organic ammonium ions of
different length (Scheme 1) so that 20% of the alkali ions
remain. This is a technologically realistic situation in view of
the relatively difficult quantitative replacement of all inter-
layer cations (without intercalation). We investigate two
borderline cases. The first simulated structure is a homoge-
neous mixture of surfactant ions and alkali ions on the mica
surface. The second simulated structure refers to “phase-
separation”, that is, segregation of cations at the surface. In
this case, we model the surfactant islands on mica in which the
alkali exchange is quantitative. In both cases, we employ a
mica model that contains the upper half of 5 ; 3 ; 1 unit cells
with realistic atomic charges.[13, 16] For the homogeneous
phase, twelve dialkyldimethylammonium ions (Scheme 1)
and three potassium ions are attached, thus accounting for
80% cation exchange. For the simulation of “islands”, 15
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dialkyldimethylammonium ions are added to the surface,
which corresponds to 100% ion exchange. All structures are
periodic in the xy plane and open in the z direction.[17] At the
outset, the plain, single-coated (mica-alkyl) structures are
subjected to NVT dynamics (N= number of particles, V=

volume, T= temperature; time step= 1 fs) at a given non-
variable temperature and tilt angles of the alkyl chains were
determined. Thereafter, duplicate assemblies (mica–alkyl–
alkyl–mica) are constructed and equilibrated again (criterion:
no more structural changes, > 400 ps). One hundred snap-
shots are subsequently taken at intervals of 1 ps to calculate
the system's properties, such as basal-plane spacings and
conformations of the alkyl chains. We conducted our calcu-
lations with the extended consistent force field 91, which is
accurate in modeling organically modified silicates and was
previously described together with other simulation
details,[13,18,19] by using the Discover program from MSI.[20]

We note that the NPT (P= pressure) ensemble is not
required for the simulation (instead of NVT) because an
added atmospheric pressure of � 0.1 MPa does practically
not affect the geometry of our condensed-matter system. The
reasons are the elastic moduli of roughly 1 GPa in z direction
and > 15 GPa in x and y direction.[21] Accordingly, differences
in the ensembles are negligible (see also the analysis of the
pressure and pressure profiles of our system in refer-
ence [14]).

Since we use a larger simulation box than in our previous
study,[13,14] we consider the distribution of Al defects on the
mica surface in a more elaborate way (Figure 1).[22–24] For a
ratio Al/Si= 1:3 on the surface of natural mica, we see from
Figure 1a that (1) 60% of the surface Si atoms are connected
through O atoms to 1 Al atom and 2 Si atoms, (2) 20% of the
Si atoms are connected through O atoms to 0 Al atoms and
3 Si atoms, and (3) 20% of the Si atoms are connected
through O atoms to 2 Al atoms and 1 Si atom. Also, Al-O-Al
contacts do not occur (Figure 1). With these statistical
criteria, we obtain a more realistic distribution of Al-defect
sites than in the regular arrangements.[13] As can be shown by
molecular mechanics, the alkali ions and ammonium head
groups preferably reside over cavities that contain two or
three Al defects along their boundary (Figure 1b). This effect
is a consequence of electrostatic forces, whereby precedence
is given to the alkali ions, which have a greater charge density
per volume relative to the more bulky tetraalkylammonium
group. The distribution of the three Li+ ions in the simulation

box for a homogeneous phase was chosen to be uniform
(Figure 1b). Besides, we note that our simulation box with
� 101 alkyl chains is small compared to the 104 to 106 alkyl
chains on a mm-sized mica flake.[5]

According to the simulation results after more than
400 ps, the positions of the ammonium head groups are
relatively stable for all cations from 2C12 to 2C18, but
rearrangements across surface cavities are, in principle,
always possible and sometimes observed in the course of
the simulations. At elevated temperatures, some ammonium
ions relocate themselves into another cavity, especially in the
homogeneous structures in which rearrangements are geo-
metrically easier to achieve. A representative example of
ammonium-head-group positions for 2C18 ions in the homo-
geneous phase is displayed in Figure 1b.

It is, however, not possible to decide from the simulations,
which limiting structure (homogeneous or segregated phases)
is preferred, because we cannot simulate a large system with
two separate phases. Phase-separated and homogeneous
structures can be distinguished by their different basal-plane
spacings:[13] Phase-separated structures always have a higher
basal-plane spacing than the corresponding homogeneous
structure because the orientation of the surfactant chains is
nearer to the surface normal. In Figure 2, the computed basal-
plane spacings for one-phase and two-phase surfaces are

Scheme 1. The dialkyldimethylammonium ions used to modify the
mica surface, and their abbreviations.

Figure 1. a) Si microenvironments on the surface of tetrahedral layers
in phyllosilicates as a function of Al substitution, as observed by
29Si NMR.[22–24] b) Application to our mica model. The proper statistical
connectivity around Si (yellow) and Al (blue), locations of the alkali
ions (pink pellets), and representative positions of the head-group N
atoms (green pellets) of 2C18 ions on the mica surface are shown with
80% lithium exchange (oxygen red).
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compared with the experimental values[7] at low and high
temperatures. Both graphs indicate that the 2C18 chains are
homogeneously mixed with the alkali ions on the surface. With
decreasing chain length, a trend towards phase segregation
between organic chains and alkali ions is apparent. The 2C12

ions are fully organized into islands. The result is supported by
the close match between experimental and computed basal-
plane spacings for 2C18-mica and 2C12-mica (Table 1).

Also, the thermal behavior previously reported[7] for mica
covered with 2C18, 2C16, 2C14, and, 2C12 chains can be
explained:
1) For 2C18 chains, only one sharp phase transition is

observed with DSC (differential scanning calorimetry)

on heating, which is reversible upon subsequent cooling
and reheating.[7] It is in accordance with a homogeneously
mixed surface structure where the tethered alkyl chains
undergo a reversible partial melting without significant
rearrangements (see Figure 3a/b). We count the number
of gauche arrangements from the end of one Cn chain
through the nitrogen atom to the end of the second Cn

chain. The 2C18 chains, which
have generically � 4 gauche-
torsions near the ammonium
head group, have then roughly
3.3 gauche arrangements per
C18 backbone and a significant
tilt angle of 298 (Table 1) below
the order-disorder transition at
55 8C.[7] In the partially molten
state, no tilt angle can be speci-
fied.

2) For 2C14 chains, one sharp DSC
signal of relatively small

Table 1: Computed characteristics:[a]

Basal plane spacing No. of gauche arrangements Tilt angle
Exptl[b] MD-simulation Total Backbones Max. poss.

2C18 0 8C 4.7–4.8 4.76 9.6 �5.6 34 29�5[c]
80 8C 5.02 4.96 11.5 �7.5 34 –[d]

2C12 �20 8C – 4.14 5.9 �1.9 22 5�4
60 8C 4.33 4.22 6.7 �2.7 22 5�4

[a] For 2C18 on mica in which 20% of the alkali ions remain and for 2C12 ions on mica at 100% ion
exchange (corresponding to “islands” in the 80% coverage systems): basal-plane spacings (in nm),
average number of gauche incidences in the alkyl chains, and their tilt angles (in degrees)
[b] Reference [7]. [c] The orientation in the layer with interspersed alkali ions is not very strict. [d] Too
disordered.

Figure 3. Snapshots of the homogeneous 2C18�K+ phase (80% alkylammo-
nium, 20% alkali ions) on mica after 400 ps of molecular dynamics a) at 0 8C
and b) at 80 8C. A partial “melting” of the tethered chains is visible. Snapshots
of C12 ions (as found in the islands) on mica c) at �20 8C and d) at 60 8C. The
absence of a significant change and the almost perpendicular orientation of
the alkyl chains are apparent.

Figure 2. Computed basal-plane spacings for the two limiting cases of
one homogeneous phase and two phases of dialkylammonium ions
(80%) and alkali ions (20%) on mica. The experimental values are
also shown and indicate the real structure. The overall structure is not
dependent on the temperature.
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enthalpy at � 35 8C is observed upon heating, which
produces a metastable phase.[7] This phase exhibits sub-
sequent transitions on cooling and reheating at the same
temperature, but they are weaker and indistinct.[7] These
facts are in agreement with substantial accumulation of
the C14 ions into islandlike structures and some mixed
domains on the mica surface as can be concluded from
Figure 2. There is a reduced possibility for conformational
disorder (significantly smaller area of the DSC peak and
less pronounced changes in the IR spectrum compared to
2C18 chains during the transition[7]). In the sharp tran-
sition, the chain backbones “partially melt” with some
rearrangements of the ammonium head groups occurring
simultaneously. Subsequent cooling and reheating reveals
the instantaneous freezing and remelting of the obtained
metastable phase with rearranged head group positions
(less well-defined transition). The original structure is
formed after several hours at room temperature because
reverse rearrangements to reorganize the displaced head
groups are slow at ambient temperature.[6, 13]

3) For 2C12 chains, neither a phase transition in the IR
spectrum nor a pronounced change in 13C NMR signals at
higher temperature is found (DSC results not available),[7]

and the basal-plane spacing is also not significantly
changing from 60 8C to 20 8C (not shown at �20 8C).[7]

The chains seem to be tightly packed in the islands and too
short for extensive conformational disorder (Figure 3c,d).
The number of gauche incidences is only 1.0 to 1.3 per C12

backbone (Table 1). Therefore, no order–disorder tran-
sition is possible (Figure 3c,d) in contrast to the higher
homologues.

We rationalize the phase behavior of the alkyl chains on
mica under two aspects: We found previously[13] a gradual
transition from separated phases towards a homogeneous
phase upon increasing the saturation of the mica surface with
alkyl chains. Herein, we illustrate that for a given degree of
alkali exchange the length of the alkyl chains is also an
important factor: long chains prefer a homogeneous phase,
chains of a medium length lead to island formation, and very
short chains might prefer a single-phase system again, as we
surmise from the alkali-like nature of the head groups.

The arrangement on the mica surface, provided the
exchange reaction is driven to equilibrium, is determined by
thermodynamics. Between the two borderline cases, the
structure with the lowest free energy is predominantly
formed, depending on their difference in free energy, DA1!2

(see reference [25] for a different example). The difference in
free energy between a one-phase system and a two-phase
system, while the stoichiometry remains constant, DA1!2, is
given at a certain temperature as

DA1!2 ¼ DE1!2�TDS1!2: ð1Þ

With respect to our system, we can interpret the quantities
in Equation (1) as follows: DE1!2 is equal to the difference in
average van der Waals energy between the chain backbones.
For very low surface coverage, when the chains could not at
all or scarcely interact in a one-phase system, DE1!2 is

negative and proportional to the chain length. For higher
surface coverage, the chains optimize their dispersive inter-
actions by an appropriate inclination angle in both the one-
phase and the two-phase system and DE1!2 approaches zero,
independent of chain length. However, a small negative value
remains because the dispersion interactions near the ammo-
nium head groups in the islands of the two-phase structure are
better. The entropy term DS1!2 accounts for changes in the
configurational space of our system. As indicated by the
phase transitions with changing temperature, the configura-
tional space encompasses primarily order versus disorder in
the chain backbones and, secondarily, order versus disorder in
the head-group arrangement on the surface. In a two-phase
system, chain disorder is substantially reduced because there
is less conformational freedom in the islands than in the
corresponding homogeneous structure. Accordingly, DS1!2

has a negative value. The difference in conformational
freedom is more pronounced, the longer the chains are so
that DS1!2 increases substantially its negative value with chain
length. Another effect that makes always a small negative
contribution to DS1!2 is the reduction of head-group disorder
relative to the alkali ions in a two-phase system. This value is
estimated to be DShead =�0.5R for 80% alkali exchange,[26]

although it cannot be decoupled from the conformational
entropy for longer chains. We may, however, approximately
write

DA1!2 ¼ DEvdW�TðDShead þ DSchainÞ: ð2Þ

In consequence: (1) If the degree of ion exchange is so low
that the chains cannot feel dispersive interactions with each
other in a one-phase system even with extreme tilt, DEvdW is
strongly negative and overpowers the other contributions;
thus, a two-phase system is formed. (2) If the chain length in
such a system is increased such that DSchain becomes highly
negative, DA1!2 will be positive and a one-phase system is
preferred. (3) If the chain length is reduced towards zero,
DEvdW will be very small, DSchain disappears, and the negative
term DShead will lead to a slightly positive DA1!2 of + 0.5RT.
This difference in free energy is small so that intermediate
arrangements are possible, however, with the tendency
towards a one-phase system. These considerations lead to a
kind of “phase diagram” of surface saturation versus chain
length for alkylammonium-modified clay surfaces (Figure 4).

Received: August 29, 2003 [Z52747]

Figure 4. Approximate sketch of a “phase diagram” for alkylammo-
nium-micas, which indicates the type of system found for various
degrees of surface coverage (see reference [13]) and chain length.
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Group 14 Compounds

Triple Bond to Lead: Synthesis and
Characterization of the Plumbylidyne Complex
trans-[Br(PMe3)4Mo�Pb�C6H3-2,6-Trip2]**

Alexander C. Filippou,* Holger Rohde, and
Gregor Schnakenburg

Carbon forms multiple bonds to many other elements and
these bonds are the origin of the rich and versatile chemistry
of many organic and organometallic compounds. In contrast,
the heavier Group 14 elements Si, Ge, Sn, and Pb reluctantly
participate in multiple bonding.[1] Since the discovery of the
first stable compounds with a Si=C bond (silene)[2] and a Si=Si
bond (disilene) in 1981,[3] several methods have been devel-
oped for the synthesis of the heavier Group 14 element
homologues of alkenes, and their unusual structures and
properties have been studied in detail.[4] Recently, the first
compounds featuring a triple bond to linear-coordinated
germanium or tin were reported. These include the germy-
lidyne complexes [(h5-C5H5)(CO)2M�Ge�R] (M=Cr, Mo,
W; R=C6H3-2,6-Trip2 (Trip=C6H2-2,4,6-iPr3), C6H3-2,6-Mes2
(Mes=C6H2-2,4,6-Me3))

[5] and trans-[X(dppe)2M�Ge�(h1-
C5Me5)] (M=Mo, W; X=Cl, Br, I; dppe=
Ph2PCH2CH2PPh2)

[6] and the stannylidyne complexes trans-
[Cl(L)4W�Sn�C6H3-2,6-Mes2] (L=PMe3, L2= dppe).

[7] In
addition, first stable germanium and tin analogues of the
alkynes, E2(C6H3-2,6-Dipp2)2 (Dipp=C6H3-2,6-iPr2), could be
isolated.[8] Both compounds display a trans-bent geometry
and short E�E distances, thus suggesting, in combination with
theoretical calculations, an E�E bond order of approximately
two.[8, 9] In contrast, no p bonding was found in the homolo-
gous lead derivative Pb2(C6H3-2,6-Trip2)2, which features a
Pb�Pb single bond and a lone electron pair at each lead
center.[10] This change in bonding from germanium to lead can
be traced back to the decrease in the p-bond strengths upon
descending Group 14,[11] and to the decreasing hybridization
of the s and p orbitals,[12] which, in the case of lead, is further
diminished by relativistic effects.[13] Therefore it is not
surprising, that doubly-bonded lead compounds are rare,[14]

and compounds that feature a triple bond to lead are not
known to date.[15] We report herein the synthesis and
characterization of the plumbylidyne complex trans-
[Br(PMe3)4Mo�Pb�C6H3-2,6-Trip2], which is the first com-
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pound containing a triple bond to a main-group element of
the sixth row.

Treatment of the dinitrogen complex cis-
[Mo(N2)2(PMe3)4]

[16] with the aryl lead(ii) bromide
{Pb(Br)C6H3-2,6-Trip2}2

[17] in toluene at ambient temperature
was accompanied by gas evolution and a color change from
orange to brown to give the plumbylidyne complex 1
(Scheme 1).[18] IR monitoring of the reaction and the 1H and

31P{1H} NMR spectra of the crude product obtained after
completion of the reaction revealed the concomitant forma-
tion of three by-products, which, by comparison with authen-
tic samples, were identified to be [Mo(N2)(PMe3)5] (2),

[16]

trans-[MoBr2(PMe3)4] (3)[19] and C6H4-1,3-Trip2.
[18] Com-

pound 1 was separated from the by-products upon fractional
crystallization from pentane and isolated as a red-brown,
microcrystalline solid in 54% yield. The plumbylidyne com-
plex 1 exhibits remarkable thermal stability, and decomposes
upon heating above 194 8C. However, 1 is very air-sensitive, its
red solutions in pentane turning rapidly orange upon expo-
sure to air.

Complex 1was characterized by 1H, 13C{1H}, 31P{1H} NMR
and IR spectroscopy, and its molecular structure was deter-
mined by a single crystal X-ray diffraction study.[18,20] The
31P{1H} NMR spectrum displays a singlet resonance for the
equivalent PMe3 ligands at d=�17.1 ppm, which appears at
higher field than that of the analogous germylidyne and
stannylidyne complexes trans-[Cl(PMe3)4Mo�E�R] (E=Ge,
R=C5Me5: dP=�1.5 ppm; E= Sn, R=C6H3-2,6-Mes2: dP=
�0.85 ppm). The 1H NMR spectrum shows the expected
proton resonances of the m-terphenyl substituent and the
PMe3 ligands in the intensity ratio 1:4. The most characteristic
signal in the 13C{1H} NMR spectrum of 1 is that of the lead-
bonded carbon atom at very low field (d=++ 280.6 ppm). The
molecular structure of 1 reveals a distorted octahedral
complex with a trans arrangement of the plymbylidyne and
the bromo ligand (Br-Mo-Pb 179.02(4)8 ; Figure 1). Two trans
bonded PMe3 ligands (P1 and P3) are orthogonal to the Mo�
Br bond axis, whereas the other two PMe3 ligands (P2 and P4)
are inclined by 11.68 (mean value) to the bromo ligand. This
geometric distortion of the M(PMe3)4 fragment results from
steric interactions between the PMe3 ligands, and is also
observed in the stannylidyne complex trans-[Cl(PMe3)4W�
Sn�C6H3-2,6-Mes2].

[7] The most striking structural features of
1 are the very short Mo�Pb bond (2.5495(8) B) and the
almost linear coordination geometry at lead (Mo-Pb-Caryl
177.8(2)8), which suggests the presence of a triply bonded
lead atom (Figure 1). In fact, the Mo�Pb distance in 1 is the

shortest reported so far for a Mo�Pb bond.[21] It is about
0.43 B shorter than the Mo�Pb bond of the molybdenoplum-
bylene [Pb{Mo(h5-C5H5)(CO)3}C6H3-2,6-Trip2] (2.9845(7) B)
that features a two-coordinate lead(ii) center with bent
geometry,[22] or the Mo�Pb single bonds of the dimolybdeno-
plumbylenes [Pb{Mo(h5-C5Me5)(CO)3}2(THF)] (2.989(2) and
3.019(2) B) and [(Pb{Mo(h5-C5Me5)(CO)3}2)2] (2.935(1) and
2.989(1) B), both of which contain trigonal-pyramidal-coor-
dinated lead(ii) centers.[23] Two-coordinate lead compounds
with a linear coordination geometry are extremely rare,[24] by
far the most examples exhibiting a V-shaped geome-
try.[17,22,23,25]

Gradient corrected density functional theory (DFT)
calculations of the model compounds trans-[Br(PH3)4Mo�
E�Ph] (1-Pb, E=Pb; 1-C, E=C) were carried out without
symmetry restraints by using the exchange correlation func-
tional BP86 with various basis sets (LANL2DZ, TZ2P), and
the calculated electronic structures were analyzed by various
quantum-chemical methods to compare the Mo�E triple
bonds (Table 1 and 2).[18] Both compounds adopt essentially a
C2v symmetric minimum structure and display a linear
geometry at the E atom as found in 1 and in most carbyne
complexes.[26] The calculated Mo�Br and Mo�E distances of
1-Pb and 1-C compare well with the experimental values of 1

Scheme 1. Synthesis of the plumbylidyne complex 1.

Figure 1. DIAMOND plot of the molecular structure of 1 in the solid
state. The thermal ellipsoids are set at the 30% probability level.
Hydrogen atoms are omitted for clarity. Selected bond lengths [E] and
angles [8]: Mo-Pb 2.5495(8), Mo-Br 2.677(1), Mo-P1 2.478(2), Mo-P2
2.490(2), Mo-P3 2.489(2), Mo-P4 2.495(3), Pb-C1 2.277(7); Mo-Pb-C1
177.8(2), Br-Mo-Pb 179.02 (4), Br-Mo-P1 90.37(6), Br-Mo-P2 78.74(6),
Br-Mo-P3 90.30(6), Br-Mo-P4 78.02(7), Pb-C1-C2 123.4(6), Pb-C1-C6
119.1(5), C2-C1-C6 117.5(6).
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and trans-[Br(dppe)2Mo�C�SiMe3] (Mo�Br 2.731(2) B; Mo�
C 1.82(1) B),[27] respectively. The relaxed potential-energy
profile for bending at the E atom reveals that the bending
energy increases continuously in both compounds with
increasing deviation of the Mo-E-C array from linearity
(Figure 2). The bending energy reaches a value of

134.1 kJmol�1 in the plumbylidyne complex 1-Pb at a bonding
angle of 908 and in the carbyne complex 1-C a value of
272.1 kJmol�1. The orbital analysis of 1-Pb and of 1-C shows a
s-type, an in-plane p-type (pin), and an out-of-plane p-type
(pout) molecular orbital that contributes to the formation of a
Mo�E triple bond (Figure 3).

Analysis of the electronic charge distribution by using the
natural bond orbital (NBO) partitioning scheme,[28] reveals
that 1-Pb and 1-C have an optimal Lewis structure with a
Mo�E triple bond, that is composed of one s component of a1

symmetry and two nearly degenerate p components of b2 and
b1 symmetry, respectively.

[29] The Mo�E s bonds result from
the overlap of a molybdenum sdn hybrid orbital (1-Pb, n=
1.65; 1-C, n= 2.48) with a spx hydrid orbital of E (1-Pb, x=
0.72; 1-C, x= 0.81), and are polarized towards the element E,
the s-bond polarization being similar in both compounds. In
comparison, both p-bonding contributions to the Mo�E triple
bonds are formed from the interactions of pure molybdenum
d orbitals and p orbitals of the element E, and are polarized
towards the molybdenum center (Table 2). The Mo�Pb

Table 1: Selected calculated bonding parameters[a] of trans-[Br(PH3)4-
Mo�E�Ph] (1-Pb, E=Pb, 1-C : E=C).

Mo-E [E] Mo-P [E] E-C [E] Mo-Br [E] Mo-E-C [8]

1-Pb 2.5218 2.4922 2.2210 2.6837 180.0

1-C 1.8126 2.5058 1.4544 2.7999 180.0

[a] BP86/LANL2DZ.

Figure 2. Energy (kJmol�1) as a function of bending at the E atom in
trans-[Br(PH3)4Mo�Pb�Ph] (&) and trans-[Br(PH3)4Mo�C�Ph] (~)
(BP86/LANL2DZ).

Figure 3. Kohn–Sham orbitals of the s component (top), the in-plane
p component (middle), and the out-of-plane p component (bottom) of
the Mo�Pb triple bond in trans-[Br(PH3)4Mo�Pb�Ph] (BP86/TZ2P).

Table 2: Results of the bonding analyses of trans-[Br(PH3)4Mo�E�Ph] (1-Pb, E=Pb, 1-C : E=C).

NPA partial NBO[b] BDE EDA[d] [kJmol�1]
charges[a] occ. %(Mo) hyb. %(E) hyb. WBI [kJmol�1][c] DEPauli DEelstat DEorb DEint

1-Pb �562.9 (49.0%);
Mo:�1.42 s : 1.728 36.0 sd1.65 64.0 sp0.72 �115.1 (DEs(a1))
Pb:+1.06 pin : 1.886 78.0 d 22.0 p 1.51 195.2 +390.7 �586.0 �217.6 (DEp(b2)) �758.2
[Pb-Ph]:+0.54 pout : 1.847 79.1 d 20.9 p �219.5 (DEp(b1))

1-C �1316.3 (60.3%)
Mo:�0.80 s : 1.908 36.4 sd2.48 63.6 sp0.81 �217.8 (DEs(a1))
E:+0.05 pin : 1.846 59.6 d 40.4 p 2.08 549.4 +960.7 �867.1 �546.7 (DEp(b2)) �1222.7
C-Ph:�0.04 pout : 1.786 59.1 d 40.9 p �544.8 (DEp(b1))

[a] Natural population analysis. [b] Natural bond orbital analysis of the Mo�E bonds: NBO occupancy, bond polarization in %Mo and %E, orbital
hydridization and Wiberg bond index. [c] Homolytic Gibbs free dissociation energy (298.15 K, 1 atm) of the Mo�E bond to the fragments in their
electronic ground states (ZPE corrected). [d] Energy decomposition analysis (BP86/TZ2P): Pauli repulsion (DEPauli), electrostatic interaction (DEelstat),
orbital interaction (DEorb), and total interaction energy (bond-snapping energy) between the fragments [Mo(PH3)4Br]

� and [E-Ph]+ in the complex; the
values in parentheses are the percentage contribution of DEorb to the total attractive interactions (DEelstat + DEorb) reflecting the covalent character of
the Mo�E bond; DEint=DEPauli + DEelstat + DEorb; DEorb=DEs (a1) + DEp(b1) + DEp(b2), the contribution of DE(a2) to DEorb is very small.
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p bonds are more polarized than the Mo�C p bonds. Con-
sequently, the plumbylidyne ligand carries a more positive
partial charge (+ 0.54) than the carbyne ligand (�0.04), and
the molybdenum center carries in the plumbylidyne complex
a higher negative charge (�1.42) than in the carbyne complex
(�0.80; Table 2). The higher polarity of the Mo�Pb triple
bond is also reflected in the lower Wiberg bond index (WBI;
Mo�Pb, 1.51; Mo�C 2.08).[30] Accordingly, the energy
required to cleave the Mo�E bond (bond-dissociation
energy, BDE) to give the relaxed fragments {Mo(PH3)4Br}
and {E�Ph} in their 4A’’ and 2A’ electronic ground states,
respectively, decreases sharply from the carbyne complex 1-C
(549.4 kJmol�1) to the plumbylidyne complex 1-Pb
(195.2 kJmol�1). The Mo�Pb bond-dissociation energy of 1-
Pb is, however, considerably higher than the calculated Pb�
Pb bond dissociation energy of trans bent Pb2H2

(80 kJmol�1),[9c] thus suggesting that lead forms a compara-
tively strong triple bond in 1.

The bonding interactions between the closed-shell frag-
ments {Mo(PH3)4Br}

� and {E�Ph}+ were analyzed with the
energy-decomposition analysis (EDA) method (Table 2). The
overall interaction energyDEint is smaller in the plumbylidyne
complex 1-Pb than in the carbyne complex 1-C. In addition,
the contribution of the orbital-interaction term DEorb to the
total attractive interactions is smaller in 1-Pb, which reflects,
in full agreement with the results of the NBO analyses, the
lower covalent character of the Mo�Pb triple bond (49.0%)
relative to that of the Mo�C triple bond (60.3%). Further-
more, breakdown of the covalent bonding energy DEorb into
contributions of the {Mo(PH3)4Br}

� !PbR+ s donation (DEs)
and the {Mo(PH3)4Br}

�!PbR+ p back-donation (DEp(b2) +

DEp(b1)) reveals that the two almost degenerate p bonds
make the major contribution to the DEorb term (1-Pb, 79% of

DEorb; 1-C, 83% of DEorb), thus providing additional evidence
for the presence of a Mo�E triple bond in 1-Pb and 1-C.

No significant differences were found between the
electron-localization functions (ELF) of 1-Pb and 1-C,
which suggests a similar bonding situation (Figure 4). The
Mo�E triple bond domains are characterized in both
complexes by a cylindrical torso-shaped region of localized
electrons (ELF= 0.85), as found for the triple bond in
acetylene.[31] The torus is, however, shifted towards the E
atom owing to the polarity of the Mo�E triple bonds and the
different atomic numbers of the elements in 1-C.

The present work shows that stereoelectronically well
defined transition-metal fragments are capable of stabilizing
triple bonds even to those main-group elements that have
persistently resisted such bonding. The existence of 1 provides
another challenge to the so called “double-bond rule”,[1] and
opens up new perspectives in the chemistry of unsaturated
lead compounds.
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Aromatic Molecular Structures

Macrocyclic 1,8-Anthrylene–Ethynylene
Oligomers: Three-Dimensional p-Conjugated
Architectures**

Shinji Toyota,* Michio Goichi, and Masashi Kotani

Arylene–ethynylene structures have
been extensively utilized in the molecular
design of novel p-conjugated aromatic
oligomers and polymers, particularly in
the fields of supramolecular chemistry
and material science.[1–4] Awide variety of
compounds with phenylene (or naphthy-
lene) units have been synthesized,[5,6]

some of which show interesting molec-
ular properties or functions such as self-
aggregation,[7] machines,[8] inclusion,[9]

and electronic devises.[6a, 10] To create a
new class of such oligomers we directed
our attention to anthracene groups as
aromatic building blocks, which are much
less used than phenylene units,[11] by
taking advantage of their unique elec-
tronic properties and rigid panel-like
shape with a size of 0.92 . 0.50 nm.
Among the several possible connection
sites, we selected positions 1 and 8 for the
following reasons. Acyclic analogues 1
possess a square wavelike shape (a pitch
of 1.0 nm and an amplitude of 1.2 nm for
the planar conformation) and undergo facile folding as a
result of conformational changes along the ethynylene
moieties. Furthermore, oligomers with an even number of
anthracene groups can cyclize into three-dimensional nano-
structures without severe strain (for example, tetramer 2).
Therefore, these macrocyclic compounds are interesting from
both structural and spectroscopic viewpoints. We present
herein the syntheses and structures of these 1,8-anthrylene–
ethynylene oligomers.

Target compounds 2 were prepared by the sequential
Sonogashira coupling/desilylation strategy (Scheme 1). Mono-
silylated 1,8-diethynylanthracene 5awas prepared from 3a by
Ni-catalyzed coupling[12] followed by partial desilylation. The

Sonogashira coupling[13] of 5a with 1,8-diiodoanthracene[14]

afforded 6a. This trimer was similarly desilylated and coupled
with an excess of 1,8-diiodoanthracene to give acyclic
tetramer 8a, a precursor of the cyclic tetramer. The desily-
lation and coupling of 8a were carried out in a one-pot
procedure in THF, because the deprotected terminal ethyne
group was unstable. The desired cyclic compound, which was
only slightly soluble in common organic solvents, was isolated
as orange crystals in 23% yield. To improve the solubility,
oligomers with butyl groups at position 10 of alternating
anthracene rings were also prepared in a similar manner. In
this case, acyclic heptamer 9 was isolated from the coupling of

7b with 1,8-diiodoanthracene: heptamer 9 reaches a length of
approximately 3.5 nm, assuming a planar conformation, and
its longest absorption band extends to 480 nm.

Scheme 1. Synthesis of cyclic oligomers. a) iPr3SiC�CMgBr, [Ni(acac)2], THF. b) Bu4NF,
CH2Cl2 and separation. c) 1,8-diiodoanthracene, [Pd(PPh3)4] , CuI, NEt3/THF. d) Bu4NF, THF,
then [Pd(PPh3)4] , CuI, NEt3. acac=acetylacetano.
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The cyclic oligomers were unambiguously characterized
by NMR spectroscopy and mass spectrometry. For 2a and 2b,
molecular ion signals were detected in the MALDI-TOF
spectra at the molecular weights expected for the tetramers,
m/z 800.27 and 912.35, respectively. The NMR spectra of the
cyclic tetramers are much simpler than those of their acyclic
precursors, thus reflecting their high symmetry: for example,
2a afforded only five aromatic proton signals (Figure 1) and

one alkynic signal at room temperature. The UV and
fluorescence spectra of 2a are shown in Figure 2 together
with those of some reference compounds. The p-band
absorptions around 400 nm are shifted to longer wavelength
region with an increase in the number of anthracene rings
(4a!6a!8a) for the acyclic oligomers. Although the
absorptions of cyclic tetramer 2a were found at almost the

same positions as those of 8a, their intensities were signifi-
cantly weaker.[15] Compound 2a gave an intense and broad
emission at lmax= 478 nm (Ff= 0.40) that extended to
600 nm, in contrast to the relatively sharp and structured
bands of the acyclic oligomers: this broad shoulder may be an
outcome of excimer formation.[16, 17] These characteristic
electronic spectra are attributable to the p–p interactions
between the anthracene chromophores.

Figure 3 shows the X-ray structures of cyclic tetramer
2a.[18] Indeed, the molecule has a cyclic structure with four
nearly planar anthracene panels and four ethynylene linkers,

Figure 1. VT 1H NMR spectra of 2a measured in CD2Cl2. For number-
ings of aromatic protons, see Scheme 2b. All signals were assigned by
coupling and NOE experiments.

Figure 2. UV (left) and fluoresence (right) spectra of 2a and related compounds measured in CH2Cl2: 2a : red, 4a : green, 6a : blue, and 8a :
yellow. Emission spectra were measured upon excitation at l=393 nm. The emission of 8a is so weak that the spectrum is not shown here.

Figure 3. Two views of the X-ray structure of cyclic tetramer 2a.
Selected structural parameters: Interfacial distances: A–C 3.37, B–D
3.38 H. Dihedral angles [8] between anthracene planes: A–B 133.7,
B—C 48.4, C–D 133.4, A–D 44.4, A–C 2.6, B–D 4.5. Bond angles at
sp carbon atoms 171.8–177.58.
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where small bending deformations are found at the sp carbon
atoms. The framework assumes a diamond (rhombic) struc-
ture of nearly D2 symmetry (a diamond grid in the perspective
view along the acetylenic axes) rather than a square prism.
The interior angles of the diamond grid are 468 and 1348 as
revealed by the dihedral angles between the anthracene
planes. As a result, the cavity inside the macrocycle is too
small to accommodate foreign molecules, as shown by the
CPK models in Scheme 2a. There are two pairs of face-to-

face orientations for the anthracene groups (A–C and B–D),
and the interfacial distance is only 3.4 D because of the large
oblique angle. This distance is apparently smaller than the
sum of the van der Waals radii of two sp2 carbon atoms, and is
comparable to the interlayer distance in graphite (3.4 D). We
consider that the transannular interactions between the
anthracene groups play an important role in the preference
for the diamond prism structure, in addition to steric and
conjugative factors.

The diamond prism structure is chiral regardless of
whether R is H or Bu, and the interconversion of one
diamond prism into another via the regular square prism leads
to enantiomerization (Scheme 2a). This stereodynamic pro-
cess was monitored by variable temperature (VT) 1H NMR
measurements of 2a (Figure 1). The signals corresponding to
protons at positions 2 to 7 were observed as one set of an
ABC system, which were broadened as the temperature was
lowered, and finally became two sets of an ABC system at
�100 8C. The signals corresponding to the 9- and 10-H
protons were sharp singlets throughout the temperature
change. This temperature dependence is unambiguously
explained by the skeletal swing mentioned above
(Scheme 2b). The high-field shift of the 2-H and 3-H signals
at low temperature is consistent with the structure, where
these protons are fixed in the shielding region of the facing
anthracene unit. The energy barrier for the swing was
estimated from the coalescence temperature (ca. �70 8C) to
be 38 kJmol�1.

We carried out a few reactions typical of ordinary alkynes
or anthracenes with the cyclic tetramers. Compound 2a was
slowly consumed upon irradiation with UV light in chloro-
form at room temperature, but no significant products were
found. The lack of intramolecular photodimer products can
be explained from the oblique structure, where face-to-face
anthracene rings are off-set from the ideal orientation for
usual photodimerization at positions 9 and 10. Hydrogenation
over Pd/C of 2 did not proceed at all under ordinary

conditions probably because of the steric crowding
around the triple bond moieties or the strongly constrained
structure of expected reduction products. Further studies
of the reactions of 2 with other reagents are in progress.

In conclusion, we successfully synthesized cyclic 1,8-
anthrylene–ethynylene tetramers with a unique three-
dimensional structure by utilizing the Sonogashira cou-
pling reaction. These compounds provide a new approach
to the molecular design of novel aromatic compounds: the
panel/rod method gives the possibility of generating quite a
large number of molecular architectures by varying the
degree of oligomerization, the incorporation of other
aromatic panels, and so on. The results obtained in this
study will serve as an impetus for constructing other
interesting molecules including larger cyclic analogues that
feature tubelike structures with a large cavity.

Experimental Section
The experimental procedures for the preparation of 4–8 are given
in the Supporting Information. Synthesis of 2a : A 1.0 molL�1

solution of tetrabutylammonium fluoride in THF (27 mL) was
added to a solution of 8a (19.6 mg, 0.018 mmol) in THF (5 mL) in Ar
atmosphere. After the mixture was stirred for 20 min., triethylamine
(5 mL), [Pd(PPh3)4] (10.4 mg, 0.018 mmol), and copper(i) iodide
(0.85 mg, 0.0045 mmol) were added. The solution was heated at reflux
for 40 min and the solvent was removed by evaporation. The crude
product was purified by chromatography on a short column of
alumina with hexane/CH2Cl2 (2:1) as eluent. Recrystallization from
chlorobenzene afforded the pure product as orange crystals. Yield
3.3 mg (23%); m.p. > 350 8C (decomp); 1H NMR (500 MHz, CD2Cl2,
RT, TMS): d= 6.86 (m, 8H, 3,6-H), 7.28 (d, 3J(H,H)= 6.7 Hz, 8H, 2,7-
H), 7.72 (d, 3J(H,H)= 7.8 Hz, 8H, 4,5-H), 8.23 (s, 4H, 10-H),
9.87 ppm (s, 4H, 9-H); 13C NMR (125 MHz, CD2Cl2, RT, TMS): d=
93.14, 121.23, 124.36, 126.98, 129.02, 129.71, 130.94 ppm (two
quaternary carbon atoms missing); UV/Vis (CH2Cl2): lmax

(e mol�1dm3cm�1)= 439 (12000), 412 (11800), 390 (7100), 261 nm
(68400); MALDI-TOF MS: m/z 800.27 [M+]; calcd for C64H32: m/z
800.25 [M+]. 2b was similarly prepared in 18% yield; m.p. 338–3428C
(decomp); 1H NMR (300 MHz, CDCl3, RT, TMS): d= 1.13–1.93 (m,
14H, -CH2CH2CH3), 3.54 (m, 4H, C(ar)-CH2-), 6.81–6.88 (brm, 8H,
3,6-H), 7.28–7.31 (m, 8H, 2,7-H), 7.69 (d, J= 8.4 Hz, 4H, 4,5-H), 7.98
(d, J= 8.8 Hz, 4H, 4,5-H), 8.19 (s, 2H, 10-H), 9.86 (s, 2H, 9-H),
9.90 ppm (s, 2H, 9-H); 13C NMR (125 MHz, CD2Cl2, RT, TMS): d=
93.15, 93.54 ppm, and aromatic signals; UV/Vis (CH2Cl2): lmax

(e mol�1dm3cm�1)= 448 (25300), 422 (23400), 265 nm (126000);
MALDI-TOF MS: m/z 912.35 [M+]; calcd for C72H48: m/z 912.38
[M+]. 9 : m.p. 237–2428C; UV/Vis (CH2Cl2): lmax(e mol�1 dm3cm�1)=
449 (31700, sh), 426 (45900), 404 (41300), 377 (26300, sh), 266 nm
(270000); MALDI-TOF MS: m/z 1962.83 [M+]; calcd for C148H130Si2 :
m/z 1962.97 [M+].

Received: December 30, 2003 [Z53647]

Scheme 2. Skeletal swing between two diamond prism structures in cyclic tetramer
2a. a) CPK models. b) Site exchange of the aromatic protons (only one anthracene
group is highlighted and the other anthracene groups are related to it by a symmetry
operation).
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Nanostructure Assembly

Biomimetic Patterning of Silica by Long-Chain
Polyamines**

Manfred Sumper*

The production of species-specific, precisely shaped inorganic
structures is a widespread phenomenon among organisms. A
large proportion of biogenic silica is formed by diatoms, which
are unicellular algae ubiquitously present in marine and
freshwater habitats. Diatom biosilica is mainly composed of
hydrated SiO2 (silica) that is in an amorphous state even on an
atomic scale.[1] However, diatom biosilica exhibits highly
symmetrical patterns in the nano- to micrometer range, as is
evident from scanning electron microscopy (SEM) images of
diatom cell walls.[2] A new siliceous cell wall is produced in a
specialized intracellular compartment, the silica deposition
vesicle (SDV).[3] The investigation of the mechanism that
assures the precision of reproduction of nanostructured silica
in each generation is not only a fascinating problem but also
of interest in materials science. In the past decade numerous
examples have demonstrated the potential of templating
mechanisms to create inorganic structures that resemble, at
least to some extent, their biological counterparts.[4, 5] Bio-
mimetic approaches are believed to enable the production at
ambient temperatures and neutral pH of advanced materials
with potential applications in catalysis, separations science,
electronics, and photonics.

The nanofabrication of silica in diatoms results from
specific interactions between biomolecules and silicic acid
derivatives. The biomolecules isolated from diatom biosilica
are the silaffin peptides and long-chain polyamines: N-
methylated poly(propylene imine)s attached to putrescine.[6–8]

Silaffins isolated fromCylindrotheca fusiformismainly consist
of lysine and serine residues, and all of these residues are
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modified. The latter are phosphorylated, and the lysines are
converted into three different derivatives: e-N-dimethyl-
lysine, e-N-trimethyl-d-hydroxylysine, and lysine residues
covalently linked to long-chain polyamines. Both silaffins
and long-chain polyamines have been shown to rapidly direct
the formation of silica nanospheres from silicic acid in
vitro.[6, 7] Polyamines are known to affect silica formation in
several ways. They catalyze siloxane-bond formation and can
act as flocculating agents.[9, 10]

Particularly intricate silica patterns including fine struc-
tures in the 30 to 50 nm range are found among diatom
genera, such as Stephanopyxis and Coscinodiscus (Figure 1).

The Coscinodiscus valve structure can be interpreted as being
composed of a hierarchy of hexagonal silica structures, which
create the complex but highly symmetrical valve pattern.
Surprisingly, when Coscinodiscus shells were extracted with
hydrogen fluoride, polyamines were found to be the main
organic constituent of the extracts.[11] These observations
stimulated the development of a model of pattern formation
that is based exclusively on the physicochemical properties of
polyamines.[11] The underlying concept is the assumption that
phase separation occurs within the SDV to form emulsions of
microdroplets of polyamines. In a close-packed arrangement,
these microdroplets would form a hexagonal monolayer
within the flat-walled SDV. The aqueous interface between
polyamine droplets, which contains silicic acid derivatives,
should promote silica formation (catalyzed by the polyamine
surfaces[9]) to give a honeycomb-like framework of silica
precipitates. Reiteration of this scenario on smaller and
smaller scales would create the patterns observed in Cosci-
nodiscus.

Subsequent in vitro experiments demonstrated the phase
separation of polyamines in aqueous solutions and led to an
understanding of how microdroplet size is controlled.[12] In
aqueous solution polyamines form aggregates (microemul-
sions) with positively charged surfaces, and multivalent

anions promote higher-order assemblies of the emulsion
droplets. Polyamine-induced silica-nanosphere production
from a solution of mono- and disilicic acid was found to
depend strictly on microscopic phase separation.[13] Silicic
acid derivatives may be adsorbed on and/or dissolved in the
polyamine droplets, whereby they form a coacervate (a
“liquid precipitate”), which finally hardens by silica forma-
tion. This mechanism may explain the observed correlation
between polyanion concentration and the size of the resulting
silica nanospheres. Defined diameters between 50 and
1000 nm could be obtained and the resulting size distributions
were close to monodisperse. However, pattern formation as
proposed by the above-mentioned model requires a poly-
amine-based mechanism that produces a hexagonal frame-
work of silica rather than a population of silica spheres.

Herein I demonstrate the potential of a polyamine/
phosphate system to guide the production of silica structures
composed of hexagons under slightly different conditions.
Monosilicic acid rapidly polymerizes at neutral pH to produce
a sol, which then solidifies to a gel.[10] The kinetics of sol-
particle growth can be followed readily by dynamic light
scattering. Under the conditions used (Figure 2), the average

diameter of poly(silicic acid) particles or aggregates increased
continuously over a period of 4 h. A completely different
behavior was observed in the presence of a long-chain
polyamine, such as poly(allylamine). Particles with defined
diameters appeared within a few minutes. These particles
were then prevented from further growth. Lowering or
increasing the polyamine concentration by a factor of two
did not influence the particle size. However, the final particle
size was slightly dependent on pH. At pH 6.8, particles with a
z-average diameter of about 60 nm (polydispersity index
about 0.3) were the stable end product. At pH 6.2 the stable
end product had a mean diameter of only 40 nm. These sols
were stable for at least 24 h. A stabilizing effect on silica sols
has been described for a number of organic bases, such as
morpholine and cyclohexylamine, as well as large organic

Figure 1. SEM images of the cell walls of the diatoms Stephanopyxis
turris and Coscinodiscus granii. a) Cell walls of Stephanopyxis turris ; scale
bar: 20 mm; b) details of the silica nanoscale architecture; scale bar:
3 mm. c) Cell wall of Coscinodiscus granii ; scale bar: 20 mm; d) details of
the silica nanoscale architecture; scale bar: 1 mm.

Figure 2. Silica-sol formation followed by dynamic light scattering. A
freshly prepared silicic acid solution (70 mm) in Tris-HCl (40 mm,
pH 6.8) was incubated at 25 8C for the times indicated. The z-average
diameters (d) of particles were determined by using a Malvern HPPS
5001 high-performance particle sizer. Blue: no addition of poly(allyl-
amine); violet: in the presence of poly(allylamine) (0.4 mm); red: in
the presence of poly(allylamine) (0.4 mm) at pH 6.2.
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cations.[10, 14] Possibly the strong adsorption of relatively few
organic polycations on the surfaces of the colloidal particles
serves to keep them apart, thus preventing aggregation. In the
following, such a silica sol will be denoted as a polyamine-
stabilized sol.

Poly(allylamine)/phosphate-directed silica formation pro-
duced a strikingly different morphology when a polyamine-
stabilized sol replaced monosilicic acid as the silicon source.
Instead of forming a precipitate of nanospheres (as is the case
for silicic acid), the stabilized silica sol (particles of 40-nm
diameter) assembled within seconds to give a framework of
roughly hexagonal silica structures when added to a poly-
amine/phosphate microemulsion (Figure 3). This dramatic

effect may be interpreted in the following way: The micro-
droplets formed by the polyamine/phosphate mixture pro-
mote silicic acid polymerization to produce silica nanospheres
by coacervate formation as described above (Figure 3a).
However, the polyamine-stabilized sol used as the silicon
source (Figure 3b) carries positive surface charges (charge
reversal relative to polysilicic acids) and is therefore unlikely
to interact with the positively charged polyamine droplets.
This charge-reversed sol becomes concentrated within the

aqueous interfaces, and its polymerization to silica is favored
by the presence of polyanions (phosphates), which act as the
flocculating agent. In this case, clusters of polyamine droplets
are assumed to serve as the organic template for silica
formation and thereby lead to the formation of a roughly
hexagonal network. This network is far from perfectly
formed, as a result of the fact that the poly(allylamine)
droplets are heterodisperse and not arranged in a two-
dimensional close-packed configuration.

This simple scenario may explain a number of observa-
tions with respect to silica nanofabrication in diatoms. First, if
close-packed polyamine droplets serve as a template, their
diameters determine the size of the resulting silica hexagons.
We have shown previously that droplet diameters can be
precisely controlled simply by tuning the polyamine/polyan-
ion ratio,[12,13] which suggests that diatoms may use the highly
phosphorylated proteins present in diatom valves to regulate
droplet size.[8,15] Second, it has been demonstrated repeatedly
that diatom biosilica is composed of silica particles with
diameters of about 30 to 50 nm.[16–18] Little variation in the
size range of these silica particles has been found within the
same valve, but significant differences have been found
among diatom species.[19] A polyamine-stabilized sol (pro-
duced at slightly different pH values in different diatom
species) that served as the silicon source in vivo would explain
these observations. Furthermore, the existence of a poly-
amine-stabilized sol would solve another enigmatic problem
of silica biomineralization in diatoms. As intracellular silicic
acid concentrations can exceed micromolar levels, silicic acid
would undergo premature condensation in the cytosol unless
the silica precursors were stabilized in some way by binding to
or association with organic constituents before or during
translocation through the SDV membrane.[20–22] Polyamines
may turn out to be part of this as yet unknown stabilizing
system.

Experimental Section
Poly(allylamine) hydrochloride (M̄w= 15000) was purchased from
Aldrich. A stock solution (2 mm) was adjusted with NaOH to pH 6.8.
M̄w=weight-average molecular weight.

A freshly prepared solution of tetramethoxysilane (1m) in HCl
(1 mm) was incubated at 25 8C for exactly 15 min and immediately
used as a source of mono- and disilicic acid.

Production of hexagonal silica morphologies: Sodium phosphate
buffer (pH 6.8) was added to a stock solution of poly(allylamine) to a
final concentration of 0.45 mm in polyamine and 40 mm in phosphate.
The resulting phase-separated solution of poly(allylamine) (22 mL)
was mixed with polyamine-stabilized silica sol (28 mL; prepared by
incubating a solution containing poly(allylamine) (0.4 mm, pH 6.8)
and monosilicic acid (70 mm) at 25 8C for at least 30 min).

Silica precipitates were collected by centrifugation (2 min,
4.000 rpm) and washed twice with water, then suspended in water,
applied to an aluminum sample holder, and air dried. Silica was
analyzed (without sputter coating) with a LEO1530 field-emission
scanning electron microscope by using energy-dispersive X-ray
analysis (EDXA, Oxford instruments).
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Figure 3. SEM images of silica morphologies formed from monosilicic
acid (a) or polyamine-stabilized silica sol (b) as the silicon source in
the presence of polyamines. a) A freshly prepared solution of monosili-
cic acid was added to a phase-separated poly(allylamine)/phosphate
mixture (formed by mixing solutions of sodium phosphate (pH 6.8)
and poly(allylamine) to yield a mixture 0.2 mm in polyamine and
18 mm in phosphate, which immediately became turbid as a result of
microphase separation). The final silicic acid concentration was
40 mm. Silica formation was allowed to proceed for 12 minutes at
25 8C. The precipitate was collected by centrifugation, washed with
water, and analyzed by SEM. b) Monosilicic acid was replaced by a
polyamine-stabilized silica sol (40-nm particles, final SiO2 concentra-
tion: 40 mm), which was prepared as described in the Experimental
Section. Silica started to precipitate within a few seconds. Scale bar:
1 mm.
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Ligand Screening

Paramagnetic Metal Ions in Ligand Screening:
The CoII Matrix Metalloproteinase 12**

Ivano Bertini,* Marco Fragai, Yong-Min Lee,
Claudio Luchinat, and Beatrice Terni

An increasing number of validated drug targets are being
revealed as the components of the human genome become
known. At the same time, there is an increasing need to speed
up the drug discovery process, especially in the early stages of
ligand screening to design candidate drugs. With respect to
other techniques, NMR spectroscopy is less prone to generate
false positives or false negatives, and can be used to couple
qualitative high-throughput screening with quantitative infor-
mation on the binding affinity and structure of the target–
ligand complex. Furthermore, NMR spectroscopy is probably
the best technique to detect weak binders and to identify
secondary binding sites. Awide portfolio of weak binders is a
precious asset, as weak binders are the building blocks for
experimentally based strategies for rational and semirational
drug design.

A popular ligand screening protocol is based on recording
the 1H NMR signals of a mixture of compounds from a library
of chemicals in a spin-echo Carr–Purcell–Meiboom–Gill
(CPMG) NMR pulse sequence experiment.[1] The intensity
of the signals under these conditions is inversely related to the
transverse relaxation rate R2 of the corresponding protons.
Upon addition of micromolar quantities of the target protein,
and if any of the compounds in the mixture interacts with the
protein, the R2 of the protons in the molecule bound to the
protein increases owing to the long rotational correlation time
tr of the macromolecular adduct. If the bound ligand is in fast
exchange with the bulk ligand, a selective decrease in the
signal intensity for that compound is observed. The sensitivity
of the experiment depends on the size of the macromolecule
(the larger the size, the larger the value of tr, the larger the
effect) and on the affinity of the ligand—the larger the affinity
(provided fast exchange conditions are maintained), the
larger the signal reduction for a given amount of added
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protein. The method is progressively less sensitive for binders
with dissociation constants larger than the typical ligand
concentration (50–500 mm). Increasing the protein concen-
tration is feasible but of course costly.

Stronger increases in ligand R2 values are expected if the
target protein contains a paramagnetic center. Unpaired
electrons can undergo dipole–dipole coupling with the ligand
nuclei if they are sufficiently close to each other; the strength
of the coupling depends on the reciprocal sixth power of the
electron–nucleus distance.[2] It has been shown that addition
of spin labels in the vicinity of the ligand binding site in a
protein can significantly enhance the increase in R2 of the
bound ligand, thereby allowing detection of the interaction of
weaker ligands.[3] Spin labels have also been exploited for
second-site screening by coupling with a ligand for a first
binding site.[4] The use of paramagnetic metal ion complexes
instead of spin labels has also been proposed.[5] Surprisingly,
there has been little interest in exploiting paramagnetic metal
ions that are either native constituents of metalloenzymes
(such as iron, copper, or manganese) or that can be
substituted in the place of diamagnetic native metals (such
as lanthanides for calcium or cobalt for zinc ions). Many
hydrolytic zinc enzymes are now recognized drug targets,
matrix metalloproteinases (MMPs) being a well-known
example. The cobalt(ii) ion is known to be an excellent
substitute for zinc in many metalloproteins,[6] and it often
maintains a substantial fraction of the catalytic activity. In
particular, cobalt(ii) has been shown to substitute zinc in the
active site of MMP-1, and the resulting derivative is still
catalytically active.[7]

We therefore felt that it was worthwhile to investigate the
possibility of substituting cobalt in MMPs to increase the
sensitivity of the drug screening experiment. The enzyme of
choice was the catalytic domain of human MMP-12 (from
(Met105)Gly106 to Gly263, with a Phe-171-Asp mutation).[8]

The X-ray crystal structure of this protein has been solved to
atomic resolution,[9] and the structures of several adducts with
druglike molecules are also known.[8–10] We have prepared the
cobalt derivative of MMP-12, proven its binding to the
catalytic zinc site through HSQC and electron spectroscopy,
and checked on the basis of equilibrium dialysis that its
dissociation constant was low enough for the planned experi-
ments (see the Supporting Information). Spin-echo experi-
ments were then conducted on several compounds and
mixtures of compounds, using either the cobalt derivative or
the native zinc-containing protein.

Test solutions were prepared with several medium to
weak binders of MMPs, both alone or in a mixture with two
noninteracting molecules (2-ethoxyanisole and N,N-
dimethylaniline). The chosen ligands were 4-hydroxybi-
phenyl, 4-aminobiphenyl, 4-phenoxyaniline, 3-(2-hydroxy-
ethyl)indole, and anthraquinone-2-sulfonate. Ligand concen-
trations were kept constant at 50 mm. In all cases, addition of
native ZnMMP caused a decrease in the signals of those
ligands that bind the enzyme. However, the amount of
ZnMMP required to observe an effect varied from about 5–
8 mm for 4-hydroxybiphenyl, 4-aminobiphenyl, and 4-phenoxy-
aniline (whose dissociation constants are estimated at about
10–100 mm) and 10–15 mm for 3-(2-hydroxyethyl)indole up to

50 mm for anthraquinone-2-sulfonate. Conversely, the amount
of CoMMP required to obtain a similar effect was around 1.5,
3, and 5 mm, respectively. At the end of the experiments, the
strong MMP inhibitor N-isobutyl-N-(4-methoxyphenylsulfo-
nyl)glycyl hydroxamic acid (NNGH, Biomol Inc., USA) was
added to the ZnMMP–ligand and CoMMP–ligand mixtures.
In all cases the signal intensities reverted almost exactly to
those seen in the absence of the enzyme, confirming that we
are specifically monitoring binding of the ligands to the
enzyme active site. The results for 4-aminobiphenyl and
anthraquinone-2-sulfonate are shown in Figure 1. It appears

that the sensitivity is significantly enhanced (by a factor of
about 4 to greater than 10). Thus, these data constitute the
proof of principle that substitution with cobalt (and possibly
other paramagnetic metals) can be a general strategy to
enhance the sensitivity of ligand screening by NMR spectros-
copy.

Careful analysis of the spectra in Figure 1 reveals that
more information is gained in the experiments with the
paramagnetic metal than those with the native diamagnetic
metal. Whereas in the latter a similar decrease in the intensity
of all the signals of the ligands is observed (consistent with the
R2 enhancement being due to tr in all cases, that is, to a global
property of the molecule), in the experiments with the
paramagnetic metal the decrease in the intensity of the signals
is strongly inhomogeneous. This is because of the different
distance from the cobalt(ii) ion to each proton in the bound

Figure 1. Sections of the 1H NMR spectra (500 MHz, 298 K) of 4-ami-
nobiphenyl (a, c) and anthraquinone-2-sulfonate (b, d) in the presence
of increasing amounts of CoMMP-12 (a, b) and ZnMMP-12 (c, d). The
signals marked with an asterisk correspond to reference compounds;
the arrows indicate 4-aminobiphenyl protons next to the amino group
(a, c) and anthraquinone protons next to the sulfonate group (b, d).
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molecule. Therefore, even in the fast, high-throughput mode,
a screening based on paramagnetic effects permits a qual-
itative estimate of the orientation of the ligand within the
catalytic site. This means that from the present experiments
meaningful information can be obtained on all the ligands
investigated. In the case of 4-aminobiphenyl, for example, the
differential effect is the least marked (Figure 1a, c). This is
consistent with the ligand occupying the hydrophobic S1’
pocket, which extends on one side of the catalytic metal in
such a way that the far end of the pocket is not much farther
away from the metal than the entrance. Yet, the protons next
to the amino group (marked by arrows in Figure 1) are
slightly more affected than those belonging to the distal
phenyl ring, indicating that the amino end of the molecule
sticks out of the cavity and is slightly closer to the metal than
the other end. The differential effect is dramatic for anthra-
quinone-2-sulfonate (Figure 1b, d). The signals of the ring
protons next to the sulfonate group (marked by arrows)
undergo a dramatic decrease in intensity upon addition of
even a small amount of CoMMP. Conversely, a very large
amount of ZnMMP is required to alter the signal intensities of
anthraquinone b-sulfonate, and the effect is essentially the
same for all signals. Clearly, anthraquinone is the weakest
binder (dissociation constant > 1 mm) of the present series of
ligands, but some of its signals undergo a dramatic para-
magnetic effect. These results are inconsistent with the
anthraquinone moiety entering deeply into the S1’ pocket,
and point instead to a situation in which the sulfonate group
interacts with the metal, allowing the nearby protons to be
very close (about 4 B) to the metal itself.

In summary, the method we propose has the potential of
combining fast, high-throughput screening with structural
information of the same quality as that obtained, for example,
from HSQC experiments, which are somewhat more time-
consuming and require higher enzyme concentrations. More-
over, thanks to recent progress in protein engineering and
chemistry, this approach can also be extended to proteins
without natural metal-binding sites.[11]

We conclude by giving some rough estimates of the
expected distance-dependent effects: For a protein of the size
of the present one (ca. 17 kDa, tr� 7 ns), the R2 values of
bound ligand protons should be around 60 s�1. The R2

enhancement due to the paramagnetic cobalt(ii) ion is
dominated by Curie relaxation[2] and can be calculated
easily. The results are given in Table 1 for experiments
performed at 500 MHz. Paramagnetic effects are sensed as far

as 8–9 B, are sizable at 6–7 B, and become dramatic below
6 B. The data in Table 1 should be fairly independent of the
size of the molecule (both diamagnetic relaxation and Curie
relaxation increase linearly with tr). On the other hand, the
advantage of using a paramagnetic metal should be even
greater at higher field, because Curie relaxation increases
quadratically with field, while only the chemical-shift aniso-
tropy (CSA) contribution to diamagnetic proton relaxation
increases quadratically with field. Finally, the values given in
Table 1 were calculated for a cobalt(ii) ion having three
unpaired electrons (S= 3/2). For metal ions such as manga-
nese(ii) (S= 5/2) or gadolinium(iii) (S= 7/2), the paramag-
netic effects should be much stronger, because Curie relax-
ation depends on the square of the S (S+1) product.

Experimental Section
CoMMP-12 was prepared by exhaustive dialysis of ZnMMP-12
against a buffer containing 2-[4-(2-hydroxyethyl)-1-piperazinyl]etha-
nesulfonic acid (HEPES; 10 mm), CaCl2 (5 mm), CoCl2 (0.3 mm),
NaCl (300 mm), and acetohydroxamic acid (200 mm) at pH 7 (see
Supporting Information).[8] The samples for NMR spectroscopy were
prepared by adding concentrated solutions of the ligand in
[D6]DMSO to D2O containing tris(hydroxymethyl)aminomethane
(Tris) buffer (10 mm), NaCl (300 mm), and CaCl2 (5 mm). These
samples were then titrated with concentrated solutions of ZnMMP-12
or CoMMP-12. Relaxation-edited NMR experiments were per-
formed on a DRX Bruker 500-MHz spectrometer equipped with a
TXI cryoprobe.
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Table 1: The R2 enhancements at 298 K calculated for ligand protons at
various distances from a high-spin cobalt(ii) ion in a metalloenzyme.

Metal–proton distance [H] (R2para+R2dia)/R2dia

¥ 1
9 1.25
8 1.5
7 2
6 4
5 9
4 33
3 180

Communications

2256 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 2254 –2256

http://www.angewandte.org


Protein-Structure Determination

A Heteronuclear Direct-Detection NMR
Spectroscopy Experiment for Protein-Backbone
Assignment**

Ivano Bertini,* Luminita Duma, Isabella C. Felli,
Michael Fey, Claudio Luchinat, Roberta Pierattelli, and
Paul R. Vasos

The starting point of any standard protocol for protein
structure determination by NMR spectroscopy is the
sequence-specific resonance assignment of the polypeptide
chain. The established procedure for obtaining sequential
assignments involves uniform 13C/15N labeling and the exploi-
tation of heteronuclear scalar couplings with 1H-detected
triple-resonance experimental schemes. However, 1H nuclei
detection in large macromolecules suffers from considerable
line broadening. This adverse effect can be alleviated with the
use of TROSY in either partially or uniformly deuterated
proteins[1–3] in combination with cross relaxation-induced
polarization transfer (CRIPT) and cross relaxation-enhanced
polarization transfer (CRINEPT) techniques.[4, 5]

A valuable alternative to overcome fast relaxation is the
use of 13C-nuclei direct detection, which takes advantage of
the slowly relaxing 13C magnetization compared to 1H nuclei.
Most of the NMR spectroscopic experiments for heteronu-
clear backbone assignment can, in principle, be performed by
using direct heteronuclear excitation and detection without
involving protons at any place in the sequence. However, the
design strategy of the experiments for backbone assignment
by using heteronuclei only is different from that for 1H-based

experiments. Indeed, most of the experiments used nowadays
for backbone assignment are based on the HN group, which
actively exploits TROSY effects.[6,7] Passing to direct hetero-
nuclear detection, 15N nuclei are not the best starting point for
sensitivity reasons. The experiments should rather start and
end on 13C nuclei, either on Ca or on carbonyls C’ atoms, in an
out-and-back scheme,[8] or should start on one of them and
end on the other in an out-and-stay approach.[9] Among the
possible schemes, the latter gave the best results and its
implementation as a 3D experiment, which we named
CANCO, to accomplish the sequence-specific assignment of
a protein is here presented.

The 3D CANCO correlates the chemical shifts of Ca

nuclei with the shifts of the two neighboring nitrogen nuclei
and subsequently with those of the carbonyls adjacent to
these nitrogen atoms. This produces patterns in which for
each N spin two resonances appear, which correspond to the
two nearest Ca carbon atoms (Ca

i, C’i, Ni+1 and C’i, Ni+1,C
a
i+1).

In the 2D COCA spectrum only the intraresidue correlation
(Ca

i, C’i) is present, and therefore backbone assignment can be
performed with the above pair of experiments. The pulse
sequence follows the transfer scheme reported in Figure 1.

The description of the actual pulse sequence and the magnet-
ization transfer pathway in terms of product operator formal-
ism are detailed in the Supporting Information.

The first selective pulse on Ca is followed by a constant-
time (CT) evolution period, optimized to refocus CaCb

couplings, during which magnetization is labeled with the Ca

chemical shift. Simultaneously, as the coupling to CO is
refocused, transfer to the two nearest nitrogen spins is
achieved by allowing the two CaN couplings to evolve
during part of the CT period. In the second CT evolution
period, the chemical-shift labeling of the nitrogen spins is
accomplished, the magnetization is refocused with respect to
Ca and J-coupling transfer to carbonyls takes place. The last
part of the sequence consists of refocusing of CO magnet-
ization with respect to nitrogen atoms and detection on
carbonyls. The concatenation of the N-—CO transfer with the
refocusing of 15Nmagnetization with respect to Ca, allowed by
the “out-and-stay” transfer approach chosen, considerably
reduces the duration of the sequence, thus ensuring an
increase in sensitivity.[*]

Figure 1. Transfer pathway in the CANCO sequence: the transfers that
occur during the first step of the sequence are indicated by gray
arrows, those effected during the second step by black arrows.
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The initial CT delay was set to 1/JCaCb to refocus the CaCb

coupling. An alternative is to use a selective 1808 pulse at the
Ca frequency (with respect to the Cb frequency), which results
in a decreased sensitivity of amino acids for which the Ca and
Cb shifts are very similar (Thr, Ser) or of amino acids for
which the Ca resonances have large deviations from the mean
Ca chemical shift of proteins (Gly).[10] Phase cycling elimi-
nates artefacts due to imperfections of the associated 1808
pulse and coherences resulting from incomplete J-coupling
evolution. The pulsed field gradients are complementary to
the phase cycling, thus eliminating any in-plane magnetiza-
tion once the intended J-coupling transfers are achieved and
the magnetization of interest is parallel to the main field.

The 3D CANCO experiment was applied to the analysis
of oncomodulin as a test case. Oncomodulin is a small Ca-
binding protein (109 amino acids), which has been recently
investigated in our laboratory and for which a virtually
complete assignment is available (100% Ca, 99.1% CO and
98.2% backbone 15N).[11] A pair of 2D experiments, namely
the COCA[12] and CON[13] experiments, were also acquired to
complement the 3D CANCO data (see Supporting Informa-
tion).

Figure 2 illustrates the sequential assignment approach
for the three residues 21Asp–22Pro–23Asp. The 15N chemical
shifts of the two prolines present in oncomodulin (22P, at

136.5 ppm and 27P, at 135.6 ppm) were actually assigned by
using this 3D spectrum. Indeed, all types of residues can be
detected with the 3D CANCO sequence, in contrast with
other sequences that, being based on the NH group, do not
allow a direct assignment of proline residues. The 3D
experiment displays the signals of 99 C’i, Ni+1,C

a
i+1 correla-

tions (92.5% of the assigned expected correlations) and 85
Ca

i, C’i, Ni+1 correlations (79.4% of the assigned expected
correlations). All missing Ca

i, C’i correlations were identified

in the 2D COCA experiment and were connected to the
adjacent residue with the aid of a 2D CON experiment.

The 15N resonances of 22 P (136.5 ppm), 27 P (135.6 ppm),
52 D (118.6 ppm), 64 L (116.6 ppm), 65 K (116.9 ppm) and
109 S (122.0 ppm), the 13Ca resonances of 59 L (58.8 ppm),
60 D (56 ppm), 63 E (55.48 ppm), 64 L (54 ppm) and 109 S
(58.09 ppm), as well as the CO resonances of 64 L
(175.2 ppm) and 86 L (174.4 ppm) were not assigned by the
use of standard proton spectra [15] and could be assigned by
using the 13C-detected spectra described here.

A characteristic of the sequence is its increased sensitivity
for interresidue correlations, which are favored with respect
to intraresidue correlations, as the former originate from
transfer with the one bond CaN coupling constant (generally
higher), while the latter originate frommagnetization transfer
with the two bonds CaN coupling constant (generally
smaller). This is a remarkable feature, as in the majority of
the existing proton pulse sequences that provide both
correlations simultaneously the interresidue correlations are
unfavorable, thus making it difficult to establish sequential
connectivities when the quality of the spectra is poor.

Resonances that involve a step in magnetization transfer
on the proline nitrogen spins (intra- and intercorrelations for
residues preceding prolines) are favored in terms of sensitiv-
ity, as the relaxation rates of proline nitrogen nuclei are lower

(they are coupled to an additional carbon
atom, while all other nitrogen atoms are
coupled to a proton). On the other hand, the
sensitivity is lower when transfer from Ca of
glycines is involved, as these nuclei are
coupled to two protons, but this is a concern
also for the classical proton-based sequences.
In the 3D spectrum recorded on the onco-
modulin sample, out of the 12 overall
expected correlations originating on Gly Ca

nuclei, only three Ca
i, C’i, Ni+1 and two C’i,

Ni+1,C
a
i+1 correlations were observed. On the

other hand, due to the absence of the
coupling with Cb during the first CT evolu-
tion period, signals originating from Gly Ca

are very easily distinguished, as they have
opposite phase with respect to all other
signals that evolve with the cosine period
during this step.

Magnetization that originates on Ala Ca

nuclei might also result in less sensitive
transfers, because the chemical shifts of Ca

and Cb of alanine are at the extreme ranges
of the irradiated region.[10] The remaining
three missing intercorrelations might be

accounted for by slightly different values of the interresidual
coupling between nitrogen and Ca carbon atoms (see
Supporting Information), for which the transfer delay was
not optimal, or by the occurrence of conformational exchange
phenomena. The magnetization-transfer pathway hinders the
observation of an intraresidue correlation for the last residue
in a protein (as magnetization would have to be transferred by
the nitrogen nucleus of the next residue), but the interresidue
correlation between the penultimate and the last residue is

Figure 2. Schematic representation of the methodology for establishing sequential correlations in
the series of residues 21 Asp–22 Pro–23 Asp of oncomodulin, by using the 2D CACO and the 3D
CANCO spectrum. Two planes of the 3D spectrum are displayed, corresponding to the 15N frequency
of 22 Pro and 23 Asp.
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expected, as well as both the correlations involving the first
residue.

The triple-resonance experiment presented here displays
information about the chemical shift for all three backbone
heteronuclei of an amino acid, thus enabling the complete
assignment of the chemical shift of heteronuclei in a protein
by use of only two experiments such as the 3D CANCO and a
2D COCA. This is in contrast with the classical proton-based
approach, in which four 2D/3D (e.g. HNCO, HN(CA)CO,
HNCA, HN(CO)CA) experiments are necessary to obtain
the assignment of all the backbone heteronuclei in a
polypeptide chain.[14] Clearly, in the latter case there is the
advantage to have also the assignment of all the peptidic
protons. However, this advantage is lost when line broadening
prevents coherence transfer to heteronuclei.

The sensitivity of the 3D CANCO spectrum can be
compared with that of the HN(CA)CO spectrum, provided
we take into account relaxation effects during transfer and
detection periods, as well as the field and gamma dependency
of sensitivity. For a protein that has a 10 ns rotational
correlation time, such as the oncomodulin sample at 283 K
used here, simulations indicate that the proton sequence is 2.5
times more sensitive than the carbon-detected sequence.
However, as the rotational correlation time increases (e.g.
20 ns) transfer periods in which proton magnetisation is in-
plane considerably reduce the relative sensitivity of the
proton-detected sequence (e.g. about 10%).

In the absence of TROSYeffects, which become operative
at high fields, the present approach becomes even more
appealing. In paramagnetic molecules, the TROSYeffect may
be ineffective in some parts of the macromolecule, due to
paramagnetic relaxation, thus the heteronuclear direct detec-
tion sequences are preferable.
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Selective Diene Synthesis

Highly Stereoselective Synthesis of (1E)-2-
Methyl-1,3-dienes by Palladium-Catalyzed trans-
Selective Cross-Coupling of 1,1-Dibromo-1-
alkenes with Alkenylzinc Reagents**

Xingzhong Zeng, Mingxing Qian, Qian Hu, and
Ei-ichi Negishi*

Methyl-branched conjugated dienes and oligoenes represent
a wide variety of natural products including carotenoids,
antibiotics, and antitumor agents. Consequently, a number of
synthetic methods have been devised for their synthesis. The
Wittig and other carbonyl olefination reactions[1] have played
a dominant role in these syntheses. However, these reactions
often fail to display high stereoselectivities (� 98%). An
alternative methodology based on hydrometalation[2] and
carbometalation[2b,c,3,4] of alkynes is more highly stereoselec-
tive, with typical values being � 98%. However, it has often
been difficult to synthesize trisubstituted alkenes in a highly
regioselective manner by hydrometalation of internal alkynes.
Carbometalation-based methods,[3,4] on the other hand, have
often been shown to be not only highly regio- and stereo-
selective but also very efficient, as exemplified by recently
developed novel, general, and highly selective methods for
the synthesis of carotenoids[5] and terpenoids containing 1,5-
diene units[6] by involving the Zr-catalyzed carboalumination
of terminal alkynes. However, the “head-to-tail” construc-
tion[7] of the critical trisubstituted alkene unit has not been a
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convenient route to (E)-2-methyl-
1,3-dienes 1 with an Me-branched
chiral carbon atom bonded to C-
1[8]—a group of compounds that
represent a variety of natural prod-
ucts of biological and medicinal
interest, such as apoptolidin (2),[9]

callystatin A (3),[10] and stipiamide
(4)[11] (Scheme 1).

We have recently reported Pd-
catalyzed two-step protocols for
regio- and stereoselective synthesis
of conjugated enynes[7] and sty-
renes[12] that are structurally
related to 1. However, the develop-
ment of a related route to conju-
gated dienes including those repre-
sented by 1 has proved to be
unpredictable and challenging.
Thus, the reaction of 2-bromo-1,3-dienes 5[13] with various
types of organozinc reagents containing Me, Et, higher alkyl,
Ph, vinyl, and ethynyl groups in the presence of a variety of
Pd–phosphane catalysts, such as [Pd(PPh3)4], [PdCl2(PPh3)2],
[PdCl2(TFP)2],

[14] [PdCl2(dppf)],
[14] and [PdCl2(dpephos)],

[14]

led to previously unprecedented and essentially complete
(� 97–98%) stereoinversion at the Br-bearing C=C bond,
thereby providing a synthetically attractive route to the
otherwise difficult-to-access conjugated dienes 6[15] (path 1,
Scheme 2). However, this reaction failed to produce the
desired dienes 7.

We now report that the use of tBu3P
[16] or NHCs[17] as

ligands can almost completely prevent the above-mentioned
stereoinversion and produce dienes 7 with the same skeletal
arrangement as the initial bromodienes 5 (path 2, Scheme 2),
thereby nicely complementing the reaction shown in path 1.
The contrast between paths 1 and 2 is very striking and points
to the unexpected significance of ligand development and
selection for altering and controlling the stereochemistry of
Pd-catalyzed alkenylation.

The experimental results summarized in Table 1 indicate
the following. In cases where R4 in the initial 2-bromo-1,3-
dienes 5 is H, both yield and stereoselectivity of the Pd-
catalyzed substitution of Br with Me, Et, nBu, and Ph are
uniformly high. By using (E)-1-alkenylzinc derivatives as the
alkenylating agent for the generation of 5, the corresponding
conjugated (E,E)-dienes 7, where R4 is H, can be obtained in
� 98% stereoselectivity (entries 1–19). Only traces, if any, of
the other three possible dienes were detected. The R3 group
can be an alkyl (including CH2OTBS; entries 1–7), alkynyl
(entries 8–13), alkenyl (entry 14), or aryl (entries 15 and 16)
group. Similarly, R1 can be an alkyl (including a-chiral alkyl;
entries 1–4, 7–12, 15–21), aryl (entries 6 and 13), alkenyl
(entry 14), or alkynyl (entry 5) group. Furthermore, a carbon
group in the R2 position does not appear to exert any
noticeable ill effects (entries 17 and 18). Although tBu3P was
a satisfactory ligand, leading to � 98% stereoselectivity in
entries 1–19 in Table 1, some side reactions were observed in
cases where ethylation and butylation were performed in the
second step (entries 3 and 4). On the other hand, the extent of

Scheme 1. (1E)-2-Methyl-1,3-dienes 1 with an Me-branched chiral carbon atom bonded to C-1 and natural products represented by 1.

Scheme 2. Stereoselective generation of (1Z)-2-bromo-1,3-dienes 5 and their stereospecific conver-
sions into either (1Z)- or (1E)-1,3-dienes by Pd-catalyzed cross-coupling. dba= trans,trans-dibenzyl-
ideneacetone, NHC=nitrogen-heterocyclic carbene.
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these side reactions was very minor (� 3–4%) and the
product yields were significantly higher if an NHC was used
instead of tBu3P. It appears advisable to use and compare
NHC ligands with tBu3P in these demanding cases.

In contrast with the results discussed above, some
unprecedentedly capricious and unpredictable reactions
have been observed with 2-bromo-1,3-dienes in which R4 is
not H, as vividly indicated by the result for the methylation of

Table 1: Pd-catalyzed trans-selective monoalkenylation of 1,1-dibromo-1-alkenes followed by a second substitution with retention of configuration with
organozinc reagents catalyzed by [Pd(tBu3P)2].

[a]

Entry 5[b] R5ZnX[c] 7
yield [%] yield[d] [%] stereoselectivity[e] [%]

category A (�98% stereoselective)

1 5a (R3=nBu) 90 Me2Zn 93 �98 (E,E)

2 5b (R3=nHex) 72 Me2Zn 62 �98 (E,E)
3 5b (R3=nHex) 72 Et2Zn 65 �98 (E,E)

Et2Zn
[f ] 89 �98 (E,E)

4 5b (R3=nBu) 72 nBuZnBr 78 �98 (E,E)
nBuZnBr[f ] 94 �98 (E,E)

5 5c 90 Me2Zn 95 �98(E,E)

6 5d 63 Me2Zn 94 �98 (E,E)

7 5e 76 Me2Zn 86 �98 (E,E)

8 5 f (R1=nHex) 87 Me2Zn 68 �98 (E,E)

9 5g 70 Me2Zn 90 �98 (E,E)

10 5g 70 Et2Zn 86 �98 (E,E)

11 5g 70 PhZnBr 91 �99 (E,E)

12 5h 91 Me2Zn 95 �98 (E,E)

13 5 i (R1=Ph) 86 Me2Zn 94 �98 (E,E)

14 5 j 61 Me2Zn 62 �98 (E,E,E)

15 5k (R1=nHex) 76 Me2Zn 95 �98 (E,E)

16 5 l 64 Me2Zn 92 �98 (E,E)

17 5m 71 Me2Zn
[g] 69 �98 (E,E)

18 5n 90 Me2Zn 87 �98 (E,E)

19 5o 71 Me2Zn 89 �98 (E,E)

category B (94–95% stereoselective)

20 5p 72 Me2Zn
[h] 84 95 (E,Z)

21 5q 67 Me2Zn
[h] 85 94 (E,Z)

[a] Unless otherwise stated, the reactions were run in tetrahydrofuran at 23 8C. The preparation of 5 was performed as reported previously.[15] For the
conversion of 5 into 7, either R2

5Zn (R5=Me or Et; 1 mol equiv) or R5ZnBr (R5=nBu or Ph; 1.3 mol equiv) was used. [b] See ref. [15]. Stereoselectivity
was �98% Z. [c] Commercially available Me2Zn and Et2Zn in toluene, as well as neat Et2Zn, were used. Other R5ZnBr compounds were prepared by
treating R5Li with dry ZnBr2. [d] Yield of purified product. [e] The stereoselectivity values indicated are those of the reactionmixtures (GLC analysis) and
the crude product before chromatographic purification (13C NMR spectroscopy analysis). [f ] 5% [Pd(dba)2], 5% NHC, and 10% Cs2CO3 were used as
the components of the catalyst. [g] The reaction time was 4 h. [h] This reaction was run in diethyl ether (see Table 2).
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5p (R4=nBu), summarized in Table 2. The following points
are noteworthy. The reaction of 5p with Me2Zn in THF in the
presence of 2 mol% of [Pd(tBu3P)2] did produce the desired
(3E,5Z)-diene 7p in 79% (0.87 B 91) yield. However, it also

produced the other three possible stereoisomers: 3E,5E
(6%), 3Z,5E (4%), and 3Z,5Z (2%; entry 1). Thus, the
stereoselectivity for the formation of the desired (3E,5Z)-
diene 7p was only 87%. With the hope of improving both
yield and stereoselectivity, Pd catalysts generated in situ by
treating [Pd2(dba)3] with four molar equivalents of an NHC,
that is, N,N-bis(2,6-diisopropylphenyl)imidazolium chlo-
ride,[17] or tricyclohexylphosphane (Cy3P)

[18] were used in
place of [Pd(tBu3P)2]. As indicated in entries 6 and 8,
however, the reactions under otherwise identical conditions
led to the formation of the 3E,5Z isomer in yields of 70 and
49% (0.76 B 92 and 0.52 B 94), respectively, even though the
respective combined yields were 92 and 94%. Thus, the
stereoselectivity values were 76 and 52%, respectively. The
capricious nature of these reactions can be most vividly seen
in the formation of by-products. Whereas the 3E,5E isomer
was the most abundant by-product when tBu3P was used as a
ligand, the 3Z,5E isomer (24% of the total) and the 3Z,5Z
isomer (48% of the total) were the almost exclusive
byproducts in cases where the NHC and Cy3P, respectively,
were used as the ligands. At this point, it is not possible to
offer any rationalization for these unpredictable results.

Since none of the ligands used in the reactions in THF led
to stereoselectivity exceeding 87%, optimization of solvents
was undertaken by screening reactions in diethyl ether,
dioxane, toluene, and DMF. The results shown in entries 2
and 7 indicate that diethyl ether used in conjunction with
either tBu3P or the NHC permits a stereoselectivity range of
94–95%. Similar stereoselectivity values were also observed
in cases where both (E)- and (Z)-2-methyl-1-alkenylzinc
bromides were used to generate 5p and 5q, respectively

(entries 20 and 21 in Table 1). Fortunately, the isomeric by-
products in these reactions were readily separable by column
chromatography (silica gel, hexanes). The results presented in
this and previous[15] papers have shown that essentially all of

the ligands thus far tested are
either E selective (tBu3P and
NHC) or Z selective (PPh3, TFP,
dppf, and dpephos). However,
Cy3P can be either E selective in
diethyl ether, albeit only in 67%
(entry 9 in Table 2), or Z selective
in DMF (92%; entry 10 in
Table 2).

Despite some room for further
improvements and developments,
it has now been established, for the
first time, that (1Z)-2-bromo-1,3-
dienes 5, obtainable by previously
reported Pd-catalyzed trans-selec-
tive monoalkenylation of 1,1-
dibromo-1-alkenes,[13, 15] can be fur-
ther substituted with methyl,
higher alkyl, and phenyl groups
with nearly full retention of config-
uration with the corresponding
organozinc reagents in the pres-
ence of Pd catalysts containing
tBu3P or NHCs. In combination

with the recently reported[15] Pd-catalyzed substitution of 5
with nearly full inversion by using [PdCl2(dpephos)] and other
phosphane ligands, a widely applicable, efficient, and selec-
tive methodology for the synthesis of stereodefined conju-
gated dienes, especially those containing an adjacent asym-
metric carbon center, has just been developed. It promises to
provide an attractive route to a wide variety of polyketides
and related natural products, such as 2–4. Efforts along these
lines are currently underway.

Experimental Section
Representative procedure: Preparation of 7g (R5=Me): [Pd(tBu3P)2]
(10 mg, 0.02 mmol) and Me2Zn (0.50 mL, 2.0m in toluene, 1.0 mmol)
were added to a stirred solution of 5g (402 mg, 1.0 mmol) in THF
(5.0 mL) at 0 8C and the resultant dark-red mixture was stirred at
23 8C for 30 min. GLC analysis indicated that a clean and complete
reaction had taken place. The reaction mixture was then slowly
quenched with water, extracted with diethyl ether, washed with brine
and aqueous NaHCO3, dried over MgSO4, filtered, and concentrated.
Flash chromatography (silica gel, hexanes/ethyl acetate (99:1))
afforded 7g (303 mg, 90%) as an oil: [a]23D =++ 17.18 (c= 1.0 in
CHCl3);

1H NMR (300 MHz, CDCl3): d=�0.01 (s, 3H; CH3), 0.00 (s,
3H; CH3), 0.16 (s, 9H; CH3), 0.85 (s, 9H; CH3), 0.94 (d, 3J(H,H)=
6.9 Hz, 3H; CH3), 1.70 (d, 4J(H,H)= 0.9 Hz, 3H; CH3), 2.55–2.7 (m,
1H; CH), 3.38 (dd, J= 9.8 and 6.5 Hz, 1H; CH2), 3.43 (dd, J= 9.8 and
6.5 Hz, 1H; CH2), 5.35 (d, 3J(H,H)= 9.6 Hz, 1H; CH), 5.50 (d,
3J(H,H)= 16.2 Hz, 1H; CH), 6.63 ppm (d, 3J(H,H)= 16.2 Hz, 1H;
CH); 13C NMR (75 MHz, CDCl3): d=�5.41, �5.34, 0.01 (3C), 12.13,
16.95, 18.28, 25.89 (3C), 35.92, 67.54, 95.32, 105.17, 105.22, 133.43,
139.09, 147.57 ppm; IR (neat): ñ= 2130, 1626, 1472, 1390, 1251, 1123,
954, 847, 776 cm�1; elemental analysis: calcd for C19H36OSi2: C 67.78,
H 10.78; found: C 67.39, H 10.53.

Table 2: Ligand and solvent optimization in the Pd-catalyzed reaction of the TBS-protected (2R,3Z,5Z)-
2-methyl-4-bromo-3,5-decadien-1-ol with Me2Zn.

[a]

Entry Ligand Solvent t [h] Combined Composition [%]
yield[b] [%] 3E,5Z 3E,5E 3Z,5E 3Z,5Z

1 tBu3P THF 1 91 87 7 4 2
2 tBu3P diethyl ether 1 90 (84) 95 2 �1 2
3 tBu3P toluene 1 87 92 2 4 2
4 tBu3P dioxane 1 84 86 7 4 3
5 tBu3P DMF 1 87 78 �1 22 �1
6 NHC THF 1 92 76 �1 24 �1
7 NHC diethyl ether 1 84 94 �1 5 �1
8 Cy3P THF 16 94 52 �1 �1 48
9 Cy3P diethyl ether 16 90 67 6 2 33
10 Cy3P DMF 16 57[c] 8 �1 �1 92

[a] TBS= tert-butyldimethylsilyl, THF= tetrahydrofuran, DMF=N,N-dimethylformamide, Cy=cyclo-
hexyl. [b] GLC yield. The number in parentheses is the yield after isolation. [c] 39% of the starting
compound was recovered.
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Further experimental details are available in the Supporting
Information.
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Oligomerization

A Neutral Chromium(iii) Catalyst for the Living
“Aufbaureaktion”**

Ganesan Mani and Fran�ois P. Gabba�*

The commercial production of linear primary alcohols is
typically achieved by processes based on the “Aufbaureak-
tion”.[1] These processes, which involve the reaction of
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triethylaluminum with ethylene, feature several drawbacks
including elevated temperatures and pressures, olefin forma-
tion by b-H elimination, and branching. In addition, a number
of safety problems associated with the use of ethylene under
high pressures and possible runaway reactions are encoun-
tered when dealing with the current technology. Parallel
developments in the field of olefin polymerization have
demonstrated the potential of organometallic complexes as
highly active catalysts.[2] Cationic cyclopentadienide chromiu-
m(iii) complexes are important examples of such catalysts and
display high olefin polymerization activities at room temper-
ature and under 1 atm of ethylene.[3–8] As demonstarted by
Theopold and co-workers, neutral chromium(iii) complexes
that are coordinatively unsaturated and that feature a Cr�
Calkyl s bond are also catalytically active.[9]

A series of recent reports demonstrate that cationic
olefin-polymerization catalysts can be combined with alkyl
aluminum, alkyl magnesium, and alkyl zinc derivatives to
afford ethylene oligomers.[10–14] So far, some of the most
impressive results have been obtained with cationic chromiu-
m(iii) complexes.[15–18] Because of the high costs associated
with the use of activators such as methylaluminoxane (MAO)
or B(C6F5)3, we have focused on neutral catalysts and report
herein the chemistry of pentafluorophenyl chromium(iii)
complexes.

[{Cp*CrCl2}2] reacts with C6F5Li in Et2O/THF at � 78 8C
to afford [{Cp*Cr(C6F5)(m-Cl)}2] (1) in 73% yield in the form
of dark blue crystals. As with other Cp*Cr chloro complexes,
1most likely exists as a chloride-bridged dimer.[9c] Compound
1 is also formed by the reaction of [{Cp*CrCl2}2] with
[{(C6F5)AlMe2}2] or [{(C6F5)AlEt2}2] (1 equiv) in toluene at
room temperature. Similar C6F5-transfer reactions have been
documented by Bochmann and Sarsfield in the case of
zirconocene complexes.[19] Complex 1 has a room-temper-
ature magnetic moment meff of 4.36 mB, which is in agreement
with the presence of two antiferromagnetically coupled CrIII

centers. The 1H NMR spectrum shows a broad resonance at
d=� 35.2 corresponding to the Cp* methyl signal. Com-
pound 1 reacts with BnMgCl in Et2O/THF to afford mono-
nuclear [Cp*Cr(C6F5)(h

3-Bn)] (2, Bn= benzyl) as dark brown
crystals in 64% yield (Scheme 1).

Compound 2 is highly soluble in hydrocarbon solvents; it
is thermally stable and can be kept under an inert atmosphere
for extended amounts of time at room temperature. The
signal for the Cp* methyl in the 1H NMR spectrum differs
from that of 1 and appears at d=� 3.6 ppm. The room-

temperature magnetic moment meff of 3.83 mB is in agreement
with the presence of three unpaired d electrons at the CrIII

center. The X-ray crystal structure of 2 (Scheme 1) shows
relatively short bond lengths for Cr�C1 (2.118(3) D), Cr�C2
(2.282(3) D), and Cr�C3 (2.410(3) D),[20] indicating that the
benzyl ligand is h3 coordinated to the chromium center. This
coordination mode is confirmed by the relatively short C1�C2
bond (1.437(4) D) and the elongated C2�C3 bond
(1.417(4) D). These metrical parameters are similar to those
found in [Cp*Cr(h1-Bn)(m-h3:h6-Bn)CrCp*], which also fea-
tures a h3-benzyl ligand.[9d] The pentafluorophenyl ligand in 2
is terminally ligated to the chromium center (Cr�C11
2.109(3) D).

Compound 2 catalyzes the polymerization of ethylene. In
the absence of any added activator, exposure of a solution of 2
in toluene (10�3m) to ethylene (1.1 atm) at room temperature
leads to the rapid precipitation of polyethylene. Under these
conditions, the activity (266 kgmolCr�1h�1) is greater than
that previously reported for other neutral chromium com-
plexes.[9] In the presence of AlEt3, compound 2 catalyzes the
formation of AlRR’R’’ species in which R, R’, and R’’ are
ethylene oligomers. For example, when a solution of 2 in
toluene (10�3m) containing a 90-fold excess of AlEt3 is
exposed to ethylene (1.1 atm) for 15 min at room temper-
ature, 2.64 g of ethylene are readily consumed without
precipitation of polyethylene. The 1H NMR spectrum of the
crude reaction mixture confirmed the formation of AlRR’R’’
species. Under these conditions, the activity of the catalytic
system is 211 kgmolCr�1h�1. Hydrolysis of the reaction
mixture leads to the formation of linear alkanes with an
average chain length of 17� 1 carbon units, as determined
from the integrated 1H NMR spectrum. As shown by gas
chromatography, the chain length of the resulting alkanes
ranges from C6 to C32.

The catalytic system formed by 2 and AlEt3 presents the
features of a living polymerization. The reaction resumes
after extended interruption of the ethylene feed. Moreover,
the observed chain length distribution closely matches that
predicted by the Poisson distribution formula [Eq. (1),

cn ¼ mole fraction of C2xH4xþ2 ¼ ðnðx�1Þ e�nÞ=ðx� 1Þ! ð1Þ

n= average number of added ethylene units, x=number of
ethylene units, n= 2x ; Figure 1].[21] The data obtained from
the oligomerization reactions are summarized in Table 1. For
entries 1 and 2, the chain-length distribution could be
accurately determined. In these cases the value of n that
provides the best fit to the observed distribution approaches
the value that is derived experimentally from the amount of
ethylene units consumed per AlEt group (Figure 1).

Although we have not been able to confirm the exact
nature of the catalytically active species, we have observed
that the activity decreases as the [AlEt3]/[2] ratio increases
(Table 1). Similar inhibitory effects are not uncommon in
chromium[15] or zirconium chemistry[22] and, as previously
suggested, most likely result from saturation of the transition
metal center through formation of a heterobimetallic com-
plex of type C (see Scheme 2), whose concentration increases
at higher AlEt3 concentrations. As expected, increasing the

Scheme 1. Synthesis and crystal structure of 2. a) C6F5Li, Et2O/THF,
�78 8C; b) BnMgCl, Et2O/THF, 25 8C.
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[AlEt3]/[2] molar ratio results in the production of shorter
chains. While polyethylene formation is observed at low
[AlEt3]/[2] ratios, reactions carried out at greater ratios do not
result in the precipitation of any polymer and afford only
shorter chains. These observations are in agreement with a
catalytic cycle in which the growing alkyl chain is transferred
from chromium to aluminum (Scheme 2). We propose that
this exchange reaction involves a bridged chromium–alumi-
num complex of type C.

In conclusion, we report for the first time the use of a
neutral catalyst that promotes the Aufbaureaktion in the
absence of any activators. In contrast to the conventional
Aufbaureaktion, which requires elevated temperatures and
ethylene pressures, the process that we describe produces
linear alkanes at room temperature and under 1 atm of
ethylene. Moreover, this method features the characteristics

of a living polymerization. The molecular-weight distribution
of the resulting ethylene oligomers is narrow and well
accounted for by the Poisson distribution formula.

Experimental Section
1: Caution: solutions of C6F5Li are potentially unstable and should
not be warmed above � 78 8C. A solution of C6F5Li was prepared at
� 78 8C by the addition of nBuLi (6.71 mmol) to C6F5Br (0.85 mL,
6.71 mmol) in Et2O (50 mL) and then added at � 78 8C to a solution
of [{Cp*CrCl2}2], which was prepared by the addition of Cp*Li
(0.90 g, 6.33 mmol) to CrCl3 (1.00 g, 6.31 mmol) in THF (50 mL). The
resulting mixture was allowed to warm to room temperature and
stirred for 18 h, during which time the color turned to dark blue. The
solvents were removed under vacuum, and the residue was extracted
with toluene (200 mL) and filtered. The filtrate was concentrated to
80 mL and mixed with hexanes (50 mL). Cooling to � 20 8C afforded
dark blue crystals of 1 after 3 d (1.81 g, 2.32 mmol, 73.6%). Elemental
analysis: calcd for C32H30Cr2Cl2F10: C 49.28, H 3.85; found: C 49.20, H
3.89; 1H NMR ([D8]toluene): d=� 35.21 ppm (brs, Cp*); meff=

4.36 mB (room temperature).
2 : A solution of BnMgCl (0.80 mmol) in Et2O was added to 1

(0.31 g, 0.40 mmol) in THF (50 mL) at room temperature. The color
of the solution turned to dark purple, and the mixture was stirred for
18 h. Following removal of the solvent under vacuum, the residue was
suspended in toluene (20 mL) and stirred for 15 min. After repeated
removal of the solvent under vacuum, the residue was extracted with
pentane (100 mL), filtered, and concentrated to 20 mL. Cooling to
5 8C for 2 d afforded dark brown crystals of 2 (0.23 g, 0.51 mmol,
64%). Satisfactory elemental analysis could not be obtained since 2 is
very air-sensitive. Each batch was controlled by NMR spectroscopy as
well as by measurement of the unit cell. 1H NMR ([D6]benzene): d=
� 29.5 (br s), � 3.7 (br s, CH3-Cp*), 30.2 ppm (brs); meff= 3.83 mB.

Ethylene oligomerization experiments: In a 200-mL Schlenk
flask, catalyst 2 (22.5 mg, 50 mmol) was dissolved in toluene (50 mL).
Following addition of the appropriate amount of AlEt3 ([AlEt3]/[2]=
0, 90, 135, 180, 450), the flask was weighed, placed in a room-
temperature water bath, and connected to an ethylene manifold.
Before each experiment, the flask was evacuated for 5 s and refilled
with 1.1 atm of ethylene, to which it remained exposed for 15 min.
The ethylene feed was then discontinued and the flask was weighed
for activity measurements. The reaction was quenched with water
(10 mL) at 0 8C. The toluene layer was separated for analysis by
1H NMR spectroscopy and gas chromatography.
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Single-Molecule Magnets

A Nonanuclear Iron(ii) Single-Molecule
Magnet**

Athanassios K. Boudalis, Bruno Donnadieu,
Vassilios Nastopoulos, Juan Modesto Clemente-Juan,
Alain Mari, Yiannis Sanakis, Jean-Pierre Tuchagues,*
and Spyros P. Perlepes*

Single-molecule magnets (SMMs) have attracted consider-
able interest in recent times.[1] Although molecular, these
species display superparamagnetic properties normally seen
in mesoscale magnetic particles and thus can function as
magnetizable entities below their blocking temperature. As a
consequence, they represent the ultimate limit of miniatur-
ization for data-storage domains in magnetic media.[1] Quan-
tum tunneling of magnetization (QTM) effects[2] have led to
the proposal that SMMs could be exploited as qubits in
quantum computing.[3] The existence of SMM behavior was
first noted ten years ago in the complex [Mn12O12(O2C-
Me)16(H2O)4] (S= 10, D=�0.50 cm�1=�0.72 K),[4] which
represents the most extensively studied SMM.[1] Another
compound that has been investigated for its SMM behavior is
[{Fe8O2(OH)12(tacn)6}Br7·H2O]Br·8H2O (tacn= 1,4,7-triaza-
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cyclononane), characterized by an S= 10 ground state.[1] Since
the first discovery, other oxidation levels[5] in the Mn12 family
and other Mnx

[1,6] and Mx (M=VIII,[7] FeIII,[8] CoII,[9] Ni[10])
SMMs, including mixed-metal systems,[11] have been prepared
with S values ranging from 3 to 13. Recently Cornia et al.[12]

presented a method to deposit suitably derivatized Mn12-type
SMMs on a gold film and observed them directly at the single-
molecule level using STM.

Because a SMM derives its unusual properties from a
combination of large ground-state spin (S) and large, easy-
axis-type anisotropy due to a negative axial zero-field splitting
(ZFS), D,[1] a primary goal in this area is to maximize S and
jD j . Large S values arise from ferromagnetic or competing
antiferromagnetic exchange, and there are many competing
contributions to D such as single-ion ZFS, anisotropic and
dipolar exchange, and relative orientations of the single ions
and the cluster magnetic axes.[13]

Herein we report the first member of a new class of
iron(ii)-based SMMs obtained by a rational synthetic route:
[Fe9(N3)2(O2CMe)8{(2-py)2CO2}4], where [(2-py)2CO2]

2� is
the doubly deprotonated gem-diol form of di-2-pyridyl
ketone. This FeII complex is the second example of SMMs
in iron(ii) chemistry, after the cubane complex [Fe4(sae)4-
(MeOH)4] (sae2�= the dianion of 2-salicylidene-amino-1-
ethanol).[14] Iron SMMs are of considerable interest, because
it is known[15] that the nuclear spin of the transition metal in a
polynuclear SMM affects the rate of QTM (Mn has a nuclear
spin of I= 5/2, whereas 56Fe has I= 0). Moreover, FeII centers
are known to exhibit moderate-to-large single-ion anisotropy
in high-spin ferrous complexes.[16]

We had previously reported the synthesis of the non-
anuclear cobalt(ii) complex [Co9(OH)2(O2CMe)8{(2-
py)2CO2}4] (1),

[17] which comprises two m4-OH� ions, and the
replacement of these two bridges by two m4:h

1 (that is, end-on)
N3
� ions to yield the related azido complex[18] [Co9(N3)2-

(O2CMe)8{(2-py)2CO2}4](2). The latter retains all the struc-
tural features of the former, but exhibits a ground-state spin
seven times that of 1, due to dominant ferromagnetic
interactions introduced by the end-on azido ligands.
Later,[19] we extended the above reactivity pattern to nickel(ii)
chemistry by synthesizing [Ni9(N3)2(O2CMe)8{(2-py)2CO2}4]
(3); magnetic studies revealed that the ground-state spin
value for 3 (S= 9) is nine times that of its precursor
[Ni9(OH)2(O2CMe)8{(2-py)2CO2}4] (4). No SMM behavior
above 2 K has been observed in 2 and 3. Synthesis of the
iron(ii) analogue of 1 and 4 and incorporation of the end-on
azido bridge into the Fe9 cage skeleton in place of the hydroxo
anion were designed to introduce ferromagnetic superex-
change interactions aimed at generating a ground state of the
Fe9 core characterized by a total spin S of either (8 C 2)�2=
14 or 9 C 2= 18 (for high-spin FeII, S= 2), as a result of the
topology of the cluster.[18,19] In addition, we attempted to
introduce significant magnetic anisotropy of the Fe9 core
through single-ion anisotropy of FeII (if D< 0, it would be
possible to prepare an iron(ii) SMM).

Anaerobic reaction of di-2-pyridyl ketone ((2-py)2CO)
with 2 equiv of iron(ii) acetate[20] in boiling MeCN resulted in
a dark-red solution from which [Fe9(OH)2(O2CMe)8{(2-
py)2CO2}4] (5) formed as a precipitate in 30% yield [Eq.

(1)]. The double deprotonation of the gem-diol form of the
ligand (formed in situ in the presence of the metal ion) is a
consequence of the high MeCO2

� to (2-py)2C(OH)2 ratio
(4:1) used in the reaction. Anaerobic treatment of 5 with a
slight excess of NaN3 in boiling MeCN produced orange
[Fe9(N3)2(O2CMe)8{(2-py)2CO2}4] (6) in 40% yield [Eq. (2)].

9 FeðO2CMeÞ2 � 1:75H2Oþ4 ð2-pyÞ2CO
MeCN

D
���!½Fe9ðOHÞ2ðO2CMeÞ8fð2-pyÞ2CO2g4�þ10MeCO2Hþ9:75H2O

ð1Þ

½Fe9ðOHÞ2ðO2CMeÞ8fðpyÞ2CO2g4�þ2NaN3

MeCN

D
���!½Fe9ðN3Þ2ðO2CMeÞ8fðpyÞ2CO2g4�þ2NaOH

ð2Þ

The molecular structure[21] of 6 is shown in Figure 1. The
asymmetric unit contains two almost identical nonanuclear
molecules. The nine FeII ions adopt the topology of two

square pyramids sharing a common apex at the central metal
ion (Fe1 in Figure 1) and are held together by four
m5:h

1:h3:h3:h1 (2-py)2CO2
2� ligands (Scheme 1). Each Fe···Fe

Figure 1. ORTEP plot of one of the two independent nonanuclear
molecules of 6 (thermal ellipsoids set at the 30% probability level). All
H atoms and all noncoordinated atoms of the [(2-py)2CO2]

2� ligands
are omitted for clarity. Interatomic distance ranges [I]: Fe-N([(2-
py)2CO2]

2�) 2.123–2.160, Fe�N(azido) 2.342–2.449, Fe1-O 2.258–2.317,
Fe2(Fe3)-O([(2-py)2CO2]

2�) 2.032–2.249, Fe2(Fe3)-O(acetate) 1.983–
2.179. Average esd values: 0.004 I.

Scheme 1. Bridging characteristics observed in 6.

Angewandte
Chemie

2267Angew. Chem. Int. Ed. 2004, 43, 2266 –2270 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


basal edge of the pyramids is further bridged by one syn,syn
m2:h

1:h1 acetate ligand. The four acetate ligands create a cavity
at the base of each pyramid, into which an extremely rare
m4:h

1 azido ligand is trapped, thus capping the square base.
This bridging mode has only been observed in the parent Co
and Ni nonanuclear complexes.[18,19] The two square bases
have a slightly staggered conformation, thus endowing Fe1
with a tetragonal antiprismatic coordination environment
(FeIIO8 chromophore). Octacoordination is an extremely rare
feature in iron(ii) chemistry, having only been observed in
four structurally characterized iron(ii) complexes.[22] The
packing of the molecules in 6 (see Supporting Information)
shows large intermetallic separations between iron ions of
neighboring molecules, with the closest intermolecular Fe···Fe
distance (7.933(1) F) being between Fe3b and Fe5b (symme-
try operation: x, y, z-1). Complex 6 is the first structurally
characterized nonanuclear iron(ii) cluster.

Preliminary 57Fe Moessbauer studies of 6 revealed two
well-resolved quadrupole-split doublets (Figure 2), with

parameters typical of HS iron(ii) ions, and with an area ratio
very close to the theoretically expected 1:8 value. For
example, at 80 K, fitting of the data yielded parameters d1=

1.369(6) mms�1, DEQ1= 3.12(1) mms�1, G1/2= 0.12(1) mms�1

(13.4%) and d2= 1.203(2) mms�1, DEQ2= 2.433(3) mms�1,
G1/2= 0.166(3) mms�1 (86.6%) attributed to the central and
external high-spin iron(ii) sites, respectively.

Variable-temperature (2–300 K) dc magnetic susceptibil-
ity data (Quantum Design MPMS SQUID magnetometer)
were collected on polycrystalline samples of 5 (10 kG) and 6
(1, 5, 10, 25, and 50 kG), molded into a 3 mm diameter pellet
inside a glove box. The magnetic study of 5 revealed an
overall antiferromagnetic behavior with an S= 2 ground
state.[23] The cmT product of 6 increases from the room-
temperature value of 31.84 cm3mol�1 K reaching a field-
dependent maximum of 59.00 cm3mol�1 K at 19 K (H=

1 kG), followed by a sudden drop due to zero-field splitting
effects. Considering that the magnetic-field dependence of
the cmT product of 6 is effective between 10 and 50 kG, but
negligible between 10 and 1 kG (1.5% on average between

300 and 19 K; Figure 3), and that spin–orbit coupling effects
increase with decreasing applied magnetic field, the fitting
was carried out on the 10 kG data using an isotropic model

based on the spin Hamiltonian [Eq. (3)] that corresponds to
exchange pathways shown in Scheme 2.

ĤH ¼ �2J1ðŜS2ŜS3þŜS3ŜS4þŜS4ŜS5þŜS5ŜS2þŜS6ŜS7þŜS7ŜS8þŜS8ŜS9þŜS9ŜS6Þ
�2J2ðŜS1ŜS2þŜS1ŜS3þŜS1ŜS4þŜS1ŜS5þŜS1ŜS6þŜS1ŜS7þŜS1ŜS8þŜS1ŜS9Þ
�2J3ðŜS2ŜS4þŜS3ŜS5þŜS6ŜS8þŜS7ŜS9Þ

ð3Þ

Owing to the symmetry of the system, the Kambe vector-
coupling approach[24] yielded the analytical expression
[Eq. (4)] for the energy levels:

EðSA ; SB ; SC ; SD ; SE ; SF ; SG ; ST Þ ¼ J1½SAðSAþ1ÞþSBðSBþ1ÞþSCðSCþ1ÞþSDðSDþ1Þ
�SEðSEþ1Þ�SFðSFþ1Þ�þJ2½SGðSGþ1Þ�STðSTþ1Þ�
�J3½SAðSAþ1ÞþSBðSBþ1ÞþSCðSCþ1ÞþSDðSDþ1Þ�

ð4Þ

where ŜA= Ŝ2+Ŝ4, ŜB= Ŝ3+Ŝ5, ŜC= Ŝ6+Ŝ8, ŜD= Ŝ7+Ŝ9,ŜE=

ŜA+ŜB, ŜF= ŜC+ŜD, ŜG= ŜE+ŜF, and ŜT= Ŝ1+ŜG.

Figure 2. Moessbauer spectrum of 6 at 80 K. The data was least-
squares fitted to two quadrupole-split doublets (Lorentzian lines, see
text for parameter values).

Figure 3. Magnetic susceptibility data of 6 collected at various mag-
netic fields (1, 5, 10, 25, 50 kG), and shown as cMT versus T plots in
the inset. The 10-kG data (300–25 K) have been fitted to the isotropic
model described in the text.

Scheme 2. Exchange pathways for 6.
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Fitting of the 10 kG data down to 25 K (J1= 7.0 cm�1, J2=
� 0.39 cm�1, J3=�3.4 cm�1, g= 2.015, R= 7.3·10�4) yielded
an S= 14 ground state (see Supporting Information) with low-
lying excited states, as expected for a system in which the
anisotropic high-spin FeII centers are weakly coupled. This
result is qualitatively corroborated by magnetization meas-
urements: Plots of M versus HT�1 at various field strengths
(see Supporting Information) show that the magnetization
extrapolates to 28 NAmB above 5 T, suggesting an S= 14
ground state. However, models considering population of the
only S= 14 ground state did not allow us to satisfactorily fit
the magnetization data, which indicates an admixture of the
ground state of this nonanuclear complex with low-lying
excited states (the lowest level of the S= 14 state may be
slightly above levels of the S= 13 and/or S= 15 states). The
size of the matrix needed to consider the whole system is too
large to fit these magnetization data at this time.

To probe the dynamics of the magnetization relaxation in
complex 6, variable-temperature ac SQUID experiments
were performed over the 2.0–5.0 K temperature range at
frequencies of 1–1000 Hz, with zero applied dc field, on the
polycrystalline sample used for the dc studies. The compound
exhibits in-phase (c0m) and out-of-phase magnetic susceptibil-
ity (c00m) signals below 3.5 K (Figure 4), due to the inability of 6
to relax sufficiently rapidly to keep up with the oscillating

field at these temperatures. The frequency dependence of the
c00m signal clearly indicates SMM behavior.[1] As determined by
fits to Lorentzian lines, the c00m peak shifts from 2.34(1) to
2.00(1) K upon decreasing the frequency of the ac field from
1000 to 50 Hz; at lower frequency, the c00m peak is shifted below
1.9 K and, thus, is no longer visible. The magnetization
relaxation rate data obtained from the ac data were fitted to
the Arrhenius equation t= t0 exp(DE/kT), where t is the
relaxation time, DE is the energy barrier for the relaxation of
the magnetization, k is the Boltzmann constant and t0 is the
preexponential factor. From the fit, DE was found to be
29(1) cm�1 (41(1) K) with t0= 3.4 C 10�12 s. Further studies[23]

at lower temperatures and frequencies are planned, as well as
investigation of possible hysteresis and quantum tunneling of
the magnetization.

The azido compound is important to the field of SMMs, as
it is a very rare example of iron(ii) molecule exhibiting this
behavior. The role of the anisotropic FeII ions in the double
square-pyramidal molecular topology appears to be crucial
for promoting this magnetic phenomenon. Complex 6 is a
totally new type of SMM, being not based on a previously
discovered relative. Its structure was designed and the spin of
its ground state was modulated. However, the SMM behavior
of 6 probably relies on both the single-ion magnetic aniso-
tropy of FeII, and the favorable size and sign of D for the Fe9

core. This latter aspect remains the point at which there was
least “operator control” and the area in which future
advances should be made. In conclusion, we believe that the
work reported here illustrates a new approach to the synthesis
of SMMs, based on detailed analysis of already acquired
knowledge, and its use for the rational design of appropriate
synthetic schemes.

Experimental Section
5 : Treatment of a white slurry of Fe(O2CMe)2·1.75H2O (0.411 g,
2.00 mmol) in MeCN (50 mL) with (2-py)CO (0.184 g, 1.00 mmol)
resulted in a dark blue-green solution. The solution was boiled for
5 min, during which time a noticeable color change to dark red was
observed. The red solution was filtered and allowed to stand
undisturbed in a capped flask in a glove box. After 2–3 days, red
cubes of the product were deposited from the mother liquor, which
were then collected by filtration, washed with MeCN, and dried
in vacuo (yield � 30%). The dried solid analyzed as solvent-free.
Elemental analysis (%) calcd for C60H58Fe9N8O26: C 39.82, H 3.23, N
6.19; found: C 39.74, H 2.93, N 5.96.

6 : Treatment of a red slurry of 5 (0.651 g, 0.36 mmol) in boiling
MeCN (60 mL) with NaN3 (0.066 g, 1.02 mmol) resulted in a dark-red
solution. The solution was cooled and filtered, and the filtrate was left
to stand undisturbed for one week. Orange crystals of
6·1.36H2O·2.16MeCN suitable for X-ray analysis were obtained,
collected by filtration, washed with MeCN, and dried in vacuo (yield
� 40%). The dried solid analyzed as solvent-free. Elemental analysis
(%) calcd for C60H56Fe9N14O24: C 38.75, H 3.04, N 10.54; found: C
38.50, H 3.01, N 10.42.

Received: October 24, 2003
Revised: February 23, 2004 [Z53147]

.Keywords: azides · cluster compounds · iron · magnetic
properties · single-molecule studies

Figure 4. Frequency dependence of the in-phase c0mT product and out-
of-phase c00m magnetic susceptibility versus T for 6. Solid lines are fits
of the out-of-phase experimental data by Lorentzian lines. An Arrhenius
plot of lnt versus T�1 for the values derived from the peak maxima at
various frequencies is shown in the inset. The solid line is a least-
squares linear fit of the data. Where the c00m versus Tmaxima are not
observable, the experimental data have not been fitted.
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tors, pyroelectric detectors, optical memories, and electro-
optic modulators.[1] Most perovskite phases are still prepared
by conventional solid-state reactions between the correspond-
ing oxides or oxides and carbonates at temperatures above
1000 8C. However, wet-chemical methods are a promising
alternative, because they can be better controlled from the
molecular precursor to the final material to give highly pure
and homogeneous materials, and allow low reaction temper-
atures to be used, the size and morphology of the particles to
be controlled, and metastable phases be prepared. Sol–gel
methods based on the hydrolysis of metal alkoxides have
attracted much attention.[2, 3] However, the development of
soft-chemistry routes for the synthesis of perovskite nano-
crystals only started a few years ago. Most preparations of
BaTiO3 use a titanium alkoxide or oxide as titanium source
and barium salts such as barium halides, acetates, nitrates, or
hydroxides.[4–7] The use of the stabilizing agent oleic acid
allows the synthesis of crystalline BaTiO3 nanoparticles with
diameters ranging from 6 to 12 nm.[8] In comparison to
BaTiO3, the preparation of nanosized LiNbO3 and BaZrO3

has been much less investigated. Nanocrystalline LiNbO3

with grain sizes of less than 10 nm was obtained by a wet-
chemical method with a polymer-precursor technique and a
double-alkoxide sol–gel method.[9] BaZrO3 nanoparticles
with diameters in the range of 30–40 nm were synthesized
by sol–gel processes.[3] A urea-induced precipitation process
led to BaZrO3 nanoparticles with diameters around 90 nm.[10]

Herein we present a novel nonaqueous and low-temper-
ature route to nanocrystalline ABO3 compounds. To prove
the generality of the synthetic approach, we prepared BaTiO3

and BaZrO3 as representatives of the perovskite family, and
LiNbO3 with the ilmenite structure. All of these materials
have been intensively studied because of their outstanding
chemical and physical properties. BaTiO3 is of major interest
for applications as a ferroelectric material in capacitors and
transducers.[11, 12] Although LiNbO3 does not crystallize in the
perovskite structure, it is ferroelectric at room temperature,
and its pronounced nonlinear optical properties make it
promising for applications in optical communications and
sensor systems.[13] BaZrO3 has been investigated for special
refractory applications.[14] The synthetic procedure is based on
the dissolution of lithium or barium metal in benzyl alcohol
and subsequent reaction with the corresponding metal
alkoxide at temperatures between 200 and 220 8C. Benzyl
alcohol has proved to be a versatile solvent and reactant for
controlled crystallization and stabilization of oxidic nano-
particles.[15,16]

The powder X-ray diffraction (XRD) patterns of the as-
synthesized materials are shown in Figure 1. All diffraction
peaks in Figure 1a can be assigned to the BaTiO3 phase
without any indication of other crystalline by-products such as
barium carbonate or titanium dioxide. The powder pattern in
the 2q= 40–508 region is characteristic for the presence of
either the cubic or tetragonal BaTiO3 structure, and splitting
of the 200 into tetragonal 200 and 002 reflections at about 458
is observed.[17] In this case, the reflections are too broad to
discriminate between the two crystal modifications due to the
small particle size. This was also confirmed by diffraction
patterns calculated by the Debye equation of kinematic

diffraction[18,19] for spherical, monodisperse particles with
diameters of 6 nm. There are only minor differences between
the cubic (Figure 1a, dotted line) and the tetragonal (Fig-
ure 1a, dashed line) powder patterns, and the calculated
pattern of the tetragonal crystal modification does not display
any splitting of reflections. The XRD pattern of BaZrO3 is
shown in Figure 1b. In addition to the perovskite phase, a
small amount of BaCO3 is also present (reflections marked
with *). The broad peaks indicate small crystallite sizes on the
nanometer scale. In contrast to the XRD diagrams of BaTiO3

and BaZrO3, LiNbO3 gives rise to sharper reflections
(Figure 1c). All peaks match with those of the pure LiNbO3

phase.
Figure 2a shows an assembly of BaTiO3 nanoparticles

with an average particle size of 6 nm. This agrees well with the
experimental and calculated XRD powder pattern. The lack
of any surface-protecting layers results in some agglomeration
of the particles. According to the randomly oriented lattice
fringes, the particles have not coalesced. Figure 2b shows a
selected-area electron diffraction (SAED) pattern. The
lattice distances measured from the diffraction rings are in
perfect agreement with the cubic and tetragonal modifica-
tions of the BaTiO3 perovskite structure. Figure 2c and e
show the HRTEM patterns of two isolated particles oriented
along the [110] and [111] directions, respectively. The power
spectrum (PS) of the particle in Figure 2c is shown in
Figure 2d and provides evidence that the particles are well
crystallized in the perovskite structure without the presence
of defaults.

Figure 3a shows an overview TEM image of BaZrO3

particles. In most cases, the primary particles are not isolated,
but form wormlike agglomerates with diameters of 2–3 nm
and lengths of up to 50 nm. Frequently, these worms assemble
into larger, ball-like structures. The SAED pattern of such a
spherical assembly (Figure 3b) shows broad rings that match
with the BaZrO3 structure. Furthermore, the HRTEM
pattern (Figure 3c) shows that the lattice planes of the

Figure 1. XRD patterns of a) BaTiO3, b) BaZrO3, and c) LiNbO3 nano-
particles. Calculated diffraction patterns for spherical, monodisperse
BaTiO3 nanoparticles with diameters of 6 nm with the cubic (dotted
line) and the tetragonal (dashed line) structure are shown in (a).
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individual particles in the ball-like structure are randomly
oriented with respect to each other. The HRTEM pattern of
an isolated elongated particle proves the high degree of
crystallinity (Figure 3d). This is further confirmed by the PS

of this particle (Figure 3e), which is characteristic for the
BaZrO3 structure without structural defaults. The particle is
aligned along the [111] direction. The selected HRTEM
pattern of the large, spherical agglomerate and its PS
(Figure 3 f and g) show that the selected area represents the
same structure and orientation as the isolated particle
(Figure 3d), and thus provides evidence that the larger
structures indeed consist of assembled BaZrO3 nanoparticles.

Figure 4a shows an overview image of LiNbO3 particles.
They display a less uniform particle shape, and the sizes vary
between 20 and 50 nm. The lattice distances measured from
the SAED pattern (Figure 4b) coincide with those of the

LiNbO3 structure. The HRTEM pattern of part of one
particle shows several lattice planes with high crystal-
linity. The sharp reflections of its PS can be unambig-
uously attributed to the LiNbO3 structure for a particle
oriented along the [001] direction. In conclusion,
structural studies performed on these materials prove
that in all cases the particles are highly crystalline
without any structural defaults, even for BaZrO3 with a
very small crystallite size.

At the moment, we can only speculate on the
mechanism of formation of these nanomaterials. Since
contact with water and air was carefully avoided by

Figure 2. a) HRTEM image of an assembly of BaTiO3 nanoparticles,
b) SAED, c) and e) HRTEM of isolated particles, and d) PS of (c).

Figure 3. a) TEM image of BaZrO3 nanoparticles, b) SAED, c) HRTEM of an assembly
of particles, d) and f) HRTEM of isolated particles, and e) and g) corresponding PS.

Figure 4. a) TEM image of LiNbO3 nanoparticles, b) SAED,
c) HRTEM of part of a particle, and d) corresponding PS.
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performing the whole procedure in a glove box, we suggest
that the reaction involves an aprotic condensation.[20] An oxo
bridge could be formed by the reaction of two alkoxide
groups bonded to two different metal centers by elimination
of an organic ether. This ether-elimination route was postu-
lated in the formation of a mixed-metal oxo alkoxide
obtained from the reaction between titanium isopropoxide
and lead isopropoxide,[21] but was never further developed.
However, preliminary results show that other elimination
reactions may also be involved in the formation of these
compounds, and further investigations are under way.

We have presented a novel, generally applicable non-
aqueous approach for the preparation of perovskite and
LiNbO3 nanoparticles in gram quantities. The synthetic
protocol is based on the dissolution of alkali or alkaline
earth metals in benzyl alcohol and subsequent reaction with
transition metal alkoxides at relatively low temperatures of
200–220 8C. All the as-synthesized particles are highly crys-
talline, and the particles are among the smallest reported so
far for these compounds. Since electroceramic materials are
following a similar trend to miniaturization as conventional
semiconductors, the synthesis of nanosized oxidic building
blocks is moving into the focus of scientific and technological
interest. Ferroelectrics are a particularly promising class of
materials for the fabrication of electronic devices, as they are
already an integral part of modern nanotechnological oper-
ations.

Experimental Section
Materials: Titanium(iv) isopropoxide (Aldrich, 99.999%), zirconi-
um(iv) isopropoxide isopropanol complex (Aldrich, 99.9%), nio-
bium(v) ethoxide (Strem, 99.9+ %), barium metal (Aldrich,
99.99%), lithium metal (Aldrich, 99.9+ %), and anhydrous benzyl
alcohol (Aldrich, 99.8%) were used without further purification. For
the solvothermal treatment Parr acid-digestion bombs with 45 mL
Teflon cups were used.

Synthesis: All procedures were carried out in a glove box (O2 and
H2O< 0.1 ppm). In a typical synthesis of BaTiO3 or BaZrO3,
3.6 mmol of Ba was stirred in a vial with 25 mL of benzyl alcohol at
slightly elevated temperature (ca. 50 8C) until completely dissolved.
One molar equivalent of Ti(OiPr)4 or Zr(OiPr)4·HOiPr was added to
the solution. The reactionmixture was stirred for another fewminutes
and then transferred into the autoclave. The autoclave was taken out
of the glove box and heated in a furnace (BaTiO3: 200 8C for ca. 48 h;
BaZrO3: 200 8C for 3 d and another 3 d at 220 8C). In the case of
LiNbO3, 2.16 mmol of Li was dissolved in 25 mL of benzyl alcohol
and subsequently mixed with one molar equivalent of Nb(OEt)5. The
solution was heated in an autoclave at 220 8C for 4 d. The resulting
milky suspensions were centrifuged, and the precipitates thoroughly
washed with ethanol and diethyl ether and subsequently dried in air at
60 8C overnight.

Characterization: The XRD diagrams of all samples were
measured in reflection mode (CuKa radiation) on a Bruker D8
diffractometer equipped with a scintillation counter. TEM images
were recorded on a Philips CM200 FEG microscope operated at
200 kV.
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Polyoxometalates

A Polyoxometalate Containing the {Ni2N3}
Fragment: Ferromagnetic Coupling in a NiII m-1,1
Azido Complex with a Large Bridging Angle**

Pierre Mialane,* Anne Dolbecq, Eric Rivi�re,
J�r�me Marrot, and Francis S�cheresse

Dedicated to Professor M. T. Pope
on the occasion of his 70th birthday.

The chemistry of polyoxometalates (POMs) continues to
attract much attention, particularly with respect to potential
catalytic activity.[1] In the last few years it has also been noted
that POMs are ideal models for the study of exchange
interactions in magnetic clusters, as they represent a class of
well-insulated complexes of controlled nuclearity and top-
ology.[2] The studied clusters have been mainly obtained by
filling the vacancies of lacunary Keggin ({XW11O39},
{XW9O34}, X=SiIV, PV, AsIII/V…) or Dawson ({P2W17O61},
{P2W15O56}) type polyoxotungstates with di- or trivalent first-
row transition metals (TMs), which leads to clusters of
nuclearity ranging from one to fourteen.[3] Nevertheless, to
date, the relevance of POMs in molecular magnetism is
limited, partly because only species where the paramagnetic
centers are fluoro, oxo, or hydroxo bridged, have been fully
characterized; the introduction of larger bridging ligands in a
magnetic POM remains a challenge. We are currently
exploring the possibility of coupling the paramagnetic ions
in the vacancies of POMs by organic or inorganic ligands.
Dimeric bis(m-acetato) lanthanide magnetic complexes have
already been obtained.[4] Nevertheless, analogous compounds
with TMs replacing the rare-earth cations have not been
characterized to date. Considering the high affinity of the
azido anion N3

� for transition metals, such as CuII, NiII or
MnII,[5] and that N3

� is certainly one of the most interesting
magnetic couplers known in molecular chemistry, we have
decided to investigate the interaction of this ligand with
magnetic POMs. Very recently, we have shown that the
paramagnetic center of a CuII POM can bind an azido
group;[3e] nevertheless, the lack of structural information

prevents any investigation of the magnetic properties of the
compound obtained.

We report herein the synthesis, the structural character-
ization, and the magnetic properties of complex
KRb5[(PW10O37)(Ni(H2O))2(m-N3)]·19H2O (1), which is the
first example of a fully characterized azido polyoxometalate.
Moreover, the topology of the {Ni(m-1,1-N3)Ni} core in 1 is
unprecedented, as no corner-sharing azido-bridged NiII com-
plex has been obtained to date. It follows that the Ni-N-Ni
angle q in 1 is by far the largest observed in azido-ligand
bridged NiII compounds, a feature which should help the
understanding of the relationships between structural param-
eters and the value of the magnetic exchange parameter J for
m-1,1-N3 complexes.

Compound 1 was obtained by adding solid K9[A-a-
PW9O34] to a hot aqueous solution of NiII acetate, followed
by the addition of an excess of sodium azide. The formation of
the [PW10O37]

9� ion, as a result of the instability of the
[PW9O34]

9� species in solution, is known.[6] Crystal structure
analysis of compound 1[7] shows that 1 can be described as the
result of the formal removing of a {W3O13} group from the [a-
PW12O40]

3� ion followed by its replacement by a {WO10Ni2-
(H2O)2N3} fragment (Figure 1). Two crystallographically non-

equivalent [(PW10O37)(Ni(H2O))2(m-N3)]
6� subunits (1a and

1b, containing the ions Ni(1) and Ni(2), respectively) have
been found in the unit cell. The dinuclear {[Ni(H2O)]2N3}
entities are highly similar in 1a and 1b (see Figure 1), and will
be considered as identical for the forthcoming discussion. The
paramagnetic centers are in an axially distorted octahedral
environment. Indeed, an elongated Ni�O(PO3) bond (dNi-O=

2.273(5), 2.283(4) B) is observed in the position trans to the
Ni�OH2 bond (dNi�OH2

= 2.007(2), 2.018(4) B), the remaining
Ni-O/N bonds are in the range 1.990(5)–2.081(5) B. The two
paramagnetic centers are bridged by one of the terminal
nitrogen atoms of the azido ligand, which connects the

Figure 1. a) Polyhedral and ball-and-stick representation of complex 1.
Light gray octahedra=WO6; black octahedra=PO4; white cross-
hatched sphere=Ni; empty white sphere=OH2; gray cross-hatched
sphere=N. Selected bonds lengths [%] and angles [8]: Ni(1)-O
1.990(5)-2.273(5), Ni(2)-O 2.001(5)-2.283(4), Ni(1)-N 2.018(4), Ni(2)-
N 2.003(3), Ni(1)···Ni(1) 3.620(6), Ni(2)···Ni(2) 3.639(6), Ni(1)-N-
Ni(1) 128.9(4), Ni(2)-N-Ni(2) 129.6(4), N-N-N 172.8(13)–174.1(14).
See text for labels. b) Ball-and-stick representation of the {[Ni(H2O)]2-
N3(OPO)(OWO)} fragment. Black cross-hatched sphere=P; gray
sphere=W; white sphere=O; white cross-hatched sphere=Ni; gray
cross-hatched sphere=N
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paramagnetic centers in an end-on fashion. The two NiII

cations are related by a mirror plane containing the heter-
oatom, the azido ligand, and the tungsten atom of the {WNi2}
trinuclear subunit. Finally, the shortest intermolecular NiII···
NiII separation is observed between the Ni(1) and the Ni(2)
centers (dNi(1)···Ni(2)= 5.005(1) B). Compound 1 can be com-
pared to the reported complex [(PW10O38)(Cu(H2O))2]

7�,[6a]

for which, a treatment of the magnetic data revealed a
mixture of several isomers. Two isomers contain neighboring
CuII ions, connected through a corner oxygen atom and an
edge of their coordination octahedra, the other isomers being
constructed of nonadjacent CuO6 octahedra. From this
structure it can be concluded that the azido anion imposes
an arrangement in which the paramagnetic pair shares a
corner. The {[Ni(H2O)]2N3} core in 1 can be compared to that
found in the copper complex [Cu2(m-1,1-N3)L](ClO4)3 (L= h8-
nitrogen macrocyclic ligand),[8] which is the only {M2(m-1,1-
N3)} complex with a longer metal–metal separation (dCu-Cu=

4.312 B) and a larger M-N-M angle (Cu-N-Cu= 146.58) than
1. Nevertheless, in this macrocyclic compound, the bridging
nitrogen atom of the azido ligand is in an axial position. The
IR spectra of 1 is in agreement with an end-on coordination
mode of the N3

� unit (ñas= 2088 cm�1, ñs= 1301 cm�1), and
very similar to that found for the complex postulated to be
H5K6[(SiW9O37)Cu3N3] (ñas= 2082 cm�1, ñs= 1282 cm�1),[3e]

which suggests that the same coordination mode of the
azido ligand is adopted in this copper(ii) complex. This
situation clearly highlights that in aqueous media, the
substitution of the terminal water molecules linked to the
paramagnetic centers is difficult. Attempts of further azida-
tion on the alkylammonium salts of 1 in organic media need to
be performed.

The magnetic behavior of 1 between 2–300 K was inves-
tigated (Figure 2). The cMT curve increases continuously

upon cooling from 300 K to 31 K, after which cMT rapidly
decreases. This pattern is characteristic of ferromagnetic
behavior, with a S= 2 ground state. The sudden decrease in
cMT could be due both to intermolecular interactions and to
the zero-field splitting (ZFS) effect on the S= 2 state. We
considered the Hamiltonian in Equation (1) with S1= S2= 1

ĤH ¼ �J ŜS1 ŜS2�D ðŜS2
z�ŜSðŜSþ 1ÞÞ ð1Þ

associated to the local spin of the two NiII centers, and the
axial ZFS Hamiltonian being relative to the S= 2 ground
state of the cluster.

The cMT= f(T) curve was fit using the related analytical
expression (see Supporting Information). The best fit param-
eters obtained were J= 36.4 cm�1, g= 2.13, and D= 5.1 cm�1

(R= 3.4 H 10�5).[9] A fit of the cMT= f(T) curve considering
the Hamiltonian Ĥ’=�J Ŝ1 Ŝ2�zJ’, where zJ’ relates to the
interdimer exchange, was also performed, and led to a zJ’
value of �0.62 cm�1 (J= 27.2 cm�1, g= 2.21, R= 7.10�6). As
this value represents an upper limit, it can then be assumed
that intermolecular interactions will vanish at high fields (H>

1.5T). The variation of the magnetization M with the applied
magnetic field H for 1 in the range 0–5.5Twas investigated at
2, 3, 4, 6 and 8 K. The relatively high J value previously found
allows the possibility that only the S= 2 state is populated at
these temperatures to be considered. The best fit of the M=

f(H/T) curves in the range 1.5<H< 5T (Figure 2, inset)
considering the axial ZFS Hamiltonian Ĥ’’=�D (Ŝ2

z�Ŝ(Ŝ+

1)) gives D= 5.9 cm�1 and g= 2.16 (R= 2.10�4), in good
agreement with the values determined by fitting the cMT=

f(T) curve relatively to the H Hamiltonian.[10] It has also to be
noticed that the non-superposition of the M= f(H/T) curves
clearly indicates that the system is anisotropic. Such large or
larger values of D have been reported for dinuclear NiII

complexes.[11]

During the last few decades, several groups have tried to
understand the relationship between structural parameters
and magnetic coupling in m-1,1-azido bridged complexes (see
below). To date, NiII compounds containing three and two
end-on azido bridging ligands have been reported (see Table 1
for selected NiII azido complexes). With three end-on azido
bridging ligands, the available structures show a narrow range
of Ni-N3-Ni angle q (83.2� q� 86.98), while q ranged between
94.8 and 104.98 with two end-on azido bridging ligands. For all
these compounds, the magnetic coupling was found to be
ferromagnetic. In 1, the q value is dramatically higher, with an
average q value of 129.38. It also follows that the Ni···Ni
separation (3.639(6) B) is longer than for the previously
reported compounds. In 1986, Kahn et al.[12] proposed a spin-
polarization model for bis(m-1,1-N3) coupled copper(ii)
dimers, in which the two opposite electrons in the HOMO
pg are localized on the two terminal nitrogen atoms of the
azido ligand. For an end-on bridging mode, simultaneous
pairing of the two paramagnetic centers would lead to
ferromagnetic coupling, irrespectively of the q value. Never-
theless, based on polarized neutron diffraction studies,[13]

Aebersold et al. showed later that a spin-delocalization
mechanism in the active-electron approximation must be
considered. The coupling would then be ferromagnetic (or
antiferromagnetic) under a given qAO value and antiferro-
magnetic (or ferromagnetic) above, where qAO is the angle for
accidental orthogonality. This phenomenon was observed by
Thompson and co-workers for diazine/azide copper com-
plexes, with qAO= 108.58,[14] but it was established by the same
group[15] and Escuer et al.[16] that the antiferromagnetic nature
found for diazine/azide copper complexes for qAO> 108.58
was due to the complementary antibonding overlap phenom-
enon,[17] and not simply to an effect of an increase of the q

Figure 2. Magnetic susceptibility per mole of compound 1 as a func-
tion of temperature between 150 and 2 K. Inset: M= f(H/T) at 8, 6, 4,
3, and 2 K (from left to right). The solid lines were generated from the
best fit parameters given in the text.
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angle as initially supposed. Previously Mikuriya et al. had
reported that no significant magnetic coupling occurs in the
only single-bridged azido end-on complex [Cu2(m-1,1-
N3)L](ClO4)3;

[8] however, for this compound, the azido
ligand is in an axial position, and this lack of magnetic
coupling is quite understandable considering that the
unpaired electrons of the CuII centers are localized in the
dx2�y2 orbitals. Our results (i.e. a ferromagnetic coupling
occurring in a dimeric m-1,1 azido complex with a q value of
129.38) provides empirical evidence for a positive answer to
the question posed by Kahn et al. “Can the 1,1-azido group be
considered as an almost universal ferromagnetic coupler?”.[13]

At least, we can say that this assumption must be true for
nickel(ii) complexes; nevertheless, MO calculations must be
performed to verify that no countercomplementarity effect
arises from the long O-P-O and O-W-O bridges connecting
the divalent centers. Owing to the lack of available com-
pounds, no clear correlation between q and J for NiII azido
bridged compounds could be found to date. Nevertheless, our
work verifies the Ruiz et al. DFT B3LYP calculations,[18]

which proposed that, even at high q angles, NiII dimers
could be ferromagnetically coupled. Obtaining single crystals
of 1 suitable for polarized neutron diffraction studies would
be helpful in further understanding of the magnetic exchange
mechanism in m-1,1-azido bridged complexes. Additionally,
the synthesis of analogous m-1,1-N3/POMs complexes with
other divalent transition metals must be performed.

Experimental Section
1: Ni(CH3COO)2·4H2O (0.220 g, 0.88 mmol) was dissolved at 60 8C in
water (10 mL). Then, a sample of K9[A,a-PW9O34]·16H2O

[19] (1.07 g,
0.37 mmol) was added as a solid. NaN3 (0.087 g, 1.34 mmol) in water
(10 mL) of was added dropwise to the resulting yellow solution. The
solution was stirred for 10 min and allowed to cool to room
temperature. Solid RbCl (0.750 g, 6.2 mmol) was then added. A
precipitate (0.2 g) was removed by filtration after 30 min, and the
filtrate let to evaporate overnight. Green yellow crystals of 1 were
then collected by filtration and washed with ethanol and diethyl ether.
Yield: 0.4 g (30%, based on {PW9O34}). Elemental analysis calcd (%)
for KRb5[(PW10O37)(Ni(H2O))2(m-N3)]·19H2O: W 53.05, Ni 3.40, N
1.21, K 1.13, Rb 12.33; found: W 53.05, Ni 3.42, N 1.26, K 0.93, Rb

12.25. IR (KBr pellet): ñ= 2088(s), 1620 (s),
1301(w), 1053(s), 950(s), 905(s), 877(s), 809(s),
692(s), 509(m), 365(m) cm�1.

Magnetic susceptibility measurements were
carried out with a Quantum Design SQUID
Magnetometer with an applied field of 1000 G.
The independence of the susceptibility value with
regard to the applied field was checked at room
temperature. The susceptibility data were cor-
rected from the diamagnetic contributions as
deduced by using Pascal's constant tables and
from temperature-independent paramagnetism
(TIP). The analytical expression used for the fit
of the cMT= f(T) curve is given as Supporting
Information.
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Rearrangement

Highly Active Nickel Catalysts for the
Isomerization of Unactivated Vinyl
Cyclopropanes to Cyclopentenes**

Gang Zuo and Janis Louie*

Since its discovery in 1959, the rearrangement of vinyl
cyclopropanes (VCPs) has attracted considerable attention.[1]

Transformations of this type yield substituted cyclopentenes,
which are a common structural motif in many biological
systems.[2] Typical conditions originally involved high-temper-
ature pyrolysis or photolysis but these ultimately hampered
the reaction's utility.[3] Approximately two decades later,
reaction conditions were vastly improved with the develop-
ment of odd-electron-promoted isomerizations, which remain
some of the mildest to date.[4] Unfortunately, activated
substrates (for example, with CO2R, OCO2R, OR, or Ph
moieties) are required to facilitate the reaction and this
ultimately necessitates additional synthetic steps.

Transition metals (Ni, Pd, Rh, Cu, Cr, Mo, and Fe) have
also been reported to catalyze rearrangements of VCP.[5]

However, these protocols do not offer significant improve-
ment over the methods described above. They require high
temperatures (60–100 8C) and are also generally limited to
activated VCPs.[6] The electron-withdrawing substituents are
postulated to increase oxidative addition or stabilize the
anionic ring-opened intermediate that presumably forms
from nucleophilic attack on the olefin. Alternatively,
extended conjugated systems such as cyclopropyl dienes
have been used but their success is believed to be at least
partially a consequence of the high affinity (that is, chelation)
of olefins for (Group X) metals.[6]

Despite the limited information available on the mecha-
nism of metal-mediated VCP isomerizations, we envisioned
that a highly reduced metal could accelerate the overall
reaction and lead to a catalytic system with an increased range
of suitable substrates. A metal with increased electron density
would possess a higher nucleophilicity and would therefore be
more likely to attack the olefinic moiety of the VCP. The
metal would also be expected to facilitate oxidative ring
opening of the cyclopropane ring. In either case, stabilization
of the resulting positively charged metal intermediate would
be key to promoting the reaction. With these requirements in
mind, we chose to examine nitrogen-heterocyclic carbenes
(NHCs) as possible ligands for nickel-catalyzed isomeriza-
tions of VCPs since these ligands are known to display an
enhanced sigma-donating ability relative to their phosphane
and amine counterparts and they possess a high affinity for
nickel.[7] Herein, we report that the combination of Ni0 with a
sterically hindered NHC ligand catalyzes the isomerization of
a variety of activated and unactivated VCPs under mild
conditions to afford the respective cyclopentenes in good
yields. When this result is combined with recent developments
in the synthesis of VCPs,[8] we anticipate that it will be a
powerful technique for the preparation of five-membered
carbocyclic structures.

The isomerization of 3-cyclopropylbut-3-enylbenzene (1)
was chosen as the model reaction and a variety of conditions
were screened [Eq. (1), Bn=benzyl; cod= cyclo-1,5-octa-
diene, Table 1]. [Ni(cod)2] was chosen as the source of Ni0 and
was combined with IPr to form the NHC-ligated Ni catalyst
in situ.[9] Quantitative formation of 2-(cyclopent-1-enyl)ethyl-
benzene (2) was achieved at room temperature with catalyst
loadings as low as 1 mol% Ni (2 mol% IPr). As expected, the
reaction time increased as the catalyst loading was lowered,
however a slightly increased reaction temperature (50 8C) led
to higher rates of reaction (1 h versus 12 h). Isomerizations
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were facile in a variety of hydrocarbon solvents but were
completely inhibited in acetonitrile and dichloromethane.
The optimum Ni:IPr ratio was determined to be 1:2. The use
of larger or smaller amounts of IPr relative to Ni resulted in
lower yields.[10] For comparison, 1,3-bis-(1,3,5-trimethylphe-
nyl)imidazol-2-ylidene (IMes) was also investigated as an
NHC ligand in the reaction. However, relatively lower yields
and reaction rates were observed with IMes than with the IPr
ligand under identical conditions (49% versus 100%, respec-
tively). A previously reported phosphane-based ligand (that
is, PCy3) afforded no cyclopentene products even at elevated
temperatures (100 8C) and after extended periods of time
(24 h). As expected, no product was formed in the absence of
either ligand or [Ni(cod)2].

As shown in Table 2, a variety of VCPs were subjected to
the optimized nickel-catalyzed isomerization reaction con-
ditions described above [Eq. (2), 1 mol% [Ni(cod)2], 2 mol%
IPr). VCPs possessing an electron-withdrawing group, heter-
oatom, or phenyl group on the cyclopropane ring underwent
rapid isomerization and afforded high yields of the corre-
sponding cyclopentene. Similarly, 1,1-disubstituted olefins
reacted efficiently to afford the corresponding trisubstituted
cyclopentenes. Furthermore, although slightly elevated tem-
peratures were necessary, simple trisubstituted olefins were
successfully isomerized as well. In contrast, the reaction with
1,2-disubstituted olefins possessing either cis or trans olefinic
geometries was generally sluggish, even under more forcing
conditions (100 8C).

A cyclopentene possessing a bicyclic framework found in
a variety of natural products[2] was prepared by subjecting the
substituted VCP 11 to the nickel-catalyzed isomerization
reaction described above [Eq. (3)]. The resulting cyclopen-
tene 12 was isolated in 91% yield after 4 h (55 8C). Impor-
tantly, compound 12 possesses an exocyclic, tetrasubstituted
double bond containing a trimethylsilyl group which may be
used for further derivatization.

NiII catalysts in conjunction with trialkylaluminum
reagents are known to mediate an alternative isomerization
pathway that yields dienes from unactivated VCPs.[11] A key
step is the insertion of the VCP olefinic moiety into a nickel
hydride bond. To determine whether nickel hydrides were
relevant to the [Ni(IPr)2]-catalyzed reaction described above,
VCP 1 was subjected to catalytic amounts of [Ni(IPr)2] in the
presence of acids that are known to form nickel(ii) hydrides.[12]

No cyclopentene was formed and the starting material was

Table 1: Optimization of a nickel-catalyzed isomerization of 3-cyclo-
propyl-but-3-enylbenzene (1).[a]

[Ni(cod)2] [mol%] Ligand (mol%) Solvent T t [h] Yield [%][b]

5 IPr (10) toluene RT 4 100
3 IPr (6) toluene RT 6 100
1 IPr (2) toluene RT 12 100
1 IPr (2) toluene 50 8C 1 100
1 IPr (2) benzene RT 24 100
1 IPr (2) THF RT 14 100
1 IPr (2) dioxane RT 14 100
1 IPr (2) CH2Cl2 RT 24 N.R.
1 IPr (2) CH3CN RT 24 N.R.
1 IPr (2) hexane RT 6 100
1 IPr (2) pentane RT 10 100
1 IPr (1) pentane RT 10 41
1 IPr (3) pentane RT 10 37
5 IMes (10) pentane RT 12 49
5 PCy3 (10) toluene 100 8C 24 N.R.
5 none toluene RT 4 N.R.
0 IPr (2) toluene RT 24 N.R.

[a] IPr=1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene, IMes=1,3-
bis-(1,3,5-trimethylphenyl)imidazol-2-ylidene, Cy= cyclohexyl, THF=
tetrahydrofuran, N.R.=not recorded. [b] Determined by GC with naph-
thalene as an internal standard.

Table 2: Nickel-catalyzed isomerization of various vinyl cyclopropanes.[a]

Substrate Product T t [h] Yield [%][b]

RT 12 93

RT 1 96

RT 2 93

60 8C 12 94

9a, R=Ph 10a 60 8C 12 92
9b, R=CH2OBz 10b 100 8C 12 –[c]

9c, R=TMS 10c 100 8C 12 N.R.
9d, R= (CH2)2Ph 10d 100 8C 12 N.R.

[a] Performed with 1.0 mol% [Ni(cod)2], 2.0 mol% IPr, and 0.10m
substrate in toluene, benzene, or hexanes. Bz=benzoyl, TMS= trime-
thylsilyl. [b] Yields of isolated products (average of at least two runs).
[c] Complete conversion of VCP substrate was observed but no cyclo-
pentene product was formed. N.R. =no reaction.
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quantitatively recovered when one equivalent (relative to Ni)
of HCl (in dioxane) was added. However, the addition of
HBF4 (in diethyl ether) led to the complete consumption of
VCP 1, but neither diene nor cyclopentene was detected. (The
product of this reaction has been elusive thus far.) Never-
theless, these results suggest that the VCP isomerizations
were catalyzed by an Ni0 species and do not involve nickel
hydrides.

Although a number of nitrogen-heterocyclic carbenes are
indefinitely stable under an inert atmosphere, they can be
easily generated in situ from the appropriate precursor salt
and base.[13] Such a method has been used in a variety of
metal-mediated reactions, including olefin metathesis,[14] the
Suzuki–Miyaura reaction,[15] the Buchwald–Hartwig amina-
tion,[16] and the Kumada–Corriu reaction.[17] Similarly, VCP 1
was subjected to catalytic amounts of [Ni(cod)2] (5 mol%),
IPrBF4 (10 mol%), and KOtBu (10 mol%) in pentane. A
quantitative yield of cyclopentene product 2 was observed by
gas chromatography after only 12 h at room temperature.

In conclusion, we have developed a mild and efficient
protocol for the preparation of cyclopentenes from the
isomerization of vinyl cyclopropanes. The reaction employs
catalytic amounts of Ni0 and a nitrogen-heterocyclic carbene
ligand. Most importantly, activated VCPs are not required for
efficient transformation. We are currently working toward
expanding the substrate scope, enhancing the catalyst per-
formance, and understanding the mechanism of this reaction.

Experimental Section
Representative procedure: In a dry-box, VCP 1 (200 mg, 1.2 mmol)
was added to an oven-dried screw-cap vial equipped with a magnetic
stirrer bar and was subsequently dissolved in pentane (1.5 mL).
Alternatively, the reaction may be performed outside of a drybox by
adding VCP 1 and dry, degassed pentane through a syringe to an
oven-dried flask (which has previously been evacuated and filled with
N2) equipped with a septum, stirrer bar, and gas-adapter. A solution
of [Ni(cod)2] (3 mg, 0.01 mmol) and IPr (8 mg, 0.02 mmol) in pentane
(0.5 mL) that had previously equilabrated for 12 h was then added
and the reaction vessel was sealed appropriately. The resulting dark
greenish-black solution was then stirred at room temperature until
the starting material was completely consumed (as determined by
GC). The products were then purified by chromatography on silica
gel (with pentane as the eluent).

Further experimental details are available in the Supporting
Information.
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Furan Synthesis

ANovel 1,2-Migration of Acyloxy, Phosphatyloxy,
and Sulfonyloxy Groups in Allenes: Efficient
Synthesis of Tri- and Tetrasubstituted Furans**

Anna W. Sromek, Alexander V. Kel'in, and
Vladimir Gevorgyan*

[3,3] Migrations of propargylacyloxy, phosphatyloxy, and
sulfonyloxy groups are important transformations in organic
synthesis.[1] In addition to these sigmatropic migrations,
radical 1,2-acyloxy and -phosphatyloxy migrations [Eq. (1)]

have been used extensively in carbohydrate and nucleoside
chemistry.[2] 1,2-Acyloxy migration has also been proposed as
a key step in the Pd-catalyzed propargyl–propenyl isomer-
ization [Eq. (2)].[3] In both cases, 1,2-migration of acetate or

phosphate proceeds from an sp3 carbon. To the best of our
knowledge, no 1,2-migrations of the acyloxy, phosphatyloxy,
and sulfonyloxy groups from an sp2 carbon have been
disclosed. Herein we wish to report a novel 1,2-migration of
the acyloxy, phosphatyloxy, and sulfonyloxy groups in the
allenyl system [Eq. (3)]. This unprecedented migration,
incorporated into the cycloisomerization reaction, is the key
to an efficient synthesis of valuable tri- and tetrasubstituted
furans.[4]

The recently discovered Cu-catalyzed cycloisomerization
of alkynyl ketones and imines is an efficient method for the
synthesis of up to trisubstituted heterocycles.[5] While
attempting to expand the scope of this cycloisomerization
reaction, we explored the possibility of utilizing [3,3] acyloxy
migration to proceed from 1 to allene 2 en route to acyloxy-
substituted furan 3 (Scheme 1). As expected, furan 3 was

formed, albeit in moderate yields; however, it was accom-
panied by traces of the unexpected regioisomer 4. Addition of
triethylamine to the reaction mixture shifted the product
distribution toward predominant formation of furan 4. It was
rationalized that 4 arises from initial base-assisted propargyl–
allenyl isomerization 5!6[5] (Scheme 2), as opposed to a [3,3]

acyloxy shift (Scheme 1). Allene 6 undergoes intramolecular
nucleophilic attack to form the aromatic dioxolenylium
zwitterion 7,[6] which is transformed into furan 4 by a
subsequent intramolecular AdN-E process (Scheme 2).[7]

We were pleased to find that by using phenyl and tert-
butyl alkynyl ketones, we were able to dramatically improve
the regioselectivity and yields of this unusual reaction. Thus,
when we employed a series of alkynyl ketones 5 possessing
different acyloxy groups, selective cycloisomerization occur-
red to produce furans 4 as single regioisomers in high yields
(Table 1)!

To gain additional support for the proposed allenic
intermediate 6 in the formation of furan 4 (Scheme 2), we
attempted approaching allenes of type 6 by an independent
route. An attractive possibility would be to access acyloxy
allene 9 by the [3,3] sigmatropic shift of 8 (Scheme 3). In the
event that the sequential cascade transformation of 8 into 9
proves successful, it would not only offer strong support for

Scheme 1. Formation of the unexpected regioisomer 4.

Scheme 2. Rationale for the formation of the unexpected regioisomer
4.
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involvement of allenic intermediates 6/9, but would also allow
expansion of our cycloisomerization methodology to the
synthesis of tetrasubstituted furans 10. We were thrilled to
find that in the presence of AgBF4,

[8,9] ketones 8 smoothly
underwent the postulated [3,3] shift/1,2-migration/cycloiso-
merization sequence to directly[10] afford tetrasubstituted
furans[11] 10 in excellent yields (Table 2)! Most remarkably,
this new mode of cyclization enables facile access to the fused
furan 10e, which was inaccessible by our standard cyclo-
isomerization techniques.[5]

Encouraged by these results, we attempted incorporation
of hetero migrating groups into the [3,3] shift/1,2-migration/
cycloisomerization cascade. It was found that the phosphatyl-
oxy analogue of 8a, ketone 11, underwent cycloisomerization
at 60 8C in the presence of 5% AgBF4 to afford furanyl
phosphate 12 in 65% yield (Scheme 4). When the reaction
was conducted at room temperature, the allenyl phosphate
intermediate 13 was isolated in 56% yield. Subjecting the
latter to the same conditions as those used for the trans-
formation 11!12 led to formation of furan 12 in 77% yield
(Scheme 4).

Next, we attempted the analogous transformation with
propargyl tosylates 14. We were pleasantly surprised to find

that attempts to synthesize 14[12] led directly to the formation
of tosyl allene 15, apparently through a thermal [3,3] tosyloxy
shift. Allene 15 underwent smooth cycloisomerization at
60 8C in the presence of 1% AgBF4 to produce tosyl furan
16[13] in 82% yield (Scheme 5). Thus, the successful employ-

ment of the phosphatyloxy and sulfonyloxy groups not only
expands the scope of the recently found cycloisomerization
reaction, but also provides strong support for the involvement
of the acyloxy allene intermediate in the formation of acyloxy
furans 4 and 10.

In conclusion, a novel 1,2-migration of the acyloxy,
phosphatyloxy, and sulfonyloxy groups in allenyl systems
has been discovered. Incorporation of this transformation in a

Table 1: Cu-catalyzed synthesis of trisubstituted furans.[a]

Substrate t [h] Product Yield [%][b]

5a 22 4a 82[c]

5b 1 4b 81

5c 9 4c 69

5d 2 4d 90

5e 17 4e 86

5 f 23 4 f 80

5g 32 4g 80

5h 46 4h 83[c,d]

[a] All reactions carried out on a 1-mmol scale. [b] Yields of isolated
products. [c] Reactions carried out at 80 8C. [d] TBS= tert-butyldimethyl-
silyl.

Scheme 3. Different approach to acyloxy allenyl ketones.

Table 2: Ag-catalyzed synthesis of tetrasubstituted furans.[a]

Substrate t [min] Product Yield [%][b]

8a 2 10a >99

8b 15 10b 73

8c 15 10c 84

8d 15 10d 90

8e 10 10e 86

[a] Reactions carried out on a 1-mmol scale. [b] Yields of isolated
products.

Scheme 4. 1,2-Phosphatyloxy migration. DCE=dichloroethane.

Scheme 5. 1,2-Tosyloxy migration.
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cycloisomerization sequence led to the development of an
efficient method for the synthesis of tri- and tetrasubstituted
furans.

Received: December 15, 2003 [Z53535]
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Nanorods

Novel Synthesis of Magnetic Fe2P Nanorods from
Thermal Decomposition of Continuously
Delivered Precursors using a Syringe Pump**

Jongnam Park, Bonil Koo, Yosun Hwang, Chejin Bae,
Kwangjin An, Je-Geun Park, Hyun Min Park, and
Taeghwan Hyeon*

One-dimensional (1D) nanostructured materials, such as
nanorods, nanowires, and nanotubes, have received tremen-
dous attention because of their unique properties, which are
derived from their low dimensionality and possible quantum
confinement effects.[1] These 1D nanostructured materials
have found application as the interconnects and functional
blocks used in fabricating nanoscale electronic, magnetic, and
optical devices.[2] The synthesis of nanostructured magnetic
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materials is a very important area of research,
because of their applications in multi-tera-
bit in�2 magnetic storage devices and in mag-
netic carriers for drug targeting.[3] So far, there
have been several reports on the synthesis of
discrete 1D magnetic nanostructured materi-
als; for example the synthesis of iron nanorods
through the oriented attachment of monodis-
perse spherical nanoparticles reported by our
research group.[4] Alivisatos and co-workers
reported the synthesis of cobalt nanodisks via
the thermal decomposition of a cobalt carbon-
yl precursor.[5] Chaudret and co-workers
reported the synthesis of cobalt nanorods[6]

and nickel nanorods[7] from the high-temper-
ature reduction of organometallic complexes.
Metal phosphides are currently of great scien-
tific interest in materials science and chemistry
because of their important magnetic, elec-
tronic, and chemical properties.[8] For example,
hexagonal iron phosphide and related materi-
als have been intensively studied for their
ferromagnetism, magnetoresistance, and mag-
netocaloric effects.[9] Consequently, it would
be very interesting to understand the size- and
shape-dependent characteristics of nanostruc-
tured metal phosphides. However there have only been a
limited number of reports on the synthesis of nanostructured
materials containing transition-metal phosphides. Recently,
Brock and co-workers synthesized FeP and MnP nanoparti-
cles from the reaction of iron(iii) acetylacetonate and
manganese carbonyl, respectively, with tris(trimethylsilyl)-
phosphane at high temperatures.[10] Very recently, Liu and co-
workers synthesized antiferromagnetic FeP nanorods via the
thermal decomposition of a precursor/surfactant mixture
solution.[11] Herein, we report on the synthesis of discrete
iron phosphide (Fe2P) nanorods from the thermal decom-
position of continuously supplied iron pentacarbonyl in
trioctylphosphane (TOP) using a syringe pump. To the best
of our knowledge, this is the first report on the synthesis of 1D
nanostructured materials using a syringe pump for the
continuous delivery of precursors.

The current synthetic procedure is a modified version of
the method developed by our group for the synthesis of
monodisperse nanocrystals of metals, oxides, and sulfides,
which employs the thermal decomposition of metal–surfac-
tant complexes.[3a,12] We employed a syringe pump for the
continuous supply of iron–phosphane complexes into a hot
surfactant solution in order to induce one-dimensional
growth.

In the first synthesis, 5 mL of the iron–phosphane (Fe–
TOP) complex solution, prepared by mixing [Fe(CO)5]
(0.2 mL, 1.52 mmol) and trioctylphosphane (TOP; 10 mL),
was added to a mixture containing octylether (10 mL) and
oleylamine (2 mL) at 300 8C, in order to synthesize short iron
phosphide nanorods that were, on average, 3 nm in diameter
and 12 nm in length (Figure 1a). When we injected 10 mL of
the Fe–TOP complex solution (as two 5 ml portions in a
“double injection”, with an interval of 30 min between

injections) into the surfactant solution at 300 8C, we were
able to synthesize longer nanorods with average dimensions
of 5 A 43 nm (Figure 1b). After finding that longer nanorods
were produced from the double injection of the Fe–TOP
complex, we used a syringe pump for continuous delivery, in
order to further control the length of the nanorods. A total of
10 mL of the Fe–TOP complex solution was continuously
added to the surfactant solution at 300 8C using a syringe
pump at controlled rates. Figure 1 c, d, and e show TEM
images of 1D Fe2P nanorods with sizes of 5 A 88, 6 A 107, and
6 A 290 nm, which were synthesized at injection rates of 10, 5,
and 3 mLh�1, respectively. The widths of these nanorods were
almost identical. A high-resolution TEM image (Figure 1 f)
shows that the nanorods grew along the [002] direction.

When 5A 88 nm Fe2P nanorods were slowly evaporated
on a TEM grid, an extensive 3D hexagonal close-packed
(hcp) superlattice was formed along the [002] direction
(Figure 2). Very similar 3D-superlattice formation was
observed in the case of cobalt nanorods.[6a] A high-magnifi-
cation TEM image of the 3D superlattice array of Fe2P
nanorods revealed that an individual column was composed
of at least four parallel nanorods (inset of Figure 2).

The formation of 1D nanorods seems to be caused by the
cooperative effects resulting from the different binding
capabilities of the two surfactants (TOP and oleylamine)
and the intrinsically anisotropic hcp crystal structure of Fe2P.
To understand the role of the TOP surfactant in the growth of
the nanorods, we systematically decreased the relative
amount of TOP, while keeping all the other experimental
parameters unchanged. When 8 mL of TOP (instead of
10 mL) was used in the synthesis, a mixture of products
containing predominantly 5 A 70 nm-sized nanorods and a
small amount of thicker 20 A 70 nm nanorods was generated.

Figure 1. TEM images of iron phosphide nanorods. a) 3E12 nm, obtained by single injection;
b) 5E43 nm, obtained by double injection; c) 5E88 nm, obtained using an injection rate of
10 mLh�1; d) 6E107 nm, obtained using an injection rate of 5 mLh�1; e) 6E290 nm, obtained
using the injection rate of 3 mLh�1; f) HRTEM image of a single iron nanorod from c) (inset: fast-
Fourier transform (FFT) image originating from the lattice of the iron phosphide nanorods).
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When the amount of TOP in the stock
solution was further decreased to
5 mL, near-spherical nanoparticles
were generated (see Supporting
Information). When less than 5 mL
of TOP was used in the synthesis, an
insoluble precipitate was deposited in
the reaction vessel, due to extensive
coalescence of the nanoparticles. The
results demonstrate that a minimum
amount of TOP is required for pref-
erential growth along the [002] direc-
tion to occur from effective stabiliza-
tion of the crystal faces perpendicular
to the (002) plane.

Figure 3 shows the X-ray diffraction pattern of 5 A 88 nm
Fe2P nanorods. All of the diffraction peaks in the XRD
pattern can be indexed with the hexagonal Fe2P structure and
no extra reflections were observed. Rietveld refinement of
the XRD pattern also confirmed a hexagonal crystal structure
with the space group P6̄2m (No. 189; see Supporting Infor-

mation). It is well known that 1D nanocrystals grown along
the [001] direction generally display 00l lines of maximum
sharpness and wide hk0 reflections. The 002 reflection of the
XRD pattern was sharpened, which indicated that growth of
rod occurred along the c axis.

We further tried to control the diameters of the nanorods
by using different amine surfactants, since there have been
few reports on the diameter-controlled synthesis of nanorods
or nanowires.[13] When dioctylamine, octadecylamine, and
hexadecylamine were used in the synthesis, with all the other
reaction conditions remaining unchanged (injection rate=
10 mLh�1), we were able to produce Fe2P nanorods with
sizes of 9 A 50, 18 A 75, and 5 A 160 nm, respectively (Figure 4).

1D magnetic nanorods are expected to have a large
magnetic anisotropy as a result of the anisotropy of their
shape.[3,4, 6] The temperature dependence of the magnetization
was measured with zero-field-cooling (ZFC) and field-cooling
(FC) procedures in an applied magnetic field of 100 Oe
between 2 and 350 K using a commercial superconducting

quantum interference device (SQUID) magnetometer
(Quantum Design, MPMS5XL). It was found that as the
size of the samples increased, the blocking temperature
increased and, at the same time, the coercive field value also
increased, which is consistent with the Stoner–Wohlfarth
theory on single-domain systems. The blocking temperatures
are 120, 250, and 235 K for the 5 A 88, 6 A 107, and 6A 290 nm
samples, respectively (Figure 5). The data for the 6A 290 nm
sample was scaled down (by a factor of three) to allow a direct
comparison of the data for all of the samples. We noted that
the blocking temperature for the 6A 110 nm sample was
slightly higher than the bulk ferromagnetic transition temper-
ature of Fe2P (Tc= 217 K).

[14] There are two possible reasons
for this unusual observation: One possibility is that our
sample might be richer in Fe than stoichiometric Fe2P, or
might even contain some pure Fe inside the nanorods. The
other possibility for this enhancement may lie in the intrinsic
effects of the Fe2P nanorods. It is well known that the
ferromagnetic transition of Fe2P is very sensitive to variations
in physical parameters, since it has strong ferromagnetic spin
fluctuations, as observed by susceptibility and neutron
scattering experiments.[14] On the other hand, energy dis-
persive X-ray spectroscopy (EDX) on the nanorods after
removing the stabilizing surfactant revealed that the molar

Figure 2. TEM image of self-assembled 5E88 nm nanorods with long-
range order (inset: high-magnification TEM image of the 3D superlat-
tice array of the Fe2P nanorods).

Figure 3. Observed, calculated, and difference XRD profiles for
5E88 nm Fe2P nanorods using a Rietveld refinement.

Figure 4. TEM images of nanorods obtained using a) dioctylamine; b) octadecylamine; c) hexa-
decylamine.
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ratio of Fe to P for all four different nanorods was higher than
two, which implies the presence of pure iron in the nanorods.
However, the pure iron phase or any other impurity was not
observed in the high-resolution XRD pattern, as described
previously. From these results, we conclude that a very small
amount (less than 2% of the total volume, which is the
resolution limit of the diffractometer used in the study) of
pure iron or an Fe-rich phase (for example, Fe3P; Tc=

716 K[15]) seems to be present in the nanorods. Another
interesting point is the temperature dependence of the
coercive field for the four different samples, as shown in the
inset of Figure 5. The line in the inset is a theoretical curve for
a single domain of fine particles: Hc/Hc0= 1�(T/TB)

1/2, where
Hc is the measured coercive field, Hc0 is the estimated
coercive field at T= 0 K, and TB is the measured blocking
temperature.[16] Although we acknowledge that the number of
data points is rather small, it is fair to say that the temperature
dependence of the measured coercive field for the four
different samples can be reasonably explained by the simple
theoretical curve representing a single domain of fine
particles.

In summary, we have developed a new synthetic proce-
dure for the production of magnetic Fe2P nanorods with
controllable sizes via the thermal decomposition of iron–
phosphane complexes that are continuously delivered by
using a syringe pump. The current synthetic procedure offers
several very important features for the synthesis of 1D
nanostructured materials. First of all, continuously delivering
precursors with a syringe pump provides a new synthetic
route for many other 1D nanostructured materials. Secondly,
the size-controlled synthesis of 1D nanostructured materials
has rarely been reported. With this technique, the diameters
and lengths of the nanorods can be controlled by varying the

experimental conditions, which is of great significance for
their future applications, since the physical characteristics of
the nanorods are highly dependent on their dimensions.
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Figure 5. The temperature dependence of the ZFC magnetization for
5E43, 5E88, 6E107, and 6E290 nm nanorods. The arrows denote the
blocking temperature for each sample. For the purpose of presenta-
tion, the data for the 6E290 nm nanorod was scaled down by a factor
of three (inset: the normalized coercive field (Hc/Hc0) as a function of
normalized temperature (T/TB) for each sample. The line is a theoreti-
cal curve for a single domain of fine particles).
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Nanomaterials

TiO2-B Nanowires**

A. Robert Armstrong, Graham Armstrong,
Jesffls Canales, and Peter G. Bruce*

Since the discovery of carbon nanotubes much interest has
been shown in the preparation of nanotubes of greater
chemical complexity, especially, in recent times, oxide nano-
tubes. Progress in this field has been reviewed recently by Rao
and Nath and by Nesper and co-workers.[1] Of such materials,
titanate nanotubes have received a great deal of attention, in
part because TiO2 can exhibit a wealth of important photo-
voltaic (solar energy conversion), photocatalytic, semicon-
ductor, catalytic support, and gas-sensing properties, espe-
cially when prepared as a nanomaterial.[2]

Nanotubes may often only be synthesized in small
quantities or by processes that are too complex for scale-up
and hence practical application. In contrast, titanate nano-
tubes and nanowires may be synthesized by a simple hydro-
thermal reaction between NaOH and the anatase polymorph
of titania (TiO2-anatase).

[3] Until recently it was believed that
such nanotubes and nanowires were composed of TiO2-
anatase.[4] This hypothesis was called into question by Du
et al., and later work suggested that the nanotubes are
composed of the layered titanate H2Ti3O7.

[5] Sun and Li have
recently confirmed that these nanotubes are indeed titanates,
not TiO2, and that as-synthesized materials can be described
as NaxH2-xTi3O7 with (x= 0.75).[6] In addition, Yang et al.
produced the formulation Na2Ti2O4(OH)2.

[7]

We have examined the titanate nanotubes and nanowires
and also find that the composition and structure of both the
tubes and wires are more complex than had been recognized
previously. We find that the as-synthesized nanotubes and
nanowires are sodium hydrogen titanates of general formula
NayH2-yTinO2n+1·xH2O. Acid washing of such materials results
in ion exchange to produce the layered hydrogen titanates
H2TinO2n+1·xH2O, which exhibits features similar to H2Ti3O7,
H2Ti4O9·H2O, and other members of the hydrogen titanate
family. Structures and compositions of the tubes and wires will
be discussed elsewhere.[8]

It is known that layered hydrogen titanates may be
converted to the titanium dioxide polymorph TiO2-B on
heating.[9] In view of this we decided to investigate the
thermal behavior of the nanotubes and nanowires and have
succeeded in preparing TiO2-B nanowires. Given that we now

understand that previously prepared nanotubes/nanowires
are NayH2-yTinO2n+1·xH2O or H2TinO2n+1·xH2O phases, this is
the first synthesis of TiO2 nanowires. The synthesis is again
simple, and involves a hydrothermal reaction between NaOH
and TiO2, followed by acid washing and heating at 400 8C.
Furthermore, TiO2-B has the advantage over the other
titanium dioxide polymorphs of being a relatively open
structure. As such it is an excellent host for Li intercalation,
leading to nanowires that can display simultaneously n-type
electronic conductivity and lithium-ion transport, with the
level of each being controllable by controlling the degree of
intercalation. Hence by a simple route, it is now possible to
prepare relatively large quantities of single-phase TiO2 nano-
wires in high yield, and render them electronically and
ionically conducting.

Titanate nanotubes/nanowires were synthesized as descri-
bed in the Experimental Section.[3] Carrying out this reaction
at around 150 8C with a 10m NaOH solution yields nanotubes,
whereas higher temperatures and/or higher NaOH concen-
trations yields nanowires. Washing the tubes or wires with
dilute HCl promotes complete exchange of Na+ byH+ to form
hydrogen titanates. On heating the tubes, they convert to
anatase but with the loss of the tubular morphology. In
contrast the wires behave quite differently; after washing with
dilute acid and heating they convert to TiO2-B but retain their
cylindrical morphology. This begins at 200 8C, as observed by
variable-temperature X-ray diffraction (Figure 1). Annealing

a sample of the acid-washed wires at 400 8C for 4 h in air
produces a material which gives the powder diffraction
pattern shown in Figure 2. Although the diffraction peaks
associated with the nanowires are somewhat broadened they
match the pattern for TiO2-B. Further confirmation that the
nanowires are composed of TiO2-B was obtained fromRaman
spectroscopy. Figure 3 shows a spectrum of the wires,
annealed as described above, compared with a spectrum for
bulk TiO2-B. Although the spectrum obtained is somewhat
broadened there is an excellent match with that obtained
from bulk TiO2-B.

Figure 1. Variable-temperature powder X-ray diffraction patterns col-
lected in air for titanate nanowires, after washing in dilute HCl. The
asterisks indicate peaks from the sample holder. I= intensity.
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Evidence that the nanowires have retained their mor-
phology is shown in Figure 4. The low-resolution TEM image
(Figure 4a) indicates the presence of a high proportion of
nanowires with a typical diameter of 20–40 nm and a length of
2–10 mm. At higher magnification the HRTEM lattice images
reveal more detail concerning the TiO2-B structure of the
nanowires (Figure 4b). By measuring the lattice fringes and
from the electron diffraction patterns taken along different
zone axes, the lattice parameters were found to be in
agreement with those for the bulk TiO2-B phase (a=
12.1787, b= 3.7412, c= 6.5249 D; b= 107.0548).[9b] EDX con-
firmed the absence of sodium from the TiO2-B nanowires.

The TiO2-B nanowires are white and insulating, however,
given the ability of bulk TiO2-B to act as an intercalation host
for Li, we investigated the possibility of inserting Li+ and e�

into the nanowires, in order to render them ionically and
electronically conducting, the latter an n-type semiconductor
due to the reduction of Ti4+ centers. To demonstrate lithium
intercalation, a working electrode was fabricated by grinding
together TiO2-B nanowires and Super-S carbon with a PTFE

binder and then pressing a disk (also see Experimental
Section). The variation of the voltage versus a (1m) Li+/Li
electrode, as a function of the charge passed is shown in
Figure 5. The voltage curve on intercalation (discharging) and
deintercalation (charging) is smoother than the correspond-
ing curve collected under identical conditions for bulk TiO2-B.
However the voltages of the charge/discharge plateaux are
very similar, which indicates similar energetics for the
intercalation reactions. The capacity of the TiO2-B nanowires
to intercalate Li is high, corresponding to 275 mAhg�1 and a
composition of Li0.82TiO2. X-ray diffraction patterns and TEM
data collected at the end of the charging process confirmed
the retention of the TiO2-B structure and the nanowire
morphology. This experiment clearly demonstrates the ability
of the TiO2-B nanowires to support both Li+ and e�

conductivity. It also demonstrates that this material may be
of interest as a negative (low-voltage) electrode in lithium-ion
batteries. Further confirmation that lithium may be interca-
lated into the nanowires was obtained by carrying out a
chemical intercalation reaction using n-butyl lithium. The
white solid turns blue/black, and the X-ray diffraction pattern
again indicates retention of the TiO2-B structure.

Figure 2. Powder X-ray diffraction pattern for TiO2-B nanowires pre-
pared by heating at 400 8C for 4 h in air. Powder patterns for bulk TiO2-
B, TiO2-rutile and TiO2-anatase are shown for comparison. I= intensity.

Figure 3. Raman spectra for TiO2-B nanowires (c) and, for compari-
son, bulk TiO2-B (a). I= intensity.

Figure 4. a) Low-resolution TEM image of the TiO2-B nanowires;
b) high-resolution lattice image viewed down the [100] projection
(inset: electron diffraction pattern of a TiO2-B nanowire).
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In conclusion, it has been shown that titanate nanotubes
lose their tubular morphology on heating and form TiO2-
anatase whereas the corresponding nanowires retain their
morphology and convert to TiO2-B. Li

+ ions and e� may be
inserted into the TiO2-B nanowires, rendering them ionically
and electronically conducting, and then subsequently
removed.

Experimental Section
Titanate nanotubes were synthesized by adding TiO2-anatase to a 10m
aqueous solution of NaOH. After stirring for 1 h the resulting
suspension was transferred to a teflon-lined autoclave and heated to
150 8C for 72 h. The product was acid-washed, which involved stirring
the sample in 0.05m HCl solution for 2 h. The material was then
filtered, washed with distilled water, and dried at 80 8C for 15 h. To
synthesize titanate nanowires, a similar procedure was followed but
using 15m NaOH solution and a reaction temperature of 170 8C. TiO2-
B nanowires were prepared by heating the acid-washed titanate
nanowires at 400 8C for 4 h in air. Room-temperature powder X-ray
diffraction was performed on a Stoe STADI/P diffractometer
operating in transmission mode with CuKa1 radiation. Variable-
temperature measurements were carried out on a Philips X'Pert
system (CuKa radiation) in Bragg-Brentano geometry fitted with a
BHhler high-temperature stage. Raman spectra were obtained from
disks, formed by pressing powders, on a Perkin-Elmer System 2000.
Transmission electron microscopy was performed on a Jeol JEM-2011
instrument fitted with an EDX facility. Electrochemical properties
were measured on electrodes prepared using mixtures comprising
75% active material, 18% Super-S carbon and 7 wt% PTFE, pressed
into pellets. The cells consisted of this electrode, a lithium metal
counterelectrode and the electrolyte, a 1m solution of LiPF6 in
ethylene carbonate/dimethyl carbonate (1:1 v/v; Merck). The cells
were constructed and handled in an Ar-filled MBraun glovebox.
Electrochemical measurements were carried out using a Biologic
MacPile II system.
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Carbohydrate Structure

AConformational Carbohydrate Scaffold is
Present in the Short-Chain Lipopolysaccharides of
Moraxella catarrhalis**

Kristina Lycknert, Per Edebrink, and G�ran Widmalm*

Moraxella catarrhalis is a pathogenic bacterium that causes
otitis media and sinusitis in children. The lipopolysaccharides
(LPS) ofM. catarrhalis do not carry long polysaccharides with
repeating units, but instead the O-antigen consists of
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branched oligosaccharides. The three major serotypes A, B,
and C account for approximately 95% of clinical isolates. The
O-antigen structures of these three serotypes have recently
been determined as well as reviewed.[1] The inner part of the
LPS consists of !6)-b-d-GlcpN-(1!6)-b-d-GlcpN with
phosphate groups at C1 and C4’ as well as acyl groups at
C2, C3, C2’, and C3’.[2] In all the serotypes hitherto
investigated this disaccharide is linked to a Kdo residue,
which in turn is substituted at position 4 by another Kdo
residue and at position 5 by short-chain O-antigenic poly-
saccharides. Thus, the inner part of the LPS consists of four
sugar residues (denoted R1). In all subsequent discussions the
oligosaccharides will be referred to by the number of sugar
residues belonging to the oligosaccharide moiety substituting
position 5 of the Kdo residue. The oligosaccharide part of
serotype A consists of eight sugar residues and is shown in
Figure 1. Oligosaccharides of different sizes up to octasac-

charides have been synthesized in which the R1 group was
chosen as a handle for conjugation to a protein carrier.[3]

Chain elongations and changes of sugar residues constitute
the differences between serotypes B and C and A. We herein
describe the analysis of different oligosaccharides by NMR
spectroscopy which has led to the proposal that a conforma-
tional carbohydrate scaffold is present as a novel motif in the
LPS from M. catarrhalis.
Structural studies of the three serotypes showed anom-

alous 1H NMR chemical shifts for certain sugar residues, and
thus indicated that the three-dimensional structure of these
oligosaccharides was of special interest. We first consider the
oligosaccharides obtained by synthesis. The pentasaccharide
is denoted OS-V, in which the sugar residues are A–E. The
larger oligosaccharides are then designated OS-VI (residues
A–F), OS-VII (residues A–G), and OS-VIII (residues A–H).
The 1H and 13C chemical shifts observed in the NMR spectra
of the oligosaccharides in D2O at 25 8Cwere assigned by using
2D NMR techniques. Selected 1H chemical shifts of the
anomeric proton resonances as well as key resonances from
residueA are plotted in Figure 2 as a function of oligosac-
charide size. It is evident that significant changes in the
chemical shift occur on going from OS-V to OS-VI, whereas
addition of further sugar residues to the (1!6) branch does

not lead to any notable changes. Thus, these results indicate
that a conformational change occurs as a result of the addition
of a single sugar residue to OS-V. The hexasaccharide consists
of two sugar residues each at the (1!4) and (1!6) branches
(Figure 3), and the above results suggest that this is the
minimum size required to generate a characteristic three-
dimensional structure of the M. catarrhalis oligosaccharides.

We now turn to the analysis of the oligosaccharides
isolated during the structural studies. Whereas serotype A
consists of one major octasaccharide (referring to the O-
antigenic hexosyl region), both serotypes B and C consist of
several glycoforms. In serotype B, mixtures with short-chain
oligosaccharides were present that contained five to ten sugar
residues as well as the Kdo residue at the reducing end.[4] Of
particular interest is the fact that among the truncated
structures, an oligosaccharide corresponding to a hexose
containing a hexasaccharide unit with two sugar residues each
at the (1!4) and (1!6) branches was present, that is, it

Figure 1. Structure of the oligosaccharide section that characterizes
serotype A of the LPS from M. catarrhalis. In the native material the
R1 group represents lipid A and Kdo residues whereas in the synthetic
oligosaccharides R1 equals a 2-(4-trifluoroacetamidophenyl)ethyl
group. The sugar residues are denoted by letters A–H. Serotype C is
characterized by further chain elongation at position 4 of the N-acetyl-
glucosamine residue. In serotype B the latter sugar is glucose.

Figure 2. 1H NMR chemical shifts (right axis) of selected protons (left
axis) as a function of oligosaccharide size (OS-V to OS-VIII).

Figure 3. Schematic representation of the oligosaccharide structures of
serotypes A–C of M. catarrhalis. R1= see Figure 1; R2=NHAc in sero-
types A and C, whereas R2=OH in serotype B; R3=H in serotype A,
whereas R3=galactosyl residues in serotypes B and C; R4=H or galac-
tosyl residue(s). Key protons are indicated in bold (see Figure 4).
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contained the terminal sugars corresponding to residues D
and F. In addition, a pentasaccharide unit devoid of sugar
residueD was also present in the mixture. Notably, significant
changes in the 1H chemical shifts of these two oligosacchar-
ides were observed and characteristic ROE interactions were
present in the 2D 1H,1H ROESY spectrum of the oligosac-
charide mixture. In particular, a ROE interaction between H1
of residue C and H4 of A was present in the smaller
oligosaccharide, whereas in the larger oligosaccharide H1 of
residue C showed a pronounced ROE to H3 of A.[4] Similar
NOE patterns were also observed for oligosaccharides OS-V
to OS-VIII, with the latter compound showing NOE inter-
actions from H1C to H3A and H1B to H3A (Figure 4). The

corresponding NOE interactions were observed in the
oligosaccharide isolated from serotype A,[5,6] which indicated
a folded conformation, that is, y= ca. 1808 at the (1!4)
linkage.
From the above data obtained on oligosaccharides

corresponding to different serotypes with different chain
lengths we conclude that a minimum chain length of two sugar
residues are necessary to obtain a specific three-dimensional
structure, since in the absence of one sugar residue in either
chain the altered conformation which displays large changes
in the chemical shift is not present. The six hexose residues,
therefore, make up a conformational scaffold that is needed
to induce the proper three-dimensional structure for the
M. catarrhalis LPS. The presence of additional sugar residues
and different monosaccharides within the chains serve to
make up the different serotypes of M. catarrhalis. These
findings reveal a novel motif of oligosaccharide structures,
and we propose that this is the structural basis for short-chain
oligosaccharides in M. catarrhalis. Conformational epitopes
and other conformational preferences have recently been
discussed in the literature.[7,8] Our findings add to the
understanding of the diverse plethora of possibilities explored
by organisms in regard to carbohydrate structure and
modifications thereof.
Future studies should aim to define the three-dimensional

structure of the epitopes in detail, analyze the interactions of
the oligosaccharides with monoclonal antibodies raised
against the different serotypes, investigate the importance of
the b-(1!3)-linked glucosyl residue on conformational
preferences in the various oligosaccharides, and clarify the
dynamics in these systems. Furthermore, it should be possible
to produce a protective synthetic carbohydrate–protein-con-

jugate vaccine based on the common structural parts of the
different serotypes in M. catarrhalis.
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Ruthenium Thiolate Complexes

A Half-Sandwich Ruthenium(ii) Complex
Containing a Coordinatively Unsaturated 2,6-
Dimesitylphenyl Thiolate Ligand**

Yasuhiro Ohki, Hitomi Sadohara, Yuko Takikawa, and
Kazuyuki Tatsumi*

Transition-metal complexes with low-coordination numbers
are a class of highly reactive substances which are important
as key intermediates in catalytic reactions. A number of
coordinatively unsaturated transition-metal complexes have
been reported, most of which contain bulky alkyl, alkoxy,
amide, and phospane ligands.[1] Bulky thiolates are also
attractive ligands in this regard. The S-donor ligands are
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soft in character, can donate p electrons to a metal atom, and
show high affinity for a wide variety of transition metals.
Although thiolate ligands tend to produce multinuclear
structures by linking metal atoms, some sterically demanding
thiolates are effective in stabilizing low-coordinate, mono-
meric complexes.[2] One such ligand is 2,6-dimesitylphenyl
thiolate (SDmp).[2b] The mesityl group can modulate the
stereoelectronic properties of transition-metal centers by its
bulk and by possible weak coordination of a mesityl group,
which thereby generates hemilabile reaction sites. Herein we
report the synthesis of a half-sandwich ruthenium(ii) complex
of SDmp, lability of the ligand in the coordination sphere, and
reactivity of the complex.

The reaction of [(Cp*RuCl)4] (Cp*= h5-C5Me5)
[3] with

4 equivalents of LiSDmp in THF afforded a dark blue
solution, from which mononuclear ruthenium(ii) complex
[Cp*Ru(SDmp)] (1) was isolated in 83% yield (Scheme 1).[4]

Complex 1 is air- and moisture-sensitive, and is soluble in
common organic solvents. In the 1H NMR spectrum taken at
room temperature, the o- and p-methyl protons of the SDmp
ligand gave rise to four 1H resonances with an intensity ratio
of 3:3:6:6,[4] and these signals do not show notable line
broadening even at 80 8C. Thus, the two mesityl groups of
SDmp in 1 are chemically inequivalent in solution.

The molecular structure of 1 is shown in Figure 1.[5] An
interesting structural feature is the interaction between Ru
and the ipso-carbon atom C7 of one mesityl group.[6] Without
this interaction 1 would formally be a 14-electron complex,[7]

and the electron deficiency of the ruthenium promotes the
bonding interaction with the nearby ipso-carbon atom. This
bonding mode may be analogous to that in the Wheland
intermediate of Friedel–Crafts reactions.[8] Thus, the RuII

atom forms a five-membered ruthenacycle with the SDmp
sulfur and ipso-carbon atoms. This coordination geometry of
SDmp appears to be retained in solution according to 1H and
13C NMR data. The molecule has a crystallographic mirror
plane, which bisects SDmp and Cp*, and the ruthenacycle and
the central arene ring of SDmp are crystallographically
coplanar. Due to the Ru�C7 bonding, the mesityl ring
bends away from the metal atom, and the C2-C7-C8-C9
dihedral angle is 144.3(2)8. Furthermore, the C7�C8 bond is
clearly elongated (1.432(3) >) relative to the other C�C
distances (1.395 (3) and 1.387(3) >) in the mesityl ring. While
the Ru�C7 distance of 2.278(3) > is long relative to reported
Ru�Calkyl bond lengths (2.08–2.18 >),[9] it is comparable to
Ru�Colefin distances (2.14–2.27 >).[9] This indicates a strong
Ru�Cipso interaction in 1, in accordance with the structural
rigidity of 1 in solution. The Ru�S distance of 2.294(1) > is
shorter than those of electronically saturated RuII thiolate
complexes (2.38–2.47 >),[10] because p backdonation of
electrons from an occupied sulfur pp orbital occurs to ease
the electron deficiency of the metal center.

Coordinative unsaturation of 1 and lability of the ipso-
carbon atom in the coordination sphere of ruthenium were
manifested in facile reactions of 1 with CNtBu, CO, bipyr-
idine, and phenanthroline. Analytically pure 18-electron
complexes [Cp*Ru(SDmp)(L2)] [L2= (CNtBu)2 (2), (CO)2
(3), bipy (4), phen (5)] were isolated therefrom in good
yields (Scheme 2).[4] The molecular structures of 2–5 were

determined by X-ray analysis.[11] These complexes have a
common three-legged piano-stool geometry in which the
SDmp ligand is bound to Ru through the sulfur atom. Due to
the electron-rich nature of Ru in 2–5, there is no p back-
donation from SDmp, and the Ru�S bonds are long
(2.427(1)–2.4313(8) >), while steric congestion makes the
Ru-S-C angles large (112.0(1)8 for 3, ca. 124.8(2)8 for 5). In
the 1H NMR spectra, the two mesityl groups are now
equivalent. For complexes 3 and 4, the IR bands for nCO and
nCN were observed at 2008 and 1957 cm

�1 (CO), and 2112 and
2052 cm�1 (CNtBu), respectively. Complex 1 does not react
with bulky phosphanes such as PPh3 and P(c-C6H11)3.

When 1 was treated with an excess of phenylacetylene or
1-pentyne, cyclotrimerization of the alkyne took place, and
ruthenium(ii) sandwich complexes with Cp* and trisubsti-
tuted benzene ligands [Cp*Ru(h6-1,2,4-R3C6H3)](SDmp)

Scheme 1. Synthesis of 1.

Figure 1. Molecular structure of 1 with thermal ellipsoids at 50% prob-
ability level. Selected bond lengths [B] and angles [8]: Ru�S 2.294(1),
Ru�C7 2.278(3), S�C1 1.756(3), C2�C7 1.491(4), C7�C8 1.432(3), C8�
C9 1.395(3), C9�C10 1.387(3); Ru-C7-C2 113.7(2) Ru-C7-C8 88.3(1),
C2-C7-C8 119.0(1), S-C1-C2 116.9(2).

Scheme 2. Reactivity of 1 with various ligands.
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(R=Ph, 6a ; nPr, 6b) were isolated as yellow crystals in 31–
58% yield (Scheme 3).[4] Since the X-ray crystal structures of
6a and 6b are similar, only the structure of 6a is shown in
Figure 2.[11] The regioselective formation of 1,2,4-trisubsti-

tuted benzenes was also proved by the 1H NMR spectra,
which showed vicinal spin coupling between the aromatic
protons at C5 and C6. The observed regioselectivity of the
cyclotrimerization of the alkynes points to a 2,5-disubstituted
ruthenacyclopentadiene intermediate in the reaction, as
shown in Scheme 4.[12] The subsequent insertion of an

alkyne molecule into the Ru�C bond would be followed by
oxidative C�C coupling to give 1,2,4-trisubstituted benzene.
Intriguingly, the SDmp ligand exists as a discrete counter-
anion in the crystal structures of 6a and 6b. The dissociation
of SDmp might preceed alkyne insertion into the Ru�C bond
of a ruthenacyclopentadiene. Transition-metal complexes
with uncoordinated thiolate anions are rare because of high
affinity of sulfur for a wide variety of transition metals.[13] The
bulkiness of Dmp and delocalization of the anionic charge
over the aromatic rings probably stabilize the coordination-

free form of SDmp. Complex 1 does not react with
disubstituted alkynes such as phenylpropyne and diphenyl-
acetylene, and this indicates that formation of the ruthena-
cycle is hampered by the substituents.

The trisubstituted benzene ligands of 6 a and 6b were
liberated under UV irradiation, and the counteranion SDmp
was bound to Ru, regenerating 1.[4] Therefore, cyclotrimeri-
zation of alkynes could in principle be catalyzed by 1,
whereby the reversible dissociation/association of SDmp may
assist the reactions. Dissociation of cystein sulfur from active
metal sites in certain metalloproteins and its recombination
are thought to be important for enzymatic functions.[14]

Successful isolation of 1 and 6a and 6 b and their intercon-
version provides the first well-characterized examples of
reversible coordination of thiolate sulfur atoms at a transition
metal center. These findings offer the possibility of assessing
the unique role of reversible thiolate coordination in catalytic/
enzymatic reactions. At the moment, however, the catalytic
cycle for trimerization of alkynes promoted by 1 has not been
achieved, because some side reactions occur upon irradiation
of 1 in the presence of alkynes.

In summary, we have isolated an electron-deficient
ruthenium(ii) complex 1 carrying the bulky thiolate SDmp.
This complex was shown to serve as a precursor of coordi-
natively unsaturated species in two ways: by the lability of the
coordinated ipso-carbon atom, and by reversible dissociation/
association of the SDmp ligand. Further investigations on
reactivity of 1 associated with the unique coodination proper-
ties of SDmp are currently underway.
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Total Synthesis

An Efficient Synthesis of Lactacystin b-Lactone**

Timothy J. Donohoe,* Herman O. Sintim,
Leena Sisangia, and John D. Harling

Proteasomes are proteins within cells that are responsible for
protein degradation. The 20S proteasome, a 700-kDa protein
that consists of 14 distinct subunits, is implicated in the
ubiquitin proteasome pathway (UPP).[1] UPP, present in all
eukaryotic cells, is essential for the normal turnover of
cellular proteins and for the removal of damaged or misfolded
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proteins.[1] Another vital role of UPP is the processing and
degradation of regulatory proteins that control cell growth,
transcriptional activation, and metabolism.[1] In view of this
significant biological role, the 20S proteasome has become an
important biological target in many drug-discovery programs.

Omura et al.[2,3] reported the isolation and characteriza-
tion of (+)-lactacystin (1) in 1991 and showed it to be a novel

g-lactam produced by a culture broth of Streptomyces sp. OM-
6519. As lactacsytin inhibits the 20S proteasome, there has
been a flurry of synthetic approaches towards the synthesis of
this interesting molecule and analogues thereof.[4–10]

Key work by Corey, Schreiber, and co-workers,[11,12]

Huber and co-workers,[13] and Dick et al.[14] clearly defined
the mechanism of inhibition displayed by (+)-lactacystin (1).
These investigations showed that (+)-lactacystin (1) is, in fact,
a prodrug for (+)-lactacystin b-lactone (2), formed by the loss
ofN-acetylcysteine (Scheme 1). Once inside a cell, the lactam
2 then acylates the proteasome, causing inhibition.

Structure–activity relationship (SAR) studies by Corey
and co-workers[11,15–21] and by Adams and co-workers[9]

showed that the SAR requirements for proteasome inhibition
were rather stringent. There is an absolute requirement for
the b-lactone ring to be present, and the stereochemical
fidelity at C2, C3, and C6 cannot be compromised without
losing biological activity. The isopropyl group attached to C6
is also important for inhibition. Thus, the only replaceable
group is the methyl group at C4.[10] All the syntheses of
lactacystin b-lactone (2) reported so far introduce the methyl
group at C4 at a relatively early stage; therefore, these
strategies are not ideal for the easy production of ana-
logues.[9,22] Our work addresses this issue and a retrosynthetic
analysis of such an approach is shown in Scheme 2.

Herein we describe a short alternative approach to (� )-
lactacystin b-lactone (2) through a diastereoselective reduc-
tive aldol reaction of Boc-protected pyrrole 8 that we have
recently developed.[23] The reaction of pyrrole 8 in the
presence of MgBr2 led to an anti selectivity greater than
20:1 (Scheme 3): This selectivity has its origins in the
formation of Z enolate 9.[23] Subsequent protection of the
anti aldol adduct (� )-10 as an acetate following a standard
protocol proceeded to yield 11 (Scheme 3).

A key step in our synthesis was the diastereoselective
dihydroxylation of 11 (Scheme 4). Treatment of 11 with
catalytic OsO4 and NMO (3 equiv) in acetone/water (4:1)
afforded diol 12 as a single diastereoisomer in an average
yield of 65%. However, by changing the dihydroxylation
conditions to those reported by Poli[24] (cat. OsO4,
Me3NO·2H2O (3 equiv) in CH2Cl2), the diol 12 was produced
in an excellent yield of 95%. The stereochemistry of the diol
12 was proven by a two-step conversion into the crystalline
cyclic sulfate 13, the structure of which was determined by X-
ray diffraction analysis.[25] The X-ray crystal structure of 13
reveals that the isopropyl group effectively shields one face of
the ring. Importantly, reagents therefore approach 11 from
the face syn to the ester functionality.

Scheme 1. (+)-Lactacystin (1) is a prodrug for (+)-lactacystin b-lactone (2).
Once inside a cell, 2 acylates the 20S proteasome, causing inhibition.

Scheme 2. Retrosynthetic analysis of 2.

Scheme 3. Reagents and conditions: a) (Boc)2O, DMAP, Et3N, CH2Cl2;
b) Li, DBB, THF, (MeOCH2CH2)2NH, MgBr2, isobutyraldehyde;
c) Ac2O, pyridine, DMAP. Boc= tert-butoxycarbonyl, DMAP=4-dime-
thylaminopyridine, DBB=4,4’-di-tert-butylbiphenyl.
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Two crucial steps of our total synthesis were the regiose-
lective deoxygenation at C4 and subsequent diastereoselec-
tive (syn) introduction of the methyl group at C4. To this end,
several strategies were investigated. The C4-OH of diol 12
was selectively converted into a bromide or iodide by
selective mesylation and SN2 displacement of the mesylate
with lithium bromide or zinc iodide. Unfortunately, the
resulting halide functionalities could not be displaced with
any nucleophile that we examined.[26] An alternative
approach was therefore sought. A selective Mitsunobu
reaction led to the conversion of the C4-OH functionality of
12 into iodide 14 (Scheme 5). The regioselectivity observed in
the Mitsunobu reaction was as expected because displace-
ment of the C3 (neopentyl) hydroxy group is slow. The
resulting iodide 14 was deiodinated through a recently
reported method for producing (catalytic) indium hydride
in situ.[27] The use of indium hydride instead of the traditional
tributyltin hydride obviated the need for extensive purifica-
tion of the product. Next, the C3-OH functionality of 15 was
protected with a triethylsilyl group (TES), the product was
oxidized with catalytic RuO4 to form a lactam, and the TES
group was then removed to furnish 16.

The second key step then followed when we introduced
the methyl group at C4 with LDA (2 equiv) and methyl iodide

(Scheme 5). Gratifyingly, the major alkylation adduct 17 was
formed with a similar selectivity to that of the dihydroxylation
step (see above) and had the requisite stereochemistry at C4
for lactacystin b-lactone (2). The stereochemistry of both 17
and 18 was assigned by NOE studies.[28] Finally, cleavage of
the tert-butoxycarbonyl group of 17with TFA in CH2Cl2 led to
the formation of lactam 19 in quantitative yield. Basic
hydrolysis of the ethyl ester gave acid 20, which was used
without purification to give 2 (Scheme 6). The spectroscopic
data of compound 2 was identical to that reported in the
literature.

In conclusion, a short synthesis of (� )-lactacystin b-
lactone (2) was completed in only 13 steps starting from
commercially available pyrrole 7. The final product was
isolated in 14% overall yield. The advantage of our strategy is
centered around the introduction of the methyl group at C4 at
a late stage of the synthesis, thereby making our route easily
amenable to the production of analogues.
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Solid-Phase Synthesis

Electroorganic Synthesis on the Solid Phase using
Polymer Beads as Supports**

Sukanya Nad and Rolf Breinbauer*

Dedicated to Professor M. T. Reetz
on the occasion of his 60th birthday

Solid-phase organic synthesis (SPOS) has become an invalu-
able tool in the quest for the synthesis of large compound
libraries. Since the pioneering work of Merrifield, organic
chemists have transferred almost all organic reactions known
in solution onto the solid phase.[1] However, a notable
exception are the electroorganic reactions, which are a
powerful tool for organic synthesis and even are applied in
large-scale industrial processes.[2] Although the paralleliza-
tion of electrochemical reactions for solution-phase electro-
organic synthesis has been addressed recently,[3] and electro-
organic reactions have been carried out with substrates bound
to modified electrodes,[4] solid-phase electroorganic synthesis
using conventional polymeric beads has not been reported to
date. The latter would allow the integration of electrochem-
ical reactions, with its advantages of complementary reactivity
and mild reaction conditions, into the pool of organic
reactions used for solid-phase library synthesis. Herein we
report the first examples of such electroorganic synthetic
reactions using conventional polymeric beads as a support.

For most resins used in SPOS, more than 95% of the
substrate molecules are buried within the interior of the resin
bead,[1a] thus a direct electron transfer between the electrode
and the substrate molecules is not feasible. However, if a
redox catalyst (1 and 2) is used as a mediator, the electron-
transfer step at the electrode and the redox reaction with the
substrate can be separated (Figure 1). This principle of
“indirect electrolysis” has already found widespread applica-
tion in solution-phase electroorganic synthesis, where it offers
significant experimental advantages over a direct electrode
contact, such as, reduced overpotentials or higher selectivity.[5]

As a model reaction we chose the 2,5-dimethoxylation of
furans.[6] This electrolysis process is mediated by Br� ions and
is performed widely in organic synthesis and on an industrial
scale.[7] The products formed are versatile starting materials
for further derivatization.[8] As the expected products are
known to be acid sensitive, we chose carboxy-terminated
linker 3 to enable cleavage of the reaction products from the
resin under basic conditions.[9] We attached 2-furan-propanol
(7a) using common esterification methods (DIC) to tentagel-
resin 3a (Scheme 1). Resin-bound substrate 4a was subjected

to the standard electrolysis conditions used in solution
(Scheme 1). Cleavage of electrolysis product 5a furnished
2,5-dimethoxydihydrofuran 6a as a cis/trans mixture in
> 95% purity (determined by 1H NMR spectroscopy and
GC/MS).

For reasons of cost and loading efficiency cross-linked
polystyrene (PS) resins still are the most widely used support
in SPOS, therefore we sought to modify our electrolysis
conditions to be compatible with polystyrene beads. We
identified Bu4NBr in MeOH/1,4-dioxane (1/1) as an ideal

Figure 1. Principle of redox-catalyst-mediated electroorganic synthesis
on the solid phase.

Scheme 1. Reagents and conditions: a) 7a (4 equiv), DIC (2.5 equiv),
DMAP (0.5 equiv), 0 8C!RT, 24 h; b) Tentagel 3a : 0.2m NH4Br,
MeOH, C-electrodes, undivided cell, galvanostatic electrolysis,
50 Fmol�1, j=15 mAcm�2; PS-beads 3b : 0.2m Bu4NBr, MeOH/1,4-
dioxane (1/1), 0 8C, C-electrodes, 40 Fmol�1, j=15 mAcm�2; c) LiOH
(5 equiv), 1,4-dioxane/H2O (20/1), RT, 2 days. DIC=diisopropylcarbo-
diimid, DMAP=N,N-dimethyl-4-aminopyridine.
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electrolyte, it has a high conducting efficiency and supports
the swelling properties of the resins. Repeating the experi-
ment depicted in Scheme 1 with PS-beads (3b) and the
adapted reaction conditions furnished 6a in 57% yield (over
three steps, > 97% purity, determined by 1H NMR spectros-
copy) without the need for a purification step after splitting
from the resin.[10]

Having identified the optimal reaction conditions we
explored the scope of this reaction (Scheme 1) with substrates
7a–h (Scheme 2, Table 1). Apparently uninfluenced by the
substitution pattern the dimethoxylated 2,5-dihydrofurans
were formed in high yields (50–63% over three steps) and
excellent purities starting from mono-, di-, and trisubstituted

furans (Table 1, entries 1–3 and 5). The electrochemical solid-
phase transformation tolerates various functional groups
(alkyl, OH, ester, amide). No reaction took place with
electron-poor furans 7g and 5-(dimethylaminomethyl)furfur-
ylalcohol 7h (Table 1, entries 7,8), whose unreactive behavior
was known from earlier work in solution.[11] Substituting
MeOH for EtOH in the electrolyte for the electrolysis of
substrate 7a furnished the corresponding diethoxylated
dihydrofuran in 53 % (> 98% purity).

To demonstrate the utility of the electroorganic solid-
phase method and that it can be easily implemented in a
multistep solid-phase synthesis, more demanding examples
were investigated. The target chosen was the highly function-
alized product 12, which can serve as a scaffold for further
derivatization (Scheme 3).[8g,h, 12] The monosilyl-protected diol
8 was attached to PS-beads 3b using a standard esterification
method. After deprotection with TBAF a-hydroxyfuran 9
was electrolyzed as described above. The resulting a-hydroxy-

2,5-dialkoxydihydrofuran rearranged upon
addition of aq.H2SO4 in 1,4-dioxane to the
6-hydroxy-2,3-dihydro-6H-pyran-3-on 10.
After BF3·Et2O mediated acetalization
with HC(OMe)3, 1,2-reduction with
NaBH4, and cleavage by saponification the
desired product (12) was isolated in 33%
yield (over seven steps on solid phase).[10]

The reaction sequence detailed above
clearly demonstrates that in contrast to
previous attempts using modified electro-
des[4] our indirect approach is suitable for
multistep syntheses on the solid phase
which can lead to libraries of diversified

compounds or natural products.
In conclusion, we have presented a practical method for

electroorganic synthesis with polymeric supports, which is
applicable for library synthesis. We believe that the indirect
electroorganic approach can be applied quite generally in
solid-phase synthesis.
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Scheme 2. Reagents and conditions: a) 3b, 7a–h (4 equiv), DIC
(2.5 equiv), DMAP (0.5 equiv), RT, 24 h; b) 0.2m Bu4NBr, MeOH/1,4-
dioxane (1/1), 0 8C, C-electrodes, 40 Fmol�1, j=15 mAcm�2; c) LiOH
(5 equiv), 1,4-dioxane/H2O (20/1), RT, 1–2 days.

Table 1: Scope and limitations of the electroorganic 2,5-dimethoxylation of 7a–h on a solid phase.

Entry Substrate R1 R2 R3 R4 Yield [%][a] Purity [%]

1 7a (CH2)3OH H H H 57 97
2 7b CH2OH H H CH3 63 97
3 7c CH(CH3)OH H H H 50 95
4 7d CH2NHCO(CH2)5OH H H H 53 95
5 7e CH3 CH(CH3)OH H CH3 63 95
6 7 f CH(OH)(CH2)4OH H H H 53 97
7 7g CO(CH2)4OH H H H 0 –
8 7h CH2OH H H CH2NMe2 0 –

[a] Yield of isolated 6a–h over three steps.

Scheme 3. Reagents and conditions: a) 3b, 8 (4 equiv), DIC
(2.5 equiv), DMAP (0.5 equiv), RT, 24 h; b) TBAF (5 equiv), THF, RT,
36 h; c) 0.2m Bu4NBr, MeOH/1,4-dioxane (1/1), 0 8C, C-electrodes,
40 Fmol�1, j=15 mAcm�2; d) 2% H2SO4, 1,4-dioxane, RT, 2 days;
e) HC(OMe)3 (1.4 equiv), BF3 ·Et2O (0.1 equiv), CH2Cl2, RT, 1 h;
f) NaBH4 (3 equiv), THF/H2O (20/1), RT, 4 h; g) LiOH (5 equiv), 1,4-
dioxane/H2O (20/1), RT, 1 day.
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C-H and Si-H Activation

AlCp* as a Directing Ligand: C�H and Si�H
Bond Activation at the Reactive Intermediate
[Ni(AlCp*)3]**

Tobias Steinke, Christian Gemel, Mirza Cokoja,
Manuela Winter, and Roland A. Fischer*

The carbenoid compounds ER (E=Al, Ga, In; R=Cp*,
C(SiMe3)3, etc. Cp*=C5Me5),[1] pioneered by the groups of
Schn(ckel, Uhl, Roesky, and Jutzi ten years ago, are
considered as potent, yet exotic ligands in coordination
chemistry.[2] Their bonding to transition-metal centers is
similar to that of the isolobal ligands CO or PR3.

[3] The
isolation of the homoleptic clusters [Pt2(GaCp*)5]

[4] and
[Pd3(InCp*)8]

[5] or the remarkable fluxionality of cage com-
pounds of the type [(p-cymene)Ru(GaCp*)3Cl2] or
[Cp*Ru(ER)3Cl] (E=Ga, In, R=Cp*, C(SiMe3)3)

[6] and
[Cp*Rh(InR)3(Cl)2] (R=Cp*, C(SiMe3)3)

[7] suggests that
these compounds have a diverse reactivity.

Whereas CO and phosphanes are widely used as support-
ing and directing ligands for reactivity and selectivity in
organometallic chemistry, a corresponding potential of the
ER ligands has not yet been described.[8] The coordinative
bond M�E in complexes is comparatively polar, for E=Al,
Ga relatively strong and[3] the steric demand of the ER ligands
is rather large.[9] Thus neither dissociative nor associative
reactions are very likely to occur at the central metal in
complexes of the type [Ma(ER)b]. Hence, a organometallic
chemistry of such compounds appears to be rather hopeless.
Indeed, [Ni(AlCp*)4] (1), which is easily available by the
reaction of [Ni(cod)2] (COD= cyclooctadiene) with four
equivalents of AlCp* in hexane, turns out to be either
completely inert (e.g. with PPh3, CO, alkenes, alkynes) or
leads to unspecific decomposition (e.g. with I2, CH2Cl2), in
marked contrast to the high reactivity of its classic analogs
[Ni(CO)4] and [Ni(PR3)4]. Contrary to these earlier results, a
fortuitous observation has been made in our laboratory which
suggests that these compounds have a very promising organo-
metallic chemistry.

Performing the preparation of 1 in benzene instead of
hexane surprisingly does not yield 1, but instead gives a new
complex 2, which can be isolated after crystallization from
hexane as yellow, prismatic single crystals in almost quanti-
tative yields (Scheme 1).
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The single-crystal structure analysis confirms the molec-
ular structure of 2[10] suggested by NMR spectroscopy and
elemental analysis (Figure 1). The central nickel atom is in a

distorted trigonal-bipyramidal coordination environment, the
two axial positions are occupied by a hydride (H1) and one
AlCp* (Al3) ligand, the three equatorial positions by two
AlCp* (Al1 und Al2) and a {AlCp*Ph} (Al4) unit. The
equatorial ligands deviate from coplanarity by approximately
208. The hydride group was localized and found to strongly
deviate from its ideal axial position, in fact it bridges the
nickel and the clearly strongly electrophilic {AlCp*Ph}
moiety (Ni�H 1.50(4) B, H�Al 1.76(3) B). The Ni-H bond
in 2 is slightly shorter than that in [NiH-
(cdt){Al(CH3)2N(C7H13)}] (CDT= trans, trans, trans-1,5,9-

cyclododecatriene) (Ni�H 1.65(3) B, Al�H 1.57(3) B),[11]

which is, to our knowledge, the only reported example of an
Ni-H-Al complex, whereas the Al�H bond is somewhat
elongated. The Ni�Al bond lengths reflect the different
nature of the aluminum atoms: formally AlI in AlCp* and
AlIII in the {AlCp*Ph} unit.

The 1H NMR spectrum of 2 in C6D6 at room temperature
shows two singlets at d= 1.84 (45H) and 2.04 ppm (15 H)
corresponding to the Cp* groups, and additional signals for a
phenyl group (d= 7.35–7.15 ppm, 5H) and a hydride ligand
(d=�11.10 ppm, 1H). At �80 8C in [D8]toluene neither a
splitting nor a broadening of the signals for the Cp* group
coordinated to Al4 could be observed, which points to a fast
fluxional process with very low activation barriers. This
process equilibrates the methyl groups of the Cp* ring, which
are inequivalent in the solid state. The 27Al NMR spectrum
shows only one signal in the range of terminally coordinated
AlCp* ligands (d=�41.2 ppm), presumably the signal for the
{AlCp*(Ph)} group is covered by the broad peak of the probe
head (d= 66.8 ppm). As shown by NMR spectroscopy, the
C6H6 in 2 is not exchanged by C6D6 (2 in C6D6 at 80 8C for
several hours), showing the kinetic inertness of complex 2. On
treatment with other reagents (PPh3, CO) no reaction occurs.

We suppose that the actual activation of benzene, which
does not occur on [Ni(CO)4], [Ni(PR3)4] or other d10 Ni
complexes,[12] is taking place on a reactive, low-coordinate
fragment [Ni(AlCp*)n] (n< 4) giving an intermediate of the
type [(AlCp*)nNi(H)(C6H5)]. The reactive fragment
[Ni(AlCp*)n] appears to be formed not dissociatively from
[Ni(AlCp*)4] (1) but to be rather an intermediate in the
formation of kinetically inert 1, which is trapped in the
presence of suitable reaction partners prior to the formation
of 1. The subsequent migration of the phenyl group to an
AlCp* ligand, accompanied by oxidation of the aluminum
and formation of a strong Al�C bond as well as the
coordination of a fourth equivalent of AlCp* contribute to
the driving force of the whole activation reaction. This
hypothesis correlates to our results in Pd/In chemistry, where
we observed the insertion of InCp* into Pd�CH3 bonds
followed by the cleavage of [(CH3)2InCp*], a reaction
corresponding to classic “CO insertions” into M�C bonds.[5]

Hence, the structure of 2 can be regarded as a “side on”
coordination of the electrophilic moiety [H�AlCp*(Ph)] to
the neutral, certainly electron rich d10-fragment [Ni(AlCp*)3].

Lowering the driving force for the insertion reaction of
AlCp* by treating [Ni(cod)2] with three equivalents of AlCp*
in the presence of HSiEt3 (Scheme 1), leads to the formation
of the hydrosilyl complex [Ni(AlCp*)3(H)(SiEt3)] (3), which
can be isolated after crystallization from hexane as large,
yellow, prismatic single crystals in yields of 80%.

The molecular structure of 3 in the solid state (Figure 2)[13]

shows a trigonal bipyramidal coordination environment for
the central nickel atom with similar distortions as in 2. The
equatorial positions are occupied by two Cp*Al (Al1 und
Al3) ligands and SiEt3 (Si1), and deviate from coplanarity by
468. Accordingly, the angle of the axial groups H1-Ni1-Al2
(140.6(2)8) deviates strongly from linearity. In contrast to 2,
the hydride H1 is terminal, not bridging (Ni1�H 1.424(5) B).
Hence, the coordination environment of the silicon atom is

Scheme 1. Synthesis of 1, 2, and 3 from [Ni(cod)2] and [(Cp*Al4)].

Figure 1. ORTEP plot of 2 (thermal ellipsoids set at 30% probability).
All the hydrogen atoms except H1 are omitted for clarity. Selected
bond lengths [F] and angles [8]: Ni1-Al1 2.2105(11), Ni1-Al2
2.2062(10), Ni1-Al3 2.1688(11), Ni1-Al4 2.2912(11), Ni1-H1 1.50(4),
Al4-H1 1.76(3), Al4-C41 2.131(4), Al4-C42 2.323(4), Cp*center-Al2 1.909,
Cp*center-Al3 1.915, C-C (phenyl) 1.340(9)–1.405(7); Al1-Ni1-Al2
106.66(4), Al1-Ni1-Al4 118.19(4), Al2-Ni1-Al4 131.57(4), H1-Ni1-Al3
136.6(13), Cp*center-Al1- Ni1 162.39, Cp*center-Al2- Ni1 169.14, Al1-Ni1-Al2-
Al4 157.6(5).
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tetrahedral, in contrast to that of the electrophilic AlIII moiety
in 2, and there is no indication for hypervalent interaction
with the Ni�H unit. The 1H NMR spectrum of 3 at room
temperature has one singlet at d= 1.88 ppm (45 H) for the
three AlCp* groups and a triplet at d= 1.25 ppm (9 H) as well
as a quartet at d= 0.84 ppm (6H) for the SiEt3 group. The
signal for the hydride (1H) at d=�12.80 ppm is slightly
shifted to higher field than in 2. Owing to the strong
broadening of the signal no direct 2J(Si,H) could be detected.

The oxidative addition of silanes to Ni0 complexes is a
common reaction. Thus, [Ni(PPh3)4] reacts with silanes of the
type HnSiPh3�n with release of H2 and PPh3 to give para-
magnetic NiII disilane complexes by a dissociative reaction
mechanism.[14] However, to date, no monomers of the type
[LnNiH(SiX3)], analogous to 3, have been isolated. The
hypothesis, that the C�H and Si�H activation reactions take
place at the vacant site of the {Ni(AlCp*)3} fragment is
supported by the fact, that warming a solution of 3 in C6H6

leads, after a short time, to the quantitative formation of
complex 2 (based on AlCp*), accompanied by selective
cleavage of HSiEt3. Heating 3 in neat THF, however,
quantitatively yields the homoleptic complex [Ni(AlCp*)4]
(1) (again based on AlCp*) without activation of the solvent.
The fate of the residual nickel could not be unequivocally
identified, yet the precipitation of trace amounts of a black
solid points to the formation of metallic nickel.

Remarkably, GaCp* does not show any similar reactions
with [Ni(cod)2]. Treatment of [Ni(cod)2] with GaCp* in
benzene as well as in HSiEt3 exclusively leads to the
homoleptic complex [Ni(GaCp*)4], first described by Jutzi
et al.[15] [{GaCp*}6] is more soluble and has a greater tendency
to dissociate to monomers than does [{AlCp*}4]. These
properties presumably disfavor the formation of reactive
species, such as [Ni(GaCp*)3]. The kinetically controlled
activation reactions at this intermediate compete with sub-
stitution or association reactions, which lead to kinetically
inert [Ni(GaCp*)4]. Thus, some delicate tuning of the
concentration ratio of the reaction partners could also give

activation reactions on [Ni(GaCp*)n] fragments. Presently we
are synthesizing appropriately optimized ligand systems.

Surprisingly, the hydrosilyl complex 3 is reactive not only
towards benzene but also towards a number of substrates.
Thus, the homoleptic complex 1 is formed on treatment of 3
with an equimolar amount of AlCp*. Furthermore, GaCp* or
PPh3 react with 3 giving the corresponding heteroleptic
complexes [Ni(AlCp*)3(GaCp*)] and [Ni(AlCp*)3(PPh3)],
respectively, which are not available by direct substitution of
AlCp* in 1. The reversible addition of silane to [Ni(AlCp*)3]
points to a general route for the generation of reactive, under-
coordinated fragments of the type [M(ER)n], which are not
available by other synthetic routes.

Experimental Section
1: [Ni(cod)2] (0.100 g, 0.364 mmol) and [AlCp*]4 (0.234 g,
0.364 mmol) were suspended in hexane (8 mL) and heated to 70 8C
for 3 h. After filtration, the yellow solution was cooled to �30 8C,
giving the product as a yellow crystalline solid. (yield: 0.230 g, 90%).
M.p. 94 8C decomp. 1H NMR (C6D6, 250 MHz, 25 8C): d= 1.92 ppm (s,
60H). 13C NMR (C6D6, 62.9 MHz, 25 8C): d= 112.9 (C5Me5),
10.7 ppm (C5Me5). 27Al NMR (C6D6, 65.2 MHz, 25 8C): d=
�37.3 ppm. elemental analysis: calcd (%) for C40H60Al4Ni: C 67.92,
H 8.49; found.: 67.67, 8.54. MS (70 eV): m/z (%): 136 (60) [Cp*H+],
121 (100) [Cp*H+�CH3], 105 (45) [Cp*H+�C2H5], 41 (85) [C3H5

+],
27 (55) [Al+].

2 : [Ni(cod)2] (0.100 g, 0.364 mmol) and [AlCp*]4 (0.234 g,
0,364 mmol) were suspended in benzene (8 mL) and heated to 70 8C
for 3 h. After removal of the solvent in vacuo, the yellow residue was
dissolved in hexane (8 mL) and the product crystallized by slow
cooling of the mixture to �30 8C. (Yield: 0.232 g, 81%). M.p. 85 8C
decomp. 1H NMR (C6D6, 250 MHz, 25 8C): d= 7.35–7.15 (m, 5H),
2.04 (s, 15H), 1.84 (s, 45H), �11.10 ppm (s, 1H); 13C NMR (C6D6,
62.9 MHz, 25 8C): d= 136.4 (o-C6H5), 125.9 (m-C6H5), 125.4 (p-C6H5),
117.6 (C5Me5, 5C), 113.6 (C5Me5, 15C), 13.5 (C5Me5, 5C), 10.5 ppm
(C5Me5, 15C); 27Al NMR (C6D6, 65.2 MHz, 25 8C): d=�41.2 ppm.
elemental analysis: calcd (%) for C46H66Al4Ni: C 70.33, H 8.47;
found.: 69.83, 8.12. MS (70 eV): m/z (%): 328 (5) [(C10H15)2Ni+], 136
(60) [Cp*H+], 121 (100) [Cp*H+�CH3)], 105 (45) [Cp*H+�C2H5], 41
(85) [C3H5

+], 27 (50), [Al+].
3 : [Ni(cod)2] (0.050 g, 0.182 mmol) and [AlCp*]4 (0.088 g,

0.136 mmol) were suspended in triethylsilane (1 mL) and heated to
75 8C for 3 h. The product was isolated as yellow crystals by slow
cooling of the reaction mixture to�30 8C. (Yield: 0.101 g, 84%). M.p.
98 8C decomp. 1H NMR (C6D6, 250 MHz, 25 8C): d= 1.88 (s, 45H),
1.25 (t, 3J(H,H)= 7.8 Hz, 9H, CH3), 0.84 (q, 3J(H,H)= 7.6 Hz, 6H,
CH2), �12.80 ppm (s, 1H). 13C NMR (C6D6, 62.9 MHz, 25 8C): d=
113.6 (C5Me5), 20.6, 11.8, 10.4 ppm (C5Me5). 27Al NMR (C6D6,
65.2 MHz, 25 8C): d=�35.2 ppm, elemental analysis: calcd (%) for
C36H61Al3SiNi: C 65.36, H 9.29; found: 65.19, 9.42. MS (70 eV): m/z
(%): 328 (1) [(C10H15)2Ni+], 162 (5) [(C10H15)Al+], 136 (20) [Cp*H+],
121 (45) [Cp*H+�CH3)], 105 (25) [Cp*H+�C2H5], 87 (80)
[HSi(C2H5)2

+], 59 (100) [H2Si(C2H5)
+], 27 (25) [Al+].
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Reaction Kinetics

SN1 Reactions with Inverse Rate Profiles**

Bernard Denegri, Shinya Minegishi, Olga Kronja, and
Herbert Mayr*

Dedicated to Professor Ingo-Peter Lorenz
on the occasion of his 60th birthday

Solvolysis reactions, which follow the SN1 (or DN+AN)
[1]

mechanism, are usually considered to proceed through slow
ionization and fast consecutive trapping of the intermediate
carbocations [Eq. (1)].[2]

R-X G
k1

k�1

H Rþ þX� SolvOH

k2
����! R-OSolvþHX ð1Þ

Salt effects have been investigated to determine the
reversibility of the ionization step.[2] Although Ingold and co-
workers had already noted that the relative rates of the two
steps may be reversed in the case of highly stabilized
carbocations (SN2C

+),[3] we recently reported the first exam-
ple of a solvolysis reaction in which the rates of both steps can
be measured directly.[4] We now report that fast ionization and
slow reaction of the carbocation with the solvent is typical for
a large variety of SN1 solvolysis reactions. As we were able to
study the two steps of Equation (1) separately, we can now
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define the borders between conventional SN1 mechanisms
and those with inverse rate profiles.

Equation (2) was previously demonstrated to be suitable
for describing the rates of the reactions of carbocations R+

with p, s, and n nucleophiles (s andN are nucleophile-specific
parameters, E is an electrophile-specific parameter).[5–9]

logkð20 �CÞ ¼ s ðN þ EÞ ð2Þ

In view of the tremendous scope of Equation (2) for
describing electrophile–nucleophile combinations, we exam-
ined whether an analogous approach might be used for
describing heterolysis reactions. We now suggest Equa-
tion (3), which is not only mathematically analogous to
Equation (2).[10]

logkð25 �CÞ ¼ sf ðNf þ EfÞ ð3Þ

The nucleofuge-specific parameters Nf and sf [Eq. (3)]
refer to combinations of leaving groups and solvents, in the
same way that the nucleophile-specific parameters N and s
[Eq. (2)] are defined for anions and amines with respect to a
certain solvent.[8] Electrofugality Ef, like electrophilicity E, is
characterized by a single parameter. Furthermore, the same

benzhydrylium ions (Scheme 1) that were
previously employed as reference electro-
philes[6] are now employed as reference
electrofuges, which allows us to relate
electrophilicity and electrofugality scales
with each other in a simple way.[11–13]

The first-order solvolysis rate constants
of benzhydryl bromides, chlorides, trifluor-
oacetates, and 3,5-dinitrobenzoates in
80% aqueous ethanol, 100% ethanol,
80% aqueous acetone, and 90% aqueous
acetone, which were either determined in
this work or collected from the literature,
are summarized in the Supporting Infor-

mation. These data were subjected to a least-squares fit on the
basis of Equation (3)[14] by using the predefined parameters
Ef[(4-MeO-C6H4)2CH

+]= 0 and sf(Cl
�/100% EtOH)= 1.

Figure 1 shows 10 of the 16 correlation lines (four leaving
groups in four solvents) and reveals the applicability of
Equation (3) for correlating rate constants of heterolysis
reactions.

According to Table 1, the nucleofugality parameters
obtained by this regression analysis range over eight orders
of magnitude, fromNf=� 3.4 for 3,5-dinitrobenzoate in 90%
aqueous acetone to Nf= 4.7 for bromide in 80% aqueous
ethanol. All slope parameters of chlorides, bromides, and 3,5-
dinitrobenzoates are close to 1.0. The slope parameter sf for
trifluoroacetate is somewhat smaller in all solvents, indicating
a slightly smaller carbocation character of the activated
complexes of trifluoroacetate solvolyses.

The comparison of the electrofugality parameters Ef with
the electrophilicity parameters E (Table 2) shows that in most
cases Ef��E, but that the 4-phenoxy- and 4,4’-dichloro-
substituted benzhydrylium ions 6 and 15 are poorer electro-
fuges than expected on the basis of their electrophilicities (see
also Figure 2). The reasons for these deviations are presently

not clear. Although an inverse relationship between E and Ef

was expected, the slope of � 1 is accidental and is a
consequence of the choice of the predefined slope parameters

Figure 1. Plot of logk1(25 8C) versus the electrofugality parameter Ef for
the solvolysis reactions of substituted benzhydrylium substrates
(TFA= trifluoroacetate, DNB=3,5-dinitrobenzoate). Only 10 of the 16
linear correlations evaluated are shown to avoid overlapping correla-
tion lines. Mixtures of solvents are given as % v/v. Solvents:
A=acetone, E=ethanol, W=water, 80E represents ethanol/
water=80:20, etc.

Table 1: Nucleofugality parameters (Nf/sf )
[a] for four leaving groups in

four solvents.[b]

Solvent Bromide Chloride TFA DNB

80E20W 4.69/1.04 3.36/0.99 1.45/0.81 �1.53/0.95
100E 3.09/0.96 1.87/1.00 0.32/0.87 �2.28/1.02
80A20W 3.26/0.95 1.95/1.01 0.54/0.85 �2.49/1.09
90A10W 2.27/0.98 0.73/0.99 0.22/0.96 �3.36/1.01

[a] As defined by Equation (3). [b] Abbreviations defined in Figure 1.

Table 2: Electrofugality (Ef ) and electrophilicity (E) parameters of
benzhydrylium ions 1–17.

Benzhydrylium ion Ef
[a] E[b]

X= Y=

1 4-OCH3 4-OCH3 0.00[c] 0.00[c]

2 4-OCH3 4-OC6H5 �0.79 0.61
3 4-OCH3 4-CH3 �1.27 1.48
4 4-OCH3 H �2.10 2.11
5 4-CH3 4-CH3 �3.48 3.63
6 4-OC6H5 H �3.49 2.90
7 4-CH3 H �4.71 4.59
8 3,5-(CH3)2 H �5.56 –
9 4-OC6H5 4-NO2 �5.66 –
10 4-F H �5.81 5.60
11 3-CH3 H �5.83 –
12 H H �6.09 5.90
13 4-Cl H �6.55 –
14 4-Br H �6.67 –
15 4-Cl 4-Cl �6.95 6.02
16 3-Cl H �7.80 –
17 4-NO2 H �9.05 –

[a] As defined by Equation (3). [b] As defined by Equation (2), from
reference [6]. [c] By definition, see text.

Scheme 1. Benzy-
drylium ions used
as reference elec-
trofuges and elec-
trophiles.
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for nucleophiles (s= 1.0 for 2-methyl-1-pentene)[5,6a] and
nucleofuges (sf= 1.0 for Cl in 100% EtOH, see above).

To determine the rate constants k2 of Equation (1), we
measured the decay of the UV/Vis absorbances of the stable
tetrafluoroborates of the benzhydrylium ions 18–24 in
aqueous acetone (Table 3) by previously described meth-

ods.[8b] The linear correlation in Figure 3 shows that the
reactions of carbocations with solvents can also be described
by Equation (2), in accord with the work of Ritchie[15] and
previous investigations by our group.[8b] It is thus possible to
calculate N and s parameters for solvents, as listed in Table 4.
Although these parameters were derived from reactions with
benzhydrylium ions, they can also be employed to calculate
the reaction rates of other types of carbocations.[16]

Because of the inverse relationship Ef��E shown in
Table 2 and Figure 2, one can use the electrophilicity scale E
as a common abscissa for plotting the rate constants of
electrophile–nucleophile combinations as well as the rate
constants for the reverse reactions (heterolyses). The four

almost parallel lines (bottom right to top left) in Figure 4
reflect the leaving group abilities Br�>Cl�>CF3CO2

�> 3,5-
dinitrobenzoate (DNB) in 90% aqueous acetone. The
ionization rates increase from right to left with increasing
stabilization of the carbocations. In contrast, the rate con-
stants for the reactions of carbocations with water increase
from left to right as the stabilization of the carbocations

Figure 2. Linear correlation of the electrofugality parameter Ef with the
electrophilicity parameter E (Ef=�1.03E+0.05, n=8, r2=0.9962;
electrofuges 6 and 15 are not considered in the correlation).

Table 3: First-order rate constants k2 for the reactions of the benz-
hydrylium ions 18–24 with aqueous acetone at 20 8C.

Benzhydrylium ion E[a] k2 [s�1]
X=Y= 80A20W 90A10W

18 4-NPh(CH2CF3) �3.14 1.90 N 102 1.37 N 102

19 4-NMe(CH2CF3) �3.85 1.90 N 101 1.78 N 101

20 4-NPh2 �4.72 3.07 N 101 2.47 N 101

21 4-(N-morpholino) �5.53 9.34 N 10�1 7.75 N 10�1

22 4-NPhMe �5.89 1.20 9.40 N 10�1

23 �8.76 2.08 N 10�3 1.84 N 10�3

24 �10.04 1.89 N 10�4 2.21 N 10�4

[a] As defined by Equation (2), from reference [6].

Figure 3. Linear correlation of the first-order rate constants
logk2(20 8C) of the reactions of benzhydrylium cations with 80 % aque-
ous acetone versus the electrophilicity parameters E of the correspond-
ing benzhydrylium ions (logk=0.87E + 5.03, n=7, r2=0.9806).

Table 4: Nucleophilicity parameters N and s for four solvents, frequently
used for kinetic investigations of solvolysis reactions.

Solvent N[a] s[a]

90A10W 5.70 0.85
80A20W 5.77 0.87
80E20W 6.68[b] 0.85[b]

100E 7.44[b] 0.90[b]

[a] As defined by Equation (2). [b] From reference [16].

Figure 4. First-order rate constants for the ionization (25 8C) and sol-
vent combination (20 8C) of benzhydrylium derivatives in 90 % aque-
ous acetone. Abscissa: Electrophilicity parameters E of benzhydrylium
ions.
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decreases. If we neglect ion-pair recombinations and the fact
that the combination rates refer to 20 8C whereas the
ionization rates refer to 25 8C, the pseudo-first-order rate
constants depicted in Figure 4 are directly comparable. Since
the rate constants for ionization and trapping by the solvent
are identical at the point of intersection, conventional SN1
reactions (slow ionization, fast solvent trapping) are found on
the right of the intersections, whereas reactions with inverse
rate profiles (fast ionization, slow solvent trapping) are found
on the left. With the approximations k20 8C� k25 8C, Ef��E
and s, sf� 1, Equations (2) and (3) can be combined to yield a
rough estimate for the point of intersection at E= (Nf�N)/2.

It is clear from this formula as well as from Figure 4 that
accumulation of carbocationic intermediates must be
expected in numerous solvolysis reactions (even with moder-
ately stabilized carbocations) if solvents of low nucleophilicity
(N) and systems with high nucleofugality (Nf) are employed.
Figure 4 shows, for example, that alkyl bromide solvolysis
reactions in 90% aqueous acetone will proceed with accu-
mulation of the intermediate carbocations if E<� 2. In
solvents of lower nucleophilicity,[16,17] this border is shifted
towards less-stabilized carbocations. Accordingly, the 4,4’-
dimethoxy-substituted benzhydryl cation 1 was observed by
UV/Vis spectroscopy during the trifluoroethanolysis of the
benzhydryl chloride 1-Cl.[4] More solvent nucleophilicity and
nucleofugality parameters are required for the general
prediction of the borderline between the two mechanistic
alternatives.
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Cristina Nieto-Oberhuber, M. Paz Mu�oz, Elena Bu�uel,
Cristina Nevado, Diego J. C�rdenas, and Antonio M. Echavarren*

Lauding the rings in the realm of metal-catalyzed cyclizations, where many
mechanistic shadows lie: Gold is master, particularly in reactions that proceed
through metal cyclopropylcarbene intermediates. In their Communication on
page 2402 ff., A. M. Echavarren and co-workers report on their quest to discover
cationic gold(i) complexes that selectively promote skeletal rearrangements and other
enyne cyclizations under mild conditions.
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A high-tech alternative to diamond and
graphite : Supramolecular carbon allo-
tropes are formed when single-walled
carbon nanotubes are filled with C60

molecules. Similar “molecular peapods“

are also obtained by insertion of endohe-
dral fullerenes and metallocenes into
carbon nanotubes. Supramolecular nano-
tubes built up from porphyrins can also
encapsulate C60 peas.

An unconventional suggestion to promote
an understanding in industrialized coun-
tries for the problems of developing
countries, especially in terms of handling
chemicals in a responsible and environ-
mentally aware manner, is proposed in

this Essay: A Chemical Social Services
Corps consisting of PhD students, post-
doctoral researchers, and advanced grad-
uate students from industrialized coun-
tries collaborating with colleagues in less-
developed countries.
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Nanospace laboratories : The chemistry of
the coordination polymers (see picture)
has developed extensively, affording new
porous compounds and realizing not only
applications, such as separation, storage,
and heterogeneous catalysis but also
unique nanosized vessels for low-dimen-
sional ordered arrays. This Review sum-
marizes the current state of research on
the functionalization of porous coordina-
tion polymers.

The conformational change of T4 DNA
from an elongated coil into a compact
globule in the presence of the SS, RR, and
meso stereoisomeric dications shown was
monitored by fluorescence microscopy.
The SS and RR isomers were found to
have very different compaction activities
but similar DNA-binding potentials. Thus,
the DNA compaction process itself
appears to show chiral discrimination.

A facile synthesis of chiral a-alkyl serines 3
involves the asymmetric alkylation of
substrates 1 with alkyl halides (RX) under
phase-transfer catalysis (PTC), followed
by acidic hydrolysis of the alkylation

products 2. The phenyl oxazoline moiety
enhances the acidity of the a proton of the
ester and is an excellent protecting group
for both the amino and hydroxy functions
of the serine ester.
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Copper(ii) complexes based on dipyrro-
methene ligands self-assemble into
molecular hexagons (green) and double-
helical coordination polymers (blue and
yellow) within the same crystalline lattice
organized by the self-segregation of CF3
groups.

Highly selective detection of H2O2

through a non-oxidative mechanism has
been achieved by desulfonylation of 1 to
the corresponding fluorescein. This

approach has been used for the intra-
cellular formation of H2O2 in algal cells by
using the acetyl derivatives of 1 as
fluorescent probes.

A marked difference is observed in the
photochemistry of [2]catenanes contain-
ing a complexed ruthenium(ii) center.
The photochemical reactions result in a
decoordination process and large ampli-

tude motions through the formation of a
strongly dissociative ligand-field excited
state (see example, L=CH3CN or Cl�),
with the rate dependent on the ring size.
The back reaction is performed thermally.

Purity check : The self-assembly of mag-
netic nanoparticle sensors in the presence
of stereoselective antibodies causes a
decrease in the T2 relaxation time of
surrounding protons. The introduction of

enantiomeric impurities disrupts the
antibody/magnetic-sensor binding and
increases the T2 relaxation time, which
can be monitored by magnetic resonance
imaging (see picture).
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Solvothermal combinatorial chemistry
affords the layered aluminophosphate
(C2H8N)2[Al2(HPO4)(PO4)2] . The macro-
anionic layer is based on alternating AlO4

and PO4 tetrahedra linked through vertex
oxygen atoms to form 4.8-net sheets,
stacked in an ABCD sequence along the
c axis. The (CH3)2NH2

+ ions between the
inorganic layers interact with the terminal
P¼O groups to form left- and right-handed
helices (see picture) along the b axis.

As good as gold : Alkynophilic cationic
gold(i) complexes are very active catalysts
for reactions of enynes that proceed
exclusively through cyclopropyl carbene
complexes as intermediates (see

scheme). With such catalysts, the first
examples of endocyclic skeletal rear-
rangements under mild conditions have
been observed.

A combination of two-color pulses allows
a high DNA-damaging efficiency. The first
laser pulse is applied to produce SensC�

and DNAC+, and the second laser pulse
causes the ejection of an electron from
SensC�, thus making the reaction irrever-
sible. Sens=photosensitizer.

Dealkylation of nBu2SnO with 1,1’-ferro-
cenedicarboxylic acid gives a mixed-
valence SnII4-Sn

III
4 O4 cluster. The cubic tin–

oxygen core is connected to six ferrocene
units through twelve carboxylate bridges
in such a way that the iron centers occupy
the vertices of a regular octahedron (see
structure: Fe Red; C gray; O green; Sn
brown).
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Explaining an “about-face” in selectivity:
Theoretical investigations suggest that
steric repulsion (in the top reaction) and
attractive interactions between the silicon
nucleophile and the side chain of the

cyclic iminium intermediate (in the
bottom reaction) are responsible for the
diastereoselectivities in hydrosilylation of
these chiral iminium intermediates.

The ionic liquid, (IL) 1,1,3,3-tetramethyl-
guanidinium lactate, can absorb SO2 from
simulated flue gas effectively under
ambient conditions (see scheme). Absor-

bed SO2 can be desorbed under vacuum
or by heating, and the IL can be reused.
This absorption method might be used for
cleaning gases that contain SO2.

Rates of exchange : Evidence that non-
heme oxoiron(iv) complexes exchange
their oxygen atoms with H2

18O was
obtained for the first time, by monitoring
electrospray ionization mass spectral
changes of the oxoiron(iv) species. The
oxygen-atom exchange depended mark-
edly on the amounts of H2

18O present and
reaction temperatures but not on the
presence of trans axial ligand (see
scheme).

A fluorescence detection system was used
to identify effective chiral-amine/acid
combinations as bifunctional catalysts for
asymmetric direct catalytic aldol reactions
of a,a-dialkyl aldehydes with aryl alde-
hydes (see scheme). With the optimized

catalyst system, the reaction of isobutyr-
aldehyde with p-nitrobenzaldehyde pro-
vided the a,a-dimethyl aldol product in
92% yield with 96% ee. R1, R2=alkyl;
X=NO2, CN, Br, Cl, OMe, H.

A radical combination : An intermolecular
cascade reaction involving alkyl halides,
CO, electron-deficient alkenes, and stan-
nyl enolates proceeds smoothly by a
radical chain pathway to give four-com-
ponent coupling products in good to high
yields (see scheme). A series of 1,5-
diketones with a substituent at the 3-
position was prepared by this method.
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Very high enantioselectivity has been
achieved both in the copper-catalyzed
alkylation of allylic substrates by Grignard
and organozinc reagents and in the

iridium-catalyzed amination of cinnamyl
carbonate by employing a very efficient
phosphoramidite ligand (see scheme).

New substrates for biaryl synthesis : aro-
matic ethers undergo nickel-catalyzed
cross-coupling with aryl Grignard
reagents to give unsymmetrical biaryls in

excellent yields (see scheme). Both the
nature of the nickel catalyst and the choice
of solvent are crucial for reaching high
levels of conversion.

Enzyme protection : An irreversible solid-
phase, aqueous peptide coupling resulted
in the formation of a library of eight
dipeptides, while an irreversible protease-
catalyzed hydrolysis destroyed them.

Those dipeptides that bound to carbonic
anhydrase were protected from destruc-
tions. Six cycles of active ester addition
produced only the best-binding dipeptide
(>100:1) in 29% yield.

3 in 1: A novel method for the synthesis of
the arylnaphthalene skeleton by the Pd0-
catalyzed [2þ2þ2] cocyclization of diynes
and arynes involves three C�C bond-
forming reactions in a single step (see

scheme; R=CON(OCH3)CH3, dba=di-
benzylideneacetone). This cocyclization
was the key step in the total synthesis of
the arylnaphthalene lignans taiwanins C
and E.
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There’s room at the top : In the coordina-
tion sphere of hexacoordinate organosi-
lanes with O- and N-donor ligands (see
picture) the Si�C bond is elongated and
activated. This effect is so strongly pro-
nounced that cleavage of one Si�C bond
and migration of this organo substituent
takes place upon irradiation with UV light
to give a pentacoordinate silicon complex.

An unusual linkage : The zirconocene-
catalyzed hydrooligomerization of nor-
bornene proceeds by s-bond metathesis
to form a 2-exo,7’-syn linkage (as evident in
the pentamer shown). The oligomers were
characterized by gas chromatography,
NMR spectroscopy , X-ray crystallography,
and DFT calculations.

Tying the knot : Two aryl units are linked in
a one-pot reaction. In a subsequent
MoCl5-mediated oxidative cyclization
dihydrodibenzo[a,c]cycloheptenes are

provided in excellent yields and an
unusually broad range of functional
groups are tolerated (see scheme).
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*Corrigendum
In the Communication by Carell and co-
workers (Angew. Chem. Int. Ed. 2004, 43,

1842 – 1844), the title is incorrect. The
correct title should be: “Excess Electron

Transfer Driven DNA Repair Does Not
Depend on the Transfer Direction”.

*Apology
In the Communication “Denitrogenation
of Transportation Fuels by Zeolites at
Ambient Temperature and Pressure” by
A. J. Hernández-Maldonado and R. T.
Yang (Angew. Chem. Int. Ed. 2004, 43,
1004 – 1006), the authors presented a
Table of Contents schematic similar to
that in a related publication.[1] Although it

seems that both figures are identical, they
differ in that in the former case the
adsorbate molecule is pyrrole and in the
latter it is thiophene. Both molecules
undergo p complexation with CuI–Y zeo-
lites in a similar fashion; however, one is
involved in a denitrogenation process and
the other in desulfurization. Although the

topics covered and results are different,
the authors apologize for not cross-refer-
encing the two papers.

[1] A. J. Hernández-Maldonado, R.T.
Yang, J. Am. Chem. Soc. 2004, 126,
992 – 993.
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Tateshina Conference on
Organic Chemistry
Junzo Otera

It was on a sunny day in May 2000
during the B�rgenstock Conference
that Eiichi Nakamura and I, while walk-
ing through a village, discussed the pos-
sibility of having a similar conference in
Japan, in particular to strengthen ties
between Asian chemists. Although it is
widely recognized that the field of
organic chemistry is growing rapidly,
few channels are available for the
smooth exchange of information and
for making contacts with scientists out-
side limited personal connections. It fol-
lows that the chemical community in
Asia and even worldwide would benefit
a great deal from the organization of a
new network.

Immediately after returning to
Japan, Eiichi took action. He called his
colleagues and organized a preliminary
conference in November to try out a
new conference style. It would be of no
use to simply add a new similar interna-
tional conference to the many others
that exist today. Our intention was to
offer chemists a forum where close sci-
entific relationships and friendships
would be nurtured. Interdisciplinary
contacts in a relaxed atmosphere
should allow the participants to discover
new aspects of science and society. Tate-
shina was chosen as the conference site
because it is a resort located in the cen-
tral part of the main island (Honshu) of
Japan (Figure 1). At this meeting, a con-

sensus was reached that the key concept
of the conference should be “diversity”:
diversity of participants in terms of
nationality, experience, and standing,
diversity of culture, and diversity of sci-
ence, which is, of course, most important
in the context of the interdisciplinary
character of modern organic chemistry.
Nowadays, organic chemistry serves as
the core science for a variety of disci-
plines, including medicinal chemistry,
pharmacology, biology, and materials
science. Accordingly, the speakers
should not only be organic chemists,
but scientists from a broad spectrum of
fields. We tend to be trapped by our
own narrow specialty in our busy daily
life, and it is necessary to set ourselves
free from routine on occasion. We
hoped that the conference would pro-
vide the participants with the break
they need to restore them with a
broader overview. It was planned that
the conference would be composed of
scientific lectures, outdoor activities, a
music concert, and get-togethers with
excellent food and drinks. Although
the number of participants would be
limited to 70, it should be a balanced
mixture of younger and older, academic
and industrial chemists, with a number
of Asian countries represented. How-
ever, speakers were not only to be
invited from Asia, but from all over

the world, to insure the scientific quality
of the conference.

With these goals in mind, an organiz-
ing committee was set up with eminent
and—by Japanese standards—relatively
young chemists: Eiichi Nakamura
(Univ. Tokyo, chairman), Makoto
Fujita (Univ. Tokyo), Terunori Fujita
(Mitsui Chemicals), Takehiko Iida
(Banyu Pharm. Co.), Keiji Maruoka
(Kyoto Univ.), and Keisuke Suzuki
(Tokyo Institute of Technology).
(These were the committee members
in 2003; some of the original members
from 2001 are no longer on the commit-
tee.) In addition, Eun Lee (Seoul Nat.
Univ.), Tien-Yau Luh (Academia
Sinica), and Henry N. C. Wong (Chinese
Univ. Hong Kong) were solicited to
serve as regional liaison officers. Tate-
shina was reconfirmed as the conference
location. It is isolated but readily acces-
sible from major Japanese cities by both
train and car, and first-class hotel
accommodation is available at reasona-
ble off-season prices in mid-November.
There is a nice concert hall, which can
be used as a lecture theater, with the
name “Harmony-no-Ie” (The House of
Harmony): how fitting with the concept
of the conference! A variety of options
are available for outdoor activities.
There are tennis courts, golf courses,
and historic places to visit nearby. One

[*] Prof. J. Otera
Department of Applied Chemistry
Okayama University of Science
Ridai-cho, Okayama 700-0005 (Japan)

Figure 1. The countryside around Tateshina inspires creativity.
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can also go hiking in mountains that are
2000-m high. Furthermore, this resort is
surrounded by excellent restaurants. As
a natural consequence, the conference
was named the “Tateshina Conference
on Organic Chemistry”.

Following the preliminary meeting,
the first Tateshina Conference took
place from November 9 to 11, 2001.
The commemorative first lecture of the
conference was delivered by Teruaki
Mukaiyama. Many renowned and prom-
ising scientists have since been speakers
at the conference, including in 2001: N.
Kashiwa (Mitsui Chemicals), G. Kie-
drowski (Univ. Bochum), T. Mukaiyama
(Sci. Univ. Tokyo), K. C. Nicolaou
(Scripps Res. Inst.), H. Okayama
(Univ. Tokyo), and D. Uemura
(Nagoya Univ.); and in 2002: S. Chan
(Academia Sinica), C.-H. Jun (Yonsei
Univ.), S. Matile (Geneva Univ.), S.
Nishimura (Fujisawa Pharm. Co.), R.
Noyori (Nagoya Univ.), and K. Nozaki
(Univ. Tokyo).

The third conference, held from
November 14 to 16, 2003, continued
this tradition. About 70 people from
both academia and industry assembled
from Asia (China, Hong Kong, South
Korea, Taiwan, and Thailand), Europe
(Germany and Spain), Israel, USA,
and Japan. The topics of the lectures
included pure synthetic chemistry, bio-
organic chemistry, natural product syn-
thesis, and materials science. The
lineup of speakers was very diverse,
and their ages ranged from about 30 to
over 80. The conference was initiated
by Eun Lee (Seoul Nat. Univ.) on the
afternoon of November 14. He pre-
sented his elegant natural product syn-
thesis based on radical chemistry. New
in 2003 were short presentations on top-
ical subjects: Antonio M. Echavarren
(Univ. AutFnoma de Madrid) spoke on
the catalytic activation of alkynes, and
Peter GGlitz (Wiley-VCH) on the grow-
ing impact of the journal Angewandte
Chemie. In the evening, after dinner in
a Chinese restaurant, two giants of
organic chemistry led us through its his-
tory in the 20th century. John D. Roberts
(California Institute of Technology)

showed us interesting pic-
tures of many famous
organic chemists who have
already become somewhat
legendary to younger par-
ticipants. Gilbert Stork
(Columbia University,
New York) impressed the
audience with a chronolog-
ical story of his magnificent
career in chemistry.

The second day was
filled with a colorful pro-
gram. First, in the early
morning, we moved to the
forefront of scientific
research from the glorious
foundations established in
the 20th century highlighted the evening
before. Sumio Iijima (Meijo Univ.) gave
an impressive talk on carbon nanotubes.
He delivered a lecture on the state of the
art of technology and advances in mate-
rials science. After this lecture, we went
out for outdoor activities.

It can be cold and even snow at this
time of year in Tateshina, as it is situated
at a high altitude. However, following in
the tradition of the previous three years
we were lucky and encountered no bad
weather. The participants enjoyed a
variety of activities in beautiful sun-
shine. Particular mention must be
made of the tennis played by G. Stork
and J. D. Roberts. They surprised us
with their competitiveness, and never
gave the impression that the two men
playing were over 80 (Figure 2). We
learned from them that a young spirit
keeps you energetic and successful.

A poster session followed the out-
door activities. More than 30 posters
were displayed, and heated discussions
lasted until the end of the session. A
splendid flute concert by Masahiro
Arita and Shizu Saito was the final
event in the official program for the
day. A French dinner followed the con-
cert. Every year the dinner is superb:
the chef always impresses us with his
skill of making use of local ingredients.
In typical Japanese custom, the gather-
ing after dinner with beer, wine, and
whisky went on until midnight.

The scientific session of the third day
began with lectures by young chemists.
Kazuhiko Nakatani (Kyoto Univ.) and
Zuowei Xie (Chinese Univ. Hong
Kong) spoke about small molecular
ligands binding to mismatched DNA
and cyclopentadienyl–carboranyl
hybrid compounds, respectively. In the
final lecture Ehud Keinan (Technion,
Haifa) gave us a futuristic view on
DNA computing. The program finished
before noon as scheduled, and the par-
ticipants left Tateshina greatly satisfied.

I hope that the reader has formed an
impression of what the Tateshina confer-
ence is like. In my opinion it has already
established a place for itself in the inter-
national chemistry calendar. So, what is
the future? It is not easy to foresee
what will happen in the relatively long
term. Nevertheless, I am sure that
organic chemistry will continue to
occupy a central position in the scientific
world, because it is the key to the devel-
opment and supply of organic materials.
In this sense, the current concept and
style of the conference will be retained
for several years at least. It is our goal
to establish this unique conference
firmly in Asia in the near future.

Although this conference is not open
to everyone, those who are interested
should contact Professor Eiichi
Nakamura (nakamura@chem.s.u-tokyo.
ac.jp).

Figure 2. S. Nakamura, D. Uemura, G. Stork, and J. D. Roberts (left to

right) after the tennis match.
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Nanotubes

Molecular Peapods as Supramolecular Carbon
Allotropes
Otto Vostrowsky and Andreas Hirsch*

Keywords:
fullerenes · metallocenes · molecular peapods ·
nanotubes · porphyrins

Single-walled carbon nanotubes
(SWCNTs) exhibit unique electronic
and mechanical properties.[1] As a con-
sequence, chemists have the interesting
challenge of functionalizing SWCNTs in
order to modulate their properties.[2] Up
to now, exohedral functionalization of
nanotubes has been the most important
approach. However, another fascinating
aspect is the use of SWCNTs as nano-
capillaries to include small guest mole-
cules. Recently, a series of interesting
examples has been described.

Fullerenes as Nanopeas

In 1998 Luzzi et al.[3] first observed
the formation of single-walled carbon
nanotubes containing C60 fullerenes by
means of high-resolution transmission
electron microscopy (HRTEM) (Fig-
ure 1a). Due to the resemblance to pea
pods, the term “fullerene peapods” was
coined for (C60)n@SWCNTs. These
nanoscale peapods were formed as side
products during nanotube production by
pulsed laser evaporation of graphite.
Two years later, a method was devel-
oped to enhance the efficiency of filling
nanotubes with C60 considerably.[4] In
this process the crude product formed
from the laser evaporation of a graphite
target impregnated with a Ni/Co cata-
lyst, which contained empty SWCNTs

and C60 along with other products, was
oxidized with HNO3 and annealed at
high temperature. This resulted in struc-
tural defects in the SWCNTs, especially
at the ends, such as holes big enough for
the penetration of fullerenes into the
interior of the tubes.[3, 4] It is assumed
that in the formation of the molecular
peapods at high temperatures free C60

molecules arrive at the open ends and
side-wall defects of the tubes by surface
diffusion and gas-phase transport. From
there they are “sucked” into the interior
of the tubes.[3] Recently Simon et al.
succeeded in filling SWCNTs with C60

and C70 in solution. It is noteworthy that

the fullerenes entered the tubes at
temperatures as low as 70 8C.[5]

A typical SWCNT 1.4 nm in diame-
ter and tempered at 1100 8C contains a
beadlike chain of collinearly arranged
C60 molecules, as is evident in the
HRTEM images. Indeed, this is a new
supramolecular carbon allotrope. The
distance between the 0.7-nm-sized full-
erenes and the enveloping tube wall
amounts to 0.3 nm at the narrowest
point, which corresponds to the inter-
planar van der Waals distance in graph-
ite (Figure 1a).[4]

The alignment of the C60 molecules
within the SWCNTs can vary. Besides
the regularly arranged chains of C60,
smaller groups, pairs, and isolated full-
erenes are also found, which can move
freely inside the SWCNTs like trains
inside a subway tunnel; this has been
demonstrated in real-time TEM video
sequences.[6] By moderate irradiation
with 100-keV electrons, the formation
of fullerene pairs can be enhanced. This
is evident from the appearance of sig-
nificant vacancies between the C60 pairs
(Figures 1b and c). Upon prolonged
irradiation coalescence of the fullerene
pairs occurs and covalent intercage
bonds form between the fullerenes,
resulting in structural changes in the
fullerene cages. Finally, coalescence be-
tween further fullerene peas takes place,
giving rise to zeppelinlike minitubules
with diameters of 0.5–0.7 nm and peri-
odic truncation (Figure 1d).[4,7] The for-
mation of this new tubular form of
carbon was observed by TEM and
studied by theoretical methods.[7] The
tubes' walls consist of pentagons, hexa-
gons, heptagons, and octagons as struc-
tural elements. The stability and electron-
ic properties of the tubes is mainly

Figure 1. a) A SWCNT containing a chain of
C60 fullerenes. From reference [3]; reprinted
with permission, copyright 1998 Nature Pub-
lishing Group. b) A chain of C60 molecules in-
side a 1.4-nm SWCNT after brief 100-keV elec-
tron irradiation; each molecule is distinct
from its neighbors. c) After 600 s electron irra-
diation, gaps form between groups of coalesc-
ing molecules. d) Transformation of the fuller-
ene chain into longer capsules (scale
bar=2.0 nm). From reference [4]; reprinted
with permission, copyright 2003 Elsevier.
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determined by the geometry of the co-
alesced fullerene complex. This opens up
new possibilities for the design of carbon
nanowires with specific properties.[7]

In principle, the fullerenes inside
SWCNTs may assume many different,
energetically similar, relative orienta-
tions. According to theoretical calcula-
tions of the possible rotational orienta-
tions of the encapsulated C60 molecules,
the lowest energy arrangement for a
cluster of three C60 molecules is that in
which pentagonal and hexagonal faces
of adjoining molecules alternate.[8]

Raman spectroscopy is a valuable tool
and an important technique for inves-
tigating molecular peapods. The pea-
pods display a strong resonance-Raman
scattering, which has a characteristic
dependence on the excitation wave-
length. Whereas the response of the
shell SWCNTs is only slightly affected
by the fullerene encapsulation, the C60

signal is specifically modified.[9] By a
detailed analysis of Raman resonance
lines[10] as well as with EELS spectros-
copy[11] the concentration of the peas in
the SWCNT pods could be quantified.[10]

The electrical resistance of peapod bun-
dles is very high.[12] STM studies of the
electronic structure of peapod tubes
showed that the regularly arranged
array of encapsulated C60 molecules
induces a local electronic periodicity in
the tubes.[13]

Very recently, exohedrally function-
alized fullerenes were inserted into
SWCNT peapods in a solution of super-
critical CO2.

[14] Briggs et al.[14] demon-
strated the formation of
[C61(COOEt)2]n@SWCNT by doping
SWCNTs with the methanofullerene
C61(COOEt)2 in CO2 at 50 8C and a
pressure of 150 bar over a period of
several days. The corresponding carbox-
ylic acids C61(COOH)2, however,
formed dimers by hydrogen bonding,
which did not penetrate the tubes but
were adsorbed on the tubesE exterior.[14]

Metallofullerenes as Nanopeas

Endohedral metallofullerenes were
also used as peas in the SWCNT pods.
Oxidatively purified SWCNTs were
heated with Gd@C82 in sealed glass
ampules at 500 8C for 24 h,[15] and the
successful filling of the nanotubes was

proven by HRTEM (Figure 2a). Each of
the fullerenes contains one metal atom;
the dark points inside the C82 molecules
are the included Gd atoms. The relative
orientation of the endohedral fullerenes
along the tube's axis is irregular (Fig-
ure 2).[15]

The relative molecular orientations
and the interactions between adjacent
metallofullerene molecules within the
tubes have been studied by atomic
resolution HRTEM and have been an-
alyzed statistically. Strong interactions
between the fullerenes and between the
fullerenes and the nanotubes were de-
tected.[16] The metallofullerenes can act
as electron donors and transfer charge
onto the surrounding tube.[17] By STM
and determination of the tunneling
currency at the tube surface consider-
able local interactions between the
SWCNT wall and the Gd ions close to
the wall were found.[18]

In addition to Gd@C82 peapods[15]

nanotubes containing Dy@C82,
[19] La@

C82, and Sm@C82
[20] and nanotubes filled

with dimetallofullerenes such as Ti2@
C80,

[21] La2@C80,
[22] and Gd2@C92

[23] have
been synthesized.[21] The Raman spectra
of the dimetallofullerene peapods (La2@
C80)n@SWCNT are drastically different
from those of the empty nanotubes.
Some of the absorption bands imply a
charge-transfer process between the
carbon nanotube and the La2@C80

peas.[24] These investigations document
the potential of metallofullerene pea-
pods with regard to applications in

molecular electronics and novel elec-
tronic devices.

Transformation of Fullerene
Peapods into Double-Walled
Carbon Nanotubes

Coaxial double-walled carbon nano-
tubes (DWCNTs) are derived from full-
erene peapods by a complete coales-
cence of the fullerenes within the
tubes.[25–27] This can be achieved by
exhaustive annealing at 1200 8C[26] or
by extended electron irradiation.[28] By
means of Raman spectroscopy, the radi-
al breathing modes (RBM) were asso-
ciated with the inner tubes as well as
with the outer tube.[26] From the analysis
of the Raman RBM resonances associ-
ated with the inner tubes of DWCNTs,
the chiral vectors of almost all isomers
of these tubes were assigned.[27,29] This
makes an explicit compilation of the
spectroscopic features of specific nano-
tubes possible. The interlayer tube dis-
tance of high-quality DWCNTs ranges
from 0.35 to 0.38 nm,[30] which can be
calculated from Raman measurements
at different laser excitation energies.[31]

After the structural transformation
of C60-containing peapod bundles into
DWCNTs, the bundle structure of the
starting SWCNTs was retained in the
bundles. The intertube spacing between
inner and outer tubes of the DWCNTs
bundles was obtained as 0.36 nm.[32] The
electronic properties of as-prepared and
purified DWCNT films were tested, and
metallic character was established. The
electrical resistivities of purified films
are similar to those of SWCNT bundles
with or without acid treatment.[33]

Non-Fullerene Peas

Beside doping with fullerenes,
SWCNTs can also be filled with mole-
cules such as ferrocene, chromocene,
ruthenocene, vanadocene and tungste-
nocene dihydride.[34] The filling with
metallocenes occurred from the vapor
phase with formation of collinear metal-
locene chains inside the nanotubes. Free
molecular movement of the enclosed
metallocenes indicates the absence of
distinct interactions between the guest
molecules and the SWCNTwalls.[34] Fill-

Figure 2. a) HRTEM image of an isolated
SWCNT containg Gd@C82 (scale bar=5 nm).
b) Schematic representation of (Gd@C82)n@
SWCNT (distance a between the metallofuller-
enes �110 nm; intertube distance b in the
bundles �1.89 nm). From reference [15]; re-
printed with permission, copyright 2000 Amer-
ican Physical Society.
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ing the peapods with larger molecules
like a Zn-diphenylporphyrin was suc-
cessful, as established by absorption
spectra and Raman measurements.[35]

Peapods from Supramolecular
Zn-Porphyrin Nanotubes

Another route to the encapsulation
of fullerene chains was introduced by
Aida et al.[36] An acyclic dendritic bis-
Zn-tetraphenylporphyrin 1 bearing a
para-carboxylic acid function on each
of the three remaining meso-phenyl
groups served as the basic building block
(Scheme 1a). The dimers of these por-
phyrin carboxylic acids polymerize line-
arly by hydrogen bonding and form
supramolecular nanotubes. The assem-
bly of these architectures is triggered by
the simultanous introduction of C60

guests which are inserted sandwichlike

between the porphyrin units (Sche-
me 1b). The dendritic benzyl ether
wedges are expected to enhance solu-
bility and to facilitate visualization by
TEM.

In a typical experiment a solution of
1 and C60 was heated to 120 8C and then
allowed to stand at 40 8C for four days.
After complexation of the fullerenes,
dimers of 1 are formed, which have
COOH groups on each side available for
hydrogen bonding to form extended
linear arrangements. These peapods
are thermally stable and were charac-
terized by TEM and 13C NMR spectros-
copy.[36] The supramolecular structures
are longer than 1 mm and exhibit a
uniform diameter of 15 nm (Figure 3).
Control experiments have shown that
without fullerenes or with ester groups
instead of carboxylic groups in 1 the
hydrogen-bonding capability is lost and
only irregular assemblies are formed.[36]

Conclusion

Peapods became the descriptive
term applied to supramolecular hybride
assemblies in which nanotubes are filled
with a one-dimensional chain of guest
molecules. The typical molecular peas
are small molecules like fullerenes, en-
dohedral metallofullerenes, metallo-
cenes, porphyrins, and even small-di-
mensioned nanotubes. The electronic,
physical, and mechanical properties of
these new nanostructures, however, are
not determined solely by the enveloping
nanotube but rather result from the
strong interactions of the peas and the
pods. Thus, the endohedral functionali-
zation of SWCNTs presents a new
dimension for modulating and fine-tun-
ing their unique characteristics and will
open new routes to novel high-tech
materials.
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Chemical Safety in a Vulnerable World—A Manifesto**
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Chemophobia is alive and flourishing
in this world. Much of it is related to the
fear of chemicals—some justified, some
not—regarding expo-
sure, contamination,
storage, and disposal.
Compounding the prob-
lem is the general pub-
lic's rampant chemical
illiteracy and tendency
to view “safety” and
“toxicity” solely in black-and-white
terms: Something is either safe or dan-
gerous, toxic or harmless. For knowl-
edgeable scientists and sophisticated
regulatory agencies, however, these are
gray terms. Behind any definition lurk
the words “depending on…”

Against this background, one should
consider the recent Intergovernmental
Forum on Chemical Safety (IFCS) that
focused on “Chemical Safety in a Vul-
nerable World” held under the auspices
of the United Nations from November 1
to 6 in Bangkok, Thailand. This IFCS
meeting—facilitated by simultaneous
translation into six languages—was at-
tended by over 700 representatives of
governments, regulatory agencies, in-
dustry, and many nongovernment or-
ganizations from over 150 countries.
Striking, however, were the virtual ab-
sence of academic chemists and the total
absence of national chemical societies,
as if the principal theme of this IFCS
forum was not their concern.

“Vulnerability”, of course, referred
to the situation among the least empow-
ered: the population in the less-devel-

oped countries as was
well documented in the
World Bank report
“Toxics and Poverty”.[1]

So what is being done
about these circumstan-
ces? An exhaustive re-
view by Schlottmann

and co-workers[2] succinctly summarizes
the current governmental and interna-
tional efforts in that field.

The absence of adequate knowledge
in many less-developed countries of the
extent and nature of their exposure to
dangerous chemicals is their greatest
vulnerability. Even if the ultimate sol-
ution must involve financial and techni-
cal assistance from the wealthy coun-
tries, morality and political realism re-
quire that at least the selection of prior-
ities and of a locally appropriate risk/
benefit analysis must be the responsi-
bility of the specific country. If that
ability does not exist,
then we are dealing
with a vulnerability at
the decision-making
level that is even more
pernicious than the ac-
tual exposure to a toxic
substance.

With that vulnera-
bility in mind, let me present some
modest proposals focusing on proper
partnering between the haves and the
have-nots so as to facilitate participation
by the latter as equals in the decision-
making process. The partnering I am
proposing is a very limited one and is
focused solely on scientists, especially
chemists. After all, if chemistry is the
root of most environmental problems,
clearly much of their resolution should

also be chemical in nature. And it is in
this respect that the two nongovern-
mental (and hence much less politi-
cized) chemical constituencies from the
affluent countries—academia and pro-
fessional societies—that were so con-
spicuously absent from the Bangkok
conference could play a significant
role.

I propose that the major professio-
nal chemical societies of the highly
developed countries form a steering
committee to encourage North/South
interaction on new approaches to chem-
ical safety. Typical societies might be the
American Chemical Society, the Gesell-
schaft Deutscher Chemiker (German
Chemical Society), the Royal Society
of Chemistry in the UK, as well as the
Japanese, French, Dutch, Australian,
Belgian, Italian, Spanish, Swiss, and
several Scandinavian chemical societies.
(This proposal is based on my experi-
ence[3] as cofounder of the International
Center for Insect Physiology and Ecol-
ogy (ICIPE) in the late 1960s in Nairobi

which is still flourishing
and for years was spon-
sored and governed by
an assembly of over a
dozen international aca-
demies of sciences).
Such a convocation of
chemical societies might
initially concentrate on

the following two topics:
First, to raise interest in the chemis-

try and related science departments of
the universities of these major countries
in projects that deal with fundamentally
new approaches to chemical decontami-
nation and, perhaps even more impor-
tantly, to the development of novel and
simple monitoring devices. At present,
this type of research carries no prestige
whatsoever in the elite universities of

Chemophobia is alive
and flourishing

Highly detrimental:
vulnerability at the
decision-making level
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the advanced industrialized countries.
As an example, in my own institution—
Stanford Universi-
ty—virtually nothing
along these lines is
part of the chemistry
curriculum, especial-
ly at the graduate
level. Why? Because
it is looked down on as a form of
primitive applied research that will
hardly foster the professional develop-
ment of basic research chemists from
top institutions. Yet, there are clearly
instances in which both—fancy research
and simple application—can be com-
bined with enormous synergism.

A striking example is provided by an
interesting Swiss institution with a de-
plorably complicated name, EidgenEssi-
sche Anstalt fFr Wasserversorgung, Ab-
wasserreinigung und GewGsserschutz
(Swiss Federal Institute for Water Sup-
ply, Purification, and Pollution Control),
and an equally clumsy acronym, EA-
WAG—a dependency of the ETH
(Swiss Federal Institute of Technology).
Along with other projects (www.
eawag.ch/research/current_projects),
the EAWAG investigated the horrific
problems associated with arsenic in
ground water—a problem particularly
serious in Bangladesh, but also encoun-
tered in certain localities in the USA
and elsewhere in the world. One aspect
of the solution is to enable consumers to
check their drinking water for potential
pollution. The Swiss investigators com-
bined cutting-edge science with poten-
tially simple applicability—precisely the
type of project that would attract many
young scientists. Through genetic-engi-
neering approaches, the researchers in-
troduced color-producing proteins into
arsenic-resistant strains of E. coli and
then applied them to paper strips. These
particular glowing bacteria[4] respond to
both arsenate and arsenite and thus
might offer cheap and yet sufficiently
sensitive dipsticks that consumers could
easily be taught to use. In the case of
positive tests, the consumer would then
turn to another approach pioneered by
the Swiss: The AsIII-contaminated, iron-
containing water is treated with citrate
or lemon juice, and subsequently ex-
posed to the sun in plastic bottles to
promote the photochemical conversion
of AsIII into AsV, which precipitates with

iron(iii) (hydr)oxides, producing accept-
able drinking water. Incidentally, not

only is microbiology useful
for the detection of con-
tamination, it is becoming
increasingly important for
chemical decontamination.
Bioremediation through
bacteria is a flourishing

field of research: For instance, a strain
of Dehalococcoides converts vinyl chlo-
ride into ethane and inorganic chlo-
ride.[5]

The second aspect of interest to such
a consortium of chemical societies could
be to stimulate the creation of a “Chem-
ical Social Service Corps”—initially
quite small and to be
tested in a few African,
Asian, or Latin Ameri-
can countries to test the
applicability of this
concept. I envisage
young PhD students or
postdoctoral research-
ers (or even advanced
graduate students) from the “industrial
superpowers” working in collaboration
with their younger local counterparts in
the host country on chemical projects
that are specifically
connected with the
problems of chemical
remediation and detec-
tion in that locality. The
USA–Brazil chemistry
program of the late
1960s and early 1970s
which I chaired and
which was run by the US National
Academy of Sciences and the Brazilian
Research Council is a small but strik-
ingly relevant example. Over 20 post-
doctoral researchers from some of the
leading American universities went to
Brazil to work with Brazilian students
on projects that the Brazilians had
selected as high priority items. It is
interesting that some of these foreigners
never left Brazil and settled there. The
success of that program depended on
three factors that also apply here: care-
ful selection of the volunteers, some
prior language training, and strong co-
operation and participation by senior
officials of the host country.

It might even be interesting to have
this technical Social Service Corps cadre
expand beyond chemists to some recent

MBA (Master of Business Administra-
tion) graduates that may wish to hone
their skills on economic risk/benefit
evaluations of chemical contamination
in collaboration with their chemistry
colleagues. Such a Social Service Corps
should also include some mature (most
likely retired) chemists with substantial
industrial experience. The great merit of
the “peace corps” approach[6] is that one
focuses on socially conscientious per-
sons and creates a built-in turn over, so
that within a few years a significant
number of young, technically sophisti-
cated persons from highly developed
countries become familiar with and
interested in the problems of their less-

advantaged counter-
parts.

A chemical Social
Service Corps operating
under the umbrella of a
consortium of chemical
societies is nongovern-
mental in nature and
thus removes much of

the political stigma of bilateral aid by
converting it into multilateral coopera-
tion. But to determine whether such a
proposal has merit, it would be best to

organize first one or two
small planning confer-
ences in a couple of
countries that would be
interested in hosting the
type of the project men-
tioned. (Incidentally, it
was precisely this type
of preliminary planning

conference—organized by about half a
dozen academies led by the National
Academy of Sciences, the American
Academy of Arts and Sciences, the
Swedish Academy of Sciences, the Max
Planck Society, and the Royal Society—
that eventually led to the creation of the
ICIPE in Nairobi. Attendees at such a
planning conference would consist of a
small team of specialists from relevant
universities and professional societies
from advanced “rich” countries and
possibly observers from some major
foundations and the World Bank. To-
gether with their regional counterparts in
two or three countries, they would
determine whether any of these propos-
als could be implemented and financed.

In summary: nothing ventured,
nothing gained.

A possible solution:
a Chemical Social
Services Corps

From bilateral aid
to multilateral
cooperation

Research without
prestige
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1. Introduction

Recently, remarkable progress has been made in the area
of molecular inorganic–organic hybrid compounds. The syn-
thesis and characterization of infinite one-, two-, and three-
dimensional (1D, 2D, and 3D) networks has been an area of
rapid growth. Coordination compounds with infinite struc-
tures have been intensively studied, in particular, compounds
with backbones constructed from metal ions as connectors
and ligands as linkers, the so-called coordination poly-
mers.[1–22] The phrase, “coordination polymers” appeared in
the early 1960s, and the area was first reviewed in 1964.[23]

Versatile synthetic approaches for the assembly of target
structures from molecular building blocks have been devel-
oped. The key to success is the design of the molecular
building blocks which direct the formation of the desired
architectural, chemical, and physical properties of the result-

ing solid-state materials. In a surpris-
ingly short time, the structural chemis-
try has attained a very mature level.

Figure 1 shows the extraordinary increase in the number of
articles published in this area. Coordination polymers have
now taken an important position in the porous-materials area
and added a new category to the conventional classification
(Figure 2).

The chemistry of the coordination polymers has in recent years
advanced extensively, affording various architectures, which are
constructed from a variety of molecular building blocks with different
interactions between them. The next challenge is the chemical and
physical functionalization of these architectures, through the porous
properties of the frameworks. This review concentrates on three
aspects of coordination polymers: 1) the use of crystal engineering to
construct porous frameworks from connectors and linkers (“nano-
space engineering”), 2) characterizing and cataloging the porous
properties by functions for storage, exchange, separation, etc., and
3) the next generation of porous functions based on dynamic crystal
transformations caused by guest molecules or physical stimuli. Our
aim is to present the state of the art chemistry and physics of and in the
micropores of porous coordination polymers.

From the Contents
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4. Functions of Coordination
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Figure 1. The number of published articles containing the keywords
“coordination polymers” (back), “porous coordination polymers” (mid-
dle), and “adsorption of porous coordination polymers” (front), survey
by SciFinder.

Figure 2. Classes of porous materials.
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Porous compounds have attracted the attention of chem-
ists, physicists, and materials scientists because of interest in
the creation of nanometer-sized spaces and the novel
phenomena in them. There is also commercial interest in
their application in separation, storage, and heterogeneous
catalysis. Until mid 1990s, there were basically two types of
porous materials, namely, inorganic and carbon-based mate-
rials. In the case of microporous inorganic solids, the largest
two subclasses are the aluminosilicates and aluminophos-
phates. Zeolites are 3D crystalline, hydrated alkaline or
alkaline-earth aluminosilicates with the general formula Mn+

x/

n[(AlO2)x(SiO2)y]
x�·wH2O

[24–26] (M=metal). Their frame-
work, built from corner-sharing TO4 tetrahedra (T=Al, Si),
defines interconnected tunnels or cages in which water
molecules and M ions are inserted. The porosity is then
provided through the elimination of the water molecules, the
framework usually remains unaffected by this. The cavities,
whose structure is usually determined by the number of
polyhedra surrounding the pore, were initially exploited for
molecular-sieve requirements in gas separation and catalytic
processes. Synthetic zeolites were first observed in 1862.[27]

Aluminophosphates (AlPO4s) consist of tetrahedra of Al3+

and P5+ ions linked by corner-sharing oxygen atoms, and
which build up a 3D neutral framework with channels and/or
pores of molecular dimensions.[28] Many aluminophosphates
have crystal structures, which are not observed in zeolites. The
first publication on microporous crystalline aluminophos-
phates appeared in 1982.[29] Since then, not only several
related crystalline oxides, such as silicoaluminophosphates,
metallosilicates, metalloaluminophosphate, and metallophos-
phates, but also porous chalcogenides, halides, and nitrides,
have been discovered.[30, 31] Mesoporous materials have also
been extensively studied; they afford intriguing and useful
porous properties, characteristic of meso-sized structures.[32–35]

The activated carbons have a high open porosity and a
high specific surface area, but have a disordered structure.
The essential structural feature is a twisted network of
defective hexagonal carbon layers, cross-linked by aliphatic
bridging groups. The width of the layers varies, but typically is
about 5 nm. Simple functional groups and heteroelements are
incorporated into the network and are bound to the periphery
of the carbon layers. Herein, we focus on the regular
microporous structures; therefore, we will not consider the
activated carbons further.

Recently, porous coordination polymers have been devel-
oped, which are beyond the scope of the former two classes of
porous materials. They are completely regular, have high
porosity, and highly designable frameworks. Their syntheses
occur under mild conditions and the choice of a certain
combination of discrete molecular units leads to the desired
extended network, this is the so-called bottom-up method.
The structural integrity of the building units is maintained
throughout the reactions which allows their use as modules in
the assembly of extended structures. Werner complexes, [b-
M(4-methylpyridyl)4(NCS)2] (M=NiII or CoII),[36] Prussian
blue compounds,[37–39] and Hofmann clathrates and their
derivatives have frameworks that are built of CN linkages
between square-planar or tetrahedral tetracyanometallate(ii)
units and octahedral metal(ii) units coordinated by comple-
mentary ligands,[39–41] which are known to be materials that
can reversibly absorb small molecules. There is an early report
on use of organic bridging ligands to form the porous
coordination polymer [Cu(NO3)(adiponitrile)2]n with a dia-
mond net, however, the adsorption behavior was not
reported.[42] Since the early 1990s, research on the structures
of porous coordination polymers has increased greatly, and
examples with functional micropores soon started to appear.
In 1990, Robson et al. reported a porous coordination
polymer capable of an anion exchange.[43] The catalytic
properties of the 2D [CdII(4,4’-bpy)2] (bpy=bipyridine)[*]

coordination polymer were studied by Fujita et al. in
1994.[44] In 1995, the adsorption of guest molecules was
studied by the groups of Yaghi[45] and Moore[46] , and in 1997
we reported gas adsorption at ambient temperature.[47]

2. Principles in Synthesis

2.1. Connectors and Linkers

Coordination polymers contain two central components,
connectors and linkers. These are defined as starting reagents
with which the principal framework of the coordination
polymer is constructed. In addition, there are other auxiliary
components, such as blocking ligands, counteranions, and
nonbonding guests or template molecules (Figure 3). The
important characteristics of connectors and linkers are the
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number and orientation of their binding sites (coordination
numbers and coordination geometries).

Transition-metal ions are often utilized as versatile con-
nectors in the construction of coordination polymers.
Depending on the metal and its oxidation state, coordination
numbers can range from 2 to 7, giving rise to various
geometries, which can be linear, T- or Y-shaped, tetrahedral,
square-planar, square-pyramidal, trigonal-bipyramidal, octa-
hedral, trigonal-prismatic, pentagonal-bipyramidal, and the
corresponding distorted forms (Figure 3). For instance,
AgI [8,15] and CuI [10] ions with d10 configuration have various
coordination numbers and geometries which can be realized
by changing reaction conditions, such as solvents, counter-
anions, and ligands. The large coordination numbers from 7 to
10 and the polyhedral coordination geometry of the lantha-

nide ions are useful for the generation of new and unusual
network topologies. In addition, coordinatively unsaturated
lanthanide ion centers can be generated by the removal of
coordinated solvent molecules. The vacant sites could be
utilized in chemical adsorption, heterogeneous catalysis, and
sensors.[48, 49] Instead of a naked metal ion, the metal-complex
connectors have the advantage of offering control of the bond
angles and restricting the number of coordination sites; sites
that are not required can be blocked by chelating or
macrocyclic ligands that are directly bound to a metal
connector, and thus leave specific sites free for linkers. This
“ligand-regulation” of a connector is very useful. The polymer
{[Ni(C12H30N6O2)(1,4-bdc)]·4H2O}n (C12H30N6O2=macrocy-
clic ligand; bdc= benzenedicarboxylate) forms 1D chains, in
which each axial site of the nickel–macrocyclic unit is
occupied by bridging 1,4-bdc ligands, and the chains are
linked together by the hydrogen-bonding interactions to give
rise to a 3D network.[50]

Linkers afford a wide variety of linking sites with tuned
binding strength and directionality (Figure 4). Halides (F, Cl,
Br, and I) are the smallest and simplest of all linkers. Quasi-
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Figure 3. Components of coordination polymers.

Figure 4. Examples of linkers used in coordination polymers.
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1D halogen-bridged mixed-valence compounds (MX chains)
formulated as {[MII(AA)2][M

IV(AA)2X2]·4Y}n (MII–MIV=

PtII–PtIV, PdII–PdIV, NiII–PtIV, PdII–PtIV, CuII–PtIV; X=Cl, Br,
I, and mixed halides; AA= ethylenediamine, 1,2-diaminocy-
clohexane, etc.; Y=ClO4, BF4, halides, etc.) have been
extensively investigated because of their physical proper-
ties.[51, 52] A series of mixed-valence CuI/CuII-X (X=Cl, Br)
chain compounds has pinned charge-density waves.[53] Halides
can also coexist in the coordination frameworks with neutral
organic ligands.[54–57] The CN� and SCN� ions have a similar
bridging ability to halides.[58–61] Cyanometallate anions have
various geometries, for example, linear, as in [M(CN)2]

� (M=

Au[62,63] and Ag[64–66]), trigonal, as in [Cu(CN)3]
2�,[67] tetrahe-

dral, as in [Cd(CN)4]
2�,[68–71] square planar, as in [M(CN)4]

2�

(M=Ni,[41] Pd,[72–74] and Pt[72,75]), octahedral, as in [M(CN)6]
3�

(M=Fe,[76–80] Co,[76,81,82] Cr,[83–85] andMn[86,87]), and pentagonal
bipyramidal, as in [Mo(CN)7]

4�.[88–91] The octacyanometal-
lates, [M(CN)8]

n� (M=Mo andW), in particular have various
coordination geometries, for example, square-antiprism,
dodecahedron, or bicapped trigonal-prism.[91–93] This struc-
tural diversity makes the cyanometallates useful and practical
connectors modules.

The most frequently used neutral organic ligands are
pyrazine (pyz) and 4,4’-bpy.[7,11,14,19] An example of a coordi-
nation polymer with the 4,4’-bpy ligand is illustrated in
Figure 5.[94] Recent efforts have been devoted to utilization of
long bridging ligands with appropriate spacers.[95–100] For

example, treatment of a longer ligand, L= 9,9-diethyl-2,7-
bis(4-pyridylethynyl)fluorene, with copper nitrate in ethanol
leads to the exceptionally large, noninterpenetrating, square-
grid polymer {[Cu(L)2(NO3)2]·x(solvent)}n with grid dimen-
sions of 25 K 25 L2.[100]

Di-,[4, 101,102] tri-,[4,103–106] tetra-,[107,108] and hexacarboxy-
late[109,110] molecules are typical anionic linkers. Coordination
polymers having nonsymmetric anionic ligands (generally
described as pyridine-X-COO� (X= spacer)) have been
extensively studied.[5] 1,4-Dihydroxy-2,5-benzoquinone and

its derivatives are also often used and give rise a variety of
frameworks, in which they act as linear linkers.[13] The crystal
structure of [Cu(ca)(pyz)]n (H2ca= chloranilic acid) is made
up of parallel sheets, which consist of square arrays formed by
CuII ions and ca2� and pyz linkers.[111]

There are few examples of coordination polymers with
cationic organic ligands, which is naturally a result of their
very low affinity for cationic metal ions.[112–116] Novel cationic
ligands based on N-aryl pyridinium and viologen derivatives
were developed and successfully employed.[112–114]

2.2. Design of Motifs

Excellent reviews about the structural topologies of the
frameworks of coordination polymers and/or inorganic mate-
rials have been published,[2,3, 7, 8,14, 19,31,117–123] and, therefore,
topological features are only described briefly herein.

Various combinations of the connector(s) and linker(s)
mentioned in the previous section affords various specific
structural motifs. Figure 6 shows representative motifs of
frameworks constructed from various types of connectors and
a linear linker. A linear chain is a simple 1D motif. The AgI

ion tends to form a linear chain with several linear linkers as a
result of its preference for a coordination number of two.[8]

Figure 5. Section of the structure of {[Co(NCS)2(4,4’-bpy)(H2O)2]·4,4’-
bpy}n. Dotted lines indicate hydrogen bonds.[94]

Figure 6. The structural frameworks that can be constructed by using
different connectors and linear linkers.
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Square-grid networks exemplify a particularly simple and
commonly reported example of predictable 2Dmetal–organic
networks. Square-grid coordination polymers are based upon
1:2 metal:ligand complexes with linear bifunctional linkers. A
ligand L and Ni(NO3)2 form a mutually interpenetrated 2D
grid structure {[Ni(L)2(H2O)2]·2NO3}n (L= 9,10-bis(4-pyridy-
l)anthracene) in the presence of benzene (Figure 7).[124] A T-

shaped metal connector generates unique structural motifs,
such as the brick wall,[99] herringbone,[125] and bilayer[47,126]

(see Figure 6). To create such a T-shaped module, the NO3
�

ion is often utilized, which through chelation blocks four
coordination sites of heptacoordinate metal ions, such as CdII

and CoII. The remaining three coordination sites are bridged
by bifunctional ligands, creating the T-shaped module with
metal:ligand ratio of 1:1.5. The CuII center of {[Cu2(4,4’-
bpy)5(H2O)4]·x(anion)·2H2O·4EtOH}n (x(anions)= 4PF6

�

and 2PF6
� and 2ClO4

�) has an octahedral coordination
environment with four nitrogen atoms of 4,4’-bpy ligands in
the equatorial plane and two oxygen atoms of H2O molecules
at the axial sites.[126] They, however, represent the bilayer
motif with the T-shape module because one of the four 4,4’-
bpy ligands coordinated to the CuII ions occurs as a terminal
mode. Diamond nets, which containtetrahedral nodes[5,43,127]

and the B net in CaB6,
[128–131] which contains octahedral nodes,

are classical examples of the 3D motif. Other new 3D
networks have been described in recent years.[132–138] {[Zn(ni-
cotinate)2]·MeOH·2H2O}n is the first example of a 3D
coordination polymer that possesses a 42·84 topology[139]

based solely upon square-planar nodes.[135]

The synthesis of homochiral, porous materials is a
particularly interesting objective, because such chiral porous
coordination polymers could be of use for applications in
heterogeneous asymmetric catalysis and enantioselective
separations.[100,140–143] Strategies for forming homochiral

frameworks exploit enantiopure
organic ligands,[100,140–142] or the use of
helical chains or helical frame-
works.[143] The inherent chirality of
this architecture comes from spatial
disposition rather than the presence of
chiral centers. [Ni(4,4’-bpy)(bz)2(-
MeOH)2]n self-assembles as a helical
architecture based on octahedral
metal connectors with linear spacer
ligands (Figure 8).[143] The helical
chains pack in a staggered fashion
but align in a parallel fashion. There-
fore, the bulk crystal is chiral as every
helix in an individual crystal is of the
same handedness.

Polynuclear clusters constructed
from two or more metal ions and
multidentate carboxylate linkers,
such as 1,4-bdc and 1,3,5-btc, (so-
called “secondary building units”
(SBUs)), can have special coordina-
tion numbers and geometries. When
such polytopic units are copolymer-
ized with metal ions, it is common to
find linked cluster entities in the
assembled solid. Each cluster is con-
sidered to be an SBU, in that it is a
conceptual unit which was not
employed in the synthesis as a distinct molecular building
block. However, specific SBUs can be generated in situ under
the correct chemical conditions.[21] Because the metal ions are
locked into their positions by the carboxylate groups, the
SBUs are sufficiently rigid to produce extended frameworks
of high structural stability. Such frameworks are also neutral,
obviating the need for counterions in their cavities. In clusters
with terminal ligands, the reactivity of the metal site can be
studied through the removal of these ligands, which frees a
coordination site.

Anionic molybdenum oxides, which are prepared in situ
by hydrothermal reactions, are useful building blocks for the
construction of novel frameworks. A large number of organo-
diamine–molybdenum oxide composite materials have been
thoroughly investigated (Figure 9).[7, 144]

Charge is an important factor in the rational construction
of functional coordination polymers. Since most of transition-
metal connectors are cationic, an anionic source must be
included to neutralize the overall charge. Frequently used
anionic sources are inorganic anions, such as ClO4

� , BF4
� ,

NO3
� , NCS� , PF6

� , NO2
� , SiF6

2�, CN� , CF3SO3
� , SO4

2�, N3
� ,

and halide, which are introduced together with metal ions
from the corresponding metal, sodium, and potassium salts.
These anions exist as free guests, counterions, or linkers in the
coordination polymers. An important characteristic of inor-
ganic anions is their ability to act as hydrogen-bond-acceptor
sites through their O and F atoms. {[Mn(NO3)2(azpy)(-
H2O)2]·2EtOH}n (azpy= 4,4’-azopyridine) is composed of
1D linear chains, each of which is bridged by hydrogen bonds
between coordinated H2O donor groups and NO3

� acceptor

Figure 7. The 2D square grid network of {[Ni{9,10-bis(4-pyridyl)anthra-
cene}2(H2O)2]·2NO3}n.

[124]

Figure 8. The 1D heli-
cal structure of
{[Ni(bz)2(4,4’-bpy)-
(MeOH)2]·guest}n

(guest=nitrobenzene,
benzene, veratrole,
phenol, chloroform,
and dioxane).[143]
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groups to form a unique 3D “log cabin” network.[145]

Inorganic anions are also used as spacers between magnetic
chains and layers.[16]However, the disadvantage of inorganic
anions is that when using them it is difficult to create a highly
porous neutral framework. To make neutral coordination
frameworks anionic organic ligands are used, such as poly-
carboxylates (e.g. oxalate and benzenetricarboxylate), and
1,4-dihydroxybenzoquinone, pyridinecarboxylate, and their
derivatives.[4,5, 13] These organic anions can coexist with
neutral organic ligands, such as bipyridine derivatives, and
are therefore good candidates for the construction of high-
dimensional frameworks.

The bonding interactions of coordination polymers are
classified into four types as shown in Figure 10: a) coordina-
tion bond (CB) only, b) coordination bond and hydrogen
bond (CB+HB), c) coordination bond+ other interaction,
such as metal–metal bond (MB), p–p (PP), CH–p (HP)
interactions, and d) coordination bond+mixture of interac-
tions (for instance, HB+PP, HB+MB, or MB+PP). The
stability of 3D motifs increases with increasing coordination
bond contribution. 1D and 2Dmotifs often aggregate through

additional weak bonds (HB, PP, HP) to give 3D frameworks.
In some cases, 1D and 2D motifs are linked by guest
molecules through weak interactions. Of course, even 3D
motifs interact with each other by such weak interactions (for
example, when interpenetration occurs). Figure 11 shows
examples of coordination polymers classified on the basis of
the types of bond combinations. Many 1D linear M–L (L=

bipyridine ligands) coordination polymers are linked by
hydrogen bonds between free ligands and coordinated H2O
or alcohol molecules to form 2D rectangular grids, each of
which in turn is linked by p–p interactions between the
pyridine rings of the ligands (type d: CB+HB+PP).[94,146–150]

In {[Ag(2,4’-bpy)]·ClO4}n, adjacent helical chains are linked
by weak ligand-unsupported metal–metal interactions
(Ag···Ag= 3.1526(6) L), which results in an open 2D network
with compressed hexagons as building units (Figure 11c;
type c: CB+MB).[151] The CuII ions of {[Cu(dhbc)2(4,4’-
bpy)]·H2O}n (Hdhbc= 2,5-dihydroxybenzoic acid) are con-
nected by 4,4’-bpy ligands to produce straight chains, which
are linked by dhbc units to give a 2D sheet motif.[152] The

Figure 9. Crystal structure of [{Ni(4,4’-bpy)2(H2O)2}2Mo8O26]n. The con-
nection of the cluster SBUs to the polymeric cationic chains results in
a 2D framework.[144] Figure 10. Combinations of interactions participating in the construc-

tion of a coordination polymer.

Figure 11. Examples of coordination polymers with various bond combinations. a) 3D framework (the B net in CaB6) of {[Ag(pyz)3]·SbF6}n

(type a).[128] b) 2D sheet structure (left) and the stacking of two sheets linked by amide hydrogen bonds (right) in [Co(NCS)2(3-pna)2]n (type b:
CB+HB).[153] c) 2D network consisting of helical chains linked by Ag�Ag bonds (dashed lines) in {[Ag(2,4’-bpy)]·ClO4}n (type c: CB+MB).[151]
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distance of 3.44 L between the planes of the nearest-neighbor
dhbc ligands indicates the presence of p–p stacking inter-
actions (type c: CB+PP). Amide-containing ligands are
useful for the stabilization of coordination frameworks
because they have both hydrogen-bond donor (NH) and
hydrogen-bond acceptor (CO) sites.[153,154] The crystal struc-
ture of [Co(NCS)2(3-pna)2]n (pna=N-pyridylnicotinamide)
has a 2D sheet composed of a nearly square grid with the
dimensions 7.3 K 12.9 L2.[153] The adjacent sheets stack along
the c axis, and are offset by 0.5(a+ b) along the ab plane so
that the NCS group protrudes through the midpoint of the
cavity of the adjacent sheet. The interlayer separation is about
3 L. A hydrogen-bonding link of the NH···O=C (N···O=

2.874(4) L) type between the adjacent sheets affords a 3D
network (Figure 11b, type b: CB+HB).

Interpenetration frequently occurs in the coordination
polymers with a large grid. In some cases the coordination
frameworks generate open voids, cavities, and channels,
which can make up more than half the volume of the crystal.
These large spaces are usually occupied by solvent molecules
or counteranions. In other cases remarkable interpenetrating
structures form, in which the voids constructed by one
framework are occupied by one or more independent frame-
works. Such entangled structures can only be disentangled by
destroying internal bonds. Until recently examples of such
structures were rare, but they are now being reported with
ever increasing frequency, as a result of the developments in
the chemistry of microporous coordination polymers. A
detailed review on interpenetration has been published.[2] It
is noteworthy that one of the first examples of coordination
networks, reported many years ago, is a sixfold interpene-
trated diamondoid net based on CuI ions and the flexible
bidentate ligand adiponitrile.[42] The highest interpenetration
(tenfold) ever found within diamond nets with exclusively
coordinative bonds was recently reported for {[Ag(ddn)2]·
NO3}n.

[155]

For creating highly porous coordination polymers, it is
naturally very important to avoid interpenetration.
{[Zn3(OH)2(bpdc)2]·4def·2H2O}n (bpdc= 4,4’-biphenyldicar-
boxylate, def=N,N’-diethylformamide) has a 3D structure
constructed from infinite Zn-O-C SBUs and long bpdc
linkers, the Zn-O links (within the SBUs) and the Ph–Ph
links (between the SBUs) provide a noninterpenetrated
framework that is an amplification of the Al net in SrAl2
(Figure 12).[156] The two following distances are important in
this case for the formation of a noninterpenetrated net: a
short distance between the carboxylate linkers along the
[001] direction, and a longer distance between the SBUs in
the [110] direction. The small separation allows the long
linkers to come together such that the phenyl rings of each
bpdc linker form CH···p interactions (3.73 L) to adjacent
linkers resulting in an impassable wall of bpdc units. For the
construction of an interpenetrated structure in this coordina-
tion polymer, an additional bpdc unit would have to fit
between adjacent linkers, which is impossible. Other struc-
tural types, such as the B net in CaB6, can be amenable to the
same strategy, for example, in the structure of [M(AF6)(4,4’-
bpy)2]n (M=ZnII, A= Si;[129] M=CuII, A= Si;[130] M=CuII,
A=Ge[126]). CdII coordination polymers with fluorinated

ligands are not apt to be interpenetrated, owing to weak
intermolecular forces among fluorinated compounds. These
compounds tend instead to interact with guest molecules to
form clathrate compounds.[157] From thick 2D layers of
[Cu(pzdc)]n (pzdc= pyrazine-2,3-dicarboxylate) and pillar
ligands L the 3D pillared-layer coordination polymers
[Cu2(pzdc)2(L)]n (L= pyz, 4,4’-bpy, and its derivatives) are
constructed.[158, 159] Because of the absence of effective win-
dows in the layers, it is impossible for interpenetration to
occur in the 3D networks.

On the other hand, interpenetration affords very stable
structures.[145, 152,160–163] Thus, we have synthesized several
interpenetrated coordination polymers with the azpy ligand
which is longer than 4,4’-bpy. The resulting robust inter-
penetrated frameworks showed gas-adsorption properties.[145]

A 3D doubly interpenetrated coordination polymer of
[Cu(1,4-bdc)(4,4’-bpy)0.5]n (the B net of CaB6) has stable and
dynamic channels, which give hysteretic adsorption iso-
therms.[152,161] Moreover, a considerably longer ligand could
give highly porous interpenetrated coordination polymers.
{[Tb2(adb)3]·20dmso}n (adb= 4,4’-azodibenzoate) with a long
dicarboxylate linker has a doubly interpenetrating structure
with each framework having an idealized simple cubic 6-
connected net (the B net of CaB6). Despite the presence of
doubly interpenetrating networks, at least 20dmso guest
molecules per SBU occupy the pores, or a volume represent-
ing 71% of the crystal volume, the greatest value observed for
interpenetrating structures.[164]

The synthesis of coordination polymers with different
linkers (at least two kinds) has been attempted not only to
generate diverse structures but also to give multifunctional
frameworks. There are two kinds of linker combination
known to date; neutral–neutral and neutral–anionic.
{[Cu(4,4’-bpy)(pyz)(H2O)2]·2PF6}n is the first example of a
coordination polymer containing two different types of
neutral ligands.[165] This coordination polymer comprises 2D
rectangular grids, which superimpose in an off-set fashion to
give smaller rectangular channels. The combination of linear
bipyridine ligands (4,4’-bpy, 1,4-bis(4-pyridyl)benzene, 9,10-
bis(4-pyridyl)anthracene, and 4,4’-bis(4-pyridyl)biphenyl),
selectively affords polymers of the form
{[Ni(NO3)2(L1)(L2)]·guest}n which have rectangular grids of

Figure 12. a) The crystal structure of {[Zn3(OH)2(bpdc)2]·4def·2H2O}n

which contains infinite Zn-O-C SBUs that are linked together by bpdc
links. b) View of 1D channels running along the c axis.[156]
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various dimensions.[96] Coordination polymers with both
anionic and neutral organic linkers are far more common
because of the ease of charge compensation.[111,158,159,166–181]

[Cu2(bpm)(ox)Cl2]n (bpm= 2,2’-bipyrimidine, ox=oxalate)
consists of alternate m-bpm and m-ox bridged CuII chains
which are further connected through inorganic chloride
linkers, thus forming a corrugated 2D framework.[176] The
crystal structure of [Cu2(bpm)(suc)0.5(ClO4)2(OH)(H2O)2]n
(suc= succinate) consists of a chain of bpm-bridged dinuclear
CuII units linked by a carboxylate group from the succinate
anion and a hydroxy group.[166] Coordinated ClO4

� ions also
bridge the adjacent chains. This polymer possesses four
different linkers including two inorganic linkers (OH and
ClO4

�).
Coordination polymers with two kinds of connectors

(heterometallic polymers) are of great interest owing to their
possible applications for the functionalization of micropores
and/or microchannels and the construction of molecular-
based magnets. Therefore, a new type of donor building block
has been developed, which is a hybrid inorganic–organic
bridging ligand, the so-called metalloligand.[6,182–201] A metal-
loligand has several advantages: 1) simple to prepare multi-
functional ligands. Multifunctional organic bridging ligands
require many intricate synthetic steps while multifunctional
metalloligands can be obtained from combination of simple
connectors and linkers, 2) modification of coordination ability
is possible. Owing to the Lewis acidity and electrostatic effect
of metal ions, the coordination properties of the functional
groups in the metalloligand can be modified, 3) amphoteric
properties. In addition to Lewis basic coordination sites,
metalloligands also provide a Lewis acidic site at the metal
ion, 4) two functions for the metal ions. Two roles of metal
ions can be utilized, one is to link connectors to afford the
backbone of a framework. The other is to make a branch in
the backbone. This advantage also contributes to the chemical
or physical properties of the coordination polymer. Homo-
metallic coordination polymers and also heterometallic ones
can be systematically synthesized.

Early reports on metalloligands are of CuII complexes
with oxamate, oxamide, benzoate, and propionate
(Figure 13).[182–184,202] [RuCl2(pyz)4] has four equatorial pyra-
zine molecules, the free exo-oriented N-donor atoms of which
are in square-planar orientation. The complex reacts with AgI

salts to form 2D and 3D bimetallic networks.[191] Metal-
loporphyrins are one of the most widely used metalloli-
gands,[6, 192,194,203] which can have peripheral substituents
capable of metal-binding, such as pyridine,[192] carboxylate,[194]

and cyanide.[192] The structural analysis of {Cu[Cu(tpyp)]}n
(H2tpyp= 5,10,15,20-tetra(4-pyridyl)-21H,23H-prophyrin)
shows a PtS-related framework.[192] This framework occupies
less than half the volume of the crystal, the remaining space is
occupied by highly disordered solvent molecules and anions.

The oxalate-bridged polymeric compounds of general
formula, {cat[M1,IIM2,III(ox)3]}n (cat+=monovalent cation;
M1,II : divalent metal ion), are constructed frommetalloligands
[M2,III(ox)3]

3� (M2=Cr,[196] Fe,[198] and Ru[199]). A similar
metalloligand [Cr(dto)3]

3� is used to create bimetallic assem-
blies of {NPr4[MCr(dto)3]}n (M=Fe, Co, Ni, Zn).[200]

The immobilization of coordinatively unsaturated metal
centers (UMCs) into porous frameworks is a very attractive
idea because a regular arrangement of metal centers in a
certain space induces regioselectivity or shape- or size-
selectivity towards guest molecules. Moreover, the combina-
tion of a catalytic center with porous properties and effective
isolation from species toxic to the catalyst leads to efficient
tailor-made reaction systems, which approach the peptide
architecture of enzymes in biological systems.[204] The immo-
bilization of UMCs in porous hosts has been tried by using
zeolites, polymeric matrices, and clays by means of ion-
exchange or impregnation. However, by these methods it was
not possible to generate sufficiently isolated and uniformly
distributed UMCs and the environment around the UMC is
not clearly defined. If the UMC can be directly incorporated
into the channel walls of microporous coordination polymers,
completely isolated and uniformly distributed catalytic cen-
ters would be realized. For this purpose, a new synthetic
scenario has been developed, that is, “two-step self-assem-
bly”. First, a metalloligand is synthesized, which acts not only
as a framework linker but also as a UMC (M1). Second, the
metalloligand is added to another metal ion (M2), which acts
as a node in the framework. Consequently, two kinds of metal
centers coexist in a framework (Figure 14), and the metal ion
in the channel wall presents a large surface to guest molecules.
Utilization of the metalloligand, {[Cu(2,4-pydca)2(-
H2O)]·2Et3NH} (pydca= 2,4-pyridine dicarboxylate) as a
linker provides the porous coordination polymer,

Figure 13. Perspective view of three neighboring chains in [MnCu-
(pbaOH)(H2O)3]n.

[202]

Figure 14. Metal frameworks with a) two kinds of metal units
(coordinatively saturated M2 and unsaturated M1), and
b) coordinatively saturated M2.

S. Kitagawa et al.Reviews

2342 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 2334 – 2375

http://www.angewandte.org


{[ZnCu(2,4-pydca)2(H2O)3(dmf)]·dmf}n, where the ZnII ion at
the node of the network acts as a connector and the CuII ion in
the channel wall is available for guest coordination.[189] Other
metalloligands, [M(H2salphdc)] (M=CoII and CuII), with the
Schiff base ligand, H4salphdc, were recently synthesized.[201]

Single crystals of {[Zn3Cu2(OH)2(salphdc)2]·2dmf}n, whose
topology is identical to that of the Al net in SrAl2, contain
large 1D channels approximately 14 K 14 L2 (Figure 15).

Interestingly, coordinatively unsaturated CuII ions line up
along the c axis every 6.1 L. This kind of framework have
been expected but not realized.[407] To our knowledge, this is
the first example in which metallo-Schiff base moieties are
embedded in the pore wall of 3D porous framework. The X-
ray powder diffraction (XRPD) pattern of as-prepared
{[Zn3Cu2(OH)2(salphdc)2]·2dmf}n measured at 298 K is in
good agreement with that of the simulated pattern obtained
from single-crystal diffraction. The pattern indicates that the
porous structure is maintained until 573 K. Instead of the CuII

ion, the CoII ion can be introduced as a UMC.
[Zn3Co2(OH)2(salphdc)2] was synthesized by a similar proce-
dure to {[Zn3Cu2(OH)2(salphdc)2]·2dmf}n. The X-ray diffrac-
tion pattern is in good agreement with that of
{[Zn3Cu2(OH)2(salphdc)2]·2dmf}n, which indicates that the
same 3D framework with coordinatively unsaturated CoII

ions was formed. Various metal complexes with Schiff base
ligands show unique catalytic activities,[205–207] suggesting an
interesting possibility for design of pore walls for catalytic
porous compounds.

2.3. Nanospace Engineering

Inorganic porous compounds, such as zeolites or activated
carbons with high stability of their frameworks are widely

used, for example, in separation, catalysis, exchange, non-
linear optics, electro devices, ship in bottle synthesis. Zeolites
have high crystallinity with regular channels or cavities but a
low porosity (and in some cases high surface areas).[208–214] On
the other hand, activated carbons have high porosity with a
broad pore size distribution, so that many of the channels or
cavities are often superfluous and unnecessary for the
required porous functions, which leads to poor storage/
separation capacity for a specific guest. In addition, the
control and fine-tuning of the frameworks for both classes of
porous compounds are not easy by current synthetic methods.
Recently, organic porous compounds linked by hydrogen
bonds have been reported.[215–221] Many of them show unique
catalytic properties, but their frameworks are liable to
collapse or deform after removal of guest molecules from
the micropores. Coordination polymers are mainly con-
structed from coordination bonds with the aid of other
interactions, such as hydrogen and metal–metal bonds, p–p,
CH–p, electrostatic, and van der Waals interactions, and,
therefore, networks that are both robust and flexible can be
made. The bridging organic ligands used as building blocks
can be modified easily enabling the preparation of tailored
structures. The transition-metal ions required for catalytic
sites can be readily introduced into the pore walls.[30, 31,222–225]

Moreover, the pore walls are principally constructed from
organic molecules, producing a “light material”. Thus, the
field of porous coordination polymer chemistry has shown
quite spectacular advances in the last decade.

The following points should be taken into consideration
when creating porous coordination polymers: 1) it is impos-
sible to synthesize compounds containing vacant space
because nature dislikes vacuums. In other words the pores
will always be filled with some sort of guest or template
molecules. Therefore, it is very important to select appro-
priate, size-fitting guest molecules, which are volatile or
exchangeable, 2) large linkers, which extend the distance
between nodes (connectors) of a framework, are often used
for the preparation of large micropores, however, with such
linkers interpenetration frequently occurs. Regulation of
interpenetration (Section 2.2.) is an important challenge in
crystal engineering, 3) an alternative strategy is to design a
framework, in which the spaces occur topologically. For
example, the diamond net and the B net in CaB6 are
frequently used in the construction of highly porous coordi-
nation polymers.

Based on spatial dimensions there are four types of porous
structures, as illustrated in Figure 16. 0D cavities (dots) are
completely surrounded by wall molecules. In these cavities, a
certain guest can be isolated or dispersed in the solid.
Channels (1D), layers (2D), and intersecting channels (3D),
are frequently utilized to accommodate or exchange guests.

Following a suggestion in 1998, porous coordination
compounds were classified in the three categories, 1st, 2nd,
and 3rd generation (Figure 17).[11] The 1st generation com-
pounds have microporous frameworks, which are sustained
only with guest molecules and show irreversible framework
collapse on removal of guest molecules. The 2nd generation
compounds have stable and robust porous frameworks, which
show permanent porosity without any guest molecules in the

Figure 15. Structure of {[Zn3Cu2(OH)2(salphdc)2]·2dmf}n ; view along
the c axis.
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pores. The 3rd generation compounds have flexible and
dynamic frameworks, which respond to external stimuli,
such as light, electric field, guest molecules, and change their
channels or pores reversibly. Many inorganic porous materials
constructed by covalent bonds are classified as the 2nd gen-
eration compounds. On the other hand, porous coordination
polymers could afford not only robust “2nd generation
compounds” but also flexible and dynamic “3rd generation
ones”.

3. Porous Structures

3.1. Dots (0D Cavities)

Nanosized pores, which are isolated from the others and
scattered in the solid, occur in several coordination-polymer
solids and are divided into two categories: solid without
windows and solids with windows but these windows are very
small compared to the guest molecules. In any case, guest
molecules are unable to pass out of these cavities. An
interpenetrated 3D network of {[Zn(CN)(NO3)(tpt)2/3]·3/
4C2H2Cl4·3/4CH3OH}n provides a barrier impenetrable to

even the smallest molecules (with the possible exception of
H2), effectively isolating each cavity from its neighbors and
from the outside world (Figure 18).[226] The cavities, sealed-off
in this manner, are exceptionally spacious, the distance across
the inner shell from one Zn4 square to the opposite and

parallel Zn4 square is the unit cell length, 23.448(4) L. The
cavity is large enough to accommodate approximately nine
1,1,2,2-tetrachloroethane molecules, together with nine mol-
ecules of methanol, all of which are highly disordered and
essentially a liquid. In the 3D oxalate network structures
{[MII(2,2’-bpy)3][M

IMIII(ox)3]}n the negatively charged oxalate
backbone provides perfect cavities for tris(bipyridyl) complex
cations. The size of the cavity can be adjusted by variation of
the metal ions of the oxalate backbone.[227, 228]

3.2. Channels (1D Space)

A large number of coordination polymers with regular 1D
channels have been synthesized and crystallographically
characterized. There are several sizes and shapes of 1D
channel. For example, {[Ni(NO3)2(4,4’-bis(4-pyridyl)biphe-
nyl)2]·4(o-xylene)}n has big 2D square-grid networks (19.9 K
20 L2), each of which stacks to create large rectangular
channels (ca. 10 K 20 L2).[229] {[Zn(in)2]·2H2O}n (in= isonico-
tinate) has a 3D, twofold interpenetrated network character-
istic of a 6482-b net, similar to that of a-quartz, and forms
pseudohexagonal channels with diameters of about 8.6 L.[230]

{[Ni(acac)2(L)]·3MeCN·6H2O}n (L= 2,2’-diethoxy-1,1’-
binaphthalene-6,6’-bis(4-vinylpyridine); acac= acetylaceto-
nate) has two sizes of chiral 1D channels, 17 K 17 L2 and 7K
11 L2.[231]

On the macroscopic scale, pillared layer structures are
frequently been found in ancient buildings, such as the
Parthenon in Athens. Even on the microscopic scale, the
pillared layer motif is very useful for the construction of
various porous frameworks because simple modification of a
pillar module can control the porous structures and proper-
ties.[12] The CuII coordination polymer, [Cu2(pzdc)2(pyz)]n
(CPL-1; coordination polymer 1 with pillared layer struc-
ture), has a pillared layer structure, and is a suitable system
for the design of porous structures and properties.[158]

Figure 16. Classes of porous structures based on spatial dimensions.

Figure 17. Classification of porous compounds as 1st, 2nd, and 3rd
generation.

Figure 18. a) Part of one individual infinite 3D network and b) two
independent, equivalent, and interpenetrating frameworks (distin-
guished by “full” and “open” lines) of {[Zn(CN)(NO3)(tpt)2/3]·3/
4C2H2Cl4·3/4CH3OH}n. Tpt units are represented by three spokes radi-
ating from a point at the center of the triazine ligands. ZnCNZn units
are represented by direct Zn–Zn links.[226]
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The CuII center in CPL-1 has a distorted square-pyramidal
coordination environment formed by three carboxylate
oxygen atoms, one nitrogen atom of pzdc, and one nitrogen
atom of pyz (Figure 19a). 2D sheets constructed from CuII

and pzdc units, which have no voids large enough for
molecules to pass through, are linked by pyz ligands affording
a 3D porous pillared layer structure (Figure 19b). There are
1D channels with dimensions of approximately 4 K 6 L2 which
run along the a axis between the 2D sheets, and in which one
water molecule is included per CuII ion.

The channel dimensions and surface properties of this
pillared layer coordination network can be controlled by
modification of the pillar ligands. For this purpose, various
pillar ligands, which have a variety of lengths and function-
alities (Figure 20), were employed to give a series of
compounds, {[Cu2(pzdc)2L]·nH2O}n (L= pyz (CPL-1, n=
1),[158] bpy (CPL-2, n= 4),[158] pyre (CPL-3, n= 4),[159] azpy
(CPL-4, n= 5),[159] dpe (CPL-5, n= 4),[159] and pia (CPL-6, n=
5)[158]). For such a series of complexes which have a similar
basic framework, Rietveld analyses of the X-ray powder
diffraction patterns are useful for structure determination.
Modification of the pillar ligands enables us to realize
systematic control not only of the pore size (approximately
8 K 6, 8 K 3, 10 K 6, and 10K 6 L2 for CPL-2, 3, 4 and 5,
respectively) but also of the surface functionality.

3.3. Layers (2D Space)

While there are dozens of 2D coordination polymers, few
have been reported in which several guests can be incorpo-

rated between the layers. The 1D motif of {Cu(ca)(ROH)2}
contains hydrogen-bonding sites, ca-O (hydrogen-bond
acceptor) and ROH (hydrogen-bond donor).[111]

[Cu(ca)(H2O)2] has a layer structure and the distance
between the copper atoms in the different sheets is 8.45 L.
In fact, the compound obtained, [Cu(ca)(H2O)2], is thermo-
dynamically unstable without intercalated molecules, which
tightly link the layers[232] through hydrogen-bonding interac-
tions (Figure 21). In {[Cu(ca)(H2O)2]·phz}n (phz= phenazine)

the phz molecules intercalate and stack in columns that are
separated by 3.18 L (nearest neighbor C···C distance).[232] The
interlayer distance (nearest neighbor Cu···Cu distance) is
9.25 L. Molecules of 2,5-dimethylpyrazine (dmpyz) also form
columnar stacks between the sheets. Interestingly, there are
two types of phases (a and b) in the compound, {[Cu(ca)-
(H2O)2]·dmpyz}n. In the a- and b-phases, the stacking mode of
dmpyz is similar, whereas the coordination mode of dmpyz is
different and the two phases have different colors. This result
also indicates that the layer spacing is flexible, a characteristic
of coordination polymer frameworks. The spacing between
the layers in {[Cu(ca)(H2O)2]n}m, ranges from 8.45 to 11.0 L.
The intercalation is governed by several factors: The inter-

Figure 19. a) Coordination environment of the CuII ion and b) 3D
structure along the a axis of CPL-1. Guest H2O molecules, which are
represented by space filling model, are accommodated in each chan-
nel.[158]

Figure 20. Linker ligands used as pillars in {[Cu2(pzdc)2L]·nH2O}n.

Figure 21. Intercalation of various guests between the layers in the
coordination polymer [Cu(ca)(H2O)2]n.

[232]
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calated molecules has 1) a p-electron structure with which to
form a stacked column, and 2) hydrogen-bonding sites in
opposing directions for linking the layers. When condition (1)
is not fulfilled, for example, with 1,2,3,4,6,7,8,9-octahydro-
phenazine (ohphz), which has a nonplanar structure, no
intercalated stacked ohphz columns are formed. The ohphz
still has hydrogen-bonding capability and can bind to the
water molecules in the same chain (Figure 21).

The intercalation compounds {[M(ca)(H2O)2]·L}n (M=

FeII, CoII, and MnII, L=H2O and phz) have also been
synthesized and characterized.[233, 234] For {[M(ca)(H2O)2]·
H2O}n, the crystal structures consists of uncoordinated guest
water molecules and 1D zigzag [M(ca)(H2O)2]n chains. The
adjacent chains are interlinked by hydrogen bonds, thus
forming layers. The water molecules are intercalated between
the {[M(ca)(H2O)2]n}m layers. The intercalation mode of the
water molecules is different from that in the compounds
{[M(ca)(H2O)2]·phz}n (M=FeII, CoII, and MnII), which are
isomorphous to {[Cu(ca)(H2O)2]·phz}n.

The molecular assemblies obtained here reveal three key
factors that control the crystal structures: 1) hydrogen bonds
support a 2D sheet, {[M(ca)(H2O)2]n}m, which is flexible and
amenable to intercalation of various kinds of molecules,
2) the intercalated guest molecules affect the sheet structure
and dynamics of {[M(ca)(H2O)2]n}m, and 3) the choice of a
metal ion mediates the fine-tuning of the sheet structures and
the orientation of the guest molecules.

Another instructive example of this class of materials is
the 2D bimetallic phases {(cation)[MIIMIII(ox)3]}n (M

II=Mn,
Fe, Co, Cu, Zn; MIII=Cr, Fe) first reported by Okawa
et al.,[195, 235] which behave as ferro-,[196] ferri-,[199,236,237] or
canted antiferromagnets[238, 239] with critical temperatures
ranging from 5 to 44 K. Their structures[197, 240] consist of an
extended anionic network formed by oxalate-bridged hexag-
onal layers of the two metal atoms. These layers are separated
by an organic counterion of the type [XR4]

+ (X=N, P; R=

Ph, nPr, nBu), which may act as a template controlling the
formation of the net structure and thus determining the
interlayer separation, as well as its packing.[197] It is possible to
replace this electronically “innocent” cation by an electro-
active one, to confer new properties, such as electrical
conductivity, thermal spin transition, and nonlinear optical
activity, on the magnetic material. The first successful attempt
to combine an organic donor with a polymeric bimetallic
oxalato complex afforded the semiconducting hybrid salt
[bedt-ttf]2[CuCr(ox)3] (bedt-ttf= bis(ethylenedithio)tetra-
thiafulvalene).[241] The hybrid was obtained by electrocrystal-
lization as a microcrystalline powder. It is worth noting that
not only the electrical properties of the bimetallic magnetic
units but also the nonlinear optical properties of the organic
dyes in between the layers can be realized.[242,243] Pure,
magnetic multilayered materials with organometallic deca-
methylmetallocenium cations as counterions [ZIII(Cp*)2]
(ZIII=Fe, Co; Cp*=C5Me5) show spontaneous magnetiza-
tion below Tc (Figure 22).[244, 245] Crystalline [bedt-
ttf]3[MnCr(ox)3] displays ferromagnetism and metallic con-
ductivity.[246]

[Cd(1,5-nds)(H2O)2]n is a layered metal sulfonate coordi-
nation polymer.[247] It can selectively and reversibly interca-

late ammonia and amines quantitatively without dehydration
and form stable adducts, by a solid–vapor reaction at room
temperature. Amines are intercalated with the aid of different
interactions. Two equivalents of amine molecules are inter-
calated with the formation of coordination bonds by replacing
the coordinated H2O molecules, while a further equivalent of
amine is anchored by weak intermolecular interactions.
Guest-driven solid-to-solid phase transformations are also
observed.

[Ag(CF3SO3)]n forms a layer host structure, in which
alcohol guests are intercalated with the aid of coordination
bonds between AgI and the alcohol to give [Ag(CF3-

SO3)(L)0.5]n (L= alcohols). Interestingly, a wide range of
guests can be exchanged, that is, straight primary alcohols
containing an even number of carbon atoms ranging from
ethanol (C2H5OH) to eicosanol (C20H41OH).[248]

3.4. Intersecting Channels (3D Space)

3D intersecting channels, which frequently occur in
zeolites, are constructed by the interconnection of 1D
channels from various directions. Coordination polymers
with such 3D channels are rare owing to the framework
instability associated with high porosity. {[Ni6(1,3,5-btc)4(4,4’-
bpy)6(MeOH)3(H2O)9]·guest}n has a 3D porous framework
constructed from 2D Ni3(1,3,5-btc)2 layers and pillared by
4,4’-bpy ligands, which gives hexagonal-shaped channels (12.3
and 11.0 L in diameter) running parallel to the stacking
direction.[249] In addition, there are three 1D channels (8 K
4.4 L2) between the layers, forming and overall 3D frame-

Figure 22. View of the structure of {[FeCp*2][MnFe(ox)3]}n a) in the
ab plane showing the honeycomb magnetic layers, b) in the
ac plane.[244,245]
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work of intersecting channels. In {[Zn4O(1,4-
bdc)3]·8dmf·C6H5Cl}n) (IRMOF-1; IRMOF= isoreticular
metal–organic framework), octahedral Zn-O-C clusters are
linked by benzene supports to afford a primitive cubic
structure (the B net in CaB6) and an exceptionally rigid and
highly porous structure with 3D intersecting channels. The
simple and facile synthetic method indicates that the use of
other dicarboxylate linkers under similar conditions would
yield the same type of frameworks with diverse pore sizes and
functionalities. Indeed, using linkers other than 1,4-bdc
yielded IRMOF-2 through to IRMOF-16 (Figure 23). In

IRMOF-2 through IRMOF-7, 1,4-bdc linkers with bromo,
amino, n-propoxy, n-pentoxy, cyclobutyl, and fused benzene
functional groups were introduced into the desired structure
in which their substituent groups point into the voids. Some of
the IRMOFs have mesopores (> 20 L) as well as the lowest
crystal density of any material reported to date.

4. Functions of Coordination Polymers

4.1. Overview of Microporous Properties

Porous properties have attracted the attention of chemists,
physicists, and material scientists because of not only
industrial applications, such as separation, heterogeneous
catalysis, and gas storage but also because of scientific interest
in the formation of molecular assemblies, such as clusters and
1D arrays, and in the anomalous physical properties of

confined molecules can be studied. The adsorption of guest
molecules onto the solid surface plays an essential role in
determining the properties of porous compounds. This
adsorption is governed not only by the interaction between
guest molecules and the surfaces but also by the pore size and
shape. Pores are classified according to their size as shown in
Table 1.[250] There is no essential difference between adsorp-

tion by a macropore and adsorption onto a single surface, and
both are explained well by the Brunauer–Emmett–Teller
(BET) equation.[251] The adsorption by a mesopore is
dominated by capillary condensation, which is responsible
for a sharp adsorption rise around the mid relative-pressure
region. This effect is not attributable to molecule–solid
interactions but to a purely geometrical requirement, which
is illustrated well by the Kelvin equation. The adsorption in
the micropore should not be considered as that of molecules
onto a solid surface but as the filling of molecules into a
nanospace where a deep potential field is generated by the
overlapping of all the wall potentials. In this case, the
adsorption isotherm shows a steep rise at very low relative
pressure and a plateau after saturation. There are six
representative adsorption isotherms that reflect the relation-
ship between porous structure and sorption type.[252, 253] This
IUPAC classification of adsorption isotherms is shown in
Figure 24. These adsorption isotherms are characteristics of

adsorbents that are microporous (type I), nonporous and
macroporous (types II, III, and VI), and mesoporous (type-
s IV and V). The differences between types II and III and
between types IV and V arise from the relative strength of
fluid–solid and fluid–fluid attractive interactions. When the
fluid–solid attractive interaction is stronger than that of fluid–
fluid, the adsorption isotherm should be of types II and IV,

Figure 23. Dicarboxylate linkers used in the preparation of IRMOF
materials.

Table 1: Classification of pores.

Pore type Pore size [P]

Ultramicropore <5
Micropore 5–20
Mesopore 20–500
Macropore >500

Figure 24. IUPAC classification of adsorption isotherms.
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and opposite situation leads to types III and V. The type VI
isotherm represents adsorption on nonporous or macropo-
rous solid surfaces where stepwise multiplayer adsorption
occurs. Many articles have been published on the adsorption
processes in zeolites and activated carbons.[31, 33,254–262]

Porous coordination polymers have a variety of coordi-
nation architectures with uniform and/or dynamic pore
structures. In the conventional porous materials, such as
activated carbons and inorganic zeolites, pore shapes are
often slit-like or cylindrical, respectively. On the other hand,
the pore shapes of coordination polymers are not necessarily
modeled by slit-like and cylindrical pores because they have
crystallographically well-defined shapes, such as squares,
rectangles, and triangles. Unprecedented adsorption profiles
have been found in porous coordination polymers, which are
characteristic of the uniform microporous nature. For exam-
ple, a square pore possesses four corner sites where a deeper
attractive potential for guests is formed by the two pore walls
than at the midpoint of the wall (Figure 25).[263] In this case,

two-step adsorption is expected in the low relative-pressure
region corresponding to the presence of the two different
sites. [Cu(bpdc)(dabco)0.5]n (dabco= 1,4-diazabicy-
clo[2.2.2]octane), with the B net of CaB6, has a uniform
square cross-sectional 1D channel with dimensions of 10.5 K
10.5 L2.[264–266] The Ar adsorption isotherm measured at
87.3 K shows two steps at relative pressure around 10�2

which correspond to pore sizes of about 9.5 and 12 L,
respectively (Figure 26).[267]

The six types of adsorption isotherms assume that the
porous host structures are not altered through the sorption

process. If the porous hosts have a flexible and dynamic
nature, for example, when a structure transformation from
nonporous to microporous occurs during the adsorption, the
adsorption isotherm has a novel profile, dissimilar to the
conventional type (Figure 24). In this case, the adsorption
isotherm could be a combination of types I and II or III. In
Figure 27, the adsorption isotherm follows the type II iso-

therm at low concentration (pressure), that of a nonporous
phase. After a certain point A, the isotherm begins to
approach type I with a sudden rise. At point B the structural
transformation from nonporous to porous is complete. If
many structural transformations occur, a multistep adsorption
profile would be observed. This phenomenon is one of the
advantages of coordination polymers with flexible and
dynamic frameworks based on weak interactions, such as
coordination bonds, hydrogen bonds, p–p stacking interac-
tions, and van der Waals forces. Structural flexibility accom-
panied with a certain structural transformation can even
occur in inorganic porous materials. Several examples of
flexible inorganic networks are known.[211,268–272] The struc-
tural change in inorganic networks, however, is not so drastic

Figure 25. Contours of constant local density of adsorbed Ar molecules
for several values of the pore loading (Monte Carlo computer simula-
tions for the pore size 18.2Q54.6Q P3). NAr is the number of argon
molecules adsorbed. These local densities have been averaged along
the direction of the pore axis and thus show where adsorption is
occurring in a cross-sectional view down the pore axis.[263]

Figure 26. Ar adsorption isotherms at 87.3 K (left) and pore size distri-
butions (right) for coordination polymers [Cu(1,4-bdc)(dabco)0.5]n (1)
and [Cu(bpdc)(dabco)0.5]n (2). Schematic views show the Ar filling of
the micropore.[264] Vads.=adsorbed volume, Vp=pore volume, Dp=pore
diameter, STP= standard temperature and pressure.

Figure 27. Adsorption isotherms observed when porous frameworks
undergo a structure transformation from nonporous to porous.
Dashed lines represent the Type I (micropore filling) and Type II (sur-
face adsorption) isotherms. Points A and B indicate the gate-opening
and gate-closing pressures which accompany the start and end of the
structure transformation, respectively.
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as that of coordination polymers because of their robust
frameworks characteristic of strong bonds, such as Si/Al�O
bonds. A framework in which the pore size could be changed
by temperature was found in a zeolite containing octahedral
and tetrahedral motifs.[273] However, on guest adsorption the
framework is not flexible but robust.

The structural stability is an important factor in the study
of the microporous functions of coordination polymers. There
are two types of the stability: 1) whether or not a framework
is maintained on the removal of the guest molecules from the
pores, 2) thermal stability, a stable framework at high temper-
ature tends to require strong bonding between building blocks
but in certain cases the stability depends on the mode of
framework. X-ray powder diffraction (XRPD) and thermog-
ravimetric (TG) measurements are commonly used to inves-
tigate the structural stability. TG data provides information
about the temperatures T1 and T2, at which guest removal and
framework decomposition occur, respectively, but no infor-
mation on framework stability. The XRPD pattern of a
desolvated porous framework, which is obtained by heating
above T1 but below T2, affords direct information of the
framework stability: structural analysis indicates robustness/
flexibility of a framework or preservation of the crystalline
phase or formation of an amorphous one. Recently, direct
detection of vacant channels by single-crystal X-ray diffrac-
tion after the removal of guest molecules was reported.[229,274]

According to these analyses, porous coordination polymers
are thermally less stable than inorganic materials owing to the
presence of the weaker coordination bonds. Typical T2 values
for this kind of frameworks is below 473 K though some
coordination polymers do have a high thermal stability where
T2 is above 573 K (for example, materials with strong M�O
bonds).[131]

The specific surface area is one of the most important
factors for evaluating the pore capacity, and is associated with
the number of guest molecules accommodated by direct
contact. Table 2 shows values of the surface area and pore
volume of representative stable porous coordination poly-
mers as determined by gas-adsorption studys.[47,130,158,265,275–278]

Recently, the specific surface areas attainable with coordina-

tion polymers have increased from 500 m2g�1, comparable to
that of zeolites, to a very large value, 4500 m2g�1. This value is
much higher than the ideal value of carbon materials,
2630 m2g�1, which is calculated as the sum of two surfaces
of graphite planes. In practice, the thinner the walls of the
pores are, the higher the specific surface area is. In the case of
inorganic zeolites, the pore walls are constructed with a
thickness of at least several Si, O, and Al atoms, whereas
coordination polymers afford thin walls, for instance, only one
carbon atom thick when the wall is of 4,4’-bpy, which shows
that almost all the atoms constructing porous frameworks can
be used as a surface. In addition to the high porosity, one of
the most interesting porous properties is the regularity of the
pore distribution in the solid. Regular pore distribution can be
readily realized for coordination polymers as well as inorganic
porous materials. Molecules confined in restricted space can
show group properties and form molecular assemblies that
are not realized in the bulk state. Utilization of this nanosized
space found in precisely designed uniform pores has just
begun (see Section 5).

Based on the accumulated crystallographic and adsorp-
tion data of porous coordination polymers, Monte Carlo
(MC) simulations of small-molecule adsorption have been
performed, an approach that is common in carbon and
inorganic materials chemistry.[279–281] For the simulation, the
porous coordination polymers have an advantage, their well-
characterized regular structure precludes the need to make
assumptions about the host structures. The MC simulations
were carried out using formal HF-based and B3LYP-based
charge densities for the frameworks [Zn(1,4-bdc)]n and
[Cu3(1,3,5-btc)2]n.

[282] The isosteric heats of adsorption for
N2, Ar, and H2, are small and lie in the range of values for
physisorption (< 10 kcalmol�1). In the case of the [Cu3(1,3,5-
btc)2]n framework, the adsorbed Ar tends to distribute in a
four-leaf-clover-like shape. The effect of axially coordinated
water molecules influences the adsorption; the amount of
adsorbed Ar at low pressure in the presence of coordinated
water is higher than that of water-free [Cu3(1,3,5-btc)2]n, while
the value for water coordinated [Cu3(1,3,5-btc)2]n is smaller
than that for water-free [Cu3(1,3,5-btc)2]n (Figure 28). The

Table 2: Values of the surface area (a) and pore size (dp) and pore
volume (V) of stable porous coordination polymers.

Formula dp [P] a [m2g�1] V (micropore) [mLg�1]

[Co2(NO3)4(4,4’-bpy)3]n 3Q6 – 0.15
[Cu2(pzdc)2(4,4’-bpy)]n 9Q6 846 0.22
[Cu2(pzdc)2(pia)]n 11Q6 1013 0.27
[Cu(SiF6)(4,4’-bpy)2]n 8.0 1337 0.56
[Cu2(1,3,5-btc)3]n 9.0 692 0.33
[Cu(1,4-bdc)]n 6.0 545 0.22
[Cu(1,4-bdc)(dabco)1/2]n 7.4 1947 (3894[a]) 0.71
[Cu(L1)(dabco)1/2]n

[b] 9.5 3013 (4520[a]) 1.08
[Cu(bpdc)(dabco)1/2]n 10.8 3265 1.27
[Zn4O(1,4-bdc)3]n 11.2 2900[c] 1.04
[Zn4O(L2)3]n

[d] 9.3 2630[c] 0.60
[Zn4O(bpdc)3]n 15.4 1936[c] 0.69

[a] The surface areas were determined by BET plots using 2 am at corner
sites (am is the cross section of a probe molecule). [b] L1= trans-�OOC-
Ph-CH=CH-COO� . [c] The surface areas were determined by Langmuir
plots. [d] L2 is shown in Figure 23 as the ligand of IRMOF-6.

Figure 28. Calculated isotherms of adsorbed Ar in [Cu3(1,3,5-btc)2] .
Three models for the charge densities on each atom of the framework
are used: formal charge, HF/4-31G, and B3LYP4-31G. Mc=molecules
per cell.[282]
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coordinating water enhances adsorption but also narrows the
cavity available for Ar.

4.2. Robust Frameworks with Nanospace
4.2.1. Gas Storage

The ability to store a desired compound is a typical
property of porous materials. Table 3 lists porous coordina-
tion polymers classified based on functions, properties as
hosts for guests or reactants, and generation category
according to the structural flexibility and stability (see
Figure 17).

The adsorption of gases at ambient temperature is
important for applications, such as storage and transport. A
useful strategy for the creation of suitable adsorbents is to
prepare stable frameworks without guest molecules (2nd
generation compounds; Figure 17). The first report on the
gas-adsorption properties of those compounds at ambient
temperature appeared in 1997. The framework reported is
best described as tongue-and-groove (bilayer) structure,
{[M2(4,4’-bpy)3(NO3)4]·xH2O}n (M=Co, x= 4; Ni, x= 4; Zn,
x= 2), formed from M(NO3)2 and 4,4’-bpy units (Fig-
ure 29a).[47] The effective micropore cross section for the
dried sample is about 3 K 6 L2 (based on van der Waals radii;
Figure 29b). This host reversibly adsorbs CH4, N2, and O2 in
the pressure range of 0–36 atm without collapse of the crystal
framework (Figure 29c). Similar coordination polymers capa-
ble of the gas adsorption have since been synthe-
sized.[126, 130,131,145,264–266,276–278,285,306,308,311,314,323,329] The adsorp-
tion of N2 or Ar gas at low temperature is generally used
for the evaluation of micropores. The N2 adsorption isotherms
measured at 77 K on CPL-1, CPL-2, and CPL-5 are given in
Figure 30.[277] All CPL samples show typical isotherms of
type I, which confirms the presence of micropores and the
absence of mesopores. The almost vertical rise of the N2

adsorption isotherms at low relative pressures indicates that
the size of micropores is extremely uniform, characteristic of
coordination polymers. From the as-analysis and the Dubi-
nin–Radushkevich (DR) equation, several micropore param-
eters, such as micropore volume, surface area, and isosteric
heat of adsorption are obtained. The pore size distribution of
[Cu(SiF6)(4,4’-bpy)2]n, which has a 3D porous network con-
structed from 2D grid layers of [Cu(4,4’-bpy)2]n and columns
of AF6 anions (Figure 31a), were calculated from Ar adsorp-
tion at 87.3 K according to the Horvath–Kawazoe (HK)
method.[126,130] The differential pore volume plot, shows a
single sharp peak around 8 L (Figure 31b). This compound
has quite a uniform square pore (8 K 8 L2) as shown in
Figure 31a. The result is in good agreement with the
crystallographic structure.

Methane is the main component of natural gas, which is an
important candidate for clean transportation fuels. The
storage of methane by adsorbents has been pursued vigo-
rously as an alternative to compressed gas storage at high
pressure. However, none of the conventional adsorbents have
afforded sufficient CH4 storage to meet the conditions
required for commercial viability. Even in activated carbons
with large specific surface area and micropores, a high

percentage of the mesopores and macropores are not
effective for CH4 adsorption because the single surface can
not trap CH4 molecules and therefore the large voids are
useless. To achieve higher adsorption capacity, it is necessary
to ensure that micropores with sizes well suited to methane
molecules are densely and uniformly distributed in the solid.
Porous coordination polymers are therefore good candidates
as adsorbents for CH4 storage.

Figure 29. a) ORTEP drawing of the CoII center in {[Co2(4,4’-bpy)3-
(NO3)4]·4H2O}n, b) view of the infinite framework along the c axis,
c) isotherms of the adsorption of CH4 (open circle (adsorption); open
triangle (desorption)), N2 (open rhombus), and O2 (open square) by
[Co2(NO3)4(4,4’-bpy)3]n at 298 K in the range 1–36 atm; A=absolute
adsorption in mmol of adsorbed gas per gram of anhydrous sample.[47]

S. Kitagawa et al.Reviews

2350 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 2334 – 2375

http://www.angewandte.org


Table 3: Selected functional microporous coordination polymers.[a]

Compound Function[b] Guests or reactants Generation
type[c]

References

[Ti2Cl2(iPrO)2L1]n and [Zr2(tBuO)4L1]n [283,284]
AD N2, hexane, benzene,

ethyl acetate
{[V(OH)(1,4-bdc)]·0.75H21,4-bdc}n CCT [285]

AD N2, Et2O
AD trimethylbenzene, 2-

methyl-1-propanol
CCT

{[Cr(OH)(1,4-bdc)]·0.75H21,4-bdc}n CCT [286,287]
AD N2

AD H2O 3rd-II-1
{[Cr(OH)(1,4-bdc)]·0.75H21,4-bdc}n GE dmf CCT
H2O-containing host
{[Fe2(NCS)4(azpy)4]·EtOH}n 3rd-II-1 [288]

AD EtOH, MeOH, 1-PrOH 3rd-II-1
{[Fe[Ni(bpca)2]1.5]·2ClO4·4.5CHCl3·3MeOH·10H2O}n

[d] [289]
AE PF6

� [d]

GE CHBr3
[d]

{[Co1.5[Co(tcpp)](py)3(H2O)]·11py}n

AD hydrophilic guests, N2

2nd [203]

selective AD H2O from benzene,
toluene, thf solutions

{[Co2(4,4’-bpy)3(NO3)4]·4H2O}n 2nd[e] [47]
AD N2, O2, CH4

{[Co(NCS)2(3-pia)2]·2EtOH·11H2O}n CAT [153]
AD thf, H2O, Me2CO CAT

[Co(NCS)2(3-pia)2]n Selective AD ring ethers, Me2CO 3rd-II-1 [153]
{[Co2(azpy)3(NO3)4]·Me2CO·3H2O}n

AD CH4

CAT [145]

{[Co(NCS)2(azpy)2]·0.5EtOH}n 2nd[e] [145]
AD CH4

{[M3(1,3,5-btc)2(H2O)12]n (M=Co, Ni, Zn) 2nd (Zn) [106]
3rd-I (Co, Ni)

AD NH3 2nd (Zn)
CAT (Co, Ni)

{[Co(1,3,5-Hbtc)(py)2]·1.5py}n 2nd [45]
selective AD aromatic guests

{[Co3(citrate)2(4,4’-bpy)4(H2O)2]·4H2O}n 3rd-II-1 [290]
AD MeOH, EtOH

{[Co2(H2O)4][Re6S8(CN)6]·10H2O}n CCT or CAT [291]
GE bulkier guests (alcohol,

nitrile, ether, dmf, etc)
3rd-II-1

{[Co(H2O)3]4[Co2(H2O)4] [Re6Se8(CN)6]·44H2O}n CCT or CAT [291]
GE see above 3rd-II-1

{[Co3(bpdc)3(4,4’-bpy)]·4dmf·H2O}n [292]
AD hydrocarbons

{[Co5(im)10]·2(3-methyl-1-butanol)}n 2nd [293]
GE EtOH, toluene, xylene 2nd

{[Ni2(4,4’-bpy)3(NO3)4]·2EtOH}n 2nd [294,295]
AD MeOH CCT [295,296]
AD N2, Ar, CO2, N2O 3rd[f ] [295,296]

toluene 2nd [295]
{[Ni(L2)2(NO3)2]·4 (o-xylene)}n

[d] [297]
GE mesitylene, styrene,

nitrobenzene, cyano
benzene

CCT

{[Ni(L2)2(NO3)2]·1.7 (mesitylene)}n 2nd[e] [297]
GE nitrobenzene, o-xylene 2nd[e]

AD ben
{[Ni3(L3)3(ctc)2]·16H2O}n 3rd-II-1 [298]

GE {[Cu(NH3)4]·2ClO4} 2nd[e]

AD MeOH, EtOH, PhOH 3rd-II-1
{[Ni3(1,3,5-btc)2(py)6(eg)6]·x(eg)·y(H2O)}n 2nd[e] [299]

AD MeOH, EtOH CCT[g]
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Table 3: (Continued)

Compound Function[b] Guests or reactants Generation
type[c]

References

{[Ni3(1,3,5-btc)2(py)6(1,2-pd)3]·11(1,2-pd)·8(H2O)}n CAT [299]
AD EtOH, 2-methyl-1-butanol CAT

{[Ni3(L4)3(1,3,5-btc)2]·18H2O}n 3rd-I [103]
AD PhOH

{[Ni7(suc)4(OH)6(H2O)3]·7H2O}n 3rd-II-1 [300]
AD N2

{[Ni(4,4’-bpy)2.5(H2O)2]·2ClO4·1.5(4,4’-bpy)·2H2O}n AE PF6
� [d,e] [301]

{[Cu2(pzdc)2(dpyg)]·8H2O}n 3rd-II-1 [167]
AD MeOH 3rd-II-1

{[Cu(1,4-bdc)(py)2(H2O)]·py·H2O}n 2nd[e] [302]
AD N2

[Cu(dicarboxylate(1))(dabco)0.5]n 2nd[e] [264–266]
AD Ar, CH4

{[Cu(AF6)(4,4’-bpy)2]·8H2O}n 2nd[e] [126,130]
(A=Si and Ge) AD CH4, Ar

AD H2O CCT [126]
{[Cu2(pzdc)2(PL)]·x (H2O)}n 2nd[e] [158,159,277,303]

AD N2, CO2, Ar, CH4

AD O2 2nd [303]
{[Cu(dhbc)2(4,4’-bpy)]·H2O}n CCT [152]

AD N2, O2, CO2, CH4, MeOH 3rd-II-1
[Cu(1,4-bdc)(4,4’-bpy)0.5]n AD N2, CH4, MeOH 3rd-II-1 [161]
{[Cu2(bz)4(pyz)]·2MeCN}n

[d] [304]
AD N2

[Cu(dicarboxylate(2))]n
[d] [305,306]

AD N2, Ar, O2, Xe, CH4

{[Cu2(o-Br-1,4-bdc)2(H2O)2]·8dmf·2H2O}n 1 st [138]
GE CHCl3, benzene, MeCN 2nd[e]

MeOH, EtOH, thf, dmso
{[Cu3(btb)2(H2O)3]·9dmf·2H2O}n 2nd[e] [160]

AD N2, Ar, CO, CH4, CCl4,
CH2Cl2, benzene, C6H12,
m-xylene

GE organic solvents 2nd[e]

{[Cu24(1,3-bdc)24(dmf)14(H2O)10]·50H2O·6dmf·6EtOH}n
[d] [307]

GE H2O CCT
{[Cu2(atc)(H2O)2]·4H2O}n 3rd-II-1 [137]

AD N2, Ar, CH2Cl2, benzene,
CCl4, C6H12

{[Cu(pymo)2]·2.25H2O}n 2nd [308]
AD N2

AD MClO4 (M=NH4, Li,
Na,K, Rb)

CCT

{[Cu3(L4)3(1,3,5-btc)2]·18H2O}n 2nd [309]
GE MeOH, EtOH
GE PhOH CCT

[Cu(L5)2]n AD various guests 3rd-II-1 h] [310–313]
AD coordinating solvents 3rd-II-1

{[Cu(4,4’-bpy)(BF4)2(H2O)2]·4,4’-bpy}n AD N2, Ar, CO2 3rd[f ] [314]
{[Cu5(bpp)8(SO4)4(EtOH)(H2O)5]·SO4·EtOH·25.5H2O}n 3rd-I [315]

AD MeOH, MeCN 3rd-I
{[Cu(CF3SO3)2(4,4’-bpy)2]·solvent}n 2nd[e] [134]

AD amyl acetate, MeNO2, 4-
methyl-2-pentanone, n-
decane, tetrachloro-
ethane

CCT

{[Cu(tcnb)(thf)]·PF6}n 3rd-II-1[i] [316]
{[Cu3(ptmtc)2(py)6]·2EtOH·H2O}n 3rd-I [317]

AD MeOH 3rd-I
{[Cu(in)]·2H2O}n 2nd[e] [318]

Selective AD MeOH, EtOH, 1-PrOH CCT
{[Cu(4,4’-bpy)1.5]·NO3·1.5H2O}n AE SO4

2�, BF4
� [d,e] [319]
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Table 3: (Continued)

Compound Function[b] Guests or reactants Generation
type[c]

References

{[Cu(L6)(ox)0.5(H2O)2]·3NO3·20H2O}n 3rd-I [116]
AE PF6

� , p-MePhSO3
� CCT

GE NH3 2nd[e]

{[Zn3(OH)2(bpdc)2]·4def·2H2O}n CAT[j] [156]
GE benzene, CHCl3, iPrOH,

thf, toluene
2nd

{[Zn3(OH)2(ndc)2]·4def·2H2O}n CAT[j] [156]
GE benzene, chloroform, 2nd

iPrOH, thf, toluene
AD benzene

{[Zn4O(dicarboxylate)3]·x (def)}n 2nd[e] [131,276]
(MOF-5 and IRMOF-1 ~16) AD Ar, N2, C6H12, CCl4,

CH2Cl2, benzene, CH4,
CHCl3

(MOF-5, IRMOF-6 and-8) AD H2 [320]
{[ZnO(tta)(dma)2]·3dma·21H2O}n

[d] [321]
AD N2, Ar, CH2Cl2, CCl4,

benzene, C6H12

{[Zn(1,4-bdc)]·dmf·H2O}n
[d] [322,323]

AD N2, CO2, CH2Cl2, CHCl3,
benzene, C6H12

{[Zn3(1,4-bdc)3]·6MeOH}n 3rd-II-1 [323,324]
AD N2, Ar, CO2, CH2Cl2, ben-

zene, CCl4, C6H12, MeOH
{[Zn2(1,3,5-btc)(NO3)]·5EtOH·H2O}n 2nd [323,325]

AD EtOH
selective GE dmf, alcohols

{[Zn3I6(tpt)2]·6( solvent)}n CCT [162]
(solvent=PhNO2 and PhCN) GE benzene, mesitylene,

cis-stilbene, CHCl3

2nd[e]

{[Zn(1,4-bdc)(H2O)]·dmf}n 3rd-I [326]
AD MeOH CAT

{[Zn(in)]·2H2O}n 2nd[e] [230]
AD N2

{[Zn3O(L7)6]·2H3O·12H2}n 3rd-I [141]
AE I3

� , PF6
� , p-CH3C6H4SO3

� [e]

CE alkali-metal ions 2nd[e]

Enantiose-
lective CE

[Ru(2,2’-bpy)3]
2+ [e]

{[Zn(dimto)2]·x (dmf)}n [327]
GE MeCN [e]

MeCN-exchanged material 2nd[e]

[Mo(dicarboxylate(3))]n AD N2, Ar, O2, CH4 [328]
[Rh(bz derivatives)2(pyz)0.5]n AD N2 [329]
[Rh(bz)2(pyz)0.5]n

[k] [330,331]
AD CO2 3rd-II-1
AD N2

[e,f ]

{[Pd(tib)]·NO3}n AE I� [f ] [332]
{[Ag(3-pySO3)]·0.5MeCN}n 3rd-II-1 [333]

Selective AD MeCN over other nitriles
{[Ag(4-teb)(CF3SO3)]·2benzene}n 3rd-II-1 [132,334]

GE aliphatic and aromatic
guests (2nd), alcoholic
aromatic guests (3rd)

2nd,
3rd-II-2

{[Ag(hat)]·ClO4·2MeNO2}n
[d] [335]

GE H2O 3rd[L]

{[Ag3(NO3)(L8)4]·2NO3·H2O}n AE NO2
� 2nd[m] [336]

{[Ag(edtpn)]·anion}n AE NO3
� , CF3SO3

� , ClO4
� CCT[j] and

3rd-II-2
[337]

{[Ag(3,3’-Py2S)]·anion}n AE BF4
� , ClO4

� , PF6
� , NO3

� 3rd-II-2 [338]
{[Ag(4,4’-bpy)]·NO3}n AE PF6

� , MoO4
2�, BF4

� ,
SO4

2�
3rd-II-2 [339]

{[Ag(bptp)]·CF3CO2}n AE CF3CO2
� , ClO4

� , PF6
� [m] [340]
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CH4 gas adsorption for porous coordination polymers was
first reported for {[Co2(4,4’-bpy)3(NO3)4]·4H2O}n, which
adsorbs an equivalent of about 52 cm3 (STP)g�1 (STP= stan-
dard temperature and pressure) of CH4 at a temperature of
298 K and a pressure of 30 atm (Figure 29c).[47] In 3D
pillared-layer coordination polymers, CPL-1, CPL-2, and
CPL-6, approximately 18, 56, and 65 cm3 (STP)g�1 of CH4 are
adsorbed at 298 K and 31 atm. The triply interpenetrated
framework of {[Cd2(NO3)4(azpy)3]·2Me2CO}n, which has
microporous channels despite the interpenetration, also
adsorbs a certain amount of CH4 (40 cm

3 (STP)g�1 at 298 K
and 36 atm).[145] This is the first case of gas adsorption by
interpenetrated coordination polymers. The compounds,
{[Cu(AF6)(4,4’-bpy)2]·8H2O}n (A=Si and Ge), show a high
CH4 adsorption activity at room temperature and relatively
low pressure (134 and 146 cm3 (STP)g�1 for A= Si and Ge,

respectively, at 298 K and 36 atm).[126,130] On the basis of the
crystal structure, a grand canonical Monte Carlo (GCMC)
simulation of the CH4 adsorption was performed which
accurately reproduced the experimental results.[348]

Recently, other types of complexes with high methane
capacity have been synthesized. IRMOF-6 (Section 3.3),
affords a 3D cubic porous network and has a high surface
area, 2630 m2g�1, estimated by applying the Langmuir
equation.[276] The CH4 adsorption isotherm was found to
have an uptake of 240 cm3 (STP)g�1 (156 cm3 (STP)cm�1) at
298 K and 36 atm (Figure 32). Based on volume, the amount
of methane adsorbed by IRMOF-6 at 36 atm is about 70% of
the amount stored in gas cylinders where much higher
pressures (205 atm) are used. Another type of highly porous
coordination polymer which has methane adsorption ability
are the 2D carboxylate-bridged polymers of [Cu(OOC-L-

Table 3: (Continued)

Compound Function[b] Guests or reactants Generation
type[c]

References

{[Ag(bpp)]·ClO4}n AE PF6
� CCT[j] [341]

{[Ag(4,4’-bpy)]·anion}n AE BF4
� , NO3

� 3rd-II-2 [342]
{[Ag(3,3’-Py2O)]·anion}n AE BF4

� , ClO4
� , PF6

� , NO3
� 3rd-II-2 [343]

{[Ag(bpcah)]·anion}n AE ClO4
� , CF3SO3

� , NO3
� CCT[j] [344]

{[Ag(2,4’-Py2S)]·anion}n AE BF4
� , ClO4

� , PF6
� 2nd[j] [345]

{[Ag4(L9)3]·4CF3SO3·xMeNO2·xEtOH}n [346]
GE Et2O, H2O 2nd[e]

{[Cd2(azpy)3(NO3)4]·2Me2CO}n CCT [145]
AD CH4

[Cd(1,5-nds)(H2O)2]n [247]
AD NH3 and alkylamines 3rd-II-1

{[InH(1,4-bdc)2]·1.5dmf·4H2O}n
[d] [230]

AD N2

{[Tb2(adb)3(dmso)4]·16dmso}n
[d] [164]

GE CHCl3, dmf 3rd[f ]

AD CO2

{[Tb2(1,4-bdc)3]·4H2O}n 2nd [49]
AD H2O, NH3 2nd

{[Tb(1,4-bdc)(NO3)]·2dmf}n 3rd-I [347]
AD H2O CAT
AD CO2, CH2Cl2, MeOH,

EtOH, iPrOH

{[Ln2(pda)3(H2O)]·2H2O}n 2nd [48]
(Ln=La, Er) AD CO2

[a] In this table, coordination polymers with 1D, 2D, and 3D motifs are described. Discrete molecules, which are linked by hydrogen bonds to create
infinite network, are not included. L1=anthracenebisresorcinol derivative. L2=4,4’-bis(4-pyridyl)biphenyl. L3=hexaazamacrocyclic ligand containing
pendant pyridine groups. L4=1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecane. L5=1,1,1-trifluoro-5-methoxy-5,5-dimethylacetylacetonate. L6=
pseudorotaxane ligand, L7 is chiral organic ligands. L8=bis(4-pyridyl)dimethylsilane. L9=1,3,5-tris(diphenylphosphanyl)benzene. dicarboxylate(1)=
fumarate, 1,4-bdc, styrenedicarboxylate, and bpdc. dicarboxylate(2)= fumarate, 1,4-bdc, and trans-1,4-cyclohexanedicarboxylate. dicarboxylate(3)=
fumarate, 1,4-bdc, trans,trans-muconate, pyridine-2,5-dicarboxylate, and trans-1,4-cyclohexanedicarboxylate. PLs (pillar ligands) are shown in
Figure 20. [b] AD=adsorption, GE=guest exchange, AE=anion exchange, CE=cation exchange. [c] 1st=1st generation compound, 2nd=2nd
generation compound, 3rd=3rd generation compound, 3rd-I=crystal-to-amorphous transformation (CAT) type, 3rd-II-1= crystal-to-crystal
transformation (CCT) type accompanying a guest inclusion/removal, 3rd-II-2=CCT type accompanying a guest exchange. Framework trans-
formations, which are not checked for reversibility, are shown as CAT or CCT. [d] Framework information after the removal or exchange of guest
molecules is not checked in detail. [e] Reversibility is not checked. [f ] It is not known how the framework moves. [g] The phase generated by MeOH and
EtOH solvation after 1 day of exposure has cubic symmetry, which is the same symmetry as that of the original framework. After 1 week, the structure
relaxes to give the tetragonal form. [h] Empty framework after the removal of guests (the b-phase) is very slowly converted into an a-phase. [i] This
transformation is not perfectly reversible: samples without guests left in thf at room temperature for a week gave XRPD patterns which can be ascribed
to an approximately 1:1 mixture of compounds with and without guests. [j] Guest-adsorption/desorption or guest-exchange is not reversible. [k] As-
synthesized coordination polymer has no effective vacant space in the framework. [l] First guest-exchange process accompanies CCT, but subsequent
ones afford same crystal system (cubic). [m] Although information on exchanged materials is not known, reversibility is observed.
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COO)]n (L=Ph, CH=CH, Ph-Ph, Ph-CH=CH),[306] which in
turn, are bridged by dabco to form more highly porous 3D
networks of [Cu(OOC-L-COO)(dabco)0.5]n with the topology
of the B net in CaB6 (Figure 33).

[264–266] The polymers with L=

Ph-Ph and Ph-CH=CH, adsorb 212 and 213 cm3 (STP)g�1

methane (179 and 199 cm3 (STP)cm�3), respectively, at 298 K
and 35 atm.[264,265] Analyses of high-resolution Ar adsorption
isotherms at 87.3 K yield BET surface areas of 3265 (L=Ph-
Ph) and 3129 (Ph-CH=CH) m2g�1. The adsorption amount of
CH4 molecules around 35 atm appears to increase with the
increase of cross-sectional channel size, however, this is not

the whole truth. There is probably an upper limit of the size of
the square pore of about 12 K 12 L2. This size provides the
optimal fit for CH4 molecules and the potential is thus
sufficiently deep for the storage of methane.

Hydrogen (H2) has attracted a great deal of attention as
an energy source. Once it is generated, its use as a fuel creates
neither air pollution nor greenhouse-gas emissions. However,
no practical means for H2 storage and transportation have yet
been developed. So, the development of H2-fueled vehicles
and portable electronics will require new materials that can
store large amounts of H2 at ambient temperature and

Figure 30. a) Adsorption isotherms and b) the logarithmic relative
pressure expression of adsorption isotherms of N2 on CPL-1, CPL-2,
and CPL-5.[277]

Figure 31. a) Microporous network along the c axis of {[Cu(SiF6)(4,4’-
bpy)2]·8H2O}n, whose channel cross section is 8Q8 A2 based on the
van der Waals radii. b) Pore size distribution calculated from the Ar
adsorption.[130]

Figure 32. Adsorption isotherm of CH4 gas in IRMOF-6 fitted at 298 K
with the Langmuir equation.[276]

Figure 33. The 3D coordination polymer [Cu(OOC-L-COO)(dabco)0.5]n
which has methane adsorption properties.
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relatively low pressures, with small volume, low weight, and
fast kinetics for recharging. Metal hydride systems,[349] zeo-
lites,[350] and various carbon-based adsorbents[351–363] have
been intensely examined in this respect. Very recently, H2

adsorption has been carried out with the microporous ZnII-
cluster–dicarboxylate coordination polymers, MOF-5,
IRMOF-6, and IRMOF-8[320] as well as nickel(ii) phos-
phates.[364] The data from temperature programmed desorp-
tion (TPD) and inelastic neutron scattering (INS) measure-
ments strongly suggest that nickel(ii) phosphate has coordi-
natively unsaturated NiII sites accessible to H2 molecules in
the pores.[364] MOF-5 adsorbs up to 4.5 weight% of H2 (17.2
H2 molecules per formula unit) at 78 K and 1.0 weight% at
room temperature and a pressure of 20 atm.[320]

4.2.2. Exchange

Porous zeolites have cation-exchange properties as a
result of their anionic frameworks. Porous coordination
polymers in contrast to zeolites tend to have cationic frame-
works, which are constructed from cationic metal ions and
neutral bridging ligands, and accommodate counteranions in
the cavities, and therefore have anion-exchange proper-
ties.[43, 116,126,141,301,319,332,336–338,340–343] Anion-exchange, which
happens at a solid–liquid interface, was first reported in
1990.[43] {[Cu(4,4’,4’’,4’’’-tetracyanotetraphenylmetha-
ne)]·BF4·xC6H5NO2}n contains a diamond-like cationic frame-
work with large admanantane-like cavities occupied by
disordered C6H5NO2 molecules together with BF4

� ions.
This crystal readily undergoes anion-exchange with PF6

� ions.
The partially dehydrated solid of {[Ni(4,4’-bpy)2.5(H2O)2]·
2ClO4·1.5(4,4’-bpy)·2H2O}n, which has a railroad 1D motif,
undergoes anion exchange with the PF6

� ion.[301] {[Ag3L4]·
3NO3·H2O}n (L= bis(4-pyridyl)dimethylsilane) affords a
nanotubular sheet constructed by interweaving of two inde-
pendent undulating networks and smoothly exchanges NO3

�

for NO2
� ions.[336] The reverse exchange of {[Ag3(L)4]·3NO2}n

with NO3
� ions is slow, indicative of the stronger coordinating

ability of NO2
� than NO3

� ions. Recently, structural trans-
formations in the crystalline state were observed concomitant
with anion exchange (see Section 4.3.3).[126,337,338,341–343,365]

4.2.3. Conversion

Metal ions play key roles in organic transformations,
which are usually carried out with soluble species in a
homogeneous solution. An advantage of heterogeneous
catalysts is their ready recoverability; they are important in
industry applications. However, to date, solid catalysts have
been almost exclusively inorganic materials. Especially useful
are microporous inorganic zeolites.[366] Despite recent interest
in metal–organic solids with zeolitic guest-binding properties,
their catalytic activities are largely unex-
plored.[44, 141,142,283,284,292,367–373] Table 4 gives a list of porous
coordination polymers with heterogeneous catalytic activi-
ties.[44, 141,142,283,284,292,367–373] [Cd(NO3)2(4,4’-bpy)2]n, which con-
sists of 2D networks with cavities surrounded by 4,4’-bpy
units, shows shape-specific catalytic activity for the cyanosi-
lylation of aldehydes.[44] This reaction is apparently promoted
by the heterogeneous polymer since no reaction takes place
with powdered Cd(NO3)2 or 4,4’-bpy alone, or with the
supernatant liquid from a CH2Cl2 suspension of the coordi-
nation polymer. 2D microporous polymers of [Rh(OOC-L-
COO)]n (L=CH=CH and Ph) exhibit high catalytic activity
for hydrogen exchange and hydrogenation of olefins at
200 K.[372] The hydrogen-exchange reaction takes place with-
out complete scission of C�H bond of the olefin molecule and
only occurs inside the nanopores of the complexes. A
homochiral open-framework solid, {[Zn3O(L)6]·2H3O·
12H2O}n (L= chiral organic ligand), has enantioselective
catalytic activity for transesterification.[141] The observed size
selectivity suggests that the catalysis mainly occurs in the
channels. Zr and Ti coordination polymers [Zr(OtBu)2(L)]n
and [Ti(OiPr)Cl(L)]n (L= anthracenebisresorcinol deriva-

Table 4: Microporous coordination polymers capable of catalytic activity.

Compound [a] Catalytic function Guests or reactants Ref.

TiIV aryldioxide coordination polymers[b,c] Ziegler–Natta polymerization ethene and propene [367]
[Ti2Cl2(iPrO)2L1]n and [Zr2(tBuO)4L1]n

[d] Diels–Alder reaction acrolein and 1,3-cyclohexadiene [283,284]
{[Co3(bpbc)3(4,4’-bpy)]·4dmf·H2O}n photoreaction dibenzylketone derivatives [292]
{[[Zn3O(L2)6]·2H3O·12H2O]n transesterification esters and alcohols [141]
[Cd(NO3)2(4,4’-bpy)2]n cyanosilylation of aldehydes aldehydes and cyanotri-methylsilane [44]
[In2(OH)3(1,4-bdc)1.5]n

[e] hydrogenation of nitroaromatics and oxi-
dation of sulfides

nitrobenzene, 2-methyl-1-nitronaphthalene,
methylphenylsulfide, and (2-ethylbutyl)phenyl-
sulfide

[368]

{[Ru(1,4-diisocyanobenzene)2]·2Cl}n
[d] hydrogenation and isomerization 1-hexene [369,370]

{[Rh(4,4’-diisocyanobiphenyl)2]·Cl·2.53-
H2O}n

[d]
hydrogenation and isomerization 1-hexene [371]

[RhL]n (L= fumarate and 1,4-bdc) hydrogen exchange ethene, propene, butene, and hydrogenation [372]
PdII coordination polymer gels[d] oxidation of benzylalcohol benzylalcohol [373]
{[Ln(H2L3)(H3L3)(H2O)4]·xH2O}n

(Ln=La, Ce, Pr, Nd, Sm, Tb; x=9–14)
cyanosilylation of aldehydes and ring
opening of meso-carboxylic anhydrides

aldehydes and cyanotri-methylsilane, meso-2,3-
dimethylsuccinic anhydride

[142]

[a] L1=anthracenebisresorcinol derivative. L2 is chiral organic ligands. H4L3=2,2’-diethoxy-1,1’-binaphthalene-6,6’-bisphosphonic acid. [b] Meth-
ylalumoxane (MAO) as cocatalyst. [c] aryldioxide=p-benzenedioxide, 2,7- naphthalenedioxide, and 4,4’-biphenyldioxide. [d] Exact crystal structures
are not determined. [e] Nonporous materials.
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tives) catalyze the Diels–Alder reaction of acrolein with 1,3-
cyclohexadiene in a remarkable manner.[283,284] The catalytic
activity of these polymers is much higher than those of their
components, L and M4+. Homochiral lanthanide bisphosph-
onates with the general formula {[Ln(L-H2)(L-
H3)(H2O)4]·xH2O}n (Ln=La, Ce, Pr, Nd, Sm, Gd, Tb; x=
9–14; L= 2,2’-diethoxy-1,1’-binaphthalene-6,6’-bisphos-
phonic acid (L-H4)) catalyze the cyanosilylation of aldehydes
and the ring opening of meso-carboxylic anhydrides.[142]

{[Co3(bpdc)3(4,4’-bpy)]·4dmf·H2O}n which has a twofold
interpenetrating 3D pillared structure carries out the ship-
in-bottle photochemical reaction of o-methyldibenzylketone,
in which the yield and selectivity are much higher than the
values found in other zeolites.[292] 1D, 2D, and 3D TiIV

aryldioxide coordination polymers have been used in the
Ziegler–Natta polymerization of ethene or propene with
methylalumoxane (MAO) as a cocatalyst.[367] However,
fragmentation of the coordination frameworks readily
occurs. The nonporous polymer, [In2(OH)3(1,4-bdc)1.5]n,

[368]

and 3D PdII coordination-polymer gels[373] are found to be
active for the hydrogenation of nitroaromatics and the
oxidation of alkylphenylsulfides (InIII coordination polymer),
and the oxidation of benzyl alcohol by air into benzaldehyde
(PdII coordination polymers). Using a metalloligand as a
building unit could provide a novel porous coordination
polymer with high catalytic activity because coordinatively
unsaturated metal centers (UMCs) functioning as activation
sites in the heterogeneous catalyst can be located in the
channel wall, a position which is more accessible to substrate
molecules than the nodal positions.[189, 201]

4.3. Dynamic Frameworks with Nanospace
4.3.1. Design and Functionalizing Dynamic Frameworks

Aversatile architecture is one of the most striking features
of coordination polymers, and results from the variety of
the molecular building blocks and the interactions between
them. Numerous compounds and a great number of frame-
works have been synthesized, and as a result the structural
chemistry of coordination polymers has reached a mature
level. The next challenge in this field is to control the
functional aspects of the frameworks, which result from their
dynamic nature.

Dynamic structural transformation based on flexible
frameworks is one of the most interesting and presumably
characteristic phenomena of coordination polymers of the so-
called 3rd generation (Figure 17),[11] which leads to novel
porous functions. In just a few years, various guest-induced
structural distortion phenomena have been found which can
be categorized in the following way (Figure 34):
1) Guest-induced crystal-to-amorphous transformation

(CAT, type 3rd-I): the framework collapses on removal
of the guest molecules owing to the close-packing force;
however, it regenerates under the initial conditions.

2) Guest-induced crystal-to-crystal transformation (CCT,
type 3rd-II): removal or exchange of guest molecules
results in a structural change in the network but the
crystallinity is maintained.

The key to creating a flexible but durable framework is to
utilize weak molecular interactions in addition to the strong
covalent and coordination bonds. Actually, coordination
bonds in coordination-polymer solids are frequently sup-
ported by hydrogen bonds, p–p stacking, and van der Waals
forces and other weak interactions. Intermolecular links
with these weaker interactions produce flexible parts in a
framework, so that the system can exist in two or more
solid phases. Depending on the external perturbations, the
system will be in one of two solid phases. Interestingly,
even for frameworks woven three-dimensionally by co-
ordination bonds, a sort of flexibility could be created
because a coordination polymer is an assembly of versatile
metal-ion connectors and flexible organic ligand linkers.
For instance, with CuII complex modules, a flexible coor-
dination geometry is found at the apical positions as a
result of the Jahn–Teller effect. In the case of a linking
ligand, there is the flexibility of a ring rotation around
the C�C bond of dipyridyl or an sp3-hybridized ethylene
group. The structural properties of coordination polymers,
therefore, range from the robust to the flexible and
dynamic.

The 3rd generation compounds have bistable states and
can alter their frameworks in response to guest molecules, in
that they reversibly change their channel structures to
accommodate them (Figure 35). The ultimate example is the
highly selective “induce-fit” found in proteins. Framework
flexibility is a prerequisite for porous functionality, even if it is
far more primitive than that of proteins. The 3rd generation
compounds show characteristic sorption behavior, for exam-

Figure 34. Classification of guest-induced structure transformations in
coordination polymers.
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ple, high selectivity for guest inclusion, hysteretic sorption,
and stepwise adsorption. Therefore, we can expect that this
kind of coordination polymer will find applications for gas
separations, sensors, and actuators.

Single-crystal-to-single-crystal structural transformations
in coordination polymers can be directly monitored by X-ray
diffraction analyses of single crystals.[297,331,374]

Because dynamic structures are associated with new
porous function, it is of importance to seek principles or
guidelines to establish a rational design and synthesis of them.
Key ideas are “flexibility against robustness” and “bistability
against single stability”. One of the most useful ways is to
design a building material (block or motif), which could be
involved in a framework and also come into play for dynamic
porous function. This building material is named a “function
synthon” (or “function module”) for functional engineering,
in contrast to “supramolecular synthons” for crystal engineer-
ing.[375] The conceivable modules are listed in Table 5 and
Figure 36, most of which are readily available and already
used.

4.3.2. Crystal Transformation by Guest Inclusion

Structure transformations by guest molecules, in partic-
ular, of the crystal phase, are not common in zeolites. On the
other hand, reversible structure transformations triggered by
guest molecules have been found in coordination polymers.
The phenomena are found to occur for various guest
molecules, ranging from water, alcohols, ketones, ethers, to
aromatic and aliphatic molecules. This transformation occurs
when a guest-free host is immersed in the liquid phase of a
guest compound and even when the host is exposed to a guest
vapor.[45, 126, 132, 153, 156, 162,167, 203, 285, 287, 288, 290, 295–297, 299, 310, 311, 314, 315, 318,
322–324, 333, 334, 372, 376–379] Most striking is that supercritical gases
(N2, O2, CH4) can also be a stimulus for structural trans-
formation.[152, 161] These structure transformations are essen-
tially related to “function synthons” (Table 5, Figure 36),
which are composed of units linked by: 1) coordination
bonds, 2) hydrogen bonds, and 3) other weak nonbonding
interactions (p–p stacking and van der Waals forces). The
structural flexibility of microporous coordination polymers
is attributed to the combination of features (1)–(3). When
the guest-induced structural variation of individual function
synthons is cooperatively accumulated over a large part of
the solid framework, a transformation of the macroscopic
structure occurs but causes no wide-range degradation of the
crystal phase, this is sufficient perturbation to cause a crystal
transformation. Therefore, when we choose a relevant
function synthon based on weak coordination and/or hydro-
gen bonds, a structural transformation is readily triggered by
a low concentration of guest molecules, even in their vapor
phase. On the other hand, when the frameworks are
constructed by rigid covalent bonds, no structure trans-
formation can occur. Furthermore, even supercritical gases
can give rise to a structure transformation when frameworks
are constructed by van der Waals interaction-based function
synthons.

Figure 35. Structures in a bistable state could alter their frameworks in
response to guest molecules, electric field, and light.

Table 5: Function synthons and modules

Site Function syn-
thons[a]

Chemical key Examples

connector/
linker

symbol A bond formation/cleavage elongation site in Jahn–Teller distortion, semi-coordination

symbol B rotation around coordination bond ligand with single bond
symbol C Td–sp transformation[b] NiII

connector/
linker

symbol D spin crossover FeII, CoII

symbol E Oh–Td or tbp transformation[c] CoII

linker symbol F hydrogen bond coordinated water-carboxylate, coordinated water-pyridyl, and C-H···O
interaction

p–p stacking interaction between aromatic rings
photoactive bond diarylethene

symbol G rotation and flip motion around single
bond

C�C, C�O, and C�N bond etc

symbol H hinge sp3 bond
other module symbol I interdigitation [Cu2(dhbc)2(4,4’-bpy)]n

symbol J interpenetration [Cu(1,4-bdc)(dabco)0.5]n
symbol K sliding of layers [Ni(NO3)2(L)2]n

[d]

[a] Schematic views of function synthons A–K are shown in Figure 36. [b] sp is square plane. [c] tbp is trigonal bipyramid. [d] L=4,4’-bis(4-
pyridyl)biphenyl.
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4.3.2.1. Stretching

A structure transformation ascribed to stretching motions
around the connector and/or linker results from bond
formation/cleavage. The key factor in realizing such stretch-
able frameworks is the utilization of weak interactions, such
as hydrogen bonds, semicoordination, and the elongated
coordination of Jahn–Teller distortions.

A hysteretic adsorption and desorption profile accompa-
nied by a transformation of the crystal structure is observed
for {[Cu2(pzdc)2(dpyg)]·8H2O}n, which has a 3D pillared-layer
structure.[167] This compound shows reversible crystal-to-
crystal transformation on adsorption and desorption of H2O
or MeOHmolecules. A precise structure-determination study
by high-resolution synchrotron powder X-ray diffraction
reveals that contraction and re-expansion of the channels
with the layer–layer separation varying between 9.6 L and
13.2 L is observed for the process of desorption/adsorption of
the guest molecules; the unit cell volume decreases during the
contraction by 27.9% (Figure 37). This compound adsorbs
MeOH and water but does not adsorb N2 and CH4

(Figure 38). This structure transformation is attributed to
the cleavage/formation of the CuII–carboxylate bond. 3D
frameworks of {[Cu(AF6)(4,4’-bpy)2]·xH2O}n were trans-
formed into 2D interpenetrating networks of {[Cu(4,4’-
bpy)2(H2O)2]·AF6}n (A=Si, Ge, and Ti) on being immersed
in H2O solution.[126, 380] To demonstrate the occurrence of this
dynamic structural transformation in the solid state, 3D
frameworks of {[Cu(AF6)(4,4’-bpy)2]·xH2O}n were exposed to

H2O vapor for a few days. The same
transformation into a 2D interpene-
trating framework was observed,
clearly indicating the solid-state con-
version. This transformation causes
not only the formation and cleavage
of weak Cu�O (H2O) and Cu�F
(AF6) bonds, but also the formation
and cleavage of Cu�N (4,4’-bpy)
bonds. An important role is often
played by the elongated axial sites of
CuII compounds. MII–bis(acetylace-
tonato) (M=Cu, Zn, Ni) derivatives
have characteristic inclusion phe-
nomena.[310–312,379] The bis(1,1,1-tri-
fluoro-5-methoxy-5,5-dimethylacetyl-
acetonato)CuII coordination poly-
mer forms two different crystal pack-
ings resulting in the dense and non-
porous a-form and the porous b-
form. In the b-form, oxygen atoms of
methoxy groups occupy the axial
sites of the CuII centers to form six-
membered cyclic structures
(Figure 39). The porous b-form has
a strong affinity for guest molecules
as is evident from the efficient a-to-b
conversion on contact not only with
liquid guests but also with organic
vapors. The empty b-form undergoes

slow crystal structure transformation to the dense a-form, this
transformation is accelerated when the b-form is exposed to
propane. Labile coordination between CuII and OMe is
essential for this dynamic structure transformation.

Face-capped octahedral clusters of the type
[Re6Q8(CN)6]

4� (Q= S, Se) react with CoII to produce the
coordination polymers, {[Co2(H2O)4][Re6Q8(CN)6]·10H2O}n
and {[Co(H2O)3]4[Co2(H2O)4][Re6Q8(CN)6]·44H2O} (Fig-
ure 40a and b).[291] Upon exposure to diethyl ether vapor,
the color of the compounds immediately changes from orange
to an intense blue-violet or blue, and after allowing the diethyl
ether to evaporate, the color changes back to orange. This
reversible color change is attributed to a reversible structure
transformation resulting from coordination bond cleavage
and formation (octahedral {Co(NC)3(H2O)3} to

Figure 36. Schematic representations of function synthons (see also Table 5).

Figure 37. Reversible crystal-to-crystal structural transformation in
[Cu2(pzdc)2(dpyg)]n involving the contraction and expansion of the
channel by adsorption and desorption of H2O or MeOH molecules.[167]
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{Co(NC)3(L)}; Figure 40c). Metal sulfonate based coordina-
tion networks exhibits a dynamic feature because of the
flexible coordination properties of the weak Lewis base metal
sulfonates. The 3D coordination network, [Ag(3-pySO3)]n,
adsorbs MeCN selectively and change 3D structure from a
tetragonal to a triclinic system.[333] In this example, for the
network to rearrange, a weak Ag�O interaction is broken and
a newAg�O interaction is formed by rotation of the sulfonate
group. An open framework, {[Cu3(ptmtc)2(py)6(E-
tOH)2(H2O)]} with a honeycomb arrangement of layers, has
been synthesized (Figure 41a and b).[317] In this framework,
magnetic interactions exists between the CuII ions and the
polychlorinated triphenylmethyl radicals, in which the central

Figure 38. Adsorption isotherms of CH4 (a) and MeOH (b) at 298 K in
[Cu2(pzdc)2(dpyg)]n.

[167]

Figure 39. a) CuII complex as a building block in b-{[CuL2]·2/3C6H6}n

(L=1,1,1-trifluoro-5-methoxy-5,5-dimethylacetylacetonate). b) Sche-
matic representation showing how the CuII complexes are linked to
form the channels. The dotted lines indicate a weak coordination inter-
action of Cu···O. The rectangles represent the roughly square-planar
coordination environment around the CuII atoms located at the center
of the rectangles.[310]

Figure 40. a) Local environment of [Co2(H2O)4]
4+ clusters in the struc-

ture of {[Co2(H2O)4][Re6Q8(CN)6]·10H2O}n. The Co2 and Re6 clusters
reside on crystallographic inversion centers. b) Cubelike cage unit
defining the cavities in the structure of {[Co2(H2O)4]
[Re6Q8(CN)6]·10H2O}n. The small and large openings into the cavities
correspond to the front and rear cage faces, respectively. c) Reversible
structure transformation resulting from coordination bond cleavage
and formation, conversion of octahedral {Co(NC)3(H2O)3} into
{Co(NC)3(L)}.

[291]

Figure 41. One hexagonal micropore (a) and a view of the distribution
of the micropores of the open framework along the c axis (b) in
{[Cu3(ptmtc)2(py)6(EtOH)2(H2O)]·6H2O·10EtOH}n. c) Reversible mag-
netic behavior of the amorphous and evacuated phase in contact with
EtOH liquid, as observed by plotting cT as a function of temperature T
at a field of 1000 Oe. Inset: at 10000 Oe.[317]
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carbon atom, where most of the spin density is localized, is
sterically shielded by six bulky chlorine atoms. This frame-
work shows a reversible and selective solvent-induced
(MeOH or EtOH) structural transformation from the amor-
phous to the crystalline state that strongly influences the
magnetic properties (Figure 41c). This structural transforma-
tion may be due to the formation and cleavage of coordina-
tion bonds between the guest molecules and the CuII ions and
of the hydrogen bonds between coordinated and included
guest molecules.

Cleavage and formation of hydrogen bonds in coordina-
tion frameworks gives rise to changes in their overall
structure. Typical hydrogen bonds found in coordination
frameworks are listed in Table 5. Several 3rd generation
compounds which have flexible channels as a result of
hydrogen bonds have been prepared. Coordination networks
constructed by NiII macrocyclic complex derivatives and
carboxylate anions have been reported.[50, 103,298,309,374,381,382]

For instance, a 3D coordination network [{Ni(cy-
clam)(H2O)}3(1,3,5-btc)2·24H2O]n, (cyclam= 1,4,8,11-tetraa-
zacyclotetradecane) which can be described as a molecular
“floral lace”, has been synthesized.[378] This framework is
constructed by hydrogen bonds between btc3� ions and water
molecules binding to NiII cations, and has channels parallel to
the c axis with dimensions of 10.3 L in which guest water
molecules are included (some of the guest water molecules
are hydrogen bonded with the oxygen atoms of 1,3,5-btc3�).
This framework undergoes a crystal-structure transformation
on removal of guest water molecules. The original structure is
regenerated when the dehydrated compound is immersed in
water for a few minutes. In {[Ni3(C20H32N8)3(ctc)2]·16H2O}n
(C20H32N8=macrocyclic ligand: 1,8-(4-pyridylmethyl)-
1,3,6,8,10,13-hexaazacyclotetradecane) each NiII macrocyclic
unit binds two ctc3� ions in the trans position and each ctc3�

ion coordinates to three NiII macrocyclic complexes. The
result is a 2D honeycomb layer, in which pendant pyridine
rings are involved in the herringbone p–p interaction and in
N···O-H hydrogen bonds with carboxylic acids.[298,382] The
XRPD pattern indicates that the framework deforms upon
removal of H2O guests but is restored upon rebinding of H2O.
This host solid binds {[Cu(NH3)4]·2ClO4} in MeCN.
{[Cu(BF4)2(4,4’-bpy)(H2O)2]·4,4’-bpy}n has 1D linear chains,
which are linked by hydrogen bonds between metal-free 4,4’-
bpy molecules and coordinated H2O molecules, to form 2D
noninterpenetrated sheets.[150] The adsorption of N2, Ar, and
CO2 vapor begins suddenly at a certain relative pressure
(“gate pressure”), there is almost no adsorption below the
gate pressure.[314] Such a unique adsorption phenomenon is
associated with the structure rearrangement involving the
hydrogen bonds. {[Ni(NO3)2(4,4’-bis(4-pyridyl)biphe-
nyl)2]·4(o-xylene)}n has 2D square-grid layers of dimension
20K 20 L2, which have a short interlayer separation of 4.1 L.
In this framework the layers stack on each other such that
they overlap in one direction and are offset in the other
direction which results in a channel dimension about 10 K
20 L2 (stacking mode A). Exchange of the adsorbed o-
xylene molecules to mesitylene results in sliding of the
stacking layers to give channel dimensions of approximately
15 K 20 L2 (stacking mode B).[297] In the stacking mode A, one

of the C6 rings of the bridging ligand forms C�H···O hydrogen
bonds with NO3 anions. However, in the stacking mode B,
both of the C6 rings form C�H···O hydrogen bonds, which
means that cleavage and formation of hydrogen bonds occurs
in this transformation.

Compound [Co(H2O)6]H2(tc-ttf)·H2O has 1D channels,
which are constructed by the 3D hydrogen-bonding network
between [Co(H2O)6]2, and H2(tc-ttf) ions.

[376] This compound
shows a crystal-structure transformation on the removal of
two water guest molecules (Figure 42). The breaking and

formation of hydrogen bonds play an important role in this
transformation. This change accompanies a reduction in the
cross-sectional dimensions of the pseudo-rectangular chan-
nels within the framework: from about 9 K 7 to 8 K 5 L. The
anhydrous compound shows selective sorption for small polar
molecules: water and methanol molecules can be incorpo-
rated, whereas ethanol, carbon disulfide, and acetonitrile are
not. The frameworks of {[M2(4,4’-bpy)3(NO3)4]·xH2O}n (M=

Co, x= 4; Ni, x= 4; Zn, x= 2), which are best described as
tongue-and-groove (bilayer) structures have been synthesized
and their gas-adsorption properties investigated at ambient
temperature under higher pressure.[47] In particular the
detailed sorption properties and structural flexibility of
[Ni2(4,4’-bpy)3(NO3)4], were investigated.

[295, 296] This structure
has C�H···O hydrogen bonds between the nitrate anions
bound directly to the metal ion and the bpy groups of every
second bilayer, and breaking and formation of these C�H···O
bonds gives this framework its flexible nature. The adsorption
of EtOH results in the [Ni2(4,4’-bpy)3(NO3)4] structure
undergoing a scissoring movement with a cell-dimension
change of several percent; the isotherm is described by the
Langmuir equation. This scissoring motion enables the
framework to incorporate toluene molecules which are
larger than the pore window. The MeOH adsorption isotherm
has steps owing to the structural change of the adsorbent
which allows adsorption on different surface sites after the
complete occupation of the nitrate sites. Coordination net-
works constructed by CoII and 3-pia have 2D structures made
up of sheets of [Co(NCS)2(3-pia)2] which are stacked to form
channels which have hydrogen-bonding groups lining their
interiors.[153] . This compound shows a structure transforma-
tion, triggered by adsorption and desorption of guest mole-
cules, which is attributable to a mutual sliding motion
between the neighboring layers accompanied by an on/off

Figure 42. a) Projection of the structure of [Co(H2O)6]H2(tc-ttf)·H2O
down the a axis. For clarity, only one oxygen atom position of the disor-
dered water molecule in the cavity is displayed. b) Projection of the
structure of [Co(H2O)6]H2(tc-ttf) (295 K) down the a axis.[376]
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change of the hydrogen bond array of the amide groups
(Figure 43).

4.3.2.2. Rotation

Rotation around a single bond provides structure flexi-
bility (Table 5, Figure 36). A 3D coordination framework,
{[Cu(in)]·2H2O}n with an expandable structure responding to
MeOH, EtOH and CH3(CH2)2OH, has been synthesized.[318]

This framework has a 1D channel, which selectively includes
EtOH over pentane and CH3(CH2)2OH. The springlike
structure expansion along the channel on guest inclusion is
probably due to rotation of the Cu�O or Cu�N bonds in the
ligand. The X-ray crystal structure of {[Cu(pymo)2]·NH4-

ClO4}n reveals the square-planar coordination of the CuII

ions which are linked together with bond angles of 1208 by
Hpymo units to generates a 3D porous framework with
ammonium, ClO4

� , and H2O molecules included in the
pores.[308] This complex reversibly and selectively sorbs
AClO4 salts (A=NH4, Li, Na, K, and Rb) when exposed to
AClO4 aqueous solutions to give highly crystalline clathrates
of {[Cu(pymo)2]·AClO4}n. Rotation of metal–nitrogen bonds
plays an important role in this process.

A doubly interpenetrated (10,3)-b network is synthesized
by using tpt and ZnI.[162] Despite this interlocking of the
networks, 60% of the unit-cell volume is occupied by the
guest molecules, nitrobenzene. The unit-cell volume of this
framework shrinks by 23% when the guest molecules are
removed and swells when they are returned (Figure 44). This

springlike structure swelling and contraction are attributed to
rotation of the Zn�N coordination bonds. The bilayer open
framework structure [Ni2(C26H52N10)]3(1,3,5-btc)4, which is
constructed from the dinickel(ii) bismacrocyclic complex
[Ni2(C26H52N10)] and 1,3,5-btc3�, has 3D channels which are
filled with 36 water and six pyridine guest molecules.[374] The
channel walls created on the side of the bilayer are made of p-
Xylyl pillars. By removal of all the pyridine and 32 water
molecules, a sponge-like crystal structure transformation
occurs which is due to the tilting of the pillars, which in turn
is attributed to the rotation of the C�C bonds. The trans-
formation takes place without breaking the single crystal-
linity.

4.3.2.3. Breathing

3D frameworks constructed by interpenetration and
interdigitation are characteristic of coordination polymers.
This kind of framework can have a dynamic nature which
arises from the slip and glide motion of independent networks
(Table 5). The crystal structure of {[Fe2(NCS)4(azpy)4]·E-
tOH}n reveals a double interpenetration of 2D rhombic grids
that are constructed from FeII ions and azpy.[288] This frame-
work provides 1D channels, parallel to the c axis, in which
guest EtOH molecules are included. Adsorption and desorp-
tion of the guest molecules gives rise to structure trans-
formation through the slipping motion of the interpenetrated
layers which affects the compounds magnetic properties: the
fully desorbed compound does not show spin crossover,
whereas the EtOH and MeOH loaded compounds undergo a
single-step spin crossover and the 1-propanol loaded com-
pound undergoes a two-step crossover. The 3D coordination
polymer, {[Cu5(bpp)8(SO4)4(EtOH)(H2O)5]·SO4·EtOH·25.5 -
H2O}n, has entangled 1D ribbons and 2D layers.[315] This
framework undergoes reversible water adsorption and
desorption accompanied by an amorphous to crystal trans-
formation. A reversible spongelike structural change, which is
probably due to variable ligand conformations and to the
flexibility of the catenated architecture, was observed by
atomic force microscopy (AFM).

Flexible and dynamic microporous coordination polymers
based on interdigitation, [Cu2(dhbc)2(4,4’-bpy)]n (CPL-p1),
and interpenetration, [Cu(1,4-bdc)(4,4’-bpy)0.5]n (CPL-v1),
have been synthesized and characterized.[152,161] The structure
of CPL-p1, contains a 2D interdigitatedmotif (Figure 45), and
CPL-v1 gives a 3D interpenetrated motif (Figure 33). XRPD
studies show that CPL-p1 undergoes a drastic crystal-struc-

Figure 43. Crystal-to-crystal and amorphous-to-crystal transformations
of [Co(NCS)2(3-pia)2]n induced by thf guests.[153]

Figure 44. Schematic representation of the contraction and expansion
of the 3D network of {[Zn3I6(tpt)2]·guests}n (guests=nitrobenzene and
cyanobenzene), on removal and addition of guest molecules, respec-
tively.[162]

Figure 45. Reversible crystal-to-crystal structural transformation in
[Cu2(dhbc)2(4,4’-bpy)]n involving contraction and re-expansion of the
channel on adsorption and desorption of supercritical gases.[152]
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ture transformation triggered by desorption of included water
and guest adsorption. A detailed structure investigation by
synchrotron powder X-ray diffraction shows a cell-parameter
change on dehydration from a= 8.167(4), b= 11.094(8), c=
15.863(2) L, and b= 99.703(4)8 to a= 8.119(4), b= 11.991(6),
c= 11.171 (14) L, and b= 106.27(2)8, which corresponds to a
cell-volume contraction of 27%. This structure transforma-
tion of CPL-p1, especially the change of the length of the
c axis, is accompanied by a shrinking of the layer gap, which is
attributed to a glide motion of the two p-stack ring moieties,
dhbc, which results in a decrease in the channel cross section
(Figure 45). Interestingly, structure re-expansion was
observed (confirmed by XRPD) when the compound is
exposed to N2 vapor below 160 K. This contraction and
expansion behavior could be repeated many times. CPL-p1
shows characteristic hysteretic adsorption isotherms which
have gate-opening and closing pressures for CO2 vapor and
various super critical gases (CH4, O2 and N2; Figure 46a). This

behavior was observed on measuring the temperature
dependence of the adsorption and desorption isotherms
(Figure 46b). This characteristic adsorption behavior should
be attributed to crystal structure expansion and contraction
triggered by gas adsorption and desorption, as confirmed by

an XPRD study. CPL-v1 also shows similar adsorption
isotherms, which result from a glide motion of interpenetrated
networks. Note that only dynamic frameworks of the van -
der Waals type can undergo a drastic structure transformation
triggered by the adsorption and desorption of supercritical
gases. This kind of coordination polymer could find applica-
tion in gas separation and actuators.

4.3.3. Crystal Transformation by Guest Exchange

Crystal transformation by guest exchange has beenmainly
observed in the case of anion-exchange processes. Reversible
anion exchange accompanying a structural transformation
was first reported in 1996.[339] The addition of a slight excess of
NaPF6 to a suspension of crystalline [Ag(NO3)(4,4’-bpy)]n in
water at room temperature causes the exchange of NO3

� for
PF6

� ions, which is 95% complete after 6 h. Inspection of the
crystals under an optical microscope during the exchange
process revealed that the crystals became opaque upon
complete exchange; however, they still give a sharp X-ray
powder diffraction pattern. On the other hand, upon the
addition of KNO3 to the exchanged solid, the transparency of
the crystals is restored and their corresponding XRPD
pattern is found to be indistinguishable from that of the
original starting solid. [Ag(edtpn)(NO3)]n, which affords a 1D
coordination polymer, undergoes anion-dependent rear-
rangement with recoordination of the AgI center.[337] During
the anion exchange the supramolecular structural transfor-
mations between [Ag(edtpn)(NO3)]n, 2D-layer
{[Ag(edtpn)]·CF3SO3}n, and boxlike 2D-network
{[Ag(edtpn)]·ClO4}n, are observed in the crystalline state
(Figure 47). The infinite helices, {[Ag(Py2O)]·X}n (X=NO3,
BF4, ClO4, and PF6), have counteranions arranged in two
parallel columns inside the helix.[343] The four anions X can be
exchanged for each other in an aqueous solution without
destruction of the helical skeleton. The helical pitch is
reversibly stretched by the anion-exchange and is propor-
tional to the volume of the anion guest (Figure 48). On the
other hand, AgI coordination polymers with the similar
ligand, 3,3’-Py2S, show slightly different phenomena.[338] The
2D network of [Ag(3,3’-Py2S)(NO3)]n is easily converted into
the 1D helix {[Ag(3,3’-Py2S)]·PF6}n, but the reverse anion-
exchange proceeds only slowly. The anions in [Ag(L)(X)]n
(L=N,N’-bis(3-pyridinecarboxamide)-1,6-hexane; X=NO3

�

and CF3SO3
�) with zigzag conformation can be replaced

completely with ClO4
� ions to produce a new crystalline

phase of a twisted zigzag coordination polymer {[Ag(L)]·-
ClO4}n.

[344] However, the exchange is not reversible. In
addition, interconversion between [Ag(L)(NO3)]n and
[Ag(L)(CF3SO3)]n by anion-exchange does not occur.

The exchange of neutral guest molecules is studied in the
3D ThSi2-type network of [Ag(4-teb)(OTf)]n (OTf= tri-
flate),[334] which has 15 K 22 L2 channels. Guest exchange of
non-functionalized aliphatic and aromatic molecules results
in no structural changes in the original adduct of more than
0.4 L per orthorhombic cell axis. However, crystals contain-
ing aromatic alcohol molecules can be indexed to the 2D
rectangular analogue of an orthorhombic cell. {[Cd(CN)2]·2/
3H2O·tBuOH}n, which forms a 3D network with honeycomb-

Figure 46. Porous properties of [Cu2(dhbc)2(4,4’-bpy)]n. a) Adsorp-
tion (filled circles) and desorption (open circles) isotherms of N2, CH4,
CO2, and O2 at 298 K. b) Temperature dependence of adsorption (filled
circles) and desorption (open circles) isotherms of CH4 at 283, 293,
323, and 368 K.[152]
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like channels, is transformed to the 3D diamond network
{[Cd(CN)2]·CHCl3}n, when exposed to chloroform vapor.[383]

The mechanism of anion exchange in coordination
polymers is not yet fully understood; however, there have
been a number of attempts to rationalize the observations
made during the exchange process. Thus, it has been proposed
that anions diffuse from the solution into the framework
without dissolution and recrystallization of the material, in
other words, by a solid-state mechanism. However, macro-
sized single crystals of the initial phase rapidly lose their
crystallinity turning opaque during the exchange reac-
tion.[17, 337,339] This observation indicates that a significant
restructuring of the crystal occurs, as do changes in the
crystallographic symmetry of the polymer. Such changes are
inconsistent with the proposed solid-state mechanism. There-
fore, it is important to show whether such guest exchanges
occur by means of a solid-state or a solvent-mediated process,
by using other measurements in addition to routinely utilized
methods such as XRPD, IR, and elemental analysis. Inter-
conversion of the chain coordination polymers {[Ag(4,4’-
bpy)]·X}n (X=NO3 or BF4) in aqueous media has been
studied in detail by TEM and AFM which indicate a solvent-
mediated rather than a solid-state mechanism for the
exchange process.[342] The reversible anion exchange observed
in 2D networks of {[Mn(L)2(H2O)2]·2ClO4·2H2O}n and
{[Mn(L)2(H2O)2]·2NO3}n (L= 1,3,5-tris(1-imidazolyl)ben-
zene) is considered, on the basis of NMR and atomic
adsorption spectroscopy, to be a solid-state phenomenon.[365]

Figure 47. Structural rearrangement through anion exchange in [Ag(edtpn)(NO3)]n.

Figure 48. a) Schematic diagram of the stable skewed conformation of
the Py2O ligand. b) Design for the molecular spring from a combina-
tion of the linear AgI ion and the skewed Py2O spacer, the pitch (P) is
tuned through counteranion exchange.[343]
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4.3.4. Crystal Transformation by Physical Stimulus

Porous properties that respond to physical stimulus, such
as light, magnetic and electric field besides heat, is another
property of 3rd generation materials. Crystal-structure trans-
formations of porous materials induced by physical stimulus
have not been reported yet. In the case of inorganic
mesoporous silica, several attempts to control the porous
properties by light irradiation have been made. A periodic
mesoporous organosilica MCM-41 containing trans-dpe
incorporated in the silica walls has been synthesized.[384] UV
radiation gives rise to the photochemical isomerization of the
trans-dpe isomer (BET surface area : 350 m2g�1, pore
diameter : 39.8 L) to the cis-dpe isomer (473 m2g�1,
36.5 L). Recently, the storage and release of organic mole-
cules in mesoporous MCM-41 was successfully regulated by
the photocontrolled and reversible intermolecular dimeriza-
tion of coumarin derivatives attached to the pore outlets.[385]

In this system, the cyclobutane coumarin dimers prevent
passage through the pore outlets, thus capturing and releasing
guest molecules, such as cholestane, pyrene, and phenan-
threne. This kind of compound which responds to a physical
stimulus is emerging in inorganic materials, whereas there are
no examples of such behavior in coordination polymers at
present. It is anticipated that 3rd generation materials which
respond to physical stimuli will emerge in the near future and
become a central topic in functional coordination polymers.

5. Nanospace Laboratories

5.1. Low-Dimensional Molecular Arrays in Micropores

Molecules confined in a channel form a specific assembly
owing to the channel's restricting geometry and the adsorp-
tion enhancement by the overlapping of the interaction
potentials from the opposing and neighboring channel walls.
Figure 49 shows the potential profiles of CH4 in a slit-shaped

graphite pore as a function of the slit gap, w.[259] The molecular
position in Figure 49 is expressed by a distance z from the
central plane between two surfaces. The potential becomes
deeper with decreasing w value, and reaches about �2700 K
(w= 5 L). Needless to say, a 1D rectangular channel sur-
rounded by four pore walls provides a deeper potential than a
slit-shaped pore. This kind of confinement effect can be
considered as the stabilization effect of micropores that
enables the preparation of an ordered array of specific
molecules, which is not stable as a bulk fluid. Contemporary
studies have focused on synthetic strategies to obtain regular,
highly ordered pore or channel structures to control the
orientation and/or conformational properties of confined
guest molecules.[386] Formation of a low-dimensional assem-
bly, such as a 1D chain or ladder, is one of the most attractive
challenges because of the unusual quantum properties of such
species and their potential use as nanowire materials for
nanoconnectors and nanoscale devices.[387] Usually, the prep-
aration of nanowire arrays needs rigorous reaction conditions
and their structures are not very stable.[388, 389] On the other
hand, utilization of the 1D channels of microporous materials
is an alternative method for the formation of stable 1D arrays.

A 1D I2-chain array was prepared by using a 1D channel
of the molecular assembly of ttp, which has a quasi-cylindrical
channel topology with the dimensions of 5 L.[390] The
inclusion of I2 in this 1D channel gives a 1D I2 chain array
along the channel direction. There is a translational disorder
of I2 molecules along the channel direction owing to the
incommensurate relationship between the I2 (van der Waals
length 5.8 L) and host structure (10 L). This I2 chain exhibits
electric conductivity: the sk values are in the order of 10�6–
10�8 Sm�1 for a potential of 50 Vand are enhanced by a factor
of 30–300 for 500–1000 V. The observed anisotropy factor (sk,
s?) of 30 is a result of the 1D chain structure.

Self-assembly of calix[4]hydroquione (chq) provides 1D
rectangular pores of 6 K 6 L2 with redox active pore walls.
Silver nanowires with 4 L width and micrometer-scale length
form inside the 1D pore of chq by electro- or photochemical
redox reactions in an aqueous phase (Figure 50). The wires
exist as coherently oriented 3D arrays.[391] The band structure
obtained by theoretical calculations suggests that these silver
nanowires have a metallic nature and three conducting
channels for electronic transport.

The specific array of polar molecules is primarily asso-
ciated with the second harmonic generation (SHG). Polar
arrays with SHG activity are formed in 1D channel-like
cavities of organic host frameworks.[392, 393] For example,
organic host frameworks, constructed by hydrogen bonds
between guanidinium and organodisulfonate ions, have a
pillared layer structure with 1D channels between the layers
in which guest molecules are included during the crystalliza-
tion.[394, 395] Inclusion host compound {G2tmbds·(N,N-
dimethyl-4-nitroaniline)} (G= guanidinium) shows SHG
activity 10-times higher than that of potassium dihydrogen
phosphate (KDP).[393]

To date several metallic nanowires of transition metals,
such as Pt, Ag, Au, and bimetallic Pt/Rh, have been
synthesized by using inorganic mesoporous materials and
carbon nanotubes. For example, Pt nanowires with diameter

Figure 49. Potential profile of CH4 with the graphitic slit-pore as a
function of the pore width w.[259]
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of 30 L were synthesized using mesoporous silica, MCM-41,
and their structures were characterized by transmission
electron microscopy (TEM).[396] This nanowire is stable up
to 500 8C in the channel. A Pt/Rh mixed-metal nanowire was
synthesized by using mesoporous hybrid material, HMM-1,
whose pore diameter is 31 L. This Pt–Rh nanowire shows
two- or three-times higher magnetization than expected from
the simple sum of the values of bulk Pt and Rh, and is a result
of the low dimensionality of the metal topology.[397]

Microporous coordination polymers are one of the most
plausible candidates for the formation of specific molecular
arrays because of their highly designable nature and pore
homogeneity. 1D channels with cross-sectional sizes ranging
from ultramicropore to mesopore range (Table 1) have been
created with coordination polymers.[130,158,229,276] The principal
purpose is to accommodate a large number of a certain
molecule (storage) and/or a specific molecule from a number
of others (separation and exchange) in their pores. Some-
times, 1D arrays of solvent molecules result from the
crystallization process.[124, 128,229,292,310,318,398] O2 and NO are
among the smallest stable paramagnetic molecules under
ambient conditions and have the potential to form new
molecular-based magnetic and dielectric materials. However,
many attempts to form 1D arrays of these paramagnetic gas
molecules through confinement of the molecules in porous
coordination polymers[399] as well as carbon materials[400,401]

were not successful. Unlike aromatic and polar molecules
which can take part in intermolecular interactions, such as
p–p stacking and hydrogen bonding, these simple molecules
can only enter into weak van der Waals force interactions
which are not strong enough to form 1D assemblies. To form a
regular assembly of the simple molecules, utilization of a
uniform ultramicropore, which can induce a strong confine-
ment effect, is a key idea. Very recently, a 1D ladder structure
of O2 was successfully formed in a copper coordination

polymer, [Cu2(pzdc)2(pyz)]n (CPL-1) whose pore size is 4 K
6 L2.[303] The 1D ordered array of O2 molecules was charac-
terized by high-resolution synchrotron X-ray diffraction
(Figure 51a). The X-ray structure analysis reveals that O2

molecules are in the a solid state rather than the liquid state
even at 130 K under 80 kPa (0.79 atm), which is much higher
than the boiling point of bulk O2 under atmospheric pressure,
54.4 K. This result is ascribed to the strong confinement effect
of CPL-1. The magnetic susceptibility for adsorbed O2

molecules approaches zero with decreasing temperature,

Figure 50. a) Molecular structure of chq. b) chq nanotube arrays with
pores of 6Q6 P2 (van der Waals volume excluded), The pores are sepa-
rated by 1.7 nm from each other. c) Silver nanowires (space-filled
model) inside the chq nanotubes (stick model).[391]

Figure 51. a) A perspective view of CPL-1 down the a axis with adsor-
bed O2 (left) and the O2 ladder structure (right) at 90 K. b) Tempera-
ture dependence of the susceptibility of A) CPL-1 and B) CPL-1 with O2

molecules, and C) the difference curve. Inset: high-field magnetization
of (A) and (B). c) Left: Raman spectra at 90 K of A) CPL-1, B) CPL-1
with 80 kPa of 16O2, and C) 80 kPa of 17O2 molecules. A peak due to
the stretching of adsorbed O2 molecules is marked by an arrow. The
abscissas were calibrated using the standard lines form a neon lamp,
and the resolution of the data is 0.6 cm�1. Right: Pressure dependence
of the vibrational energies of solid oxygen at 80 K.[303]
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which indicates a nonmagnetic ground state of the antiferro-
magnetic dimer (O2)2 (Figure 51b). The antiferromagnetic
interaction is estimated to be J/kB��50 K which is larger
than that of a-phase of J/kB��30 K (H=�2 JS1S2).

[402] The
Raman spectrum the O2 stretching-vibration mode appears as
a sharp peak at a higher energy than that of solid a-O2 under
atmospheric pressure and comparable to that of a-O2 under
2 GPa (2.0 K 104 atm; Figure 51c).[403]

Importantly, a porous host promotes the formation of a
specific assembly of guest molecules, which can not be
obtained under other conditions, actually stabilizing it
through the effective deep attractive potential of micropores.
The micropore can thus be regarded as a so-called “nano-
space laboratory”. The word “nanoreactor” has a similar
definition to nanospace laboratory and has been known for
several years. Nanoreactor means a series of nanosized
reaction vessels for syntheses of new compounds with the
aid of their specific nanospace. On the other hand, the
nanospace laboratory contains not only the nanoreactor but
also specific arrangement of molecules and functions, such as
nonlinear optical and magnetic properties.

5.2. Molecules and Atoms Confined in Nanospace

Molecules and atoms confined and ordered in a nano-
space have properties characteristic of low-dimensional and
nanosized assemblies. In addition, a nanospace could exert a
pressure effect on guest molecules, for instance a spin
crossover in accommodated transition-metal complexes.[228]

[Co(2,2’-bpy)3][NaCr(ox)3] has a honeycomb framework of
[NaCr(ox)3], whose hexagonal cavities incorporate a guest
[Co(2,2’-bpy)3]

2+ ion. In this system, the cation has a high-spin
state of 4T1(t2g

5eg
2), as in the corresponding bulk solid. When

Na+ is replaced by the smaller Li+ ion, the cavity size of the
framework becomes smaller. The resulting steric pressure
leads to a shortening of the Co�N(2,2’-bpy) bond length, and
the low-spin ground state, 2E(t2g

6eg
1). Thus [Co(2,2’-bpy)3]

[LiCr(ox)3] can be converted into a spin-crossover system by a
nanosized pore, (see the temperature-dependent magnetic
susceptibility measurement Figure 52).

An isolated metal cluster of a nonmagnetic element is
expected to exhibit a magnetic moment when it has an odd
number of electrons. When such clusters are arranged
periodically and their magnetic moments interact mutually,
the magnetic properties of the resulting materials are
expected to be significantly different from the isolated
clusters but also from the original bulk material. Periodically
arranged potassium clusters were prepared from zeolite LTA
by the vapor diffusion of potassium. This K-LTA system
shows ferromagnetism below about 4 K.[404] The properties of
the low-dimensional quantum fluids, 3He and 4He, have
attracted physicists. 4He molecules confined in the mesopo-
rous silica, FSM-16 (1D pore with dimensions of 18 L), shows
a rise of on-set temperature, To, for the superfluid state.[405]

The smaller the pore size becomes, the higher the To value
observed: in the case of FSM-16-4He, the To value is more
than 10-times higher than that of a 2D fluid of 4He on a mylar
film. This To-rise effect is associated with a strong confine-

ment effect. These types of physical properties of confined
guests, or cooperative phenomena of both guests and frame-
works would be expected for porous coordination polymers
because of the designable flexibility of their frameworks, and
the possibility of incorporating redox- and photoactive
building blocks. Coordination polymers with these properties
will certainly appear in the next decade.

6. Perspectives

As shown above, molecules and atoms confined in
nanospaces exhibit interesting properties, which are not
observed in the corresponding bulk state. To develop the
chemistry and physics of confined molecules and atoms in the
low-dimensional nanospace, the precise controlling and
tuning of the pore size, shape, and periodicity of a unit are
of great importance. For this purpose, possible candidates are
mesoporous silicas (for mesopores) and coordination poly-
mers (for micropores). For di- and tri-atomic molecules,
microporous compounds are the most relevant because their
frames are well-suited for trapping and arranging such
molecules in a channel. In particular coordination polymers
can play an important role in the “gas molecule-accumulation
science” of gases such as H2, O2, CO, NO, CO2, and CH4 which
are associated with important environmental and energy
issues.

A great number of coordination polymers have been
reported (see Figure 1). The data on these compounds should
be categorized into 1) structure and 2) function. On this basis,
we can then search for the porous structure most suitable for

Figure 52. Magnetic susceptibilities of polycrystalline samples of
[Co(2,2’-bpy)3][NaCr(ox)3] (open triangle), [Co(2,2’-bpy)3][LiCr(ox)3] (-
open circle), and [Zn(2,2’-bpy)3][NaCr(ox)3] (open square) plotted as
cT versus temperature.[228]
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the properties demanded. The porous functions catalogued in
Tables 3 and 4 are shown in Figure 53; some of them have
already been realized and others are yet to be created.[386] In
addition to these functions, form (shape, and size of crystals)
needs to be considered.

The followings are categories for future porous coordina-
tion polymers:
1) Cooperative properties with functional frameworks and

guests: porous coordination polymers, whatever their
structural dimensionality is, possess two inherent compo-
nents, the porous framework and the guest molecule. The
properties of functional guests and those of porous
frameworks (nonlinear optical, conductivity, magnetism,
spin crossover, chromism, fluorescent) have been studied
independently to date. Several examples have been
reported of framework properties that change on inclu-
sion and removal of guest molecules, and which induce a
change in the environment of the metal centers. In these
systems, the guest molecules have no function. Next step is
to research the cooperative properties of functional
frameworks and functional guest molecules. In the
restricted micropore, unprecedented cooperative proper-
ties are expected.

2) Thin layer compounds: controlling the size, shape, and
distribution of pores is one thing, however, even when
they have nano-sized channels or cavities, the crystals of
the compounds themselves are at least mm-sized, and
insoluble in any solvents, and therefore, the preparation of
a thin-layer form is not possible. A method to prepare a
2D sample is not yet available.

3) Mesoscale compounds: The next challenge in this field is
at the mesoscale, with the aim of closing the gap between
so-called top-down and bottom-up approaches to materi-
als assembly. The ultimate goal is the ability to control the

arrangement of channels, which means the formation of
porous modules for various nanodevices. For this devel-
opment small nanocrystals are required, which are wells,
wires, rods, and dots.[406]

Abbreviations

adb 4,4’-azodibenzoate
atc 11,3,5,7-adamantanetetracarboxylate
azpy 4,4’-azopyridine
bdc benzenedicarboxylate
bz benzoate
bedt-ttf bis(ethylenedithio)tetrathiafulvalene
ben benzene
bpcah N,N’-bis(3-pyridinecarboxamide)1,6-hexane
bpdc 4,4’-biphenyldicarboxylate
bpm 2,2’-bipyrimidine
bpp 1,3-bis(4-pyridyl)propane
bptp 4,6-bis(2’-pyridylthio)pyrimidine
bpy bipyridine
btb 4,4’,4’’-benzen-1,3,5-triyl-tribenzoate
btc benzenetricarboxylate
ca chloranilate
chq calix[4]hydroquinone
ctc cis,cis-1,3,5-cyclohexanetricarboxylate
dabco 1,4-diazabicyclo[2.2.2]octane
def N,N’-diethylformamide
dma N,N-dimethylacetamide
dmf dimethylformamide
dmpyz 2,5-dimethylpyrazine
dmso dimethylsulfoxide

Figure 53. A selection of porous functions created by porous coordination polymers (“nanospace laboratory”).
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dpe 1,2-di(4-pyridyl)ethylene
dpyg 1,2-di(4-pyridyl)glycol
edtpn ethylendiaminetetrapropionitrile
eg ethylenglycol
hat 1,4,5,8,9,12-hexaazatriphenylene
Hbpca bis(2-pyridylcarbonyl)amine
Hdhbc ,5-dihydroxybenzoic acid
Hdimto 4,6-di(1-imidazolyl)-1,3,5-triazine-2-one
Hpymo 2-hydroxypyrimidine
H6tta 4,4’,4’’-tris(N,N-bis(4-carboxyphenyl)amino)triphe-

nylamine
im imidazole
in isonicotinate
ndc 2,6-naphthalenedicarboxylate
1,5-nds 1,5-naphthalenedisulfonate
ohphz 1,2,3,4,6,7,8,9-octahydrophenazine
ox oxalate
pbaOH 2-hydroxy-1,3-propylenebis(oxamato)
1,2-pd 1,2-propandiol
pda 1,4-phenylendiacetate
phz phenazine
pia N-pyridylisonicotinamide
pna N-pyridylnicotinamide
ptmtc tris(2,3,5,6-tetrachloro-4-carboxyphenyl)methyl

radical
py pyridine
pyre diazapyrene
Py2O oxybispyridine
Py2S thiobispyridine
3-pySO3 3-pyridinesulfonate
pyz pyrazine
pzdc pyrazine-2,3-dicarboxylate
salphdc N,N’-phenylenebis(salicylideneiminedicarboxylate)
suc succinate
tcnb 1,2,4,5-tetracyanobenzene
tcpp tetra(4-carboxyphenyl)porphyrin
tc-ttf tetra(carbonyl)tetrathiafulvalene
4-teb 1,3,5-tirs(4-ethynylbenzonitrile)benzene
thf tetrahydrofurane
tib tetrakis(imidazolyl)borate
tol toluene
tpt 2,4,6-tri(4-pyridyl)-1,3,5-triazine
ttp tris(o-phenylenedioxy)cyclotriphosphazene
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A marked difference was observed in the DNA-compaction activities of
a pair of enantiomeric dications. The DNA folding itself was found to
be the origin of the chiral discrimination, thus suggesting a potential
methodology for chiral selection. For more information, see the
Communication by A. A. Zinchenko, S. Murata, and co-workers on the
following pages.
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Biological Chemistry

Stereoisomeric Discrimination in DNA
Compaction**

Anatoly A. Zinchenko,* Vladimir G. Sergeyev,
Victor A. Kabanov, Shizuaki Murata,* and
Kenichi Yoshikawa

The compaction and decompaction of native DNA are vital to
the functions of cells, as these processes cause the necessary
conformational transformations of the DNA for the storage,
transcription, and replication of genetic information. DNA
itself is a chiral molecule characterized by a right-handed
helical configuration.[1, 2] Therefore, it is expected to exhibit
discrimination of chiral compounds. In nature, the behavior of
molecular DNA in cells is regulated by a diverse range of
chiral molecules, and it is well known that naturally occurring
polypeptides have l chirality, which is opposite to the d

chirality of native DNA.
The discovery of the principle of biochemical comple-

mentarity has prompted numerous investigations into the
interaction of DNA with chiral compounds in attempts to
account for the origin of natural homochirality and to develop
applications aimed at DNA recognition. To date the main
classes of chiral compounds that have come under examina-
tion have been macromolecules,[3–5] transition-metal com-
plexes,[6–11] and various drugs.[12–14] In most cases, the discrim-
ination of the interaction of DNA with different chiral
compounds has been studied exclusively with respect to
DNA binding. Although several reports have discussed the
effects of chirality on DNA condensation, these physico-
chemical and biochemical studies were performed under
conditions that do not promote single-molecule DNA com-
paction: with relatively short DNA molecules (< 1 kbp
length; bp= base pair) or at high DNA concentrations.
Short DNA molecules can not undergo a folding transition

(single-molecule condensation), but only undergo transition
from a dissolved state into a precipitate. At high concen-
trations of DNA in solution, multimolecular DNA aggrega-
tion occurs instead of single-molecule DNA compaction.
Thus, the phenomenon of chiral discrimination in relation to
DNA compaction, which is inherent only to long DNA
molecules that consist of more than 1 kbp, has not yet been
explored, in spite of the fact that all of the genome DNA in
living cells is above the size of several hundred thousand base
pairs. Recently we showed that enantiomeric trimers of
arginine and lysine differ in their DNA-compaction poten-
tial.[15] Herein we report dramatic chiral discrimination in
DNA compaction by conformationally rigid stereoisomeric
dications (Scheme 1). These dications were designed and

synthesized[16] as small molecules with minimal geometrical
and electrostatic differences, so that we could focus on the
intrinsic chirality effect on single-molecule DNA compaction.

DNA compaction by SS, RR, and meso stereoisomeric
dications was monitored by fluorescence microscopy (FM) as
the conformational change of giant T4 DNA molecules from
an elongated coil with an average long-axis size (L) of the
fluorescent image of about 3.5 mm into a compact globule
(L= 0.6–0.7 mm; Figure 1a). The process of DNA compaction
is accompanied by a dramatic decrease in the long-axis size
and effective molecular volume of the DNA. The three-
dimensional plots in Figure 1b show the change in the
distribution of L with respect to the concentration of the
dications. The SS isomer showed the highest potential to
induce DNA collapse. Upon the addition of the SS dication to
the solution of T4 DNA, the T4 DNA underwent compaction
from coil into globule through a coexistence region with
bimodal size distribution. In contrast, the RR dication did not
promote DNA compaction at concentrations up to 0.1m, and
only a slight decrease in the DNA coil size was observed with
increasing concentration of the dication. Thus, the concen-
tration of the RR dication required to induce DNA compac-
tion is at least 100 times higher than that of the SS dication.
The achiral meso compound showed moderate compaction
activity, which was slightly lower than that of the SS
compound. Figure 1c summarizes the results in terms of the
compaction activities of the dications. The fraction of the
DNA molecules in the sample solution in the coil state is
plotted against the dication concentration. The dication with
the “favorable” configuration (SS) is about three times as

Scheme 1. Chemical structures and molecular models of the SS, RR,
and meso dications used in this study. (In the molecular models, the
counter ions and hydrogen atoms are not shown.)
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effective at promoting compaction (in terms of half-transition
concentrations) as the achiral (meso) compound. The dication
with the “unfavorable” configuration (RR) has a dramatically
lower compaction activity than the achiral analogue.

DNA compaction is driven by negative-charge neutrali-
zation in DNA.[17] Therefore, charge value and charge
distribution in the compaction agent are responsible for the
potential compaction activity.[18–20] Based on data from
computer modeling the SS, RR, and meso dications have
similar intercharge (N+-N+) distances of approximately 6 ;,
and the charge distributions on the nitrogen atoms are the
same for all three compounds. It was also found that the
values for the degree of dissociation of all the dications are
the same at about 90%. Thus, all the dication dibromide salts
were expected to possess the same electrostatic binding

affinity for DNA, and we aimed to prove this
experimentally. To compare binding abilities, we
investigated the stability of the DNA double helix
against thermal denaturation in the presence of
the dications.[21] As expected, the addition of a
cationic compound to DNA in solution resulted
in a significant increase in the temperature of
DNA melting. However, when equal amounts of
different dications were added to the sample
solution of DNA, identical melting profiles were
recorded. The melting temperature of DNA is
known to be very sensitive to the nature of
interacting cations,[22] and the coincidence of
melting profiles is strong evidence that the
DNA-binding potentials of the SS, RR, and
meso dications are the same; that is, the DNA
exhibits no chiral discrimination in binding these
small divalent molecules.

Apparently there is no direct correlation of
the type observed for achiral compaction agents
between the ability of chiral polycations to bind
with DNA and their ability to collapse DNA.
Additional structural conditions are required to
extend the efficiency of binding to DNA to
compaction activity. It has been established that
the compaction of DNA proceeds in an all-or-
none fashion. This means that in the case of giant
T4 DNA, hundreds of thousands of chiral mole-
cules must be incorporated into the DNA com-
plex to induce the transition from the coil to the
globule state. Thus, a small stereochemical differ-
ence in the dication should be enhanced signifi-
cantly because of the highly cooperative nature
inherent to the folding transition of giant DNA.
The importance of the condensed state of DNA
in chiral discrimination was suggested by Minsky
and co-workers,[23,24] who showed that enhanced
DNA asymmetry (rodlike superhelical organiza-
tion or topologically constrained supercoiled
structure) was required for the manifestation of
chiral effects in the interaction of DNA with
chiral peptides. However, no previous study has
described the stereoisomeric discrimination that
occurs during the generation of the compact

DNA state. Our results clearly demonstrate that the forma-
tion of the DNA compact state provokes strong chiral
discrimination.

It is known that macromolecules that contain units of
random chirality possess a lower ability to condense DNA
than optically pure polycations.[3] Enantiomeric “cross-inhib-
ition” in mixtures of enantiomers is another well-known
phenomenon, which hinders template-directed DNA repli-
cation severely.[25, 26] To gain insight into the combined effect
of the SS, RR, and meso dications on DNA compaction, we
investigated the conformational behavior of DNA in the
presence of binary equimolar mixtures of the dications. First,
T4 DNAwas added to an equimolar mixture of the SS andRR
enantiomers. The compaction activities of the pure SS andRR
components and those of a mixture of the two compounds are

Figure 1. T4 DNA folding transition promoted by SS, RR, and meso dications. a) Fluo-
rescent images of a T4 DNA molecule in unfolded (coil) and collapsed (globule)
states, light-intensity distributions in images of a coil and a globule, schematic illus-
trations of a coil and a globule, and definition of the characteristic parameters of the
long-axis length (L). b) Dependence of the distribution of the T4 DNA long-axis size
(L) on the concentration (c) of the SS, RR, and meso dications (P is relative popula-
tion). Sample solutions contained Tris-HCl buffer (10 mm, pH 7.8), 2-sulfanylethanol
(v/v 4%), T4 DNA (0.2 mm), and the fluorescent dye DAPI (4’,6-diamidino-2-phenylin-
dole dihydrochloride; 0.2 mm). All starting solutions of T4 DNA used in this study
were prepared in this way. c) Compaction curves for the SS (*), RR (~), racemic
(SS :RR=1:1; ^), and meso (!) dications. The fraction (Fc) of the DNA molecules in
the sample that are in the coil state is plotted against the concentration of the dica-
tion.
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compared in Figure 2a. It is evident that the compaction
activity of such a mixture is significantly lower than the
expected value based on the assumption that all the SS
compound in solution “works” for DNA collapse. In other

words, whereas the pure SS compound induces DNA collapse
at a concentration of 1 mm (Figure 1c), in the equimolar
mixture with the RR enantiomer the concentration of the SS
enantiomer required to induce a switch in the DNA
conformation is as high as 25 mm. Thus, not only is the RR
compound itself unable to collapse DNA, but it significantly
interferes with the DNA collapse induced by the SS
compound. The chirality conflict observed between the RR
and SS compounds is in good agreement with the previously
suggested antagonistic effect in systems containing enantio-
mers.[3, 25,26] DNA compaction begins with the formation of
dense nuclei on the DNA chain, which grow until the
complete DNA chain collapses.[27, 28] The formation of the
nuclei requires the neutralization of charge on the DNA over
a relatively long region (on the order of several hundred base
pairs) and, as has been shown, a structural correspondence
between the chirality of the DNA and that of the dication.
When the mixture of the RR and SS enantiomers is added to
the DNA, the phosphate groups on the DNA become
randomly occupied by isomers of opposite chirality. There-
fore, partial occupation of the DNA chain with the RR
dication prevents nucleation to a certain extent, and thus
prevents DNA compaction.

In contrast to the SS/RR mixture, the activity of the SS/
meso mixture is an average of the individual activities of the
SS and meso compounds, as both components participate in
the compaction of DNA coherently (Figure 2b). A similar
synergetic effect was found for the RR/meso mixture (Fig-
ure 2c). In mixtures of chiral and achiral dications, both
components are involved in the DNA compaction process;
otherwise, the non-active dication would prevent DNA
collapse by its own ionic strength through electrostatic
competition with the active dication for DNA binding,
which would inevitably result in the prevention of DNA
compaction. However, we observed no loss of overall

compaction activity in these mixtures. Thus, the achiral
meso dication is able to contribute to the DNA compaction
in accordance with the chirality of either the SS or RR
enantiomer and in this way decrease the complementary

limitation of DNA compaction.
The finding of the strong antagonism between the SS

and RR dications in DNA compaction raises a new
interesting question regarding the possibility of the
reverse process: the decompaction (unfolding) of DNA
complexed with the SS dication by addition of the RR
dication. To evaluate this possibility we performed the
following experiments. First, T4 DNA was treated with
the SS compound at a concentration of 7 mm. Coils were
observed in solution and compact globules were observed
on a microscope glass slide simultaneously. The T4 DNA
bimodal size distribution at this concentration is repre-
sented by the front distribution shown in Figure 3a. After
the addition of the RR compound (20 mm), an increase in
the proportion of DNA in the coil state was observed
(middle distribution in Figure 3a). After 1 day, the
distribution had shifted even further toward DNA
unfolding (see Figure 3a), thus indicating that a certain
period of time is required for the equilibrium to be
attained in this process. FM analysis of the solution of

Figure 2. Compaction activities of the pure SS, RR, and meso dications, and of
equimolar binary mixtures of the dications. Compaction activity (CA) was calculated
from the corresponding compaction curves as 1/C50%, where C50% is the dication
concentration at 50% conversion of the DNA from the coil into the globule state.
a) Compaction activities of the SS and RR dications, and of an equimolar mixture of
these two compounds. b) Compaction activities of the SS and meso dications, and an
equimolar mixture of these two compounds. c) Compaction activities of RR and meso
dications, and an equimolar mixture of these two compounds.

Figure 3. Unfolding by the RR enantiomer of T4 DNA collapsed by the
SS enantiomer, monitored by FM. a) Long-axis size (L) distributions (P
is relative population) of T4 DNA after the addition of the SS enan-
tiomer (7 mm; front) to the solution of DNA, after the addition of the
RR enantiomer (20 mm ; middle) to the resulting mixture, and in the
resulting mixture after 1 day (back). The starting solution of T4 DNA
was the same as described in the legend of Figure 1. b) Fluorescent
images of T4 DNA globules on a glass surface in the presence of the
SS enantiomer (7 mm). c) Partially unfolded structures of T4 DNA
observed on a microscopic glass slide after the successive addition of
the SS enantiomer (7 mm) and the RR enantiomer (20m).
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DNA in the presence of the SS enantiomer in the coexistence
region showed only globules on the glass surface (Figure 3b);
after the addition of the RR enantiomer the number of
globules on the glass surface decreased, and many DNA
molecules containing both folded and unfolded parts
appeared (Figure 3c). The appearance of these structures
on the glass surface upon the addition of the RR compound is
also attributed to the phenomenon of unfolding. This
phenomenon appears to be a direct result of the antagonistic
effect that the SS and RR enantiomers have on one another in
DNA compaction. Since DNA compaction is a reversible
process, the exchange of dications at suitable sites in the
exposed regions of the DNA chains in a compact globule
results in the partial populating of DNA by the RR dication,
which initiates unfolding. The importance of this finding is
that a noncomplementary enantiomer can be used not only to
prevent the formation of the DNA compact state by the
complementary enantiomer, but also to promote the reverse
process, that is, the decompaction of the compact DNA
complex formed with the complementary dication.

In summary, a dramatic difference and conflict was
observed between two synthetic enantiomeric dications in
their effect on the compaction of giant T4 DNA. As no
difference was found in the DNA-binding activity of the two
enantiomers, the results obtained regarding chiral discrim-
ination in DNA compaction indicate that the selectivity for an
enantiomer with complementary chirality has its origin in the
DNA-folding process itself. It was also demonstrated that an
achiral dication can remove the structural chirality restric-
tions during DNA compaction by enantiomers. In nature,
where DNA folding and unfolding are fundamental processes,
chiral discrimination in the DNA compaction may be one of
the selection mechanisms toward biochemical homochirality.
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Phase-Transfer Catalysis

Highly Enantioselective Phase-Transfer-Catalytic
Alkylation of 2-Phenyl-2-oxazoline-4-carboxylic
Acid tert-Butyl Ester for the Asymmetric
Synthesis of a-Alkyl Serines**

Sang-sup Jew,* Yeon-Ju Lee, Jihye Lee,
Myoung Joo Kang, Byeong-Seon Jeong, Jeong-Hee Lee,
Mi-Sook Yoo, Mi-Jeong Kim, Sea-hoon Choi, Jin-
Mo Ku, and Hyeung-geun Park*

Chiral a-alkyl serines have been extensively studied owing to
their important roles in synthetic and biological chemistry.[1]

Their quaternary chiral moieties are frequently found in
several biologically active natural products[2] and chiral a-
alkyl serines themselves are useful synthetic building blocks.[1]

Also, as the hydroxy group of (S)-serine has an important role
in stabilizing the a-helical secondary structure of enzymes by
hydrogen bonding with amide carbonyl groups, a-alkyl serine
moieties have been employed in the design of biologically
active peptidomimetics.[3] Historically, a number of enantio-
selective synthetic methods have been reported for chiral a-
alkyl serines,[4] but only a few are practical, and only one was
carried out under catalytic conditions.[4k]

Recently, several efficient chiral phase-transfer catalysts
were developed from Cinchona alkaloids (1,[5] 2,[6] 3,[7]) and
(S)-binaphthyl derivative (4[8]), and successfully applied to the
asymmetric synthesis of natural and non-natural a-amino
acids[5–8a] and a,a-dialkyl a-amino acids[8b,9]

by the enantioselective alkylation of ben-
zophenone imine glycine tert-butyl ester
(5[10]) and aryl aldimine alanine tert-butyl
ester (6[9]), respectively. As part of our
program for the development of practical
and synthetic methods for a-alkyl serines,
we examined the use of asymmetric phase-
transfer catalytic alkylation.[11]

First, we investigated the best substrate
for phase-transfer catalytic alkylation. It should have an
acidic proton for abstraction by mild bases, such as 5 and 6.
We chose the phenyl oxazoline derivative of serine tert-butyl
ester, 7. The oxazoline moiety not only enhances the acidity of
the a proton of the ester, but also acts as an excellent

protecting group for the both the amino and hydroxy groups
in the serine ester.

As shown in the synthetic strategy in Scheme 1, the
asymmetric phase-transfer alkylation of 7 with alkyl halides,

followed by acidic hydrolysis provided chiral a-alkyl serines.
The methyl ester derivative was used as a substrate for the
synthesis of (� )-a-alkyl serines, but it requires a strong base
(such as LDA) and low temperatures (below � 50 8C)
otherwise b-eliminations are predominant.[4l] In the case of
nBuLi, only the corresponding n-butyl ketone was obtained
by substitution at � 100 8C.[12] Recently, K2CO3

[13] and
DBU[14] were used for the a epimerization of oxazoline
esters in a total synthesis, but these basic conditions gave
neither a-alkylation nor b-elimination products in the pres-
ence of alkyl halides.[15]

Substrate 7 was easily prepared by the coupling of ethyl
benzimidate and serine tert-butyl ester in 98% yield.[16] For
the alkylation, we adapted the previously reported reaction
conditions for the synthesis of a,a-dialkyl a-amino acids.[9]

To choose the optimal catalyst, the enantioselective
phase-transfer-catalytic benzylation was performed in the
presence of the appropriate catalysts (1–4, 10 mol%) along
with 2-phenyl-2-oxazoline-4-carboxylic acid tert-butyl ester

Scheme 1. Asymmetric alkylation of 7 with alkyl halides under phase-transfer catalysis (PTC)
followed by acidic hydrolysis to provide chiral a-alkyl serines.
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(7), benzyl bromide (5.0 equiv), and solid KOH (5.0 equiv) in
toluene at 0 8C for 4–6 h. As shown in Table 1, the hydro-
cinchonidine-derived catalysts (1–3) all delivered (R)-8e with
moderate enantioselectivities (42–68% ee ; Table 1, entries 1–

5), but fortunately the commercially available (S)-binaphthol-
derived catalyst 4b, recently disclosed by the Maruoka
group,[8b] provided (S)-8e with very high enantioselectivity
(> 99% ee ; Table 1, entry 6). No b-eliminations or substitu-
tions were observed. We tentatively presumed that the
intermediate formed by the tight ionic binding between the
quaternary ammonium cation and the corresponding enolate
anion under the phase-transfer reaction conditions favors
a alkylation over b elimination. As we focused our attention
on optimizing this reaction for industrial processes, we
decreased the amount of catalyst. Lower amounts of 4b
preserved the high enantioselectivity, but less than 2.5 mol%
lowered the enantioselectivity (Table 1, entries 7–10;
Figure 1).

The optimal reaction temperature was 0 8C. Higher
temperatures (20 8C) decreased the enantioselectivity
(Table 1, entry 12), and lower temperatures (� 20, � 40 8C)
conserved the enantioselectivity albeit with longer reaction
times and lower chemical yields than those at 0 8C (Table 1,
entries 13 and 14). The hydrolysis of 8e (> 99% ee) with HCl
(6n) followed by purification through an ion-exchange resin
led to the facile generation of optically pure (S)-(+)-a-

benzylserine in 98% yield.[4m,17] Catalyst 4b was chosen for
further investigation of the enantioselective phase-transfer
alkylation with various alkyl halides under the optimized
reaction conditions. The very high ee values (> 93%) shown
in Table 2 indicate that this reaction is a very efficient

Table 1: Enantioselective phase-transfer benzylation of 7 catalyzed
by 1–4.

Entry Catalyst mol% T [8C] t [h] Yield [%] ee [%][c, d]

1 1a 10.0 0 5 85 42 (R)
2 1b 10.0 0 4 93 68 (R)
3 2 10.0 0 4 90 68 (R)
4 3a 10.0 0 6 84 50 (R)
5 3b 10.0 0 4 88 56 (R)
6 4b 10.0 0 4 99 >99 (S)
7 4b 0.25 0 6 60 51 (S)
8 4b 0.5 0 6 74 83 (S)
9 4b 1.0 0 5 85 87 (S)
10 4b 2.0 0 5 92 98 (S)
11 4b 2.5 0 5 98 >99 (S)
12 4b 5.0 0 4 99 >99 (S)
13 4b 2.5 20 3 57 71 (S)
14 4b 2.5 �20 6 88 98 (S)
15 4b 2.5 �40 48 67 98 (S)

[a] The reaction was carried out with benzyl bromide (5.0 equiv) and
solid KOH (5.0 equiv) in the presence of 1–4 in toluene under the given
conditions. [b] Yields of isolated products. [c] The enantiopurity was
determined by HPLC analysis of the benzylated oxazoline 8e on a chiral
column (DAICEL Chiralcel OD-H) with hexanes/2-propanol (500:3.0) as
a solvent; in this case it was established by analysis of the racemate, of
which the enantioisomers were fully resolved. [d] The configurations are
given in parentheses. The absolute configurations were determined by
comparison of the optical rotation of a-benzylserine from the acidic
hydrolysis of 8e with the reported value.[4m, 17]

Figure 1. Relationship between the enantiomeric excess of (S)-8e and
the amount of catalyst 4b in the phase-transfer benzylation at 0 8C.

Table 2: Catalytic enantioselective phase-transfer alkylation of 7 with
various alkyl halides in the presence of 4b (1 mol%).[a]

RX t [h] Yield [%][b] ee [%][c, d]

20 48 93

3 87 97

3 85 96

6 86 97

5 98 >99

5 99 93

6 93 94

3 99 >99

10 98 >99

8 90 >99

12 91 97

[a] The reaction was carried out with RX (5.0 equiv) and solid KOH
(5.0 equiv) in the presence of 4b (2.5 mol%) in toluene at 0 8C. [b] Yields
of isolated products. [c] The enantiopurity was determined by HPLC
analysis of the alkylated oxazoline 8 on a chiral column (DAICEL Chiralcel
OD-H) with hexanes/2-propanol as a solvent; in this case it was
established by analysis of the racemate, of which the enantioisomers
were fully resolved. [d] The absolute configurations of all the products
were tentatively assigned to be S based on the absolute configuration of
8e (Table 1, entry 10).
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enantioselective method for the preparation of a-alkyl
serines.

Based on these results as well as on the reported X-ray
crystal structure of 4b,[8c] a plausible transition state in the
catalytic alkylation is proposed in Figure 2. The conformation

of the E enolate of tert-butyl oxazoline ester 7 packs well into
the molecular pocket of 4b, and the Si face of the enolate is
shielded by the binaphthyl and the 3’,4’,5’-trifluorophenyl
moieties. Consequently, alkyl halides can only approach the
Re face of the enolate, affording the R isomer 8 in accordance
with the results.

In conclusion, we report the first use of an asymmetric
phase-transfer-catalytic alkylation for the synthesis of chiral
a-alkyl serines. The easy preparation of the substrate, the high
enantioselectivity, and the very mild phase-transfer reaction
conditions make this a promising method for industrial
application.

Experimental Section
For the synthesis of 7, see Supporting Information.

General procedure (alkylation of 7): Benzyl bromide (0.12 mL,
1.00 mmol) was added to a solution of 7 (50.0 mg, 0.200 mmol), 4b
(9.55 mg, 0.005 mmol), and KOH (56.1 mg, 1.00 mmol) in toluene
(0.80 mL) at 0 8C. The reaction mixture was stirred for 5 h. Upon
completion of the reaction, the mixture was diluted with ethyl acetate
(20 mL), washed with water (2 B 5 mL), dried over anhydrous MgSO4,
filtered, and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, hexanes/EtOAc 20:1) to afford 8e
(65 mg, 98% yield) as a pale yellow oil. The enantioselectivity was
determined by chiral HPLC analysis (DAICEL Chiralcel OD-H,
hexane/2-propanol (500:3.0), flow rate= 1.0 mLmin�1, 23 8C, l=
254 nm, retention times: S (major) 9.5 min, R (minor) 16.1 min,
> 99% ee). The absolute configuration was determined by compar-
ison of the optical rotation of a-benzyl serine from the acid hydrolysis
of 8e with the reported value.[4m,17]

General procedure (hydrolysis of 8): HCl (6n ; 1.5 mL) was added
to a solution of 8e (500 mg, 1.48 mmol) in ethanol (1.5 mL), and the
reaction mixture was heated at reflux for 24 h. After the solvent was
removed in vacuo, the residue was purified by column chromatog-
raphy (15% aqueous NH4OH) through an ion-exchange resin
(Dowex 50WX8–100[17]) to give (S)-(+)-a-benzyl serine as a white
solid (365 mg, 98%). [a]20D =++ 16.4 (c= 0.89, H2O) [lit.[4m] [a]20D =++
16.4 (c= 0.81, H2O)]. Physical and spectral properties were consistent
with the literature values.[4m,17]
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Supramolecular Chemistry

Self-Assembly of Two Distinct Supramolecular
Motifs in a Single Crystalline Framework**

Sara R. Halper and Seth M. Cohen*

Supramolecular chemistry is a rapidly growing field of
research concerned with the construction of molecular
assemblies held together by noncovalent interactions.[1,2]

Forces such as hydrogen bonding, p–p stacking, and metal–
ligand coordination have been extensively used in the syn-
thesis of supramolecular structures. These assemblies are
anticipated to find utility as new materials with novel
catalytic, magnetic, electronic, and optical properties.[3–6]

Within the realm of supramolecular complexes that utilize

metal–ligand interactions, both discrete molecular species
and coordination polymers have been investigated. We are
aware of only one case in which a reaction has yielded both a
discrete complex and an extended polymeric structure from
the same building block.[7] However, we know of no examples
in which these two general topologies were found to co-exist
in a stable crystalline solid. Herein, we report the synthesis of
a self-assembling, self-complementary metal complex that
forms a supramolecular hexagon and a double-helical coor-
dination polymer within a single crystalline lattice. Further-
more, it is proposed that aggregation of fluorine substituents
is a key feature in directing the formation of this surprising
example of supramolecular assembly.

We have previously described heteroleptic copper(ii)
complexes with dipyrromethene (dipyrrin) ligands[8] that can
form self-complementary, one-dimensional “zig-zag” coordi-
nation polymers.[9] These complexes consist of square-planar
copper(ii) centers bound by one dipyrrin ligand and one
acetylacetonate (acac) ligand. The dipyrrin ligand features a
second donor site (pyridyl nitrogen atom) that coordinates to
the axial position of a neighboring copper(ii) center, thereby
generating an extended structure. In an effort to explore the
features of these complexes that would alter the polymeric
structure, modifications of the acac ligand were pursued.
Instead of using Cu(acac)2 as the copper source, Cu(hfacac)2
(hfacac= hexafluoroacetononate) was utilized, which
resulted in a heteroleptic metal complex with a “blocking”
hfacac ligand (Scheme 1). This change in the spectator ligand
was found to noticeably alter the complexation behavior and
supramolecular assembly of the heteroleptic compound.

The products of the reaction between the dipyrrin ligand
(4-pyrdpm= 5-(4-pyridyl)dipyrromethene, 2) and Cu(hfa-
cac)2 were found to be dependent on the component
stoichiometry (Scheme 1). In situ generation of 2 combined
with an excess of Cu(hfacac)2 results in the isolation of the

Scheme 1. Scheme for the synthesis of 4-pyrdpm (2) and heteroleptic copper com-
plexes (3 and 4).
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trinuclear species 3. This compound contains two distorted
square-planar copper(ii) complexes bound to an octahedral
copper(ii) center through the meso-pyridyl nitrogen-atom
donors (Figure 1).[10] This species is not observed nor isolated
under identical reaction conditions when employing
Cu(acac)2 as the starting material.[9] When 4-pyrdpm (2) is
mixed with substoichiometric amounts of Cu(hfacac)2, the
expected mononuclear, heteroleptic complex [Cu(4-
pyrdpm)(hfacac)] (4) can be isolated by flash silica chroma-
tography in modest yield.

The solid-state structure of 4 was anticipated to yield a
linear coordination polymer similar to that found for [Cu(4-
pyrdpm)(acac)].[9] However, crystallization of 4 reveals a
surprising structure in which the compound self-organizes
into two distinct supramolecular motifs: a discrete molecular
hexagon and a helical coordination polymer (Figure 2).[10] The
supramolecular hexagon is comprised of six molecules of 4
tethered together by apical coordination of the meso-pyridyl
nitrogen atoms (Cu-Npyr 2.28 7).[11–18] The neighboring
Cu–Cu distance is 9.72 7, and the ring has a diameter of

Figure 1. Structural diagram of trinuclear complex 3 with copper(ii)
atom numbering scheme (ORTEP, 50% probability ellipsoids). Hydro-
gen atoms and solvent molecules have been omitted for clarity.

Figure 2. Independent crystallographic com-
ponents of 4 shown in structural (ORTEP,
50% probability ellipsoids, left) and chemi-
cal (right) representations. Molecular hexa-
gons (top) and helical coordination poly-
mers (bottom) comprise the supramolecular
structure. Hydrogen and fluorine atoms
have been omitted for clarity.
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about 19.24 7 (based on Cu–Cu distance of opposite metal
centers on the ring), placing this among the largest neutral
molecular hexagons characterized by single-crystal X-ray
diffraction methods.[7] The cocrystallized helical coordination
polymer[19–22] is also connected by apical coordination of
pyridyl substituents (Cu-Npyr 2.30 7) in a manner generally
consistent with related systems.[9, 23]

A view along the crystallographic c axis shows the
molecular hexagons lie in line with each other making
hexagonal channels (Figure 3). The crystallographic data

indicate that these channels are empty or only occupied by
small amounts of highly disordered solvent molecules (two
residual electron density peaks of � 2.0 e7�3 suggest some
disordered solvent may be present).[10] The individual metal
complexes are neutral, therefore disqualifying the presence of
counterions in the pores. Drying of the crystals under vacuum
at 50 8C did not appear to disturb the crystal morphology and
elemental analysis of the material was consistent with the
absence of any cocrystallized solvent. Differential scanning
calorimetry (DSC) reveals a single endotherm at 197 8C and
thermogravimetric analysis (TGA) shows no weight loss up to
about 200 8C. DSC and TGA of related compounds have
clearly shown the presence of trapped solvent molecules[9]

thereby supporting the contention that 4 does not contain
significant amounts of solvent guests.

Perhaps the most striking feature of 4 is the packing
arrangement of the two supramolecular motifs within the
crystalline lattice. Adjacent to each edge of the molecular
hexagons are the coordination polymers, which run along the
crystallographic c axis parallel to the hexagonal channels
(Figure 3). The packing diagram reveals that the coordination
polymers are more than simple helical chains; the strands
arrange as pairs of antiparallel double helices.

The packing of the molecular hexagons with the double-
helical coordination polymers suggests that the fluorine
groups self-segregate from other parts of the structure to
drive the formation of this elaborate assembly. The high
immiscibility and hydrophobicity of the CF3 group has been
successfully utilized in the rational design of self-assembled
peptide coiled coils.[24–26] In the structure of 4, the hfacac
ligands of the hexagon are interdigitated between the double-
helices where they contact the hfacac ligands from the
coordination polymer chains (Figure 4). The space between
the helices is packed with CF3 groups from both the hexagon
and the polymers. The hfacac groups of the helices are in turn
arranged to interact with one another, essentially creating

Figure 3. Spacefilling packing diagram for 4 (top) along the crystallo-
graphic c-axis. The hexagons are shown in green and the strands of
the double-helices are shown in orange and blue. An isolated double-
helix in 4 (bottom) viewed perpendicular to the crystallographic c axis.

Figure 4. Packing diagram for 4 (top) along the crystallographic c-axis;
hexagons are shown in spacefilling and double-helices are shown in
stick form. Same view of 4 (bottom) with the hexagons removed.
Hydrogen atoms have been removed for clarity.
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rings of CF3 groups periodically in the c-axis channels. The
hexagonal channels are therefore composed of alternating
layers of molecular hexagon “holes” and helical polymer
“walls” that remain in register with each other (inner
diameter � 15.4 7). Ultimately, the packing of the two
supramolecular entities suggests separation of the fluorous
phases drive the exotic solid-state arrangement of the
assembly. This hypothesis is further supported by the
observation that both [Cu(4-pyrdpm)(acac)] and [Cu(4-
pyrdpm)(tfacac)] (tfacac= trifluoroacetononate) form
simple, one-dimensional zig-zag coordination polymers.[9,23]

Ongoing studies in our laboratory are focused on the
host–guest chemistry and self-assembly of related complexes.

Experimental Section
[Cu3(4-pyrdpm)2(hfacac)4] (3): 5-(4-Pyridyl)dipyrromethane (1)[9, 27]

(0.30 g, 1.34 mmol) was dissolved in CHCl3 (150 mL) and stirred in
an ice bath. 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (0.31 g,
1.34 mmol) was dissolved in benzene (100 mL) and added dropwise.
Cu(hfacac)2·H2O (0.64 g, 1.34 mmol) dissolved in CHCl3 (50 mL) was
added and stirred for 10 min to form the copper(ii) complex. The
reaction mixture was evaporated to dryness, and the product was
purified by column chromatography (SiO2; CHCl3 with 1% MeOH)
to afford a red solid (0.27 g, 27% yield). Elemental analysis (%) calcd
for C48H24F24N6O8Cu3·0.5CHCl3: C 38.35, H 1.63, N 5.53; found: C
38.02, H 1.27 , N 5.56. UV/Vis (CH2Cl2): lmax= 232, 304, 490 nm; IR
(film from CH2Cl2): ñ= 1644, 1562, 1255, 1214, 1145, 1029, 1000 cm�1.
Red plates of 3 were grown from a solution of the complex in CHCl3
diffused with pentane.

[Cu(4-pyrdpm)(hfacac)] (4): 5-(4-Pyridyl)dipyrromethane (1)[9, 27]

(0.30 g, 1.34 mmol) was oxidized as described for 3. Cu(hfacac)2·H2O
dissolved in 50 mL of CHCl3 was added in small increments until all of
the oxidized methene had been converted to the metal complex. The
addition was monitored by using TLC and UV/Vis spectroscopy. The
total added Cu(hfacac)2·H2O was 0.40 g (0.84 mmol, 0.63 equiv to 1).
The reaction mixture was evaporated to dryness and the product was
purified by column chromatography (SiO2; CHCl3 with 1% MeOH)
to afford a red solid (0.15 g, 22% yield). ESI-MS:m/z 490.9 [M+H]+.
Elemental analysis (%) calcd for C19H11F6N3O2Cu: C 46.49, H 2.26,
N 8.56; found: C 46.46, H 2.23, N 8.75. UV/Vis (CH2Cl2): lmax= 232,
312, 492 nm; IR (film from CH2Cl2): ñ= 1648, 1560, 1252, 1209, 1144,
1030, 997 cm�1. Red-green blocks of 4 were grown from a solution of
the complex in CHCl3 diffused with hexanes.
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Fluorescent Probes

Fluorescent Probes for Hydrogen Peroxide Based
on a Non-Oxidative Mechanism**

Hatsuo Maeda,* Yuka Fukuyasu, Shoko Yoshida,
Masako Fukuda, Kanako Saeki, Hiromi Matsuno,
Yuji Yamauchi, Kenji Yoshida, Kazumasa Hirata, and
Kazuhisa Miyamoto

Reactive oxygen species (ROS) such as superoxide (O2
�C),

hydrogen peroxide (H2O2), and the hydroxyl radical (HOC)
are important mediators of pathological processes in various
diseases.[1] Detection by fluorescent probes is one of the most
useful methods for evaluating the roles of ROS in patholog-
ical processes. 2’,7’-Dichlorofluorescin (DCFH) and its diace-
tyl derivative (DCFH-DA)[2] have been widely used as
fluorescent probes for measuring cell-derived H2O2,

[3] but
these compounds suffer from the major drawback that they
are poorly selective toward H2O2. Researchers have demon-
strated that oxidation of DCFH to dichlorofluorescein is also
induced by peroxidase[4] and other hemoproteins[5] as well as
by hydroperoxides in the presence of peroxidase,[6] nitric
oxide,[7] and peroxynitrite.[8] Therefore, the fluorescent
response based on the oxidation of DCFH provides an
index, not for cell-derived H2O2, but for the total oxidants
present in biological systems. This limitation stems from its
mechanism of fluorescence, which is based on oxidation.
Dihydro derivatives of fluorescent compounds such as
dihydrorhodamine 123[3c,g] and N-acetyl-3,7-dihydroxyphe-
noxazine (Amplex Red)[9] have been shown to function as
probes for detecting H2O2. However, their mechanism of
action is similar to that of DCFH, which implies that low
selectivity toward H2O2 is a shortcoming that must be
accepted when utilizing these probes. In fact, dihydrorhod-
amine 123 was shown to react with various ROS,[3c,7b] and
although Amplex Red seems to have high selectivity toward
H2O2, peroxidase is essential for its fluorescence, similar to

the case of DCFH. Thus, developing probes for H2O2 based
on a non-oxidative fluorescence mechanism, which would
allow the highly specific and peroxidase-independent detec-
tion of H2O2 under the complicated oxidative circumstances
found in biological systems, is a worthwhile goal.

Recently, we found that perhydrolysis of acyl resorufins is
a useful reaction that acts as a fluorescent indicator for H2O2

assays.[10] The method is based on simple deprotection, not on
oxidation, thus allowing acyl derivatives of fluorescent
compounds such as resorufin and fluorescein to work as
probes for detecting cell-derived H2O2 with higher selectively
than that provided by DCFH and its analogues. Unfortu-
nately, the competition between perhydrolysis and hydrolysis
of acyl resorufins and fluoresceins in biological systems was
not altered in a manner favorable towards H2O2-based
deacylation.

We thus designed pentafluorobenzenesulfonyl fluores-
ceins (1a–c, Scheme 1) as selective fluorescent probes for

H2O2 but would eliminate, or at least significantly reduce,
competition from hydrolysis reactions of the acetyl deriva-
tives. These compounds were chosen for the following
reasons: sulfonates are more stable to hydrolysis than are
esters; fluoresceins have high fluorescence quantum yields in
aqueous solution; and the pentafluorobenzene ring enhances
the reactivity of the sulfonates toward H2O2. A solution of 1a
(10 mm), 1b (2 mm), or 1c (2 mm) in EtOH was diluted
400 times with 2-[4-(hydroxyethyl)-1-piperazinyl]ethanesul-
fonic acid (HEPES) buffer (pH 7.4, 10 mm) and the suitability
of 1a–c as probes for H2O2 were evaluated. The results are
summarized in Table 1. As apparent from the estimated
values of the relative quantum efficiencies, sulfonylation
markedly quenched the fluorescence of the original fluores-
ceins. Compounds 1a–c all fluoresced on reaction with H2O2,
and perhydrolysis of 1b and 1c was much faster than that of
1a. The rate constants of the reactions were comparable to or
faster than those for the alkaline hydrolysis of ethyl ben-
zoates.[12] Treatment of each of the solutions (150 mL)
containing the probe compounds with H2O2 in water
(10 mL) at 25 8C for 60 min in a 96-well microplate assay
resulted in the rate of perhydrolysis of these compounds

Scheme 1. Fluorescent probes and their reactions that produce the
fluorescence used in this study.
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producing fluorescent responses that were dependent on the
concentration of H2O2. Linear calibration curves were
obtained from the detection limits shown in Table 1 up to
concentrations of 92.3 nmol, with correlation coefficients
being greater than 0.997. Decomposition of 1a–c to the
corresponding fluoresceins in blank buffer solutions was
relatively slow at 25 8C, but much faster at 37 8C. However, the
concentration range over which 1c functioned was the same
at both temperatures, while the detection limit for 1a was
much lower at 37 8C than at 25 8C. The effect of the pH value
on the reaction of 1c with H2O2 was also examined. The rate
of perhydrolysis of 1c decreased strikingly below pH 6.6.
However, 1c still functioned well as a fluorescent probe at
pH 6.6, although the fluorescent intensities produced were
about 20% of those observed at pH 7.4.

The fluorescent responses from the reaction of solutions
of 1a (25 mm), 1b (5 mm), or 1c (5 mm) in HEPES buffer
(150 mL) with H2O2 (0.92 mm, 10 mL) in a 96-well microplate
at 25 8C for 1 h were compared to those of reactions with HOC,
tBuOOH (1 mm, 10 mL), NO, ONOO� , and O2

�C. The Fenton
reaction between H2O2 (0.92 mm, 10 mL) and Fe2+ ions (5 mm,
10 mL) was used as the source of HOC. The reaction with NOC
or ONOO� was carried out in the presence of 3-(amino-
propyl)-1-hydroxy-3-isopropyl-2-oxo-1-triazene (NOC-5)[13]

or 3-morpholinosydnonimine (SIN-1)[14] (1 mm, 10 mL each),
respectively. O2

�C was generated by the enzymatic reaction of
hypoxanthine (HPX; 1 mm, 10 mL) with xanthine oxidase
(XO; 0.26 UmL�1, 10 mL). The results are summarized in
Table 2. The reactions of 1a–c with HOC, tBuOOH, and
ONOO� resulted in much smaller responses than did
reactions with H2O2. Compounds 1a and 1c showed enhanced
fluorescence on reaction with NOC, the extent of which was
about one third of that with H2O2, while NOC induced a larger
increase in the fluorescence response of 1b. The fluorescent
responses from the reactions of 1a–c with enzymatically
generated O2

�C were mainly eliminated by addition of catalase
(5000 UmL�1, 10 mL), but was maintained or increased by the
presence of superoxide dismutase (SOD; 1000 UmL�1,
10 mL). These results suggest that these sulfonylated fluo-
resceins, especially 1a and 1c, act as fluorescent probes with
high selectivity toward H2O2 over HOC, tBuOOH, ONOO� ,
and O2

�C, although these probes do produce fluorescent
responses toward NOC to some extent. It should be noted here
that incubation of 1a–c in the presence of horseradish
peroxidase did not bring about any fluorescent responses.

Oxidative stress can be induced in green algae by
incubation with suitable reagents in the light. Stimulation
with Cu2+ ions causes intracellular formation of various ROS,
such as O2

�C, H2O2, and HO·.[15] Cells also undergo oxidative
stress upon generation of O2

�C or 1O2 through specific
activation by paraquat (PQ) or methylene blue (MB),
respectively.[16] Thus, experimental models using Chlamydo-
monas reinharadtii, a freshwater green alga, were informative
for evaluating the applicability of the present probes to cell
systems. Their acetyl derivatives 2a–c (Scheme 1) were used
to load the algal cells with 1a–c. It was confirmed by a similar
microplate assay that esterase was essential for 2a–c to
function as probes for detecting H2O2. In addition, these
acetyl derivatives were considerably less susceptible to simple
hydrolysis than 1a–c and led to almost no fluorescent
responses after incubation in blank buffer solutions, even at
37 8C. Figure 1 summarizes the results obtained when cells
treated with 2a–c (25 mm) or DCFH-DA (50 mm) for
30 minutes at 25 8C in the dark were incubated in a 96-well
microplate for 60 minutes in the light or dark in the presence
of Cu2+ ions, PQ, or MB. Fluorescent responses, which

Table 1: Characteristics of 1a–c as fluorescent probes for H2O2.
[a]

Relative
quantum
efficiency[b]

k for reaction with
H2O2 [D10

2
m
�1 s�1]

Detection
limit [pmol]

Decomposition [%]
after 1 h in blank

solution
25 8C 37 8C 25 8C 37 8C 25 8C 37 8C

1a 0.003 2.7 6.3 46.0 9.2 1.1 2.6
1b 0.008 14 23 23.1 231 2.8 7.7
1c 0.010 15 25 4.6 4.6 2.8 7.8

[a] All data were obtained in pH 7.4 HEPES buffer with each of the probes
(1a : 25 mm ; 1b and 1c : 5 mm). [b] Obtained by comparing the area under
the corrected emission spectrum of the test sample at 492 nm excitation
with that of a solution of fluorescein in 0.1m sodium hydroxide, which has
a quantum efficiency of 0.85 according to the literature.[11]

Table 2: Comparison of the fluorescent responses observed from the
reactions of 1a–c with various reactive oxygen species.

Relative fluorescence intensity[a]

1a 1b 1c

blank 100 100 100
H2O2 150 248 239
HOC 82 87 89
tBuOOH 107 123 110
ONOO� 105 124 110
NOC 117 216 155
O2
�C 141 341 324

O2
�C+catalase 91 160 127

O2
�C+SOD 134 374 341

[a] All data were obtained after incubation at 25 8C for 1 h.

Figure 1. Fluorescence intensities I measured for Chlamydomonas rein-
haradtii loaded with 2a–c, or DCFH-DA after incubation in the pres-
ence of Cu2+ ions, paraquat (PQ), or methylene blue (MB) in the light
(*) or the dark (*) at 25 8C for 60 min.
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depended on the concentration of the latter species, were only
produced in the cells loaded with 2a and 2c upon incubation
with Cu2+ ions in the light. When the high H2O2-selectivity of
1a and 1c is taken into consideration, these results demon-
strate that 2a and 2c permeate the cells and are transformed
into 1a and 1c, respectively, which then detect the oxidative
stress arising from intracellular formation, not of O2

�C and 1O2,
but of H2O2 on stimulation by Cu2+ ions in the light. Loading
with 2b also enabled detection of Cu2+-dependent oxidative
stress, but its specificity toward the stimulus was poorer than
those of 2a and 2c for reasons that are not clear. In contrast to
the actions of 2a–c, DCFH-DA effectively detected the
oxidative stress caused by PQ and MB, and also detected ROS
generated on activation by Cu2+ ions. These results are
consistent with the usefulness of DCFH as a probe for
providing an index for total oxidants and thus confirming that
2, especially 2a or 2c, can serve as a probe for cell systems
without loss of selectivity.

These results demonstrate that 1a–c serve as novel
fluorescent probes with a non-oxidative mechanism that has
a high selectivity toward H2O2 over HOC, tBuOOH, ONOO� ,
O2
�C, and 1O2. These new probes and their analogues facilitate

the measurements of cell-derived H2O2 and elucidate the
dynamic functions of oxidative stress, not only in algal cells,
but also in phagocytes and vascular endothelium cells,
although additional molecular design might be required for
improving sensitivities toward H2O2. Further studies along
these lines are currently under way.

Experimental Section
The syntheses of 1 and 2 are described in the Supporting Information.

Evaluation of the H2O2-selectivity of 2 with algal cells: The
probes (2) were dissolved in DMSO to obtain 10 mm stock solutions.
The cells of Chlamydomonas reinhardtii (IAM C-238), subcultured
under conditions previously reported,[17] were inoculated into modi-
fied Bristol medium (MBM, 3 mL) and loaded with 2 (7.5 mL as
DMSO solutions) in the dark at 25 8C for 30 min. The probe-loaded
cell suspensions (50 mL) were inoculated into each well of a 96-well
tissue culture plate containing solutions (50 mL) of CuCl2, PQ, or MV
in MBM at the indicated concentrations, and incubated in the light or
the dark. The fluorescence of the cells was measured after 60 min with
a CytoFluor II multiwell fluorescence plate reader (PerSeptive
Biosystems Inc., USA), with excitation and emission filters set at
485� 20 and 530� 25 nm, respectively.
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Molecular Devices

Light-Driven Machine Prototypes Based on
Dissociative Excited States: Photoinduced
Decoordination and Thermal Recoordination of a
Ring in a Ruthenium(ii)-Containing
[2]Catenane**

Pierre Mobian, Jean-Marc Kern, and Jean-
Pierre Sauvage*

In memory of Jean-Marc Kern

Inducing molecular motions in a controlled fashion under the
action of an external signal, either to mimic some of the
functions of biological motors[1] or in relation to artificial
molecular switches, machines, and devices,[2] is particularly
challenging. As far as synthetic systems are concerned,
catenanes and rotaxanes occupy a special position,[3] although
non-interlocking systems have also been investigated.[4] In the
majority of the systems the movements have been triggered
by an electrochemical[5] or a chemical signal.[6] Photonic
stimuli are particularly promising, but only a few examples
have been reported.[7]

We have recently described multicomponent rutheni-
um(ii) complexes in which one part of the molecule can be set
in motion photochemically.[8] In these systems the light-driven
motions are based on the formation of dissociative excited
states. Complexes of the [Ru(diimine)3]

2+ family are partic-
ularly well adapted to this approach: They display intense
absorption in the visible region and the magnitude of the
ligand field can be controlled by the steric and electronic
properties of the chelates. If distortion of the coordination
octahedron is sufficient to change the ligand field, which can
be realized by using one or several sterically hindering
ligands, the strongly dissociative ligand-field state (LF or d-d
state) can be efficiently populated from the metal-to-ligand
charge transfer (3MLCT) state to result in expulsion of a given
ligand. The principle of the whole process is represented in
Figure 1. It is based on well-established ruthenium(ii) photo-
chemistry,[9] but, in the past, the d-d state has mostly been
considered as a detrimental state, which leads to decompo-
sition of catalytic species in various photochemical reactions.

The [2]catenane 1 of Scheme 1 has recently been synthe-
sized[10] by using an octahedral ruthenium(ii) center as
template. Compound 1 consists of a 50-membered ring
(M50) which incorporates two 1,10-phenanthroline (phen)
units and a 42-membered ring (M42) which contains the 2,2’-

bipyridine (bipy) chelate. The related compound 2 has also
been prepared by using a slightly different procedure.[11]

Compound 2 contains the same bipy-incorporating ring as 1,
but the other ring is much larger than in 1: it is now a 63-
membered ring.[11] The light-induced motion and the thermal
back reaction carried out with 1 or 2 are represented in a very
schematic way in Scheme 1 together with the chemical
structures of the two forms for each catenane. The ancillary
ligand (L) is either the solvent (CH3CN) or Cl� .

Catenanes 1’ and 2’ contain two disconnected rings as the
photochemical reaction leads to decomplexation of the bipy
chelate from the ruthenium(ii) center. It must be stressed that
the drawings of the decoordinated forms 1’ and 2’ are only
indicative and do not imply that the geometries of the
molecules are those shown. The photochemical reactions 1!
1’ and 2!2’a (in the presence of chloride ions) as well as the
thermal backward reactions were monitored by UV/Vis
measurements (1/1’ and 2/2’a) and by 1H NMR spectroscopy
(1/1’). In a typical reaction, a degassed 10�4

m solution of 2 in
CH2Cl2 containing a tenfold excess of NEt4

+Cl� was irradi-
ated at room temperature using a 250 W halogen lamp (l>
300 nm). The color of the solution rapidly changed from red
(2 : lmax= 458 nm) to purple (2’a : lmax= 561 nm) and after a
few minutes the reaction was complete. A clean isosbestic
point at 484 nm was observed (Figure 2), which indicates that
the conversion 2!2’a is quantitative.

The recoordination reaction 2’a!2 was carried out by
heating a solution of 2’a in ethylene glycol either at 140 8C for
15 minutes or at 80 8C for 2 h. The photochemical decoordi-
nation of the ring and its thermal recomplexation to form 1/1’
are quantitative (> 95%), as evidenced by 1H NMR spectro-
scopic studies. A particularly useful probe, which allows the
rearrangement processes of the ruthenium(ii)-complexed
catenanes to be readily monitored, is the 1H NMR signal of
the H9 proton (Scheme 1b). Decoordinating the bipy frag-
ment from the metal resulted in a strong downfield shift,
which illustrates the pronounced ring-current effect of the
bipy nucleus on H9 in 1 and its absence in 1’: d(H9)= 8.13 ppm
for H9 in 1 and d(H9)= 10.53 ppm in 1’, D(d(H9))= 2.4 ppm
(CD3CN/CD2Cl2). The photoproducts have also been charac-
terized by electrospray mass spectrometry (ES-MS).[12]

The same effects were also observed for the analogous
reaction of 2 in CH3CN, the ancillary ligand now being the

Figure 1. Relative relationship of the states involved in the dissociation
process. The dissociative d-d* state must be accessible from the
3MLCT state to set a [Ru(diimine)3]

2+-based molecular machine in
motion.
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solvent instead of Cl� . The photochemical decoordination of
the ring and its thermal recomplexation in 2/2’b are also
quantitative (> 95%) as evidenced by IH NMR spectroscopy.
The quantum yield for the photochemical reaction 2!2b’ at
25 8C and l� 470 nm (� 50 nm) can be very roughly esti-
mated as 0.014� 0.005.

Interestingly, a marked ring-size effect was noticed. The
smaller catenane 1 was less photoreactive than the larger one
(2), but slightly easier to reform from its decomplexed form 1’

than was its higher homologue. Catenane 1 could not be
converted into its decoordination product with CH3CN as the
entering ligand (no photochemical reaction after a few hours
of irradiation) whereas 2 was converted into the bisacetoni-
trile analogue 2’b very efficiently (quantitative reaction in two
or three minutes of irradiation). Similarly, the reaction 1!1’ is
about 40 times slower than the similar reaction for the larger
catenane (2!2’a). The thermal back reaction is less affected
by the ring size of the ring containing two phen units: the rates

Scheme 1. a) Schematic representation of the photoinduiced and thermal motions taking place in the present catenanes, b) and c) chemical struc-
ture of catenanes 1 and 2 and their photoproducts 1’, 2’a, and 2’b. M42 is one of the constitutive rings containing the bipy fragment.
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of the two reactions 1’!1 and 2’a!2 differ by a factor of
approximately two to three, with 1’ being faster to recoordi-
nate the bipy unit than 2’a. The ring-size effect observed for
the decoordination and the recoordination reactions can be
rationalized in terms of the effective concentrations of the
respective reacting components [Ru(phen)2]

2+ and bipy. The
apparent concentration is higher for the smaller catenane
than for the larger one, which leads to the expected difference
of reactivity, at least for the recomplexation reaction of the
42-membered ring. The cramped nature of 1 with a strained
50-membered ring[13] may explain why mutual motions of
both rings are inhibited (with L=CH3CN) or substantially
slown down (with L=Cl�).

In conclusion, the present ruthenium(ii) catenanes repre-
sent new prototypes of light-driven machines, with a photonic
signal being used to set one of the rings in motion by
disconnecting it from the ring incorporating the metal center.
Simple heating regenerates the starting complex, with both
reactions (decoordination/recoordination) being quantitative.
The pronounced difference in reactivity between the two
catenanes studied gives some clues as to the potential
importance of subtle structural factors in controlling the
rate of a given motion in catenane-based molecular machines.
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Figure 2. Absorption spectra (visible region) of a solution containing 2 and
NEt4

+Cl� in CH2Cl2 before, during, and after irradiation. Spectra were
recorded at t=0 s (1), 20 s (2), 40 s (3), 60 s (4), 80 s (5), 110 s (6), 150 s
(7), 310 s (8). The conversion 1!1’ is also quantitative.
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[11] 2 was prepared by using the same strategy as the synthesis of 1.[10]

Instead of using a 50-membered ring, a new 63-membered-ring
macrocycle was prepared. The 63-membered ring was synthe-
sized by treating a bisphenanthroline ligand[10] bearing two
phenol-terminated functionalities with a long dibromide frag-
ment under high dilution conditions. Its synthesis will be
reported elsewhere: P. Mobian, J.-M. Kern, J.-P. Sauvage, Helv.
Chim. Acta, 2003, 86, 4195 – 4213.

[12] 1’ and 2b’ were characterized by using mass spectrometry and
1H NMR techniques. A solution of catenane 1 (2 mg, 1.029M
10�6 mol) in CH2Cl2 (20 mL) was stirred under argon in the
presence of a large excess of Et4NCl (3 mg, 1.8 M 10�5 mol) and
irradiated for 90 mins. The color changed progressively from
yellow-orange to violet. The reaction was controlled by TLC
(CH2Cl2/MeOH 90/10). After evaporation of the solvent, the
crude product was dissolved in CD2Cl2.

1H NMR (400 MHz,
CD2Cl2): d= 10.53 (d, 2H, H9), 8.45 (d, 2H), 8.2 (d, 3J= 7.8 Hz,
2H), 8.14–8.08 (2 M d, 3J= 9.1 Hz, 4H), 7.78 (d, 3J= 8.8 Hz, 4H),
7.65 (d, 3J= 7.8 Hz, 2H), 7.2–7.0 (m, 6H), 6.74 (d, 3J= 7.8 Hz,
4H), 6.58 (d, 3J= 5.3 Hz, 2H), 6.42 (d, 3J= 7.8 Hz, 2H), 5.69 (m,
2H), 4.4 (m, 2H), 4.2 (m, 2H), 3.96 (m, 4H), 3.80–3.00 (m, 60H),
2.88 ppm (t, 3J= 7.7 Hz, 4H), 2.00 (m, 4H); FAB-MS: m/z=
1726.7 [1’+H+] (calcd: 1726), 1690.1 [1’-Cl] (calcd: 1689.5),
1654.1 [1’�2Cl] (calcd: 1654), 1049 [1’�M42] (calcd: 1049), 1013
[1’�M42�Cl] (calcd: 1013), 979.7 [1’�M42�2Cl] (calcd: 979).
Complex 2b’ (2 mg) was dissolved in CD3CN and the NMR tube
was irradiated. NMR spectra were recorded every 30 s. The
photolysis reaction was complete after 9 mins. 1H NMR
(500 MHz, CD3CN): d= 9.61 (s, 2H, H9), 8.95 (s, 2H), 8.24
(brd, 4H), 7.94 (d, 3J= 8.6 Hz, 4H), 7.91 (d, 3J= 7.7 Hz, 2H),
7.48 (t, 3J= 7.7 Hz, 2H), 7.23 (d, 3J= 8.6 Hz, 4H), 7.02 (d, 3J=
8.8 Hz, 4H), 6.92 (d, 3J= 7.7 Hz, 2H), 6.82 (d, 3J= 5.5 Hz, 2H),
6.78 (d, 3J= 5.5 Hz, 2H), 6.71 (d, 3J= 8.8 Hz, 4H), 6.57 (d, 3J=
7.9 Hz, 2H), 6.20 (d, 3J= 7.9 Hz, 2H), 5.31 (m, 2H), 4.32 (m,
4H), 3.97 (m, 4H), 3.84 (m, 4H) 3.72 (m, 4H), 3.70–2.90 (m,
52H), 2.59 (m, 4H), 1.65 ppm (m, 4H); ES-MS: m/z= 2135
[2b’�PF6

�] (calcd: 2135.9), 2055 [2b’�2CH3CN�PF6
�] (calcd:

2053.9), 995 [2b’�2PF6
�] (calcd: 995.45), 954

[2b’�2CH3CN�2PF6
�] (calcd: 954.4), 1459 [2b’�PF6

+�M42]
(calcd: 1459.5), 657 [2b’�2PF6

��M42] (calcd: 657.25), 636
[2b’�2PF6

��CH3CN](calcd: 636.75), 616
[2b’�2PF6

��M42�2CH3CN] (calcd: 616.25), 677.4 [M42+
H+] (calcd: 677.4), 684 [M42+Li+] (calcd: 687.4), 664
[2b’�2PF6

�+H+](calcd: 664), 650 [2b’�2PF6
��CH3CN+H+]

(calcd: 650), 636 [2b’�2PF6
��2CH3CN+H+] (calcd: 636).

[13] As evident from CPK models and the X-ray structure of the
precursor to 1 containing the ruthenium center complexed to the
50-membered ring and 2CH3CN molecules (P. Mobian, J.-M.
Kern, J.-P. Sauvage, Helv. Chim. Acta, 2003, 86, 4195 – 4213).
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Enantiomer Detection by MRI

Magnetic Relaxation Switch Immunosensors
Detect Enantiomeric Impurities**

Andrew Tsourkas, Oliver Hofstetter, Heike Hofstetter,
Ralph Weissleder, and Lee Josephson*

Stereoisomers can differ profoundly from their corresponding
enantiomers in pharmacological activity.[1–3] In fact, in some
cases, such as with penicillamine, one enantiomer exhibits a
therapeutic effect while the other is so toxic that even minute
enantiomeric impurities result in severe noxious physiological
consequences.[4] The legal and regulatory implications of
these findings have led to a demand for methods to rapidly
evaluate enantioselective syntheses and detect enantiomeric
impurities.[5–8] As a result, a number of methods have been
developed for the high-throughput screening of chiral com-
pounds.[9–20] This has coincided with the rapid miniaturization
of screening techniques.[10, 21] However, there is still no
universal method that combines high sensitivity (< 0.1%, as
required by some regulatory agencies), generality, speed,
high-throughput capability, and a homogeneous format.

One promising approach for detecting minute traces of
enantiomeric impurities utilizes stereoselective antibod-
ies,[5, 15,22,23] as was recently demonstrated with an immuno-
assay that allowed the determination of purity up to
99.998% ee.[24] Moreover, since antibodies can be raised
against virtually any compound, including low-molecular-
weight drugs and hormones,[25] the use of immunoassays and
-sensors represents a general and widely applicable approach
for detecting enantiomeric impurities. Recent advances in
molecular biology techniques means that the generation and
engineering of large amounts of antibodies can also be carried
out fairly inexpensively and quickly, that is, within a few
weeks.[26] The chemistry for the synthesis of suitable immu-
nogens as well as for the immobilization of antibodies or their
targets is well established and can easily be adapted to a wide
variety of different experimental setups.

Here, we present a novel homogeneous enantioselective
immunosensor that utilizes magnetic relaxation switching as
the detection element.[27–29] Magnetic relaxation switches
(MRSs) consist of dextran-coated magnetic nanoparticles
that alter the T2 relaxation time of water upon self-assembly.
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This system provides an attractive detection
method because of its simplicity, homogeneous
format, speed, and potential for high-throughput
measurements. MRS assays have already been
used to identify mRNA, proteases, restriction
enzymes, and other biomolecules.[27, 29,30] With
this work we extend the usefulness of MRSs to
the detection of enantiomeric impurities by
combining it with the high specificity and gen-
erality of stereoselective antibodies. As a model
system, a-amino acid enantiomers were used as
analytes to evaluate the MRS immunosensor
because of their biological importance and their
inherent chiral structure.

The enantioselective MRS immunosensor
was based on magnetic nanoparticles labeled
with a derivative of d-phenylalanine (d-Phe).
The magnetic nanoparticles consisted of a super-
paramagnetic iron oxide core with an aminated
cross-linked dextran coating (CLIO). The CLIO–d-Phe
nanoparticles were generated by first coupling tyramine to
the primary amino groups of the CLIO nanoparticles by using
a homobifunctional N-hydroxysuccinimide ester. Diazotiza-
tion was then used to couple p-amino-d-phenylalanine
through its side chain to the tyraminyl residues, thus preserv-
ing both the a-amino and carboxy groups attached to the
stereogenic center. Scheme 1 shows the final azo compound
that was produced on the CLIO nanoparticles.

When antibodies specific to d-amino acids (anti-d-AA)
were added to the CLIO–d-Phe nanoparticles, the divalent
nature of the antibodies resulted in the self-assembly of the
nanoparticles, which led to a decrease of more than 100 ms in
the T2 relaxation time. The presence of d-Phe impurities in
samples of l-Phe was then determined by performing a one-
step competitive immunoassay (Figure 1). Upon addition of
mixtures of the enantiomers to the CLIO–d-Phe/anti-d-AA

self-assembled structures, the presence of d-Phe impurities
resulted in the dispersion of the nanoparticles by competing
with the CLIO–d-Phe conjugates for antibody binding sites.
This subsequently led to an increase in the T2 relaxation time.
The presence of free d-Phe impurities could be detected
within minutes, and the rate and magnitude of change in the
T2 relaxation time was dependent on the concentration of
impurities (Figure 2). The homogeneous format of the MRS
immunoassay provides an important advantage over conven-
tional solid-phase immunoassays, which require time-con-

suming incubation and washing steps. In addition, no
derivatization of either the analyte or the antibody is
necessary.

The relative affinity and cross-reactivity of anti-d-AA
for the phenylalanine enantiomers was evaluated in a
series of competitive assays. Specifically, inhibition
curves were obtained by measuring T2 relaxation times
for CLIO–d-Phe/anti-d-AA samples in the presence of
increasing concentrations of either d- or l-Phe. It was
found that the concentration of d-Phe necessary to
inhibit 50% of the anti-d-AA binding (the IC50 value)
was 5.94� 0.14 mm, whereas the IC50 value for l-Phe was

7.91� 0.16 mm (Figure 3). This corresponds to a cross-reac-
tivity of only 0.075%.

The stereoselectivity of anti-d-AA was subsequently
utilized to analyze enantiomer mixtures of phenylalanine in
competitive assays, in which the inhibitory effect of increasing
concentrations of d-Phe on CLIO–d-Phe/anti-d-AA cross-
linking was determined in the presence 0.01 mm, 0.1 mm, and
1 mm l-Phe (Figure 4a). It was found that the presence of l-
Phe at these concentrations had no significant effect on the
inhibition curve obtained with d-Phe. In fact, the IC50 values

Scheme 1. Structure of the magnetic relaxation switch (CLIO–d-Phe) consisting of
magnetic nanoparticles attached to a derivative of d-Phe.

Figure 1. The addition of d-Phe impurities contained in l-Phe samples results in the
dispersion of CLIO–d-Phe/anti-d-AA self-assemblies and a corresponding increase in
the T2 relaxation time.

Figure 2. Kinetics of CLIO–d-Phe/anti-d-AA dispersion in the presence
of d-Phe impurities. The increased rate and magnitude of change in
the T2 relaxation time that accompanies the dispersion of CLIO–d-
Phe/anti-d-AA self-assembled nanoparticles in the presence of increas-
ing amounts of d-Phe is detected in real-time by using MRS immuno-
sensors.
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varied by less than 5%, and as little as 1 mm d-Phe could be
detected in each case; the detection of d-Phe at a concen-
tration of 1 mm in the presence of 1 mm l-Phe corresponds to
99.8% ee.

The ee detection limit of this MRS immunoassay was
determined by adding increasing concentrations of d-Phe in
the presence of 10 mm l-Phe to the CLIO–d-Phe/anti-d-AA
self-assemblies (Figure 4b). Although l-Phe at this high
concentration induces a T2 relaxation time that is nearly
60 ms higher than the background (Figure 3), minute traces of
d-Phe impurities could still be detected. Since the T2
relaxation time is highly sensitive to any d-Phe impurities,
quantification is possible if the “base level”, caused by the

major enantiomer alone, has been determined in a previous
experiment. This is illustrated in Figure 4b, where as little as
0.1 mm d-Phe could be detected in the presence of 10 mm

l-Phe; this is equivalent to 99.998% ee. Even at this level,
the obtained data were highly reproducible with intra- and
interassay standard deviations of less than 5%.

An important attribute of magnetic relaxation switch
immunsensors is their potential for the rapid determination of
enantiomeric excess in a high-throughput format. Several
methods are already available that could be easily adapted to
measure thousands of MRS samples per day, such as high-
throughput NMR spectroscopy and magnetic resonance
(MR) imaging.[31–34] Here, the feasibility of conducting high-
throughput screening for enantiomeric impurities was dem-
onstrated by using MR imaging. MR images were obtained
for 60 MRS samples simultaneously in a 384-well plate
(Figure 5). Data acquisition was complete in approximately
two minutes. The T2 relaxation times were determined for
CLIO–d-Phe/anti-d-AA samples in the presence of increas-
ing concentrations of either d- (column 1) or l-Phe
(column 2) alone, as well as for samples containing minute
enantiomeric impurities of d-Phe in the presence of 10 mm

l-Phe (columns 3 and 4). The relative affinity and stereo-
selectivity of anti-d-AA towards the phenylalanine enan-

Figure 3. Inhibition of the CLIO–d-Phe/anti-d-AA self-assembly in the
presence of increasing concentrations of l- or d-Phe as detected by
changes in the T2 relaxation time.

Figure 4. Inhibition of the CLIO–d-Phe/anti-d-AA self-assembly in
enantiomer mixtures containing increasing concentrations of d-Phe in
samples of l-Phe as detected by changes in the T2 relaxation time.

Figure 5. Magnetic resonance T2 maps of samples in a 384-well plate
containing CLIO–d-Phe/anti-d-AA self-assemblies in the presence of
increasing concentrations of d-Phe or l-Phe (columns 1 and 2, respec-
tively) and increasing concentrations of d-Phe in 10 mm samples of
l-Phe (columns 3 and 4).
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tiomers as determined by the MR imager were found to
correlate well with those values previously obtained with the
NMR minispectrometer.

In conclusion, the one-step MRS immunoassay is a
versatile tool for the ultrasensitive detection of enantiomeric
impurities that could effectively be used to facilitate, for
example, drug development. The ability to raise antibodies
against virtually any compound makes this method a general
approach for detection of enantiomers. The high degree of
stereoselectivity possible with such antibodies allows for the
detection of enantiomeric impurities at levels well-below the
requirements of regulatory agencies. The MRS immunoassay
may also be used to directly screen for the kinetic properties
of enantioselective catalysts by taking advantage of the
homogeneous format and the fact that T2 relaxation times
are not altered by the optical properties of the reaction
mixture.[27] Here the desired enantiomer, rather than the
enantiomeric impurity, would be conjugated with the CLIO
nanoparticle and used with the corresponding antibody in a
competitive setup. A change in the T2 relaxation time would
then reflect the catalytic production of the desired chiral
compound. It is envisioned that the MRS immunoassay could
serve as a universal approach for screening enantioselective
catalysts that will expedite the production of enantiomerically
pure compounds.

Experimental Section
Antibody production: Monoclonal anti-d-AA antibodies were pro-
duced as described elsewhere.[35] In brief, eight-week old BALB/c
mice were immunized with p-azo-d-phenylalanine–keyhole-limpet-
hemocyanin conjugates in complete Freund's adjuvant. Booster
injections of immunogen in incomplete Freund's adjuvant and
phosphate-buffered saline (PBS), pH 7.4, respectively, were admin-
istered twice at intervals of two weeks. Four and three days prior to
fusion, final boosts were given intraperitoneally. Splenocytes of two
mice showing strong immune responses were fused with NS0
myeloma cells by using polyethylene glycol. Hybridomas were
selected in hypoxanthine/aminopterin/thymidine medium, and super-
natants were screened by a noncompetitive enzyme-linked immuno-
sorbent assay with three different solid-phase coatings: bovine serum
albumin (BSA), p-azo-d-phenylalanine–BSA, and p-azo-l-phenyl-
alanine–BSA. Hybridomas producing stereoselective antibodies were
cloned at least twice by limiting dilution. Large quantities of the anti-
d-AA antibody were obtained by the preparation of ascites fluid. The
antibodies were purified by ammonium sulfate precipitation followed
by ion-exchange chromatography on diethylaminoethyl-Sephacel
with a gradient of 0–400 mm NaCl in 10 mm tris(hydroxymethyl)-
aminomethane, pH 8.5, for elution.

Synthesis and characterization of CLIO–d-Phe: Superparamag-
netic CLIO nanoparticles consist of an iron oxide core (5 nm
diameter, 2064 Fe centers per particle, as determined by electron
microscopy) and a thick shell of cross-linked dextran.[27–30, 36] 10 mg of
Fe per mL corresponds to a nanoparticle concentration of 89 nm.
Nanoparticles with an aminated cross-linked dextran coating were
synthesized and the number of amines per nanoparticle were
quantified as previously described.[28,37] In brief, the number of
amines were determined by a reaction with N-succinimidyl-3-(2-
pyridyldithio) propionate[38] and treatment with tris(2-carboxyethyl)-
phosphane (Pierce) to release pyridine-2-thione (P2T). Following
filtration on a Microcon YM-50 filter (Amicon), released P2T was
determined spectrophotometrically by using an extinction coefficient
of 8080m�1 cm�1 at 343 nm. The CLIO–NH2 nanoparticles were

precipitated in four volumes of isopropanol and resuspended in
dimethylsulfoxide to a final concentration of 10 mg of Fe per mL.
They were then treated with an equal volume of 250 mm suberic acid
bis(N-hydroxysuccinimide ester) (DSS) for 1 h at room temperature.
Remaining DSS was removed by washing the nanoparticles three
times by isopropanol precipitation. After the third wash, the nano-
particle pellet was resuspended with 250 mm tyramine in dimethyl-
sulfoxide at a ratio of 62.5 mmoles per 1 mg of Fe, and the suspension
was mixed overnight at room temperature. The remaining tyramine
was removed by washing the nanoparticles three times by isopropanol
precipitation, and the modified nanoparticles (CLIO–tyramine) were
resuspended in 0.15m sodium borate, 0.1m NaCl, pH 9.0, to a
concentration of 3.33 mg of Fe per mL. The suspension was then
placed on ice.

Sodium nitrite (35 mgmL�1) was dissolved in ice-cold deionized
water and incubated on ice. p-Amino-d-phenylalanine (9 volumes of
5.55 mgmL�1) in chilled 0.2m HCl was added, and the solution was
mixed on ice for 1 h, to result in diazotized d-phenylalanine. The
chilled CLIO–tyramine was mixed with diazotized d-phenylalanine
(0.67 volumes), and the solution was mixed on ice for 4 h. The
resulting conjugate, CLIO–d-Phe, was purified first on a Sephadex G-
25 column and subsequently by dialysis against PBS. The amount of
d-Phe conjugated per nanoparticle was determined as the difference
in primary amines before and after conjugation of d-Phe to CLIO-
NH2. By using the molar equivalence between released P2T and
reactive amines, and by assuming a value of 2064 Fe centers per
nanoparticle, it could be calculated that each CLIO nanoparticle
contained approximately 15 d-Phe groups.

MRS immunoassay kinetics: The kinetics of CLIO–d-Phe
aggregation in the presence of anti-d-AA were determined by
mixing CLIO–d-Phe (10 mg of Fe per mL) and anti-d-AA
(0.1 mgmL�1) in PBS (200 mL), pH 7.4. Measurements of the T2
relaxation times were taken every 15 minutes for the first 150 minutes
and then every 30 minutes until no change in the relaxation time
could be detected. T2 relaxation times were recorded with a
0.47 T NMR Minispec apparatus (Bruker, Billerica, MA). The
kinetics of the CLIO–d-Phe/anti-d-AA dispersion in response to
the addition of free d-Phe were determined by first mixing CLIO–d-
Phe (10 mg of Fe per mL) and anti-d-AA (0.1 mgmL�1) in PBS,
pH 7.4, and allowing the samples to reach equilibrium. Then 5 mm,
50 mm, or 500 mm (final concentrations) d-Phe was added to the
sample to give a total volume of 200 mL. Concentrations of CLIO–d-
Phe, and anti-d-AA are based on the total volume after the addition
of free d-Phe. T2 relaxation times were recorded every minute for the
first 15 minutes, every 5 minutes until 30 minutes, and then at
60 minutes.

MRS competitive immunoassays: The inhibitory effect of d-Phe
impurities on CLIO–d-Phe/anti-d-AA binding was determined by
mixing CLIO–d-Phe (10 mg of Fe per mL), anti-d-AA (0.1 mgmL�1),
and 0.1 mm–10 mm d- or l-Phe. The samples were incubated at room
temperature until equilibrium was reached. Five T2 relaxation time
measurements were then taken from each sample and averaged. This
experiment was performed in triplicate and the average T2 relaxation
time and standard deviation were calculated. The percentage
inhibition was determined by using the equation: % inhibition=
(T2�T2min)/(T2max�T2min) H 100, where T2 is the T2 relaxation time
of the sample, T2min is the T2 relaxation time of the sample in the
absence of free d-Phe, and T2max is the T2 relaxation time in the
presence of 10 mm d-Phe. Similar experiments and analysis were also
conducted with CLIO-d-Phe (10 mm of Fe per mL), anti-d-AA
(0.1 mgmm

�1), and 0.1mm^10 mm d-Phe in the presence of 0.01, 0.1, 1,
and 10 mm l-Phe.

MR imaging: MR images of 384-well plates were obtained by
using a 4.7 T superconducting magnet (Bruker) by performing T2-
weighted spin-echo sequences with echo times ranging from 20–
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160 ms in increments of 20 ms and repetition times of 2000 ms. Maps
of the T2 relaxation times were generated as described previously.[34]
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Layered Aluminophosphate

Hydrogen-Bonded Helices in the Layered
Aluminophosphate
(C2H8N)2[Al2(HPO4)(PO4)2]**

Yu Song, Jihong Yu,* Yi Li, Guanghua Li, and
Ruren Xu*

Following the discovery of microporous aluminophosphates
AlPO4-n (n denotes a specific structure type),[1] there is
considerable interest in developing new aluminophosphate
compounds with novel framework structures because of their
potential application in catalysis, adsorption, and separa-
tion.[2–5] The aluminophosphate family encompasses a rich
structural variety enhanced by the employment of organic
amines as structure-directing agent under hydrothermal/
solvothermal conditions. The diverse arrangements of AlOn

polyhedral units (n= 4–6) and P(Ob)n(Ot)4�n tetrahedral units
(b: bridging, t: terminal, n= 1–4) form zero-dimensional (0D)
cluster, one-dimensional (1D) chain, two-dimensional (2D)
layer, and three-dimensional (3D) open-framework struc-
tures with various stoichiometries, such as AlPO4, AlP4O16

9�,
AlP2O8

3�, Al2P3O12
3�

, Al3P4O16
3�, Al3P5O20

6�, Al4P5O20
3�,

Al5P6O24
3�, Al11P12O48

3�, Al12P13O52
3�, and Al13P18O72

15�.[5]

Notable examples are the extra-large-pore materials VPI-
5[6] and JDF-20.[7] For the anionic 2D layered compounds with
Al2P3O12

3� stoichiometry, six unique structures exist in
[(BuNH3)2][Al2(HPO4)(PO4)2],

[8] [(C6H14N)2][Al2(HPO4)-
(PO4)2],

[9] [(C6H14N)2][Al2(HPO4)(PO4)2],
[9] [(pyH)]-

[Al2(HPO4)2(PO4)],
[8] [(C6H8N)][Al2(HPO4)2(PO4)],

[10] and
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[(C9H20N)][Al2(HPO4)2(PO4)].
[11] Their 2D sheets are stabi-

lized by protonated organic amines through hydrogen-bond-
ing interactions with the inorganic network.

Multiple hydrogen bonds are known to cooperatively
exert dramatic influences on the control of molecular self-
assembly in chemical and biological systems.[12] Our recent
studies also found that hydrogen bonds play a significant role
in determining stereospecificity between the template and the
host framework in open-framework metal phosphates.[13]

Herein we describe a distinctive hydrogen-bonded helix
formed by the organic amine template and the inorganic
network in a new 2D layered aluminophosphate with
Al2P3O12

3� stoichiometry.
Single-crystal structural analysis showed that the title

compound 1 has the empirical formula (C2H8N)2[Al2(H-
PO4)(PO4)2]. The protonated dimethylamine cations com-
pensating the negative charge of the anionic network are
believed to result from decomposition of the DMF solvent
under solvothermal conditions. Such a phenomenon was
observed in the previously reported
Ga3(PO4)F3·N2C3H12·NC2H7.

[14] Each asymmetric unit con-
tains two crystallographically distinct Al atoms and three
crystallographically distinct P atoms. Each Al atom shares
four oxygen atoms with adjacent P atoms with Al�O bond
lengths in the range of 1.730(3)–1.749(3) A. P(1) shares two
oxygen atoms with adjacent Al atoms and has one terminal
P�OH group (P(1)�(12)H 1.563(4) A) and one terminal P=O
group (P(1)=O(1) 1.470(3) A), while P(2) and P(3) each share
three oxygen atoms with adjacent Al atoms and have one
terminal P=O group (P(2)=O(2) 1.493(3) A, P(3)=O(5)
1.489(3) A). The P�Ob bond lengths are in the range of
1.531(3)–1.549(3) A. The macroanionic [Al2(HPO4)(PO4)2]

2�

sheet is based on strictly alternating AlO4 tetrahedra and PO4

tetrahedra [PO2(OH)(=O) and PO3(=O)] linked through
vertex oxygen atoms.

The inorganic layer (Figure 1) is a new type of 4.8-net
porous sheet parallel to the (001) plane. This 4.8-net with
Al2P3O12

3� stoichiometry was previously predicted as a hypo-
thetical network by Yu and Xu et al. on the basis of the
construction of Al2P3O12

3� layers from secondary building
units.[15] It features a 1D AlP2O8

3� chain composed of fused
Al2P2 four-membered ring ladders with pendant HPO4 side
groups.[16] Such a 1D chain, denoted AlPO-ESC, is believed to

be a fundamental chain, like AlPO-CSC[17] (corner-sharing
Al2P2 four-membered ring linear chain), in the formation of
complex aluminophosphate compounds.[18,19] The 4.8-net
sheet can be viewed as arising from condensation of AlPO-
ESC chains with the loss of HPO4

2� groups.
In contrast to previously reported layered aluminophos-

phates with Al2P3O12
3� stoichiometry, which exhibit AAAA

or ABAB layer-stacking sequences,[8–11] 1 shows an intriguing
ABCD sheet-stacking sequence along the c axis (Figure 2).

The (CH3)2NH2
+ cations in two crystallographically distinct

sites reside in the interlayer region and interact with the
inorganic network through hydrogen bonds. Strikingly, those
(CH3)2NH2

+ cations packed between the AB layers and
between CD layers interact with the terminal P=O groups in
such a way that a hydrogen-bonded helix is created that
follows the 21 screw axis along the b axis. The helical chains
within the AB layers are exclusively right-handed, and those
within the CD layers are exclusively left-handed. Figure 3a
shows a view of the left- and right-handed helical chains
formed by hydrogen bonds between the organic templates
and the inorganic network. Each N atom forms two hydrogen
bonds to two terminal oxygen atoms in adjacent layers. The

Figure 1. The 4.8-net sheet of 1 parallel to the (001) plane

Figure 2. Packing of the anionic layers of 1 in an ABCD stacking
sequence (H atoms of C�H bonds are omitted)

Figure 3. Hydrogen-bonded chains formed by the organic amine tem-
plates and the inorganic layers. a) Left- and right-handed hydrogen-
bonded helical chains. b) Hydrogen-bonded zig-zag chains (O: black
ball, O···H�N hydrogen bonds are indicated by dotted lines)

Communications

2400 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 2399 –2402

http://www.angewandte.org


N···O separation is 2.732(5) A. Such distinctive hydrogen-
bonded helical chains are particularly rare in organically
templated inorganic open-framework materials. They resem-
ble the intriguing triple helix in the extra-large-pore alumi-
nophosphate molecular sieve VPI-5, in which a chain of
hydrogen-bonded water molecules following the 63 screw axis
links the octahedrally coordinated Al atoms and forms a triple
helix of water molecules inside the 18-ring channel.[20]

The (CH3)2NH2
+ cations packed between the BC layers

also form hydrogen bonds with the inorganic layers. The
hydrogen-bonded chains are arranged in a zig-zag fashion
along the b axis, as shown in Figure 3b. Each N atom forms
three hydrogen bonds to two terminal P=O groups (N···O
2.779(5) and 2.907(5) A) and one bridging oxygen atom
(N···O 3.096 (5) A) within one layer.

Our previous studies on the layered aluminophosphates
with Al3P4O16

3� stoichiometry have shown that hydrogen-
bonding host–guest interaction plays a dominant role in
stabilizing the inorganic network.[21] Compound 1 exhibits
distinctive hydrogen-bonded chains formed by the organic
templates and the inorganic network, which are believed to be
responsible for the intriguing packing mode of the inorganic–
organic assembly.

Experimental Section
Synthesis and characterization: The synthesis was carried out by the
solvothermal combinatorial approach, which is a rapid method for the
discovery of new materials.[22–25] The multiautoclave consists of a
stainless steel block with 64 Teflon holes (0.7 cm diameter, 3.0 cm in
depth, 800 mL per hole). The reaction was carried out in the system
1.0Al(OiPr)3–xH3PO4–y tri-n-propylamine (Pr3N)–60DMF with a
fixed DMF volume of 450 mL for each crystallization. Finely ground
Al(OiPr)3 was first dosed into each Teflon hole, then DMF was added
by using a Tecan CH Miniprep 75 pipette robot, followed by the
addition of Pr3N and H3PO4 (85%). The reaction mixtures were
shaken for 2 h for homogenization. The multiautoclave was placed in
an oven for 5 d at 180 8C. An optimized range for the crystallization of
1 was found to be 1.0Al(OiPr):(2.4–4.0)H3PO4:(3.0–
6.0)Pr3N:60DMF. Et3N could also be used instead of Pr3N, and the
fact that neither was included in the product, suggested that they
played a role in adjusting the basicity of the reaction mixture. The
array of Teflon chambers was placed in a Hermle 2300 centrifuge
apparatus for sample separation. The dried samples were transferred
to a sample holder for X-ray analysis. Automated X-ray diffraction
analysis was carried out with a computer-controlled xyz stage
GADDS microdiffractomer from Bruker D8 Discover with a CCD
detector using CuKa radiation. The X-ray diffraction (XRD) pattern
of 1 was in agreement with the simulated pattern generated on the
basis of single-crystal structural data, proving the phase purity.
Inductively coupled plasma (ICP) analysis indicated an Al/P molar
ratio of 2:3.

Structure determination: A suitable single crystal with dimen-
sions of 0.15H 0.10H 0.10 mm was selected for single-crystal X-ray
diffraction analysis. Structural analysis was performed on a Siemens
SMART CCD diffractometer with graphite-monochromated MoKa

radiation (l= 0.71073 A). The data were collected at 20� 2 8C. Data
were processed with the SAINT program.[26] The structure was solved
by direct methods and refined on F2 by full-matrix least-squares
methods with SHELXTL97.[27] All Al, P, and O atoms were easily
located. The hydroxyl H atom was found in the difference Fourier
map, and the others were placed geometrically and refined in a riding
model. The non-hydrogen atoms were refined anisotropically.

Crystal data: (C2H8N)2[Al2(HPO4)(PO4)2]: Mr= 432.07, mono-
clinic, space group C2/c (No. 15), a= 18.4872(15), b= 5.0148(4), c=
35.466(3) A, b= 98.244(6)8, V= 3254.0(5) A3, Z= 8, m= 0.534 mm�1,
1calcd= 1.764 gcm�3, 8472 reflections measured, of which 2859 were
unique (Rint= 0.0897). Final wR(F2)= 0.0977 (all data) and R(F)=
0.0470 (I> 2s(I)). CCDC 222127 contains the supplementary crys-
tallographic 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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Cyclization Reactions

Cationic Gold(i) Complexes: Highly Alkynophilic
Catalysts for the exo- and endo-Cyclization of
Enynes**

Cristina Nieto-Oberhuber, M. Paz Mu�oz,
Elena Bu�uel, Cristina Nevado, Diego J. C�rdenas, and
Antonio M. Echavarren*

A group of synthetically useful transformations of a,w-enynes
are catalyzed by electrophilic transition-metal complexes or
halides MXn to give a variety of carbo- or heterocycles.

[1]

Coordination of MXn to the alkyne forms a (h
2-alkyne)metal

complexA, which evolves to form the metal cyclopropyl
carbene complexes B (5-exo-dig) or C (6-endo-dig)
(Scheme 1).[2] Skeletal rearrangement of a,w-enynes may
proceed via intermediates B (best envisioned via canonical
form B’) to form conjugated dienesD (cleavage of bond a)
and E (cleavage of bond b).[2–5] Alternatively, attack of
nucleophiles R’OH (alcohols or water) at B gives products of
alkoxy- or hydroxycyclization F and G.[2, 6,7] Simultaneous
coordination of the metal to the alkyne and the alkene
triggers the Alder-ene cycloisomerization[1,8, 9a] through met-
allacyclopentene intermediates.

Products derived from intermediates C have been found
for substrates where Z=O or NTs. In these cases, b-hydrogen
elimination gives H,[5b–c,10] although opening of the cyclo-
propane by R’OH has also been found.[6a] Intriguingly, an

skeletal rearrangement (C to I) by a 6-endo-dig process has
not yet been observed (Scheme 2).

For the skeletal rearrangement of a,w-enynes, platinu-
m(iv) and cationic platinum(ii) catalysts have been reported
to be the most reactive transition-metal complexes.[3] Lewis
acid GaCl3 also catalyzes these reactions under relatively mild
conditions, although larger amounts of catalysts were used
(10 mol% GaCl3 versus 2 mol% PtII salt).[11] Here we report
that cationic gold(i) complexes [Au(PPh3)]

+ X� are very
reactive, yet selective, catalysts for the cyclization of enynes.
In particular, these catalysts are the most active for the
skeletal rearrangement reaction. We have also found the first
examples of a 6-endo-dig skeletal rearrangement (Scheme 2).
Importantly, the [Au(PPh3)]

+ ion, which is isolobal to the H+

ion,[12] cannot coordinate to the alkene and the alkyne
simultaneously and, in consequence, the Alder-ene cyclo-
isomerization does not compete and the cyclizations proceed
exclusively through complexes of typeA.

Using DFT calculations, we first compared the activation
exerted by [Au(PH3)]

+ for the intermolecular reaction of
propyne with trans-2-butene with those of three other
catalysts: trans-[Pd(H2O)Cl2], trans-[Pt(H2O)Cl2], and
AuCl3. The gold(i) complex was found to give the most
reactive propyne–metal complex.[13] Likewise, by using (E)-6-
octen-1-yne as a model substrate for the cyclization
(Scheme 3), calculations indicate that upon coordination to
[Au(PH3)]

+, a highly polarized (h1-alkyne)gold complex J is
formed, which shows substantial electron deficiency at C2.
The high polarization of J explains the high reactivity

Scheme 1. Mechanism for the skeletal rearrangement and alkoxycycli-
zation of enynes.

Scheme 2. Mechanism for the endo-skeletal rearrangement.
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encountered in the hydration[14] and amina-
tion of alkynes[15] catalyzed by gold(i) com-
plexes. Complex J reacts very readily with
the alkene by exo cyclization with a very
small activation energy (Ea= 0.1 kcalmol

�1)
to give intermediate K. This complex shows
a very distorted cyclopropyl carbene struc-
ture,[2,6c] in which the cyclopropane C�C
bonds conjugated with the carbene are
particularly long. The structure of this
intermediate actually resembles the canon-
ical formK’ (a gold(i)-stabilized homoallylic
carbocation). The activation energy for the
6-endo-dig process to give carbene L is
6.1 kcalmol�1, which suggests that the exo
cyclization should be favored with gold(i)
catalysts, at least for substrates related to
(E)-6-octen-1-yne. For comparison, the cal-
culated activation energies for the analo-
gous transformation with [Pt(H2O)Cl2] are
10.3 and 11.2 kcalmol�1 (exo and endo,
respectively), although the transformations
promoted by platinum(ii) are thermody-
namically more favored (19.5 kcalmol�1

for the exo and 27.6 kcalmol�1 for the
endo cyclizations).[2a, 6a]

By using catalysts formed in situ from
[Au(PPh3)Cl]/AgX (X=BF4 or SbF6),

[16,17]

enynes undergo skeletal rearrangements to
give products of type D (Scheme 1). The

rearrangements of enynes 1–6 proceed readily at
room temperature in CH2Cl2 and are completed
in less than 1 h to give 7–12 (Table 1). No
reaction was observed by using [Au(PPh3)Cl]
alone. In addition, the reaction is not catalyzed
by AgI salts. The reaction does not proceed in
solvents such as MeCN or toluene.

Surprisingly, in contrast with the reaction of 1
(Table 1, entry 1), enyne 13 gives 14 as the major
1,3-diene (Scheme 4). The endocyclic rearrange-
ment depicted in Scheme 2 was evidenced in the
clean transformation of enyne 16 into diene 17.
Similarly, enyne 18 gives rearranged 19,[18,19]

along with 20, the product of a b-hydrogen
elimination.[6, 10] In the case of 21, the major
endocyclic intermediate evolves to give 22, along
with exocyclic rearranged derivative 23.

Although cyclization of 6 affords triene 12
(Table 1, entry 6) as the only isolated product,
reaction of its E isomer 24 gives tetracycle 25 as
the major or exclusive product under very mild
conditions (Table 2).[20] An active catalyst could
also be generated by reaction of [Au(PPh3)Me]
with trifluoroacetic acid (TFA). No reaction was
observed in DMF or in the presence of addi-
tional PPh3 (1 equiv). Dienyne 27 reacts simi-
larly to give tetracycle 28. Analogous transfor-
mations have been reported by using ruthenium,

Scheme 3. a) Reaction coordinate for the cyclization of (E)-6-octen-1-yne with
[AuPH3]

+ at the B3LYP/6-31G(d) and LANL2DZ level (ZPE corrected energies are
given in kcalmol�1); b–d) Selected bond lengths (K) for J–L. Values in parentheses
are for the analogous PtII complexes (M= trans-[Pt(H2O)Cl2]).

[2a, 6a]

Table 1: Skeletal rearrangements with [Au(PPh3)Cl] (2 mol%) and a silver salt (2 mol%).

Entry Enyne AgX T [8C] t [min] Product Yield [%]

1 AgSbF6 23 5 100

2 AgSbF6 23 25 91

3 AgBF4 23 10 96

4 AgBF4 23 15 100

5 AgBF4 23 5 76

6 AgSbF6 �4 60 47

[a] 4:1 E/Z.

Angewandte
Chemie

2403Angew. Chem. Int. Ed. 2004, 43, 2402 –2406 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


platinum, and rhodium catalysts in toluene at 80 8C,[21]

although in the case of gold(i) the reactions proceed under
milder conditions. Dienyne 29, with the same substitution
pattern of 16, reacts exclusively by an exo pathway to give 30
in good yield (Table 2, entry 4).

Formation of 25, 28, and 30 can be explained by evolution
of intermediate N by intramolecular cyclopropanation via O
(Scheme 5). The stereoselectivity of the last cyclopropanation
appears to be a result of the kinetically controlled trapping of
N, which presents an antiperiplanar arrangement of the
cyclopropane and the metal carbene.[22] Interestingly, the

unusual natural product myliol, and related tetracyclic
sesquiterpenes,[23] posses the same carbon skeleton of 25
and 28, although the fusion of the dimethylcyclopropane unit
occurs with the opposite configuration.

The cyclization of N-propargyl N-tosylanilines 31a–c is
also catalyzed by the cationic complex formed from
[Au(PPh3)Me] and HBF4 (Scheme 6). This intramolecular
reaction gives 1,2-dihydroquinolines 32a–c and proceeds
under milder conditions and with better yields than the
cyclization catalyzed by PtII.[24,25]

Methoxycyclization of the enynes,
instead of skeletal rearrangement, was
observed when the reactions were carried
out in MeOH with a catalyst formed in situ
from [Au(PPh3)Me] and a protic acid, such
as HBF4, phosphotungstic acid trihydrate,
or TFA (Table 3). No cyclizations were
observed with the protic acids in the
absence of the gold(i) species. Addition of
PPh3 or diphosphanes (dppe, dppe, dppf)
(3 mol%) led to unreactive gold(i) com-
plexes. However, the reaction could be
carried out in the presence of bulky and
electron-rich PCy3 (Table 3, entries 2 and
11). Reactions with gold(i) species usually
proceed at room temperature, although the

less reactive substrates were cyclized in refluxing methanol
(Table 3, entries 5–6, and 11). The cyclization of 36 could be
carried out with only 1 mol% of catalyst (Table 3, entry 4).
Themethoxycyclizations (entries 7–8) and hydroxycyclization
(entry 9) show that these reactions proceed with complete
stereoselectivity. The hydroxyl group of 44 exerts a complete
stereochemical control to give 45 as a result of an intra-
molecular alkoxycyclization (Table 3, entry 10). In general,
the alkoxycyclizations proceed more readily with gold(i) than
with platinum(ii) catalysts.[2] Allyl silane 47 also reacts to give
diene 48[26] with both cationic and neutral gold(i) complexes
(Table 3, entries 12 and 13), although, as expected, milder
conditions are required with the cationic gold(i) catalysts
(Table 3, entry 12).

Under the conditions of the methoxycyclization, cationic
[Au(PPh3)MeOH]

+ is presumably formed. The exo/endo
selectivity depends on the gold(i) catalyst. Thus, substrate 16
undergoes skeletal rearrangement by an endo pathway with
[Au(PPh3)]

+ (Scheme 4), while the reaction in MeOH pro-
ceeds exocyclically (Table 3, entry 5). Interestingly, the oppo-
site occurs with enyne 5, which rearranges exocyclically

Scheme 4. Endocyclic cyclizations with 2 mol% AuI catalyst.

Table 2: Intramolecular cyclopropanation of dienynes with a AuI complex (2 mol%).

Entry Dienyne Catalyst T [8C] t [min] Products (yield [%])

1 24 [Au(PPh3)Cl]/AgBF4 �30 20 25 (78) + 26 (7)
2 24 [Au(PPh3)Me]/TFA[a] 23 240 25 (63)
3 27 [Au(PPh3)Cl]/AgSbF6 �4 20 28 (49)
4 29 [Au(PPh3)Cl]/AgSbF6 0 15 30 (89)

[a] 3 mol% gold(i) catalyst and 6 mol% TFA.

Scheme 5. Mechanistic rationale for the stereoselective intramolecular
cyclopropanation.

Scheme 6. Cyclization of N-propargyl-N-tosylanilines with a AuI com-
plex (3 mol%).
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(Table 1, entry 5) and reacts in
MeOH by an endo-dig pathway
(Table 3, entry 11).

In summary, although much
attention has been recently given
to gold(iii) species as highly elec-
trophilic catalysts,[6a,27] alkyno-
philic gold(i) complexes are even
more reactive catalysts for the
skeletal rearrangement and alkoxy-
cyclization of enynes proceeding
through highly polarized (h1-al-
kyne)gold(i) complexes. With
these catalysts, the first examples
of skeletal rearrangement of
enynes by the endocyclic cycliza-
tion pathway have been docu-
mented. The construction of com-
plex molecular architectures under
very mild conditions and in short
reaction times with gold(i) species
augurs well for the implementation
of this methodology in diversity-
oriented synthesis.
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DNA Damage

Two-Color Two-Laser DNA Damaging**

Kiyohiko Kawai,* Xichen Cai, Akira Sugimoto,
Sachiko Tojo, Mamoru Fujitsuka, and Tetsuro Majima*

Photodynamic therapy (PDT) is a promising treatment for
cancer based on a photosensitized oxidative reaction at the
diseased tissues which results in cell death. Membranes,
proteins, and DNA are considered as a potential targets.[1,2] In
contrast to surgery and chemotherapy, the combination of
photosensitizer (Sens) uptake in malignant tissues and
selective light delivery offers the advantage of a selective
method of destroying diseased tissues without damaging
surrounding healthy tissues. Following the absorption of light,
the photosensitizer is activated to the singlet excited state,
1Sens*, which may be converted into the triplet excited state,
3Sens*. The mechanisms of tumor destruction involve oxida-
tion through electron transfer from cellular components to
1Sens* or 3Sens* (type I mechanism), as well as oxidation
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mediated by singlet oxygen (type II mechanism), which is
formed through energy transfer from 3Sens* to molecular
oxygen.[3] When targeting DNA, the binding of Sens to DNA
will favor the type I process, as the close association of Sens to
DNA is important in the photoinduced one-electron oxida-
tion of DNA.[4]

Excitation of DNA-bound sensitizers produces the SensC�/
DNAC+ (ultimately yielding the radical cation of guanine
(GC+), the most easily oxidized base, by hole transfer) charge-
separated state through photoinduced electron transfer.
However, the efficiency of producing photosensitized DNA
damage is low because the charge recombination rate is
usually much faster than the process leading to DNA damage,
such as the reaction of GC+with water.[5–8] Thus, the absorption
of a photon by Sens occasionally leads to DNA damage, but
only with the aid of hole transfer, which provides time for
DNAC+ and SensC� to react with water or O2.

[9–14] Herein, we
report the first study of nanosecond-laser DNA damaging in
which a combination of two-color pulses is used as a
promising new strategy to reach a high DNA-damaging
efficiency. The first laser pulse was applied for the production
of the SensC� and DNAC+, and the second laser pulse for the
ejection of an electron from SensC� , making the reaction
irreversible.[15]

The proposed two-color two-laser DNA damaging is
represented as a two-step process in a simplified scheme
(Figure 1). In this study, naphthaldiimide (NDI) was selected

as a photosensitizer that can be excited with a first laser at a
wavelength of 355 nm.[16–20] First, to assess the feasibility of
electron ejection from SensC� bound to DNA, a pulse
radiolysis–laser flash photolysis of NDI-conjugated oligo-
deoxynucleotide (NDI-ODN) was performed (Figure 2).[21,22]

NDIC� with a maximum absorption peak at 495 nm[16] was
generated from electron attachment during the pulse radiol-
ysis of NDI-ODN. Since SensC� often absorbs light at a longer
wavelength than it does in its non-reduced form, laser pulses
with a longer wavelength can be used for the excitation of
SensC� , and a 532-nm laser was applied as the second laser.
Irradiation of NDIC� in NDI-ODN with a 532-nm laser pulse

caused a decrease in DOD of NDIC� and an absorption at
630 nm assigned to a solvated electron (eaq

�) immediately
after the flash (inset), demonstrating the successful ejection of
an electron from NDIC� to the solvent water.

To test the efficiency of two-color two-laser irradiation for
DNA damaging, the consumption of G upon irradiation of
ODN-G and ODN-GG bound to added N,N’-bis-[3-(N-
dimethyl)propyl]-1,4,5,8-naphthaldiimide dichloridite (NDI-
HCl) and NDI-ODN was compared with that of single-laser
experiments. Interestingly, a higher consumption of G was
observed with the combination of the first and second laser
irradiations than with irradiation by the 355-nm pulses alone
(Table 1).[23] If only 532-nm pulses were used, no DNA
damage would occur because this would require a non-
resonant two-photon excitation, as neither nonreduced NDI
nor DNA absorbs above 450 nm.[24,25] Hence, the second laser
alone cannot damage DNA, but does provide enough addi-
tional energy to cross the ionization threshold of NDIC� ,
which results in the transfer of the electron to the solvent and

Figure 1. Schematic representation of two-color two-laser DNA
damaging.

Figure 2. Electron ejection from NDIC� promoted by a 532-nm laser
pulse. NDIC� was generated from electron attachment during the pulse
radiolysis of NDI-ODN (NDI-AAAAAAGTGCGC/TTTTTTCACGCG)
(gray), and photoirradiated with a 532-nm laser pulse at 2 ms after the
electron pulse (black). Inset: Formation and decay of the solvated
electron monitored at 630 nm.

Table 1: Consumption of G in the photosensitized damaging of ODNs.[a]

ODN �G [%][a]

355 nm 532 nm 355+532 nm

ODN-G[b] (TG)6T 0.6 <0.3 2.6
/(AC)6A

ODN-GG[b] (TTGG)3T 2.5 <0.2 16.7
/(AACC)3A

NDI-ODN[c] NDI-T3CGCGCT2 0.8 0 14.2
/A3GCGCGA2

[a] Laser flash photolysis was carried out in an aqueous solution
containing ODN (strand conc.=40 mm) and Na phosphate buffer
(20 mm, pH 7.0). In the case of ODN-G and ODN-GG, NDI-HCl (40 mm)
was added. For the two-wavelength irradiation, the 532-nm laser pulse
(20 mJ/pulse) was synchronized with the 355 nm laser pulse (1.6 mJ/
pulse) with a 10-ns delay. Photoirradiated ODNs were digested with
snake venom phosphodiesterase/nuclease P1/alkaline phosphatase to
2’-deoxyribonucleosides, and the consumption of G was quantified by
HPLC with A as an internal standard. [b] Photoirradiated for 20 min
(355 nm: 19 J; 532 nm: 240 J). [c] Photoirradiated for 5 min (355 nm:
4.8 J; 532 nm: 60 J).

Angewandte
Chemie

2407Angew. Chem. Int. Ed. 2004, 43, 2406 –2409 www.angewandte.org � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.org


makes the reaction irreversible.[15] A higher consumption of G
was observed for ODN-GG than for ODN-G; the ionization
potential of G in the former is lowered by a stacking
interaction between G units,[26] demonstrating that the con-
sumption of G is based on the photoinduced electron transfer
by the first laser. The acceleration of DNA damaging by the
second laser was the highest for ODN covalently bonded with
NDI, in which case the sequence was designed to generate a
hole selectively on adenine and to have a lifetime of charge-
separated state in the order of 100 ns.[14, 27] Figure 3 shows the

time profile of NDIC� in the one-color laser photolysis of NDI-
ODN. Upon the first laser excitation, hole transfer by
consecutive fast adenine hopping leads to a charge-separated
state within the period of laser excitation (5 ns), and the
charge recombination proceeds by a single-step superex-
change from GC+ about 14 @ away from NDIC� with a lifetime
of 240 ns.[6, 14,27] Also shown in Figure 3 is the consumption of
G as a function of the delay time of the second laser pulse in
the time-delayed two-color photolysis. The dependence of the
consumption of G on the delay time agrees well with the
decay of the transient absorption of NDIC� obtained in the
one-color laser photolysis. Thus, the acceleration caused by
the second laser is clearly based on the excitation of NDIC� .
The experiments were performed under low-conversion
conditions, and the consumption of G was correlated linearly
with the irradiation time and the power of the second laser in
the present experimental arrangement.[28]

In the study described herein, we demonstrated that a
combination of nanosecond laser pulses at two different
colors increases DNA damage. This strategy has the advant-
age that the intensity of the 355-nm pulses in the first step can
be kept low, and a high DNA-damaging efficiency can be
attained by applying the second laser pulse at a longer
wavelength with a greater depth of tissue penetration owing
to reduced scattering and minimal absorption from non-
pharmacological chromophores in the tissue. Two-color
irradiation also offers spatial control of the reaction at the

focal point of the lasers.[29–33] The photosensitizer NDI used in
this preliminary experiment is not adequate for practical as
since the charge-separation yield is small (about 2%) owing
to the fast charge recombination from the contact radical ion
pair.[27,34] Therefore, a second laser exerts its effect only on
NDIC� generated by occasional escape from the charge
recombination by hole transfer. Thus, for efficient oxidative
DNA damage to occur, it is necessary to increase the charge-
separation yield by decreasing the rate constant for charge
recombination. This can be achieved by the use of triplet
sensitizers,[4] and by hole generation on adenine to promote
fast hole transfer by an adenine-hopping mechanism that
helps to separate the hole and SensC� .[14, 21]
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Main-Group Clusters

AMixed-Valence Tin–Oxygen Cluster Containing
Six Peripheral Ferrocene Units**

Guo-Li Zheng, Jian-Fang Ma,* Zhong-Min Su, Li-
Kai Yan, Jin Yang, Yin-Yan Li, and Jing-Fu Liu

Although the multiferrocene compounds and tin–oxygen
clusters are by now two well-developed areas,[1] syntheses of
new multiferrocene compounds and tin–oxygen clusters will
continue to be an attractive area of research. Many multi-
ferrocene linear polymers and assemblies that contain
ferrocene units in a cyclic arrangement have been synthesized
by various methods.[1b,2] Among the multiferrocene com-
pounds, dendrimers that contain a redox-active periphery of
ferrocenes have been most actively investigated.[2a, 3] Mean-
while many types of tin–oxygen clusters such as ladder,[4a]

drum,[4b] cube,[4c] butterfly,[4d] cyclic trimer,[4e] single and
double oxygen-capped,[5] doubly and triply bridged ladder[6]

clusters have been prepared and characterized by X-ray
diffraction. But until now very few multiferrocene com-
pounds based on a tin–oxygen cluster are known.[7] Recently,
Chandrasekhar et al. reported a multiferrocene compound
that consists of six ferrocene units supported on a drumlike
tin–oxygen cluster.[7] Thus, more novel multiferrocene com-

pounds based on tin–oxygen clusters can be expected. Herein
we report a new multiferrocene compound in which the six
ferrocene units are held together by an unprecedented mixed-
valence SnII

4–Sn
III

4O4 cluster.
In this work, we intended to prepare new multiferrocene

compounds based on tin–oxygen cluster by using solvother-
mal methods. The reaction of nBu2SnO with 1,1’-ferrocene-
dicarboxylic acid (H2L) in a 1:1 stoichiometry in toluene was
carried out in a teflon-lined autoclave at 180 8C for four days.
The reaction proceeded with complete dealkylation of
nBu2SnO, and brown crystals of compound Sn8O4L6 (1)
were obtained [Eq. (1)].

nBu2SnOþH2L! Sn8O4L6 ð1Þ

The structure of compound 1 is shown in Figure 1.[8] The
compound can be described as a tin–oxygen cluster connected

to six ferrocene units. Unlike the previously reported multi-
ferrocene compound,[3,7] the iron centers in compound 1
occupy the vertices of a regular octahedron. The core of the
molecule is a Sn8O4 cluster (Figure 2). Four endo Sn atoms
(Sn5, Sn6, Sn7, Sn8) and four m4-O atoms (O1, O2, O3, O4)
occupy the corners of a distorted cube. Each face of this cube
is defined by a four-membered {SK n-O-Sn-OL } stannoxane ring.
Furthermore, each m4-O atom is coordinated to one exo Sn
atom (Sn1, Sn2, Sn3, Sn4) to form an Sn8O4 cluster. Each face
of the cube is spanned by a 1,1’-ferrocenedicarboxylate ligand
(Figure 3), and each endo Sn atom is bridged to one exo Sn
atom through one m2-carboxylate group. The distances
between opposite iron atoms are longer than 13 =, which
indicates that the molecule of compound 1 is nanosized and
therefore can be isolated by nanomembrane filtration meth-
ods.[9] In the crystal structure of 1, each endo Sn atom exhibits
octahedral coordination geometry completed by three car-
boxylate O atoms and three m4-O atoms, whereas each exo
Sn atom is coordinated by three carboxylate O atoms and one
m4-O atom.

Figure 1. ViewerLite view of 1. All hydrogen atoms are omitted for
clarity.
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In compound 1, there are a total of twenty negative
charges provided by twelve carboxylate ions and four oxide
ions. These are balance by eight tin cations. Atomic charges of
the compound were examined by natural bond-orbital (NBO)
analysis (see Experimental Section). The natural charges of
the tin–oxygen core are shown in Figure 2. The endo Sn atoms
have the charges of 2.37 (Sn5), 2.38 (Sn6), 2.37 (Sn7), and 2.31
(Sn8), while the exo Sn atoms have the charges of 1.50 (Sn1),
1.48 (Sn2), 1.47 (Sn3), and 1.50 (Sn4). These values indicate

that the valence for endo tin atoms is + 3, and the valence for
exo tin atoms is + 2. The X-ray photoelectron spectroscopy
(XPS) spectrum of 1[10] shows an Sn 3d5/2 peak with a binding
energy of 486.7ev (Figure 4).[11] Commonly, Sn 3d5/2 (not the

Sn 3d3/2 peak) is used to characterize the valence of tin.
However, the binding energies of SnII and SnIII are close to
each other, and sometimes the Sn 3d5/2 peaks of Sn

II and SNIII

cannot be distinguished clearly. For the compound in this
paper, Sn 3d5/2 peak at 486.7 ev not only shows the presence of
SnII but also shows the presence of SnIII.

The cyclic voltammogram of the compound 1 shows a
quasireversible peak with an E1/2 value of 0.44 V assigned to
the uncoordinated ferrocenecarboxylate/ferroceniumdicar-
boxylate couple (Figure 5).[12, 13] The other oxidation wave

with an E value of 0.95 V indicates the tin–oxygen cluster is
not stable and decomposes upon oxidation. Upon oxidation
of the ferrocenyl group, the basicity of the dicarboxylate is
decreased, and the group is susceptible to dissociation. This is
different from the multiferrocene compound reported by
Chandrasekhar et al. , which does not decompose upon
oxidation.[7a]

In summary, a new multiferrocene compound based on a
novel mixed-valence SnII

4–Sn
III

4O4 tin–oxygen cluster has
been synthesized and characterized. Further studies on
synthesizing new multiferrocene compounds based on tin–
oxygen clusters by using solvothermal methods are in
progress.

Figure 2. The framework of the tin–oxygen cluster. The values given in
brackets are the natural charges of the atoms. Selected bond lengths
[A] and angles [8]: Sn1-O2 2.101(6), Sn2-O1 2.121(6), Sn3-O4 2.119(6),
Sn4-O3 2.108(6), Sn5-O4 2.142(6), Sn5-O2 2.155(6), Sn5-O1 2.060(6),
Sn6-O4 2.049(6), Sn6-O3 2.128(6), Sn6-O1 2.185(6), Sn7-O3 2.085(6),
Sn7-O1 2.156(6), Sn7-O2 2.174(7), Sn8-O3 2.165(6), Sn8-O4 2.183(6),
Sn8-O2 2.074(6); O1-Sn5-O4 82.4(2), O1-Sn5-O2 81.4(2), O4-Sn5-O2
80.6(2), O4-Sn6-O3 82.2(2), O4-Sn6-O1 81.6(2), O3-Sn6-O1 79.9(2),
O3-Sn7-O1 81.5(2), O3-Sn7-O2 81.5(2), O1-Sn7-O2 78.9(2), O2-Sn8-
O3 82.0(2), O2-Sn8-O4 81.5(2), O3-Sn8-O4 78.4(2), Sn5-O1-Sn6
96.2(3), Sn5-O1-Sn7 101.3(2), Sn6-O1-Sn7 96.7(2), Sn5-O2-Sn7
97.7(2), Sn5-O2-Sn8 99.9(2), Sn7-O2-Sn8 97.1(3), Sn6-O3-Sn7
100.7(3), Sn6-O3-Sn8 98.3(3), Sn7-O3-Sn8 97.1(2), Sn5-O4-Sn6
97.9(3), Sn5-O4-Sn8 96.9(2), Sn6-O4-Sn8 100.2(3).

Figure 3. The face of the cube spanned by a 1,1’-ferrocenedicarboxylate
group.

Figure 4. Tin-atom 3d emission peaks of the XPS spectrum for 1.

Figure 5. Cyclic voltammogram of 1 recorded at a scan rate of
0.1 Vs�1.
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Experimental Section
Synthesis of 1: A mixture of nBu2SnO (0.062 g, 0.25 mmol) and 1,1’-
ferrocenedicarboxylic acid (0.069 g, 0.25 mmol) in 10 mL toluene was
heated in a teflon-lined autoclave at 180 8C for 4 days. Upon cooling
to room temperature, brown crystals of 1 were collected and washed
with toluene. Yield: 60% yield (based on nBu2SnO). Elemental
analysis (%) calcd for C72H48Fe6O28Sn8 (1): C 32.69, H 1.83; found: C
32.53, H 1.74.

Computational methods: All calculations were performed with
the Gaussian 98 program package.[14] Density functional theory
(DFT) calculations were carried out with the three-parameter
gradient-corrected exchange potential of Becke and the gradient-
corrected correlation potential of Lee, Yang, and Parr (B3LYP)[15]

with the LANL2DZ basis set. The atomic charges in the complexes
were examined by NBO analysis formulated in terms of natural
atomic orbitals by using the NBO program.[16]
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Transition-State Analysis

Origin of Diastereoselection in the
Hydrosilylation of Chiral N-Acyliminium
Intermediates Derived from Pyroglutamic Acid

Makoto Oba,* Shinichi Koguchi,
Kozaburo Nishiyama,* Daisuke Kaneno, and
Shuji Tomoda*

The reaction of N-acyliminium intermediates with various
nucleophiles has been widely used as a key step in the
synthesis of many nitrogen-containing compounds.[1] In
particular, optically active N-acyliminium ions derived from
l-pyroglutamic acid are versatile intermediates in the syn-
thesis of naturally occurring compounds and chiral auxilia-
ries.[2] Generally, the nucleophilic attack of silicon reagents
such as cyanosilane and allylsilane to these intermediates
derived from pyroglutaminol has been reported to give
predominantly anti adducts.[3,4] In contrast, the N-acylimi-
nium ions prepared from pyroglutamate derivatives undergo
syn-selective addition of silicon nucleophiles.[3,5] Namely, the
stereochemistry of the nucleophilic attack can be controlled
depending on whether the side chain of the iminium
intermediate is an ester or a reduced form such as a
hydroxymethyl group.

Recently, we reported the stereodivergent synthesis of
two isotopomeric [3,4,5-D3]prolines for NMR structure
determination of polypeptides.[6] The stereochemistry of the
deuterium substitution at the 5-position of the proline ring
can be controlled by taking advantage of the previously
mentioned substituent dependency. Although the anti pref-
erence observed in the nucleophilic attack on the iminium
intermediates derived from pyroglutaminol is attributable to
the steric interaction between the nucleophile and the
hydroxymethyl group of the intermediates, the origin of the
reversed face selectivity found in the reaction of iminium
intermediates carrying the ester substituent cannot be fully
explained at the present stage.

Table 1 shows selected data for the diastereoselective
deuteration of the iminium intermediate derived from hemi-
aminal 1 leading to the deuterated prolinol or proline
derivative 2 (Scheme 1).[6] In the present work, we studied

the hydrosilylation of iminium ions by quantum-chemical
calculations using model compounds.

The geometries of iminium intermediates I and II derived
from pyroglutaminol and pyroglutamate, respectively, were
fully optimized and characterized by frequency analysis at the
B3LYP/6-31G(d) level (Figure 1).[7] Since the p-facial selec-

tion in nucleophilic attack on the cyclic iminium intermedi-
ates depends on facial difference in the driving force
operating in the exterior region of the substrate, the exterior
frontier orbital extension model (EFOE model)[8] was
employed to evaluate quantitatively the steric and electronic
environment around the p face of the iminium intermediates I
and II (Table 2).

As pointed out by Shono et al. and Langlois et al. ,[3] an
interaction of the cationic iminium carbon with the oxygen
atom of the side chain was observed in the intermediate I (C�
O distance= 3.078 <).[9] The PDAS value of the syn face of I
(28.6 au3) is much less than that of the anti face (101.7 au3)
owing to the bulky silyl protective group. Since the facial
difference in the EFOE densities are not so large, the

Table 1: Diastereoselective deuteration of iminium intermediate derived
from 1.[a]

Entry R Deuteride syn :anti, 2

1 CH2OSiMe2tBu Et3SiD 13:87
2 CH2OSiMe2tBu Ph3SiD 8:92
3 CH2OSiMe2tBu (Me3Si)3SiD 3:97
4 CH2OSiPh2tBu (Me3Si)3SiD 1:99
5 CO2Et Et3SiD 87:13
6 CO2Et Ph2SiD2 59:41
7 CO2Et Ph3SiD 55:45
8 CO2Et (Me3Si)3SiD 74:26

[a] See ref. [6].

Scheme 1. Diastereoselective deuteration of iminium intermediate
derived from 1.

Figure 1. B3LYP/6-31G(d)-optimized structures of intermediates I and
II derived from pyroglutaminol and pyroglutamate, respectively.
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preferential anti attack of a nucleophile to the intermediate I
is explained mainly by the steric congestion on its syn face. In
fact, the bulkier the silyl protective group and the silicon
nucleophile are, the higher the anti selectivity becomes
(Table 1, entries 1–4).

In the case of the iminium intermediate II, the syn
addition is favored despite unfavorable steric congestion
around the syn face (PDAS= 57.4 au3) compared to that of
the anti face (PDAS= 113.0 au3). The strong affinity of
oxygen to a silicon atom is well known. Attractive interactions
such as orbital and electrostatic interactions between the
carbonyl oxygen in the side chain of the intermediate II and
the silicon reagent can provide the driving force for the syn
attack. The difference between the syn and anti face of II in
terms of the EFOE densities of the LUMO at the reaction
center is very small, and even slightly favors the anti attack;
however, the extension of the HOMO, which mainly corre-
sponds to the lone pairs of the ester carbonyl oxygen, is very
large (EFOE density= 1.03%). Natural bond orbital (NBO)
analyses[11] of the prereaction complex as well as the transition
state (vide infra) for the syn attack show the presence of
orbital interactions between the oxygen lone pairs and the
silicon nucleophile. To minimize unfavorable steric repulsion
caused upon syn attack, the smaller nucleophile is advanta-
geous (Table 1, entries 5–8).

We also carried out transition-state analysis. The fully
B3LYP/6-31G(d,p)-optimized transition structures anti-TS-I
and syn-TS-I from the reaction of trimethylsilane with

iminium intermediate I are shown in Figure 2. Analytical
harmonic frequencies at the same level were used to
characterize the nature of the structures and to evaluate the
vibrational energy and the zero-point vibrational energy
(ZPVE) correction. Each transition-state structure had a
single imaginary vibrational frequency, ni=�156 and
�159 cm�1 for anti-TS-I and syn-TS-I, respectively, corre-
sponding to the stretching vibration of the forming C�H
bond. The anti-TS-I is 0.979 kcalmol�1 [B3LYP/6-311+
G(2d,p)//B3LYP/6-31G(d,p) including ZPVE correction
scaled by 0.9804[12]] more stable than the syn-TS-I in good
agreement with the experimental observations (Table 1,
entries 1–4).[13] The structure of the iminium fragment in
anti-TS-I is substantially similar to that of ground-state
iminium intermediate I except for the direction of the
siloxymethyl side chain, whereas syn-TS-I has geometrical
distortion in the iminium moiety to minimize steric repulsion
between the incoming silane and the side chain. The relative
stabilities of the syn and anti transition states would be mainly
determined by geometrical distortion in the iminium moiety
caused by nucleophilic attack of the silane.

The transition structures syn-TS-II (ni=�535 cm�1) and
anti-TS-II (ni=�580 cm�1) for the hydrosilylation of iminium
intermediate II optimized at the HF/6-31G(d,p) level are
shown in Figure 3. As predicted by the experimentally
observed p-face selectivity (Table 1, entries 5–8), syn-TS-II
is 1.01 kcalmol�1 [MP2/6-311+G(d,p)//HF/6-31G(d,p)
including ZPVE correction scaled by 0.9135[14]] lower in
energy than anti-TS-II.[15] Based on AM1 calculations,
Lhommet and co-workers proposed that the syn attack is
preferred owing to a relief in the steric hindrance existing
between the two methoxycarbonyl groups.[4d] However, our
calculation shows that the dihedral angle between the two
methoxycarbonyl groups in syn-TS-II is 11.38 smaller than
that in anti-TS-II, indicating such steric interaction does not
play a role in the diastereoface selection. Why is syn-TS-II
lower in energy than anti-TS-II despite the presence of
unfavorable steric interaction between the approaching
silicon nucleophile and the ester side chain? NBO analysis

Table 2: EFOE analysis of the iminium intermediates I and II.[a]

Iminium
int.

PDAS [au3] EFOE density [%]

syn anti MO syn anti

I 28.6 101.7 LUMO 1.22 (CC=N) 1.48 (CC=N)
II 57.4 113.0 LUMO 1.55 (CC=N) 1.90 (CC=N)

HOMO 1.03 (OC=O) –

[a] See ref. [8] for the conditions of the EFOE analysis. PDAS= p-plane-
divided accessible space.

Figure 2. B3LYP/6-31G(d,p)-optimized structures and relative energies [B3LYP/6-311+G(2d,p)] of transition states for the reaction of trimethylsi-
lane with intermediate I.
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indicates the presence of orbital interactions between the lone
pairs of the urethane carbonyl oxygen and antibonding
orbitals in the silicon reagent both in syn-TS-II and in anti-
TS-II. The total amount of the delocalization energies for the
lone-pair electrons of O8 in anti-TS-II (0.75 kcalmol�1) is
slightly greater than that for O11 lone pair electrons in syn-
TS-II (0.34 kcalmol�1). However, overwhelmingly stronger
orbital interactions (1.76 kcalmol�1) are found between the
lone pairs of the ester carbonyl oxygen O3 and the silicon
reagent in syn-TS-II. The most important contributions to the
above interactions are two nO3!s* interactions involving
Si26�C28 and C29�H39 antibonds as acceptors and their
delocalization energies are 0.63 and 0.55 kcalmol�1, respec-
tively, where favorable overlap between the lone pairs of O3
and the backlobe of the antibonding orbitals allows stronger
delocalization.[16] Thus, syn-TS-II benefits from these orbital
interactions involving O3 lone pairs as donors, whereas such
interactions cannot appear in anti-TS-II. We can therefore
conclude that the attractive interactions between the silicon
reagent and the ester side chain are chiefly responsible for
stabilizing syn-TS-II.

In summary, the anti selectivity observed in the hydro-
silylation of the iminium intermediate I derived from
pyroglutaminol is rationalized by unfavorable steric effects
caused upon syn attack both in the ground state and in the
transition state. The dramatic reversal of the favored direction
of the nucleophilic attack found in the reaction of intermedi-
ate II bearing the ester substituent is best explained by the
attractive interaction between the silicon nucleophile and the
ester side chain. The orbital and/or electrostatic interactions
involving the ester carbonyl oxygen can have a significant
influence on the syn-selective hydrosilylation. Experimen-
tally, the choice of a tin nucleophile over silanes and toluene
over dichloromethane as a solvent proved to be more efficient
for the syn-selective hydrometalations.[6] The explanation of
the reagent and solvent effects on the syn addition awaits
theoretical verification. Studies that address these issues are
currently in progress.
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Desulfurization of Gases

Desulfurization of Flue Gas: SO2 Absorption by
an Ionic Liquid**

Weize Wu, Buxing Han,* Haixiang Gao, Zhimin Liu,
Tao Jiang, and Jun Huang

Air pollution has been drawing increasing attention through-
out the world. SO2, mainly emitted from fossil-fuel combus-
tion, is one of major air pollutants. Up to now, flue-gas
desulfurization (FGD) is one of the most effective techniques
to control emissions of SO2 from the combustion of fossil
fuels, such as coal and petrol. A variety of processes for SO2

control, such as wet FGD, dry FGD, and semidry FGD
processes, have been commercially widely adopted.[1] How-
ever, these methods require a large amount of water and
further treatment of the resultant wastewater is also needed,
or they produce by-products such as calcium sulfate. Recently,
dry and catalytic methods for SO2 removal have attracted
much interest due to their economic benefits,[2] and copper on
alumina (CuO/Al2O3) catalyst sorbent is usually used. How-
ever, this method has some disadvantages, for example, the
dust in the flue stream can deposit onto the sorbent and cause
plugging, which affects the desulfurization efficiency, and in a
fixed-bed operation, a large volume of pellets can cause high
flow resistance.[3]

One of the most attractive approaches for the separation
of a target compound from a mixture of gases in a gas stream
is selective absorption into a liquid.[4] The interaction between
the gases and the liquid determines the absorption efficiency.

The ideal interaction should be neither too strong nor too
weak, thus absorption and desorption can occur. The liquid or
the solution should also endure the temperature of the gas
stream. At the same time, the liquid should have very low
vapour pressure. Generally, amines are used to chemically
trap the acidic gas, such as CO2 or SO2, by way of forming
amine carbonate or sulphate. However, this is not so useful in
large-scale SO2 capture, as the solution can evaporate into the
gas stream.

Room-temperature ionic liquids (ILs, low-temperature
molten salts) have many unusual properties,[5] such as
extremely low vapor pressure, high thermal stability and
chemical stability, excellent solvent power for organic and
inorganic compounds. Therefore, they can be used as environ-
mentally benign solvents for a number of chemical processes,
such as separations[4a, 6] and reactions.[7] It was reported that
ILs can dissolve many gases, such as CO2, ethylene, and
ethane, especially at high pressure.[8] Recently, the absorption
of CO2 by using 1-n-propylamine-3-butylimidazolium tetra-
fluoroborate was studied by Bates et al. ,[4a] and the results
indicated that the IL can adsorb CO2 from gases effectively.

Herein, we present the results of our study on the
absorption of SO2 by using our newly synthesized IL, which
contained a basic functional group, an amine (guanidinum).
The IL (3) was synthesized by direct neutralization of 1,1,3,3-
tetramethylguanidine (TMG) (1) and lactic acid (2) (see
Scheme 1).[9] To synthesize the IL, ethanol (100 mL) and

TMG (2.30 g, 20.0 mmol) were loaded into a 250 mL flask in a
water bath of 25 8C. A solution of lactic acid (20.0 mmol) in
ethanol (35 mL) was then added into the stirring reaction
mixture, and the reaction was allowed to proceed for 2 h. The
solvent was then removed by evaporation under reduced
pressure. The resulting crude oily residue was dissolved in
ethanol (100 mL), treated with active carbon, filtered, the
solvent was removed by evaporation under vacuum, and a
colorless product was obtained with a yield of 92.6%. The
melting point of the IL was lower than �50 8C, which was
determined by differential scanning calorimetry (DSC,
Perkin-Elmer DSC-7).

The simulated flue gases were a mixture of N2 (99.95%)
and SO2 (99.95%) with a SO2 content of 8% by volume. The
experiment was carried out at ambient pressure and at
40.0 8C. The gas stream was bubbled through about 3.5 g of IL
loaded into a glass tube with an inner diameter of 12 mm, and
the flow rate was about 50 mLmin�1. The glass tube was
partly immersed in a glycerol bath, the temperature of which
was controlled. The weight of the IL solution was determined
at regular intervals.

Figure 1 shows the molar ratio of absorbed SO2 to original
IL as a function of absorption time. At the beginning of the

Scheme 1. Synthesis of TMG lactate IL from TMG and lactic acid.
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experiment, the amount of SO2 in the IL increases linearly
with time, and an equilibrium was reached in about 3 hrs (i.e.,
the rate of absorption and desorption were the same). At this
equilibrium the molar ratio of SO2 to IL was 0.978:1 (0.305 g
SO2g

�1 IL). The absorbed SO2 was removed under vacuum at
40 8C, and the IL could be recovered and reused several times
with a high capacity for SO2 absorption.

The effect of temperature on the capture of SO2 by the IL
was also studied at ambient pressure. The molar ratio of SO2

to IL at 40.0, 60.0, 94.0 8C were 0.978, 0.775, and 0.512,
respectively. As expected, the absorption amount decreased
with increasing temperature, which is not favorable for the
absorption of SO2 from hot flue gas. The results also
demonstrate that the SO2 gas absorbed at lower temperature
can be desorbed partially at higher temperatures.

When the IL was exposed to pure SO2 gas at 40.0 8C and
1.2 bar, the molar ratio of SO2 and the IL reached 1.7.
However, when the SO2-saturated IL was exposed at atmos-
pheric pressure to dried air, it released SO2 and its weight
decreased continuously until the molar ratio was 1:1. The
elemental analysis of SO2-absorbed IL showed that the ratio
of N atoms to S atoms was 3:0.96, that is, the molar ratio of
SO2 to IL was very close to 1:1. The above results suggest that
the IL can absorb SO2 by both physical and chemical
absorptions. At lower pressure, however, the gas is mainly
absorbed chemically and the molar ratio of SO2 to the IL is
1:1. The basic N�H group on the organic molecules can have a
considerable effect on some reactions (such as ring-closing
olefin metathesis, RCOM).[10] So it is useful that the N�H
group can be reversibly protected by acidic CO2 to form
carbamic acid and deprotected by reducing the pressure.[10]

To obtain some information about the chemical interac-
tion between SO2 and the IL used in this work, we
characterized the gas-free and gas-treated IL by FTIR and
NMR. The FTIR spectra of the SO2-absorbed IL and SO2-
free IL were determined (Figure 2). The IR spectrum of the
SO2-absorbed IL clearly shows: O�H (3000–3500 cm�1), C�H
in �CH3 (2966 cm�1), CH3�N (2820 cm�1), N�H
(1620 cm�1), S=O (1230 cm�1), C=O in COO-
(1722 cm�1), intermolecular O···H in the cation
(1666 cm�1), C�N (around 1069 cm�1), S�O
(957 cm�1). Compared with the FTIR spectrum of
the IL, the spectrum of the SO2-treated IL manifests

new absorption bands at 1230 cm�1 and 957 cm�1, which can
be assigned to sulphate S=O and S�O stretches, respectively.
The 1H NMR spectra of the SO2-treated IL and untreated IL
are presented in Figure 3. The assignment of the resonances
of the IL is shown in detail elsewhere.[9] Clearly, two new
resonances are observed at d= 5.86 and 7.84 ppm, which are
consistent with the formation of S�O�H and S=O···H.

On the basis of the above results, we propose a reaction of
the IL 3 with SO2, which is shown in Scheme 2. SO2 reacts
with the NH2 group on the cation, while the O atom on S=O
probably forms intramolecular hydrogen bond with the H
atom of the amine, as shown in Scheme 2.

Figure 1. SO2:IL molar ratio (R) as a function of time. Conditions:
40 8C, 1.0 bar.

Figure 2. FTIR spectra of the IL and SO2-absorbed IL.

Figure 3. 1H NMR spectra (400 MHz) of the IL (a) and SO2-absorbed
IL (b) in CDCl3.

Scheme 2. Proposed reaction between the IL and SO2.
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The two commonly used ILs, 1-butyl-3-methylimidazo-
lium hexafluorophosphate ([bmim][PF6]) and 1-butyl-3-meth-
ylimidazolium tetrafluoroborate ([bmim][BF4]), were also
tested to see whether they absorb SO2. At 40.0 8C and 1.0 bar,
the absorption capacities were 0.14 wt% and 0.10 wt%,
respectively. These results illustrate that the basic functional
group is very important for the absorption of the gas.

Furthermore, we also studied the absorption of CO2 with
3. The absorption capacity of 3 with CO2 was very low
(0.25wt%), which indicates that the IL is selective towards
SO2.

In conclusion, the IL 3 can absorb SO2 from a simulated
flue gas effectively with a high absorption capacity. The
absorbed SO2 can be reversibly desorbed by vacuum or
heating, and the IL can be reused. This method has potential
applications such as the removal of SO2 pollutants, and the
separation of gas mixtures that contain SO2.
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Nonheme Iron Complexes

Direct Evidence for Oxygen-Atom Exchange
between Nonheme Oxoiron(iv) Complexes and
Isotopically Labeled Water**

Mi Sook Seo, Jun-Hee In, Sun Ok Kim, Na Young Oh,
Jongki Hong, Jinheung Kim,* Lawrence Que, Jr.,* and
Wonwoo Nam*

The establishment of the involvement of high-valent iron-oxo
intermediates in the catalytic cycles of heme and nonheme
iron monooxygenases and their model compounds has been
an important goal in mechanistic enzymology and bioinor-
ganic chemistry.[1, 2] These highly reactive and unstable
intermediates are often difficult to characterize directly;
therefore, 18O-labeled water experiments have frequently
been carried out to obtain indirect insight into the nature of
the reactive intermediates involved in the catalytic oxygen-
ation reactions.[3–5] Since metal-oxo species can in principle
exchange their oxygen with labeled water prior to oxo
transfer to organic substrates (Scheme 1),[3] the incorporation
of labeled 18O from H2

18O into oxidation products has been

Scheme 1. Proposed mechanism for 18O-incorporation from H2
18O into

products in metal-catalyzed oxygenation reactions.
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considered as evidence for the participation of high-valent
metal-oxo intermediates in oxygen-atom transfer reactions.
However, the mechanisms of oxygen exchange between high-
valent metal-oxo species and H2

18O are not well understood.
For example, the rate of oxygen exchange has not yet been
directly measured in enzymes and biomimetic systems.[6] A
mechanism involving oxo-hydroxo tautomerism has been
proposed by Meunier and co-workers for heme models[3, 4f]

but may not be generally applicable to nonheme models. The
recent isolation and unexpected stability of nonheme oxoir-
on(iv) complexes[7] provide us with an unprecedented oppor-
tunity to investigate mechanisms of oxygen exchange in
nonheme iron models. Herein, we report the first direct
evidence of 18O exchange between nonheme oxoiron(iv)
complexes and H2

18O, and the determination of activation
parameters for the 18O exchange reactions.

The addition of H2O2 to a reaction solution containing
[Fe(TMC)(OTf)2] (TMC= 1,4,8,11-tetramethyl-1,4,8,11-tet-
raazacyclotetradecane, OTf=CF3SO3), thioanisole, and a
small amount of H2

18O in CH3CN at 10 8C produced a
green-colored solution with an absorption maximum wave-
length lmax at 820 nm, thus indicating that [(TMC)FeIV=O]2+

(1) is generated in this reaction.[7a] After the intermediate
reverted back to the starting [Fe(TMC)]2+ complex (t1/2�
70 s),[8] analysis of the reaction solution with GC and GC/
MS revealed that methyl phenyl sulfoxide[9] was obtained as a
major product (� 80% yield based on the amount of H2O2

used) and 54% of the oxygen in the sulfoxide product derived
from the labeled water. The 18O-incorporation from H2

18O
into the sulfoxide product was found to increase linearly with
the increase of 18O% in the water (Figure 1).[4f] Since the

oxygen atom of methyl phenyl sulfoxide does not exchange
with H2

18O under the reaction conditions, the observed 18O-
incorporation from H2

18O demonstrates that 1 is generated as
a reactive species in the reaction of [Fe(TMC)]2+ and H2O2,
and that 1 exchanges its oxygen atom with H2

18O before the
oxo group of 1 is transferred to thioanisole (see Scheme 1).[3–5]

This observation led us to monitor oxygen-atom exchange
between 1 and H2

18O directly with electrospray ionization
mass spectrometry (ESI-MS).[7,10,11] Figure 2 shows that upon
the addition of H2

18O to a reaction solution of 1, the mass
peak corresponding to [FeIV(16O)(TMC)(OTf)]+ (m/z=

477.3) decreased, whereas the mass peak corresponding to
[FeIV(18O)(TMC)(OTf)]+ (m/z= 479.2) increased. By plotting
the percentages of 18O in 1 against the incubation time, we
were able to determine a pseudo-first-order rate constant
kobs= 1.5(3) > 10�3 s�1 at 10 8C (Figure 3a). The rate of oxygen
exchange increased concomitantly with the amount of H2

18O
in the reaction mixture, affording a second rate constant k2 of
5.4(6)m�1 s�1 (Figure 3b). We also found that the rate of
oxygen exchange was retarded as the reaction temperature
lowered. By determining the rates from 283 to 308 K, we
obtained activation parameters of DH�= 4.1(6) kcalmol�1

and DS�=�57(8) calmol�1K�1 (Figure 3c).
Much to our surprise, we also observed 18O exchange with

[(N4Py)FeIV=O]2+ (2) (N4Py=N,N-bis(2-pyridylmethyl)-
bis(2-pyridyl)methylamine), a complex with a pentadentate
ligand.[7c] As with 1, this exchange could easily be monitored
by the decrease of the mass peak corresponding to
[FeIV(16O)(N4Py)(ClO4)]

+ (m/z= 538.1) and the increase of
the mass peak corresponding to [FeIV(18O)(N4Py)(ClO4)]

+

(m/z= 540.1) upon the addition of H2
18O to a reaction

solution of 2 (Figure 2). The pseudo-first-order rate constant
was determined to be kobs= 1.7(3) > 10�3 s�1 at 10 8C (Sup-
porting Information). As observed in the reactions of 1, the
rate of oxygen-atom exchange between 2 and H2

18O increased
concomitantly with the amount of H2

18O in the reaction
mixture, affording a second rate constant k2 of 4.8(5) m

�1 s�1

(Supporting Information). The rate of oxygen-atom exchange
was faster at higher temperature, and analysis of the rates of
oxygen-atom exchange from 283 to 308 K afforded activation
parameters of DH�= 4.0(6) kcalmol�1 and DS�=

Figure 1. Plot of 18O (%) in methyl phenyl sulfoxide against H2
18O

(vol%) in water. See Experimental Section for detailed reaction proce-
dures.

Figure 2. ESI-MS spectral changes of 1 (left) and of 2 (right) upon the
addition of H2

18O (20 mL) to reaction solutions containing in situ-gen-
erated 1 and 2 (2 mm) at 10 8C.
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�57(8) calmol�1K�1, which are quite similar to those
obtained for 1 (Supporting Information).

How do nonheme oxoiron(iv) complexes exchange their
oxygen atoms with labeled water? For high-valent metal-oxo
porphyrin species, the prevailing exchange pathway is
through the oxo–hydroxo tautomerism mechanism proposed
by Meunier and co-workers,[3, 4f] which entails the binding of
labeled water trans to the oxo group and then tautomerization
of this species to a symmetric trans-dihydroxoiron(iv) inter-
mediate that scrambles the label (Scheme 2a). This pathway
clearly cannot be operative for 1 and 2, since such a symmetric
trans-dihydroxoiron(iv) species cannot be attained for these
nonheme complexes. The crystal structure of 1 shows that the
top and bottom of the TMC ligand, unlike for the planar
porphyrin ligands, are not equivalent; in fact all four N-
methyl groups point away from the oxo group.[7a] Thus,
although it is conceivable for labeled water to bind trans to
the oxo group by displacement of the bound acetonitrile
ligand, a symmetric trans-dihydroxoiron(iv) transition state
cannot be obtained. In the case of 2, the pentadentate nature

of the N4Py ligand and the way it wraps around the iron
center does not permit binding of a water molecule trans to
the oxo atom (see the proposed structure of 2 in Figure 2).
Despite these constraints, H2

18O exchanges readily with the
iron-oxo units of 1 and 2, with very similar activation barriers
(see above). We are thus compelled to propose an alternative
to the oxo–hydroxo tautomerism mechanism, in which
oxygen exchange occurs via a twofold symmetric cis-dihy-
droxoiron(iv) transition state that is formed by coordination
of a water molecule to the iron center adjacent to the oxo
group (Scheme 2b). The unusual geometry of the proposed
intermediate is similar to that associated with h2-peroxoiron
complexes.[11, 12] Indeed the fact that such a side-on peroxo
complex has been characterized for [FeIII(N4Py)] complex[12a]

is a strong argument for this proposed transition state.
In summary, we report the first direct evidence for

oxygen-atom exchange between nonheme oxoiron(iv) com-
plexes and H2

18O, and the first direct measurement for the
rates and activation parameters for the 18O-exchange reac-
tions. Oxygen-atom exchange in nonheme oxoiron(iv) models
is proposed to occur not through the trans oxo-hydroxo
tautomerism pathway proposed in high-valent metal-oxo
porphyrins but by a variant that involves a cis-dihydroxoir-
on(iv) transition state.

Experimental Section
General: H2

18O (95% 18O-enriched) was purchased from ICON
Services Inc. (Summit, NJ, USA). UV/Vis spectra were recorded on a
Hewlett Packard 8453 spectrophotometer equipped with an Optostat
variable-temperature liquid-nitrogen cryostat (Oxford instruments)
or a circulating water bath. Electrospray ionization mass spectra were
collected on a Thermo Finnigan (San Jose, CA, USA) LCQ Deca XP
Plus and Advantage quadrupole ion trap instrument. Product
analyses were performed on a Hewlett-Packard 5890 II Plus gas
chromatograph interfaced with Hewlett-Packard model 5989B mass
spectrometer.

Oxidation of thioanisole by Fe(TMC)(OTf)2 and H2O2: This
reaction was run at least in duplicate under air, by monitoring theUV/
Vis spectral changes of reaction solutions. The addition of H2O2

(6 mm, diluted in 20 mL CH3CN) into a 1 cm UV cuvette containing
[Fe(TMC)(OTf)2] (6 mm), thioanisole (0.12m), and H2

18O (0.12 mL,
95% 18O) in CH3CN (3 mL) at 10 8C resulted in the formation of a
green species, [(TMC)FeIV=O]2+. After the green intermediate
reverted back to the starting [Fe(TMC)]2+ complex, the reaction
solution was directly analyzed by GC and GC/MS. The 16O and 18O
compositions in thioanisole oxide were analyzed by the relative
abundances of m/z= 125 and 140 for 16O and m/z= 127 and 142 for
18O.

Figure 3. a) Plot of ln [[FeIV(18O)(TMC)]] against incubation time for
the oxygen-atom exchange between 1 and H2

18O (20 mL) at 10 8C.
b) Plot of kobs against the amounts of H2

18O for the oxygen-atom
exchange between 1 and H2

18O at 25 8C. c) Determination of activation
parameters for the oxygen exchange of 1 with H2

18O (20 mL). See
Experimental Section for detailed reaction procedures.

Scheme 2. Proposed oxo–hydroxo tautomerism mechanisms for 18O exchange in
a) heme and b) nonheme iron models.
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Isotope labeling studies with oxoiron(iv) complexes and H2
18O:

Complexes 1 and 2 were prepared by treating [Fe(TMC)(OTf)2]
(2 mm) and [Fe(N4Py)(ClO4)2] (2 mm), respectively, with 1 equivalent
of peracid (peracetic acid for 1 andm-chloroperbenzoic acid for 2) in
CH3CN (3 mL) at 10 8C.[7] After appropriate amounts of H2

18O were
added to the reaction solution at the given temperature controlled by
a circulating water bath, samples were infused directly into the source
at 20 mLmin�1 by using a syringe pump. The spray voltage was set at
4 kVand the capillary temperature at 70 8C. The percentages of 18O in
the mass spectra of 1 and 2were calculated by fitting the characteristic
isotope distribution patterns. Two traces of observed isotopic
distribution patterns of 1 before and after addition of labeled water
were provided with the bars representing the calculated isotope
distributions (Supporting Information).
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Organocatalysis

Synthesis of b-Hydroxyaldehydes with
Stereogenic Quaternary Carbon Centers by Direct
Organocatalytic Asymmetric Aldol Reactions**

Nobuyuki Mase, Fujie Tanaka,* and
Carlos F. Barbas III*

Asymmetric organocatalysis, especially with l-proline, is
receiving renewed attention, although the foundations for
this approach were laid over 30 years ago in studies with
preformed l-proline-derived enamines[1] and shortly there-
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after in catalytic asymmetric intramolecular aldol reactions.[2]

l-Proline and other chiral amines have recently been shown
to be efficient catalysts of asymmetric intermolecular aldol
reactions[3] and a variety of other imine- and enamine-based
reactions.[4–7] Although impressive, the synthetic scope of l-
proline is not sufficient to address all aspects of the aldol
reaction.[3b] For example, the synthesis of compounds with
quaternary carbon atoms is currently one of the most
challenging topics in asymmetric organic chemistry that is
not addressed efficiently with l-proline catalysis.[8, 9] l-Pro-
line-catalyzed aldol reactions have focused on the use of a-
monoalkyl-substituted or a-heteroatom-substituted carbonyl
compounds as donors. The use of a,a-dialkyl aldehyde donors
should provide direct access to enantiomerically enriched
products with a quaternary carbon atom. However, the
application of this approach to reactions of a,a-dialkyl
aldehyde donors has not provided satisfactory results.

Since an amine-catalyzed aldol reaction proceeds via an
enamine intermediate, acceleration of the formation of the
enamine intermediate can be key to improving the construc-
tion of a,a-dialkyl aldol products. Recently we demonstrated
the utility of a fluorescence detection system[10] for monitor-
ing the progress of C�C bond formation in the reaction of the
maleimide 1 and acetone (2). This Michael-type reaction can
then be used as a surrogate-reporter reaction for other
enamine-based reactions. By monitoring the formation of the
fluorescent product 3 (Figure 1), catalysts of enamine for-
mation were evaluated, and an effective pyrrolidine/acetic
acid bifunctional catalyst was identified for the use of a,a-
dialkyl aldehydes as aldol donors.[11] This study provided us
with the incentive to find asymmetric catalysts for this
important class of aldol reactions. Herein we present the
results of our investigation of direct asymmetric intermolec-
ular aldol reactions of a,a-dialkyl aldehydes with aryl
aldehydes through high-throughput fluorescence-based
screening.

To evaluate the catalytic efficiency of the chiral amines 4–
8 in the presence of various acid additives, such as Lewis,
Brønsted, and organic acids, the reaction of 1 with acetone
was performed in the presence of each of these catalysts, and
the increase in fluorescence was monitored (Figure 1). The
best results were observed in the reactions with the catalyst 8
and the acid additive trifluorosulfonic acid (run 74, RFU=

160.0 s�1),[12] and with the catalyst 8 and the acid additive
trifluoroacetic acid (run 78, RFU= 152.5 s�1). The addition of
these acids significantly improved the reaction rate relative to
that with the catalyst 8 in the absence of an acid (run 65,
RFU= 35.0 s�1). The initial rate of reactions catalyzed by l-
proline (4, run 1, RFU= 79.2 s�1) and l-prolinol (5, run 17,
RFU= 73.9 s�1) were not increased by the addition of any of
the acids. The reaction with the catalyst 6, which has a bulky
diphenylhydroxymethyl substituent, had a low rate in the
absence of an acid (run 33, RFU= 1.6 s�1), and the rates
remained low even when acids were added. For the catalyst 7,
the rate was enhanced by the addition of acetic acid (RFU=

14.8 s�1 without acid, run 49 and RFU= 85.5 s�1 with acetic
acid, run 63). The chiral-amine/acid combinations were also
evaluated in different solvents, such as dimethyl sulfoxide
(DMSO), N,N-dimethylformamide, 1,4-dioxane, acetone,

MeCN, THF, PhMe, iPrOH, and MeOH. DMSO was
determined to be the most effective solvent.

The utility of the chiral amine catalysts was evaluated in
intermolecular aldol reactions between a,a-dialkyl aldehyde
donors 9 and aryl aldehyde acceptors 10 (Table 1). The
catalyst 8 and CF3CO2H (0.3 equiv; Table 1, entry 7) provided
11a (X=NO2) in excellent yield with 94% ee. A lower
catalyst loading (0.05 equiv; Table 1, entry 9) also led to good
results (92% yield, 96% ee). The addition of an acid, in an
amount equimolar to the amine 8, improved the reactivity
(Table 1, entry 6 versus entry 7) as well as the enantioselec-
tivity (Table 1, entry 6 versus entries 7–9). The data in Table 1
are consistent with the results of the fluorescence assay. The
combination of 8 and CF3SO3H was also effective (Table 1,
entry 10). However, the use of the catalysts l-proline (4 ;
Table 1, entry 1), l-prolinol (5 ; Table 1, entry 2), and 6/
CH3CO2H (Table 1, entry 3) provided the aldol product 11a
in low yields. Although a reaction with the combination 7/
CH3CO2H (0.3 equiv) provided 11a in better yield in much
less time (Table 1, entry 5) compared to the reaction with 7
alone (Table 1, entry 4), both reactions proceeded with low
enantioselectivities. The catalyst 8/CF3CO2H was effective in

Figure 1. Initial rates of reactions of chiral-amine/acid combinations
with the fluorogenic substrate 1 and acetone (2). Catalysts and runs:
l-proline (4, runs 1–16), l-prolinol (5, runs 17–32), (S)-(�)-a,a-
diphenyl-2-pyrrolidinemethanol (6, runs 33–48), (S)-(+)-2-(methoxyme-
thyl)pyrrolidine (7, runs 49–64), and (S)-(+)-1-(2-pyrrolidinylmethyl)-
pyrrolidine (8, runs 65–80). Each catalyst was evaluated with each of
the following acid additives (from left for each catalyst): none,
Sc(OTf)3, Cu(OTf)2, Zn(OTf)2, Y(OTf)3, La(OTf)3, Eu(OTf)3, Yb(OTf)3,
H2SO4, CF3SO3H, p-TsOH, d-(+)-10-camphorsulfonic acid, HNO3,
CF3CO2H, CH3CO2H, H3PO4. Reactions were carried out with the chiral
amine (3 mm), acid (3 mm), and 1 (6 mm) in 20% acetone/80%
DMSO, and the initial reaction rates were determined by monitoring
the fluorescence (lex=315 nm, lem=365 nm) over 20 min. DMSO=

dimethyl sulfoxide, RFU= relative fluorescence unit, Tf= trifluorome-
thanesulfonyl, Ts=p-toluenesulfonyl.
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reactions with various aryl aldehyde acceptors, even in the
case of acceptors with low reactivity, such as p-anisaldehyde
(Table 1, entry 14) and benzaldehyde (Table 1, entry 15). The
expected aldol products 11 were produced in 92% ee or over
(Table 1, entries 11–15). The S enantiomer of 11 was formed
as the major enantiomer in the presence of all catalysts shown
in Table 1.

Encouraged by these results, we further explored the
scope of this class of aldol reactions with a series of a-alkyl a-
methylaldehyde donors under the same reaction conditions.
The expected aldol products 11 were obtained in at least 90%
yield with high ee values (Table 2).

The aldol product 11a was determined to have the
S configuration by derivation as the Mosher ester.[13] Thus,
8/CF3CO2H catalyzes a Re-face attack on the aryl aldehyde
via an enamine intermediate (Figure 2). This result is in
accordance with previously proposed l-proline-based aldol
transition states.[14]

In summary, we have used a rapid fluorescence assay to
optimize catalysts and reaction conditions for asymmetric
intermolecular direct aldol reactions of a,a-dialkyl aldehydes
with aryl aldehydes, thus underscoring the value of high-
throughput assays for catalyst development. The diamine 8/
CF3CO2H bifunctional catalyst system developed demon-
strates excellent reactivity and enantioselectivity in this class
of aldol reaction. Further studies that focus on the full scope

of this catalyst system are currently under investigation and
will be reported in due course.

Received: December 16, 2003 [Z53546]
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Table 1: Direct aldol reaction catalyzed by a chiral amine/acid for the
synthesis of aldols with quaternary carbon centers.[a]

Entry X Chiral amine
(equiv)

Acid
(equiv)

t
[h]

Yield[b]

[%]
ee[c]

[%]

1 NO2 4 (0.3) – 72 34 80
2 NO2 5 (0.3) – 96 50[d] 50
3 NO2 6 (0.3) CH3CO2H (1.5) 96 20[d] 33
4 NO2 7 (0.3) – 5 85 34
5 NO2 7 (0.3) CH3CO2H (0.3) 0.5 94 27
6 NO2 8 (0.3) – 3 93 35
7 NO2 8 (0.3) CF3CO2H (0.3) 2 95 94
8 NO2 8 (0.1) CF3CO2H (0.1) 12 94 95
9 NO2 8 (0.05) CF3CO2H (0.05) 24 92 96
10 NO2 8 (0.1) CF3SO3H (0.1) 4 95 90
11 CN 8 (0.1) CF3CO2H (0.1) 12 95 92
12[e] Br 8 (0.1) CF3CO2H (0.1) 72 80 95
13[e] Cl 8 (0.1) CF3CO2H (0.1) 72 74[d] 92
14[e] OMe 8 (0.1) CF3CO2H (0.1) 96 40[d] 93
15[e] H 8 (0.1) CF3CO2H (0.1) 96 32[d] 96

[a] Typical procedure: The acid and the chiral amine were added in the
molar ratios indicated to a solution of p-nitrobenzaldehyde (10a ;
0.5 mmol) and isobutyraldehyde (9a ; 1.0 mmol) in DMSO (0.5 mL). The
reaction mixture was stirred at room temperature for the indicated time,
then purified by flash column chromatography on silica gel, without a
workup, to provide the aldol product 11a. [b] Yield of isolated product
after purification by column chromatography. [c] Determined by HPLC
analysis on a chiral phase (CHIRALPAK AS-H). [d] The aryl aldehyde 10
was recovered in 42% (entry 2), 73% (entry 3), 22% (entry 13), 54%
(entry 14), and 59% yield (entry 15). [e] Aldehyde 9a : 10 equivalents.
RT= room temperature.

Table 2: Direct aldol reaction catalyzed by 8/CF3CO2H for the synthesis
of aldol products with quaternary carbon centers.

Entry R Yield [%][a] d.r.[b] ee [%][c]

(anti/syn) anti syn

1 Et 96 62:38 91 75
2 Pr 92 66:34 89 66
3 nonyl 93 69:31 91 68

4 96 65:35 89 52

5[d] 97 84:16 95 74

6[d] 91 85:15 96 68

7 91 77:23 90 53

[a] Yield of isolated product after purification by column chromatog-
raphy. [b] Determined by 1H NMR spectroscopy. [c] Determined by HPLC
analysis on a chiral phase (CHIRALPAK AS-H and CHIRALCEL OJ-H).
[d] Aldehyde 9 : 10 equivalents.

Figure 2. Proposed transition state.
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Synthesis of Diketones

Cascade Carbonylation Methods Leading to
b-Diketones and b-Functionalized d-Diketones**

Katsukiyo Miura, Mami Tojino, Naoki Fujisawa,
Akira Hosomi,* and Ilhyong Ryu*

The development of efficient synthetic strategies for the one-
pot generation of multiple bonds is highly desirable. In this
regard, radical strategies continue to attract much attention
because of their considerable potential in this area.[1,2] Most
viable cascade processes are, however, intramolecular
sequences rather than the inherently more general intermo-
lecular reactions. Herein we report a novel efficient inter-
molecular cascade sequence based on tin enolate mediated
radical carbonylations,[3,4] in which three or four carbon-
containing compounds are coupled to afford b-diketonesA or
b-functionalized d-diketones B, respectively (Scheme 1).

The three-component radical coupling reaction was
affected by combining octyl iodide (1a), carbon monoxide,
and a tin enolate to give the anticipated b-diketone 4a in 64%
yield after isolation by flash chromatography on silica gel. The
reaction with aromatic iodide 1e also worked well and gave
4b (Scheme 2). These results clearly demonstrated that tin
enolates act as potentially useful acceptors of acyl radicals.

Scheme 1. Precursors for the synthesis of b-diketones and b-functional-
ized d-diketones.
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Next, we examined a mixed alkene system, comprised of tin
enolates and electron-deficient alkenes,[5] in which we
expected that nucleophilic acyl radicals would prefer elec-
tron-deficient alkenes rather than electron-rich tin enolates,
providing a useful method for the synthesis of b-functional-
ized d-diketones.

We were pleased to observe that the envisaged four-
component coupling reaction occurred as expected. When a
solution of 1-iodooctane (1a ; 0.6 mmol, 0.025m) in benzene,
acrylonitrile (2a ; 0.7 mmol), 1-phenyl-1-(tributylstannyloxy)-
ethene (3a ; 1.3 mmol; 74:26 keto/enol isomers), and AIBN
(0.2 mmol) were heated at 90 8C for 8 h under CO (80 atm),
the reaction proceeded cleanly to give the envisaged b-cyano-
substituted d-diketone 4c in 78% yield after isolation by flash
chromatography on silica gel (Scheme 3). The formation of b-
diketone was not detected in the crude reaction mixture.

An expanded series of substrates 1 and alkenes 2 reveals
several generalities of the present four-component coupling
reaction (Table 1). Both methyl vinyl ketone (2b) and ethyl
acrylate (2c) worked well to give the corresponding 3-acetyl-
1,5-diketone 4d and 3-ethoxycarbonyl-1,5-diketone 4e,
respectively (Table 1, entries 1 and 2). On the other hand,
the use of acrolein was unsuccessful owing to its preferential
aldol condensation with the tin enolate.[6] Vinyl sulfone 2d
gave the corresponding product 4 f in rather modest yield
(Table 1, entry 3). In the reaction with N-crotonyloxazolidi-

none (2e), the corresponding four-component coupling
product 4g was obtained as a 1:1 mixture of diastereomers
(Table 1, entry 4). In the case of 1 f, 5-exo radical cyclization
preceded the intermolecular reaction to give 4o (Table 1,
entry 12).

Although tin enolates 3a and 3b derived from a-tetralone
and acetophenone, respectively, exhibited excellent reactivity,
the chain propagation ability of tin enolates 3c and 3d
derived from cyclohexanone and pinacolone, respectively,
appeared to be less efficient. However, the use of larger
excesses of these enolates compensated for the modest
reactivity (Table 1, entries 6 and 7).

The formation of 1,5-diketones 4 can be explained by the
free-radical chain-propagation mechanism outlined in
Scheme 4. Two key factors that made the present cascade

reactions possible are as follows: 1) The key acyl radical,
which is nucleophilic by nature, favors addition to electron-
deficient alkenes rather than to electron-rich tin enolates, and
the resulting alkyl radical is electrophilic enough to prefer
electron-rich tin enolates. 2) SH2’-type reaction of the result-
ing radical with tin O-enolates would be expected to shift the
direction of the equilibrium with C-enolates.

In summary, the use of the tin enolates as radical
mediators for radical carbonylations led to the development
of novel intermolecular cascade reactions, which combine
three or four carbon-containing compounds in a single
process. This procedure allows access to variously function-
alized b- and d-diketones from readily available starting
materials.

Experimental Section
General procedure: Benzene (26 mL), 1a (154 mg, 0.6 mmol), 2a
(41 mg, 0.7 mmol), 3a (522 mg, 1.3 mmol), and AIBN (31 mg,
0.2 mmol), were placed in a 50-mL stainless-steel autoclave equipped
with an inserted glass liner. The autoclave was closed and purged with
carbon monoxide (3 = 10 atm). The autoclave was then charged with
CO (80 atm) and heated, with stirring, at 90 8C for 8 h. After excess
CO was discharged at room temperature, the solvent was evaporated,
and the residue was purified by chromatography on silica gel (hexane,

Scheme 2. Tin enolate mediated carbonylative three-component coupling
reactions.

Scheme 3. Tin enolate mediated carbonylative four-component coupling
reactions.

Scheme 4. Radical chain mechanism for the four-component coupling
reaction.
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then hexane/Et2O 7:3). The hexane eluant
contained tributyltin iodide, and the hexane/
Et2O eluant contained pure 4c (157 mg,
78%).

Received: January 8, 2004 [Z53702]
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Table 1: Tin enolate mediated carbonylative four-component coupling reactions.[a]

Entry 1 2 3[b] 4 Yield [%][c]

1 a a 74

2 a a 80

3 a a 50

4 a a 64 (d.r. 50:50)[d]

5 a a 92 (d.r. 60:40)[d]

6[e] a a 56 (d.r. 57:43)[d]

7[f ] a a 56

8 c a 73 (d.r. 50:50)[d]

9 a a 71

10 a a 76

11 a a 72

12 a a 88 (d.r. 50:50)[d]

[a] Conditions: 1 (0.5 mmol), 2 (0.6 mmol), 3 (1 mmol), AIBN (0.2–0.4 equiv), benzene (20 mL), CO
(80–85 atm), 90 8C, 8 h. [b] 3a : O-Sn/C-Sn=26:74; 3b : O-Sn/C-Sn=99:1; 3c : O-Sn/C-Sn=99:1; 3d :
O-Sn/C-Sn=1:99. [c] Yields of products isolated by flash chromatography on SiO2. Products 4d, 4 f, 4g,
and 4 i were further purified by preparative HPLC. [d] Determined by 1H NMR spectroscopy. [e] 3d :
3 equiv. [f ] 3c : 6 equiv. AIBN=2,2’-azobisisobutyronitrile; Ts=para-toluenesulfonyl.
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Asymmetric Synthesis

A Highly Effective Phosphoramidite Ligand for
Asymmetric Allylic Substitution**

Karine Tissot-Croset, Damien Polet, and
Alexandre Alexakis*

Asymmetric allylic substitution [Eq. (1)] is a potentially
powerful method for creating chiral centers in readily

available starting materials. Great efforts have been made
to control the chemo-, regio-, and enantioselectivities of the
reaction products.[1]

In contrast to other metals (Pd, Mo, and Ir, for example),[2]

copper allows harder nucleophiles, such as alkyl groups, to be
used. Increasing interest is being shown in catalytic systems
where the copper center is coordinated to a chiral ligand,[3]

such as with Grignard[4] and organozinc reagents.[5]

The research in our group has focused on the develop-
ment of efficient ligands for the substitution of allylic
chlorides by Grignard reagents. Previously, we showed that
phosphorus ligands derived from tetraaryl-1,3-dioxolane-4,5-
dimethanol (taddol) were highly effective chiral reagents in
the reaction with cinnamyl chloride (g/a= 94/6, 73% ee).[4d]

Our second-generation phosphoramidite ligands improved on
this result, with an ee value of 79% being observed. They also
allowed a wider scope of applicability.[4e] Herein, we report
new phosphoramidite ligands for the same application that
are also compatible with our previously described one-pot
Ru-catalyzed metathesis procedure.[4e] These third-generation
ligands give ee values of up to 96% in most cases and can be
applied to Ir-catalyzed allylic substitution.

The biphenol 1a[6] and binaphthol-based ligands 2a and
3a[7] (see Scheme 1) were used as the starting compounds, and
related ligands were prepared by structural modifications,
either at the biphenol (or binaphthol) or the amino function-
ality. Ligands 1b–3b (Scheme 1) which contain an amine
group as well as ortho-methoxy substituents on the phenyl
rings[8] provided greatly improved results both in the regio-
selectivity and the enantioselectivity of the products. Pre-
viously, [4e] we showed that 1a gave an ee value of 79% and a

regioselectivity of 91:9 in favor of the g product resulting from
the addition of 5a to 4a (Table 1, entry 1). The binaphthol-
based ligand 2a induced a similar enantioselectivity although

the regioselectivity was poorer (entry 2). The reaction with
ligand 3a was not as regioselective, but did not invert the
absolute configuration of 6 (entry 3). For this case we could
hypothesize that the amine functionality in the ligand dictates
the absolute configuration of the product. This is in contrast
to the behavior of these ligands in conjugate addition.[6] The
modified ligand 1b, in comparison with 1a, gave an increased
regioselectivity (98/2) and a similar enantioselectivity
(entry 4). Two diastereomeric ligands 2b and 3b containing
binaphthol units were also prepared to evaluate the effect of a
fixed atropoisomerism.

Although ligand 2b gave poor regio- and enantioselectiv-
ities (entry 5), ligand 3b gave spectacular results (entry 6),
with excellent regioselectivity (99/1) and enantiomeric excess
(96%) being demonstrated. This is the highest reported ee

Scheme 1. Phosphoramidite ligands.

Table 1: Enantioselective Cu-catalyzed allylic substitution.

Entry R R’ L* Conv. of
4 [%][a]

SN2’/
SN2[b]

ee of
6 [%][c]

Yield of
7 [%]

ee of
7 [%][c]

1[d] 4a 5a 1a >99 91/9 79(S) – –
2 4a 5a 2a >99 72/28 77(S) – –
3 4a 5a 3a >99 79/21 55(S) – –
4 4a 5a 1b >99 98/2 74(R) – –
5 4a 5a 2b >99 73/27 46(S) – –
6 4a 5a 3b (86) 99/1 96(R) – –
7 4a 5b 3b (83) 96/4 92(R) 77 92(R)(61)[e]

8 4a 5c 3b (81) 91/9 96(R) 69 96(R)(72)[e]

9 4b 5a 3b (85) 99/1 96(R) – –
10 4b 5b 3b (83) 97/3 93(R) 79 93(R)(64)[e]

11 4b 5c 3b (86) 91/9 94(R) 72 94(R)(76)[e]

12 4c 5a 3b (82) >99/1 91(�) – –

[a] In parentheses: yields after chromatographic isolation on silica gel.
[b] Determined by 1H NMR spectroscopic analysis of crude reaction
mixtures. [c] Determined by chiral supercritical fluid chromatography or
gas chromatography. [d] Already published results.[4e] [e] In parentheses:
best results obtained previously.[4e]
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value in this product (formation of 6a with diethylzinc: 40,[5e]

52,[5b] 66,[5c] and 77% ee[5d] ; with Grignard reagents: 42,[4c]

73,[4d] and 82% ee[4e]). Surprisingly, the presence of the
methoxy substituent at the ortho position of the amine unit
in the ligand resulted in an inversion of the absolute
configuration of the adduct. It may be tentatively speculated
that ligands 1b–3b act as bidentate P,O ligands.[9]

Other Grignard reagents and substrates tested gave
equally good results. It should be noted that a correspondingly
high enantioselectivity was attained with allylic chloride 4c
containing an alkyl substituent, which is an unprecedented
result for such a substrate. Of particular interest is the one-
pot, ring-closing metathesis procedure,[4e] with which the
Grubbs catalyst is compatible[10] (entries 7, 8, 10, 11). An
intermolecular one-pot metathesis of 6a using three equiva-
lents of ethyl acrylate and 5 mol% of the Grubbs catalyst[10]

gave 8 in 96% ee and 54% yield (Scheme 2). All the results
obtained from Grignard reagents of 3-butenyl and 4-pentenyl
were greatly improved both in terms of regioselectivity and
enantioselectivity (92–96% ee compared to 61–76% ee).

The asymmetric Cu-catalyzed allylic substitution may also
be performed with dialkylzinc reagents.[5] Ligand 3b affords
excellent results in this reaction (Scheme 3), and outperforms

any previous ligand described for diethylzinc and a cinnamyl
derivative. The fact that both organometallic reagents afford a
similar level of asymmetric induction is unprecedented in
copper-catalyzed allylic substitution.

Many research groups have developed achiral and chiral
allylic substitutions catalyzed by iridium.[11] Strong p-accept-
ing monodentate ligands, such as 1a–3a, have been shown to
be very efficient.[12] We were curious as to how ligands 1b–3b
would perform in the Ir-catalyzed allylic amination of
carbonate 9. Our results are summarized in Table 2.

Relative to ligand 1a (entry 1), the presence of the
methoxy substituent in the amine moiety of the biphenol-
based ligand 1b increased the enantioselectivity without loss
of regioselectivity, and a strong acceleration of the reaction
was observed. In contrast to the Cu-catalyzed allylic alkyl-
ation reaction described above, there was no inversion of

configuration in 11. Clearly, the mechanistic pathways
involving copper and iridium are different.

Ligands 2b and 3b with fixed atropoisomerism were also
tested to verify which was the best ligand. It is clear from
entry 2 that ligand 2b is the least successful. Ligand 3b
(entry 3) gave an excellent result, even slightly better than 3a.
The same reaction conducted with two other amines con-
firmed this observation (entries 4 and 5).

The strong acceleration in the reaction rate was again
observed, particularly for ligand 3b (Figure 1). There was not

an induction period here, as was the case of 3a (as described
by Hartwig and co-workers).[13] An induction period was
observed for the analogue of 3b with a para-methoxy
subsitutent, which shows the importance of the position of
the methoxy substituent and suggests there is a chelation
effect.

It should be pointed out that the atropoisomerically
flexible biphenol-based ligands 1a and 1b afforded a product
that always has the same absolute configuration as the
binaphthol-based ligand 3b. This is true for the Cu-catalyzed
conjugate addition[6] and allylic substitution, as well as for the

Scheme 2. Intermolecular one-pot metathesis.

Scheme 3. Asymmetric Cu-catalyzed allylic substitution using diethyl-
zinc.

Table 2: Enantioselective Ir-catalyzed allylic amination.

Entry Amine Ligand[d] Conv. [%][a] 11/12[b,d] ee [%][c,d]

1 10a 1b [1a] 92(–) 99/1 [98/2] 92(R)[87(R)]
2 10a 2b [2a] 62(–) 50/50 [94/6] 47(S)[75(S)]
3 10a 3b [3a] 98(88) 98/2 [99/1] 97(R)[95(R)]
4 10b 3b [3a] >99(91) 99/1 [n a] 97(–)[97(–)]
5 10c 3b [3a] >99(89) 98/2 [98/2] 98(R)[96(R)]

[a] In parentheses: yields after chromatographic isolation on silica gel.
[b] Determined by 1H NMR spectroscopic analysis of the crude reaction
mixtures. [c] Determined by chiral supercritical fluid chromatographic or
gas chromatographic analysis of the corresponding acetamide. [d] In
square brackets: the results from the study by Ohmura and Hartwig.[12a]

cod=cyclocta-1,5-diene.

Figure 1. Comparison of the kinetics of the reactions of between ligand
3a (H ), an analogue of 3b with a p-OMe substituent (*), and 3b (~)
in an iridium-catalyzed asymmetric allylic substitution.
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Ir-catalyzed allylic substitution, despite the fact that the most
efficient ligand belongs to the diastereomerically opposite 2
or 3 series. Therefore, it must be concluded that the biphenol
entity changes its conformation to adopt that of ligand 3b.

In conclusion, we have described a new and highly
efficient ligand for two very different applications: first, the
copper-catalyzed enantioselective allylic alkylation by
Grignard or organozinc reagents on allylic substrates, and
second, the iridium-catalyzed enantioselective allylic amina-
tion of cinnamyl carbonate. Enantiomeric excesses of up to 96
and 98% were obtained in the first and second applications,
respectively.
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Biaryl Synthesis

Nickel-Catalyzed Cross-Coupling of Aryl
Grignard Reagents with Aromatic Alkyl Ethers:
An Efficient Synthesis of Unsymmetrical
Biaryls**

John W. Dankwardt*

Transition-metal-catalyzed cross-coupling reactions play a
major role in the formation of C�C bonds. As a result, the
cross-coupling of aryl halides (and pseudohalides) with
organometallic reagents have become a steadfast method in
organic synthesis.[1] This methodology has been used to
prepare biaryl compounds, which are prevalent in both
natural products and drug compounds.[2] In the more chal-
lenging cross-coupling reactions unreactive substrates, such as
aryl nitriles,[3] aryl fluorides,[4] and aryl carbamates[5] are
coupled with an organometallic reagent and generally require
nickel catalysis. Wenkert et al. reported the [NiCl2(PPh3)2]-
mediated cross-coupling of anisoles with aromatic Grignard
reagents.[6] The scope of this process is rather limited, and the
only substrates that provide the desired biaryl products in
synthetically useful yields are the more reactive 1- and 2-
methoxynaphthalene derivatives. In this communication, we
report a general, high-yielding nickel-catalyzed cross-cou-
pling of nonactivated aromatic ethers with aryl Grignard
reagents.

Our initial attempts in cross-coupling an anisole deriva-
tive with p-TolMgBr utilized a nickel catalyst prepared in situ
from [Ni(acac)2] (acac= acetylacetonyl) and various phos-
phane ligands in THF. Unfortunately, the reaction did not
proceed to completion under any of the conditions tested
(Table 1). From these studies, it was found that PCy3 (Cy=
cyclohexyl), an electron-rich ligand, was the best phosphane
ligand with [Ni(acac)2]. The reaction utilizing [Ni(acac)2]/
PCy3 in a nonpolar solvent system (e.g. (EtO)2CH2) per-
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formed poorly. This may be a result of the lack of solubility of
the nickel precatalyst. The application of a nonpolar solvent
media (vide supra) was imperative for this cross-coupling to
proceed in high yields.

A major improvement was attained when the cross-
coupling reaction was performed with 5 mol%
[NiCl2(PCy3)2]

[7] in THF (Table 2, entry 1). In addition, it

was found that the yield of biaryl was higher when an
additional 10 mol% PCy3 was also added to the reaction
mixture (Table 2, entry 2). The choice of solvent played a
major role in the efficiency of the reaction. It was determined
that nonpolar solvent media was preferred. As illustrated in
Table 2, the nonpolar ethers such as (EtO)2CH2, Bu2O, iPr2O,
and tAmOMe (tAm=CEtMe2) afforded the highest yields. In
addition, toluene can be utilized as a solvent, and in some
cases it was the preferred solvent system (Table 2, entry 3).
Presumably, when nonpolar media is used, MgBr(OMe),
which may poison the desired catalytic cycle, is removed by
precipitation. This may account for the inability of the
reaction to reach complete conversion in a more polar
solvent such as THF. Furthermore, no reaction transpires
when dimethoxyethane or diglyme is used as the reaction
solvent.

After several phosphane ligands had been surveyed, it
became clear that the yield of the reaction was dependent on
the cone angle of the ligand (Table 3).[8] Ligands such as PMe3

with a small cone angle and sterically larger phosphanes such

as tBu2PMe performed poorly in this cross-coupling. How-
ever, it was found that ligands with intermediate cone angles
provided the highest conversion to the desired biaryl 2.
Among the best phosphane ligands surveyed were iPr3P, Cy3P,
and PhCy2P (Table 3, entries 4–6). The ligands that are better
s donors were found to be more active, and complete
conversion was possible at lower temperatures (PCy3 and
PhPCy2). Even Ph2PCy was a competent ligand if the reaction
was performed at > 80 8C for 15 h. In stark contrast,
application of Wenkert's catalyst system using [NiCl2(PPh3)2]
in iPr2O resulted in low conversions (Table 3, entry 8).

While 5 mol% of the nickel catalyst was preferred, the
nickel catalyst loading could be reduced to 2.5 mol%,
provided an additional 5 mol% PCy3 was present. In most
cases 3.0 equiv Grignard reagent was generally utilized;
however, in some examples the amount of Grignard could
be reduced to 1.5 equiv, provided that the [NiCl2(PCy3)2]
complex was used. It was interesting to note the biaryl cross-
coupling could be achieved under microwave conditions
(Table 4, entry 2), which significantly reduces the reaction
time.[9]

At this point it was interesting to explore whether the Ni-
catalyzed C�O activation process was applicable to other
ether leaving groups besides the methoxy group in anisole
systems. As can be seen in Table 4 (entries 4–11) a large
number of ether leaving groups are compatible with this
chemistry including ethyl, methoxyethyl, N,N-dimethyl-
aminoethyl, methoxymethyl (MOM), and hydroxyethyl
ethers. Interestingly, even the sterically hindered trimethyl-
silyl (TMS) ether (Table 4, entries 7, 10) afforded good yields
of the desired biaryl adduct. Currently, aryl triflates are well
established as cross-coupling partners in biaryl synthesis;
however, these compounds are known to lack long-term
stability.[10] On the other hand, the corresponding trimethyl-
silyl ethers, which are readily prepared from the correspond-

Table 1: Ni-catalyzed cross-coupling in THF: Ligand optimization.[a]

Entry Nickel cat. Recovd. 1 [%] Yield 2 [%]

1 [NiCl2(PMe3)2] 82 2
2 [NiCl2(PEt3)2] 74 15
3 [Ni(acac)2]/2Cy3P 33 64
4 [Ni(acac)2]/2 iPr3P 44 55
5 [Ni(acac)2]/2 iBu3P 66 26
6 [Ni(acac)2]/2 tBu2MeP 51 37
7 [Ni(acac)2]/2PhCy2P 46 51
8 [Ni(acac)2]/2 tBu3P 78 4

[a] Reactions were carried out with 5 mol% nickel catalyst in THFat 60 8C
for 15 h and 3.0 equiv Grignard reagent. Yields were determined by GC
with tridecane as an internal standard.

Table 2: Ni-catalyzed cross-coupling of 1: Optimization of the solvent.[a]

Entry Solv. t [h] Recovd. 1 [%] Conv. 2 [%]

1 THF 15 25 64
2[b] THF 15 23 73
3 toluene 15 9 76
4 iPr2O 15 0 93
5 (Et2O)2CH2 6 10 82
6 tAmOMe 6 8 65
7 nBu2O 6 0 87

[a] Reaction temperature was 60 8C. The conversions were determined by
GC analysis with tridecane as an internal standard. [b] 10 mol% PCy3 was
added.

Table 3: Ni-catalyzed cross-coupling of 1: Optimization of the phos-
phane.[a]

Entry L Recovd. 1 [%] Conv. 2 [%]

1 PMe3 33 33
2 PEt3 75 7
3 PiBu3 32 42
4 PiPr3 <1 82
5 PCy3 0 93
6 PhPCy2 <1 92
7 Ph2PCy 7 81
8 Ph3P 74 15

[a] Reactions were carried out at 60 8C in iPr2O for 15 h with 5 mol%
nickel catalyst. Conversions were determined by GC analysis with
tridecane as an internal standard.
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ing phenol, are much more stable than the
triflates and are excellent substrates in this
nickel-catalyzed cross-coupling. In addition,
the trifluoromethyloxy group also provided
the p-phenyltoluene under the nickel-cata-
lyzed conditions; however, it was found to
be a poor leaving group under a variety of
conditions (Table 4, entry 11). Interestingly,
a cyclic ether (Table 4, entry 12) performed
well in the arylation reaction, yielding a
biaryl compound with an ortho-hydrox-
yethyl group. In general, the yields for the
hydrocarbon biaryl adducts (Table 4,
entries 1–23) are superior to those contain-
ing any functionality (vide supra). Further-
more, diarylation of the bisether substrates
provides m-terphenyl and p-terphenyl in
high yields (Table 4, entries 19–21). The
nickel-catalyzed cross-coupling reaction
can tolerate steric hindrance in either the
aromatic ether or the Grignard reagent. For
example, 2-methoxybiphenyl cross-couples
with p-tolylMgBr (Table 4, entry 22). Upon
heating from 60 8C to 100 8C, with an addi-
tional 15 h at 100 8C under these conditions
the terphenyl derivative was realized in
80% conversion. Reaction of a sterically
hindered Grignard such as mesitylmagne-
sium bromide with phenetole (ethyl phenyl
ether), under the standard nickel-catalyzed
conditions, supplied phenylmesitylene in
high yield (Table 4, entry 23).

Kumada–Corriu cross-coupling reac-
tions are known for their poor tolerance of
functional groups. However, the present
reaction performs well with many func-
tional groups present on the aryl ether such
as alcohols, phenols, amines, enamines and
N-heterocycles. The cross-coupling yields of
these functionalized substrates range from
54–85% (Table 4, entries 24–39). The aryl
ether substrates containing benzylic alcohol
moieties (Table 4, entries 24–26) or even
those substituted with an ortho-positioned
hydroxyethyl side chain afforded the
desired biaryl compounds in high yield
(Table 4, entries 28). Interestingly, the
meta- and para-methoxyphenols undergo
efficient coupling to give the corresponding
phenylphenols (Table 4, entries 29 and 30).
This was remarkable considering that the
magnesium phenoxide, formed from the
phenol derivative and PhMgBr, is very
electron-rich, and the rate of oxidative
addition should be significantly reduced.
We were gratified that amines and N-
heterocycles performed so well in the
cross-coupling, considering the requirement
for the nonpolar nature of the solvent. To

Table 4: Synthesis of biaryl compounds by Ni-catalyzed cross-coupling of aromatic alkyl ethers with
organomagnesium reagents.[a]

Entry Arom. ether Product Solvent T [8C] Cat. Conv. [%]

1 R=Me Ar=p-Tol (EtO)2CH2 100 [c] 94
2[b] R=Me Ar=p-Tol (EtO)2CH2 105 [c] 72
3 R=Me Ar=m-Tol tBuOMe 65 [c] 89
4 R= (CH2)2OMe Ar=p-Tol (EtO)2CH2 100 [c] 77
5 R= (CH2)2NMe2 Ar=p-Tol (EtO)2CH2 95 [c] 99
6 R=MOM Ar=p-Tol tAmOMe 80 [c] 92
7 R=TMS Ar=p-Tol tAmOMe 60 [c] 70

8 R=Et (EtO)2CH2 90 [c] 73
9 R=CH2CH2OH (EtO)2CH2 80 [c] 67
10 R=TMS (EtO)2CH2 90 [c] 72
11 R=CF3 iPr2O 80 [d] 30

12 PhMe 60 [c] 62

13 tAmOMe, Et2O 23 [e] 89

14 tAmOMe, Et2O 23 [e] 91

15 PhMe 60 [c] 61

16 (EtO)2CH2, Et2O 35 [c] 93
tAmOMe, Et2O 23 [e] 92

17 tAmOMe, Et2O 23–65 [c] 78

18 tAmOMe, Et2O 80 [e] 86

19 tAmOMe, Et2O 80 [e] 95

20 iPr2O 80 [c] 87

21 tAmOMe, Et2O 80 [c] 88

22 tAmOMe 60–100 [c] 80

23 tAmOMe 80 [c] 75

24 tAmOMe, Et2O 80 [e] 61

25 tAmOMe 80 [c] 85

26 tAmOMe, Et2O 80 [c] 51
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this end, the anisole with a potentially labile benzylic amine
functionality undergoes efficient cross-coupling in toluene
(Table 4, entry 31). The protected 7-methoxyindole derivative
smoothly reacts with p-TolMgBr under nickel catalysis to
afford the desired biaryl (Table 4, entry 32). Interestingly, the
analogous unprotected 7-methoxyindole does not react under
these conditions. Combination of the 8-methoxytetrahydro-
naphthalenyl amine derivative and PhMgBr under the Ni-
catalyzed conditions furnishes the desired biarylamine
(Table 4, entry 33), which was reported to possess 5-HT1A

activity.[11] The reaction of 4-methoxyphenethylamine
(Table 4, entry 34) and PhMgBr in the presence of

[NiCl2(PhPCy2)2] provides the 4-
phenylphenethylamine. It was
interesting to note that the primary
amine was tolerated during this
cross-coupling event. Many N-het-
erocycles were compatible with the
reaction conditions. The imidazole
derivative participated in the
nickel-catalyzed cross-coupling to
afford bifonazole, which is a drug
known for its antifungal activity
(Table 4, entry 35).[12] Heterocy-
cles, such as 5-methoxyindole and
2-methoxypyridine, when com-
bined with PhMgBr, furnished the
desired arylation products in good
yield (Table 4, entries 36 and 37).
The combination of the enamine
derived from 6-methoxy-1-tetra-
lone and PhMgBr with
[NiCl2(PCy3)2]/PCy3 provided the
biaryl derivative; thus a reactive
ketone could be protected as an
enamine during the course of the
coupling reaction (Table 4,
entry 38). Application of an orga-
nomagnesium reagent containing a
functional group was illustrated by
the cross-coupling of N,N-
dimethylaminophenylmagnesium
bromide with phenetole under the
standard nickel-catalyzed condi-
tions with phenetole (Table 4,
entry 39).

In summary, we have demon-
strated the synthetic utility of the
Kumada–Corriu-type cross-cou-
pling of various anisole and other
aromatic ether derivatives with
aryl Grignard reagents.[13] The
reaction has a very broad scope
with respect to the anisole deriva-
tive and affords the desired biaryl
compounds in high yield. Para-
mount to this cross-coupling pro-
cedure was the application of a
nickel(ii) phosphane complex

(PCy3 or PhPCy2) in a nonpolar solvent. The reaction will
support functionality such as alcohols, the hydroxy groups of
phenols, amines, enamines, and N-heterocycles in the aro-
matic ether substrate. Due to the ubiquitous nature of the aryl
ether group in pharmaceutically active molecules, this new
biaryl synthesis should find wide applicability in medicinal
chemistry.

Experimental Section
Representative procedure: 6-(4-methylphenyl)-1,2,3,4-tetrahydro-
naphthalene (Table 4, entry 5): In a reaction flask were placed

Table 4: (Continued)

Entry Arom. ether Product Solvent T [8C] Cat. Conv. [%]

27 tAmOMe, Et2O 80 [e] 77

28 (EtO)2CH2, Et2O 80 [c] 63

29 tAmOMe 90 [f ] 78 (75)

30 tAmOMe 80 [e] 63

31 PhMe 60 [c] (73)

32 tAmOMe 80 [c] 55

33 tAmOMe, Et2O 80 [e] 81

34 tAmOMe, Et2O 23 [e] 82

35 tAmOMe, Et2O 80 [e] (74)

36 tAmOMe, Et2O 23 [e] 67 (54)

37 THF 23 [g] 73

38 (EtO)2CH2 80 [c] 58

39 (EtO)2CH2 70 [c] 77

[a] Conversions were determined by GC methods with tridecane as an internal standard. Yields of
isolated products are given in parentheses. Reactions were run for 15 h unless otherwise specified. An
additional equivalent of Grignard reagent was added with substrates containing acidic functionality.
[b] Reaction was performed under microwave conditions (30 min, 105 8C) using the Emrys Creator from
Personal Chemistry. [c] [NiCl2(PCy3)2]/2PCy3. [d] [NiCl2(Ph2PCy)2]/2Ph2PCy. [e] [NiCl2(PhPCy2)2] .
[f ] [NiCl2(PhPCy2)2]/2PhPCy2. [g] [NiCl2(PMe3)2] .
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[NiCl2(PCy3)2] (69.0 mg, 0.0999 mmol), PCy3 (57.8 mg, 0.206 mmol),
tridecane (328 mg, 1.778 mmol, as an internal standard), and N,N-
dimethyl-N-[2-(5,6,7,8-tetrahydronaphthalen-2-yloxy)ethyl]amine
(409 mg, 1.867 mmol). The solvent in the p-TolMgBr reagent (1m in
ether, 6.0 mmol) was removed under reduced pressure and replaced
with diethoxymethane (6.0 mL). This solution was then added to the
above catalyst mixture under a nitrogen atmosphere at room
temperature. The resulting solution was stirred for several minutes
at room temperature and then warmed to 95 8C for 15 h. A sample
was withdrawn and quenched by adding it to 1m aqueous sodium
citrate, which was then extracted with ethyl acetate. GC analysis of
the organic phase showed the presence of 6-(4-methylphenyl)-1,2,3,4-
tetrahydronaphthalene (1.85 mmol, 99% conversion), bitoluene
(0.65 mmol), and p-methylphenol (0.58 mmol) in the reaction mix-
ture. In general, the optimal conditions for each substrate had to be
determined by experimentation. The temperature for the cross-
coupling was found to range from room temperature to 100 8C
depending on the steric nature of the anisole. In general, the most
effective catalyst system was either [NiCl2(PCy3)2], [NiCl2(PCy3)2]/
2PCy3, or [NiCl2(PhPCy2)2]. The most useful solvents were found to
be tAmOMe, (EtO)2CH2, PhMe, and tBuOMe. The choice of solvent
was found to depend on the temperature of the reaction and the
solubility of the Grignard reagent in the selected solvent. In general,
the Grignard reagents were found to be most soluble in PhMe;
however, this was not usually the best solvent for the cross-coupling
procedure. In some cases it was best to use a mixture of PhMe and one
of the ether solvents listed above. The most general and effective
conditions were the use of 5 mol% [NiCl2(PhPCy2)2] in tAmOMe at a
temperature determined primarly by the steric hindrance of the
anisole. The reactions were over after 15 h reaction time (at 80 8C);
however, in some cases the reaction can reach completion in as little
as 3 h. Activated anisole compounds (2-methoxypyridine, 1- and 2-
methoxynaphthalene) could be coupled using a variety of nickel
complexes such as [NiCl2(PMe3)2] or [Ni(acac)2]/neopentylphosphite
in THF.
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Selective Binding

Pseudodynamic Combinatorial Libraries:
A Receptor-Assisted Approach for Drug
Discovery**

Andrew D. Corbett, Jeremy D. Cheeseman,
Romas J. Kazlauskas,* and James L. Gleason*

Emerging methods of combinatorial chemistry incorporate
receptor assistance to combine synthesis and screening.[1]

Stoichiometric binding to a receptor alters either the thermo-
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dynamics or kinetics of library synthesis. Dynamic combina-
torial libraries[2] use a thermodynamic approach where bind-
ing shifts a synthetic equilibrium to increase the amounts of
the best-binding compounds, in accordance with LeCh#teli-
er's principle. These libraries usually identify the library
members that bind the tightest, but some experimental
conditions can give small or misleading changes in concen-
tration.[3] An alternative method, receptor-accelerated syn-
thesis, uses a kinetic approach.[4] Starting components that
bind to the receptor can couple to create a new, tight-binding
compound. The receptor accelerates the coupling of the
better-fitting starting components as a result of their prox-
imity, but requires that both components bind tightly to the
receptor. Here we demonstrate a new method, a pseudody-
namic library, which adds a kinetic contribution to traditional
dynamic libraries to dramatically increase the selectivity.

A pseudodynamic combinatorial library combines an
irreversible synthesis of library members with an irreversible
destruction step. Those library members that bind to the
receptor are protected from destruction. Subsequent syn-
thesis reuses fragments from destroyed library members, thus
amplifying the amounts of the better binders at the expense of
the lesser ones. The separate irreversible synthesis and
destruction steps allow adjustment to optimize both the
amplification and selectivity.

We developed a pseudodynamic library of eight dipep-
tides to identify the best inhibitor of carbonic anhydrase
(CA). Carbonic anhydrase, a zinc metalloenzyme, is a
therapeutic target for glaucoma and is inhibited by aromatic
sulfonamides, which coordinate to the zinc ion. Four of the
eight dipeptides in our library contain 4’-sulfonamidophenyl-
alanine (Phesa, 1), and thus should bind to CA, while the
remaining four contain only Phe and serve as negative
controls. The irreversible synthesis of dipeptides used a

solid-supported coupling of activated esters with an amino
acid in aqueous solution (Scheme 1). TentaGel-supported
tetrafluorophenyl active esters react cleanly with free amino

acids in water under alkaline (pH 8–10) conditions to form
dipeptides.[5] A nonselective protease from Streptomyces
griseus (Pronase) destroyed these dipeptides by catalyzing
their irreversible hydrolysis.[6]

The pseudodynamic library was prepared in a three-
chambered reaction vessel formed by suspending two dialysis
bags in a surrounding solution (Figure 1). One dialysis bag
(the synthesis chamber) contained the active esters and the
other dialysis bag (hydrolysis chamber) contained the pro-
tease, while the surrounding solution (screening chamber)
contained the carbonic anhydrase. Adding nucleophiles 1 and
2 to the synthesis chamber generated the dipeptide library.
These dipeptides diffused into the surrounding solution where
they could bind to carbonic anhydrase and then diffuse into
the hydrolysis chamber where Pronase cleaved them. This

Scheme 1. Creation of a pseudodynamic library of dipeptides.

Figure 1. Schematic representation of the pseudodynamic combinatorial library experiment. Reaction of two free amino acids (Phesa (1) and Phe
(2)) with four solid-supported active esters (N-EtO2C-Phe, N-EtO2C-Gly, N-EtO2C-Leu, and N-EtO2C-Pro) creates an eight-member library.
MWCO=molecular-weight cut off.
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cleavage regenerated 1 and 2, which could diffuse back into
the synthesis chamber to repeat the cycle. This arrangement
prevented Pronase-catalyzed destruction and active-ester-
mediated modification of the receptor (CA) and also
permitted periodic replenishment of the activated ester to
regulate the rate of synthesis.

The experiments used four active ester resins derived
from N-EtO2C-Phe, N-EtO2C-Gly, N-EtO2C-Leu, and N-
EtO2C-Pro (0.8 equiv each), nucleophiles 1 and 2 (6.4 equiv
each), carbonic anhydrase (28 mmol, 1 equiv), and Pronase
(25 mg mL�1). The large amount of Pronase made diffusion
across the dialysis membrane the rate-limiting step for
hydrolysis; hence, all the dipeptides were cleaved at similar
rates in spite of the substrate selectivity of Pronase. Periodic
addition of fresh portions of active ester resin (defined as the
cycle time) regulated the overall rate of library synthesis. We
conducted three experiments with this system using cycle
times of 8, 12, and 16 h. HPLC analysis of aliquots from the
screening chamber showed the progress of the experiments
(Figure 2).

Two control experiments established, first, that the
synthetic process afforded all the expected dipeptides and,
second, that the sulfonamide-containing dipeptides inhibited
carbonic anhydrase. Combining equal amounts of the four
active esters with Phesa (1) as the nucleophile produced four
dipeptides 3a–d in a ratio of 18:44:15:23. Not surprisingly, the
coupling of 1 with the less-hindered glycine ester to produce
3b was more efficient than with the more-hindered phenyl-
alanine, leucine, or proline esters. In spite of these differences,
all four dipeptides formed in significant amounts. The use of
phenylalanine as the nucleophile gave similar results. For the
second control experiment, all eight dipeptides were prepared
individually and their ability to inhibit the CA-catalyzed
hydrolysis of p-nitrophenyl acetate (Scheme 2) was measured.
As expected, the sulfonamide-containing dipeptide compet-
itively inhibited this hydrolysis, with inhibition constants of
1.1–8.7 mm, while the non-sulfonamide dipeptides showed no
detectable inhibition. Dipeptide 3d was the best inhibitor,

with an inhibition constant of 1.1 mm, and dipeptide 3c the
next best, with an inhibition constant of 2.5 mm. Compound 1
also inhibits CA (Ki = 13 mm), but approximately tenfold less
effectively than the tightest binding dipeptide (3d).

In the first pseudo-dynamic experiment (8-hour cycle,
Figure 2a), the cycle time was too short for the destruction
reaction to remove the less-effective inhibitors. During the
first four hours of each cycle, the screening chamber
contained all eight dipeptides, thus indicating that all eight
had formed as expected. At the end of each 8 h cycle, prior to
the next addition of active ester, the hydrolysis had removed
the four non-sulfonamide dipeptides, thus leaving only the
four sulfonamide dipeptides. At the end of six cycles of active
ester addition, dipeptide 3b was present in the highest
amount (58 % yield, relative to CA), followed by 3d (33 %),
3c (27 %), and 3a (8%). These relative amounts differ from
their relative binding constants. The higher yield of 3b instead
reflects its more favorable rate of synthesis. In addition, the
sum of all the sulfonamide dipeptides at 48 h was greater than
the amount of target (126% yield). This high yield shows that
unbound dipeptides remained and that the destruction
reaction had not had enough time to distinguish between
the different sulfonamide inhibitors.

Lengthening the cycle time from 8 h to 12 h yielded the
best three inhibitors, in relative amounts in the order of their
inhibition constants (Figure 2b). Although sulfonamides 3b–
d were present in high concentrations early in the experiment,
the concentration of these weaker binding dipeptides had
diminished substantially at the end of four cycles. The tightest
binding dipeptide (3d) was present in the highest amount
(15 % yield relative to CA), followed by 3c (5%) and 3b
(1.5%). Notably, the ratio at the end of the experiment
(10.1:3.5:1) exceeded the ratio of their binding constants
(5.1:2.2:1). None of the weaker binding 3a or of the non-
sulfonamide dipeptides remained at the end of the experi-
ment.

The selectivity of the dynamic process improved even
further upon extending the cycle time to 16 h (Figure 2c). The

Scheme 2. Competitive inhibition constants of the library members for the CA-catalyzed hydrolysis of p-nitrophenyl acetate. The non-sulfonamide
compounds showed no detectable inhibition at 1 mm.
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initial synthesis during the first cycle favored dipeptide 3b,
the most rapidly synthesized dipeptide, but this dipeptide
disappeared in later cycles where the main competition was
between 3d and 3c, the tightest binding dipeptides. After four
cycles (64 h), only these two remained and the ratio of their
concentrations (13:1) was significantly higher than the ratio of
their binding constants (2.3:1). The selectivity increased to
> 100:1 in favor of the strongest binding dipeptide 3d after
three more cycles. The yield was 29% relative to the amount
of CA and corresponded to 4 mg of dipeptide. Thus, adjusting
the relative rate of the library synthesis and destruction
optimized the selectivity so that only the best-binding
dipeptide remained and was present in a good overall yield.

The selectivity in the pseudodynamic library is signifi-
cantly greater than that in many traditional dynamic libraries.
The optimum conditions produced only the single, tightest-
binding dipeptide (> 100:1 selectivity), while a traditional
approach would yield a mixture because the binding constants
for the two tightest-binding dipeptides differed by only 2.3-
fold. This higher selectivity greatly simplifies the analysis, as
only one compound need be identified and characterized. The
optimization of a pseudodynamic library arises through
control of the relative rates of synthesis and destruction. We
previously showed that a destruction reaction operating on a

static library in the presence of a receptor distinguishes
between library members with very similar binding constants,
selectively removing the weaker-binding species.[6] However,
when selectivity arises from destruction alone, significant
amounts of the best-binding library member must be
destroyed to achieve high ratios of good binder to slightly
poorer binder. This situation leaves only a small amount of
the best binder for analysis. The high selectivity in pseudody-
namic libraries also stems from the competition between
binding to the receptor and destruction.

The iterative nature of the experiment also contributes to
the high selectivity. Cleavage by Pronase has reduced the
amounts of weak-binding dipeptides toward the end of each
cycle, which leaves dipeptide 3d as the major species bound to
CA. The subsequent burst of synthesis produces a mixture of
all dipeptides which compete for the smaller amount of free
target. Pronase then rapidly cleaves all unbound species,
which would consist of a higher proportion of weak binders.
Following our static model, continued action of Pronase
further increases the ratio in favor of the bound species, which
results ultimately in high selectivity for the tightest-binding
speices.

Our static model of pseudodynamic combinatorial libra-
ries[6] indicates that selectivity stems from the relative binding
constants of the inhibitors, not their absolute affinity for the
target. Thus, we expect that pseudodynamic combinatorial
libraries will also work with even tighter-binding inhibitors,
but would require longer cycle times to distinguish between
these more tightly binding inhibitors. Indeed, we are currently
expanding our studies to larger pseudodynamic libraries to
discover such tighter-binding inhibitors.
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Biaryl Compounds

Arylnaphthalene Lignans through Pd-Catalyzed
[2+2+2] Cocyclization of Arynes and Diynes:
Total Synthesis of Taiwanins C and E

Yoshihiro Sato,* Takayuki Tamura, and Miwako Mori*

Biaryl compounds are an important class of substances, not
only as structures found in a variety of natural products, but
also as a chiral source for asymmetric synthesis. A biaryl
skeleton such as C is usually constructed through an aryl–aryl
coupling reaction between two aromatic compounds such as
D and E (Scheme 1).[1]

On the other hand, a transition-metal-catalyzed [2+2+2]
cocyclization of alkynes is useful for the construction of an
aromatic ring.[2] Recently, we reported a conceptually new
methodology for the synthesis of biaryl molecules through
Ni0-catalyzed [2+2+2] cocyclization, by which various biaryls
C were obtained in excellent yields by the [2+2+2] cocycli-

zation of alkyne A and two molecules of acetylene or by that
of diyneB and one molecule of acetylene.[3] In this context, we
planned the synthesis of arylnaphthalene derivatives G
through the [2+2+2] cocyclization of diyne F and an aryne
(Scheme 2).

Arylnaphthalene lignans occur widely in nature and
exhibit various biological activities.[4] If this [2+2+2] cocyc-
lization were to proceed between diyne 3 and aryne 2[5–8]

(derived from precursor 4[9]), various arylnaphthalene deriv-
atives 1 would be synthesized in a few steps involving three
C�C bond-forming reactions (Scheme 3). Those arylnaph-

Scheme 1. Synthesis of biaryl compounds by [2+2+2] cocyclization.

Scheme 2. Plan for [2+2+2] cocyclization of diynes and arynes.

Scheme 3. Retrosynthetic analysis for the synthesis of arylnaphthalene
lignans. TMS= trimethylsilyl, Tf= trifluoromethanesulfonyl.
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thalene derivatives should be key intermediates for the
syntheses of chinensin, justicidin B, diphyllin, and taiwanins C
and E. Herein we report the total synthesis of taiwanins C and
E[10] by using [2+2+2] cocyclization as a key step.

With the aim of synthesizing the taiwanins, substrates 3a–
3d were synthesized as shown in Scheme 4. Diynes 3a and 3b

were prepared by DCC-mediated esterification of carboxylic
acid 5[11] with the corresponding propargylic alcohols 6a and
6b,[12] respectively. Diyne 3c was synthesized by similar
esterification of 5 with 6c[13] followed by cleavage of the TBS
protecting group of 7 and oxidation of the corresponding
alcohol to the aldehyde. Diyne 3d, which bears an N-
methoxy-N-methylcarboxamide moiety (Weinreb
amide),[14,15] was also synthesized by similar esterification of
5 with 6d, which in turn was prepared by the Pd-catalyzed
coupling reaction of 8 and 9[16] followed by cleavage of the
THP protecting group of 10.

To examine the feasibility of the above-mentioned plan,
we initially investigated the [2+2+2] cocyclization of diynes
3a–d and a simple aryne precursor 4a (Table 1). When the
reaction of 3a or 3b and aryne precursor 4a in the presence of
CsF was carried out in CH3CN at room temperature with a
Ni0 catalyst prepared from [Ni(acac)2], PPh3, and DIBAL-
H,[3] the desired product 1aa or 1ba was not produced, and a
complex mixture containing some polymerization products
was obtained (Table 1, entries 1 and 2). Thus, the catalyst was
changed from nickel(0) to palladium(0)[6–8] (Table 1, entries 3–
9). The reaction of 3a and aryne precursor 4a in the presence

of CsF in CH3CN at room temperature was again investigated
with [Pd2(dba3)] as catalyst, and the desired product 1aa was
obtained in 18% yield (Table 1, entry 3). The reaction of 3b
under similar conditions afforded the desired product 1ba in
43% yield (Table 1, entry 4). It is known that an alkyne with
an electron-withdrawing substituent is more reactive than an
one without an electron-withdrawing group or even one with
an electron-donating substituent in Ni0- or Pd0-catalyzed
[2+2+2] cocyclization, which is consistent with the results of
entries 3 and 4.[3,17] Next, ligand effects in the reaction of 3b
and 4a under similar conditions were investigated (Table 1,
entries 5–7), and it was found that P(o-tol)3 is suitable for this
reaction and that the yield of 1ba was improved to 57% yield
(Table 1, entry 7). The reaction of aldehyde-terminated 3c
with 4a gave the desired product 1ca in only 2% yield along
with a complex mixture of polymerization products as the
major product (Table 1, entry 8). On the other hand, the yield
of the desired product was greatly improved to 78% in the
reaction of 3d, which has an N-methoxy-N-methylcarbox-
amide moiety, with 4a under similar conditions (Table 1,
entry 9).

Encouraged by these results, we turned our attention to
the synthesis of taiwanins C and E through the Pd0-catalyzed
[2+2+2] cocyclization of diyne 3d (Scheme 4) and aryne
precursor 4b (Scheme 5). Aryne precursor 4b was synthe-
sized by a procedure similar to that reported by Pe=a et al.:[7d]

TMS ether 12, which was prepared by the reaction of 11 with
HMDS, was treated with BuLi. The resulting silyl-migration
product was subsequently treated with Tf2O to give 4b in
83% yield (3 steps) (Scheme 5).

Scheme 4. Synthesis of substrates 3a–d. DCC=dicyclohexylcarbodii-
mide, DMAP=4-dimethylaminopyridine, TBS= tert-butyldimethylsilyl,
PCC=pyridinium chlorochromate, Ts=p-toluenesulfonyl.

Table 1: [2+2+2] Cocyclization of diynes 3 and aryne precursor 4a[a]

Run 3 R Catalyst[b] Ligand t [h] 1 Yield [%]

1 3a H [Ni(acac)2]/
DIBAL-H

PPh3 16 1aa –

2 3b CO2CH3 [Ni(acac)2]/
DIBAL-H

PPh3 2 1ba –

3 3a [Pd2(dba3)] – 4 1aa 18
4 3b [Pd2(dba3)] – 18 1ba 43
5 3b [Pd2(dba3)] PPh3 18 1ba 5
6 3b [Pd2(dba3)] dppb 6 1ba 6
7 3b [Pd2(dba3)] P(o-tol)3 2 1ba 57
8 3c CHO [Pd2(dba3)] P(o-tol)3 2 1ca 2
9 3d CON(OCH3)CH3 [Pd2(dba3)] P(o-tol)3 2 1da 78

[a] All reactions were carried out in CH3CN at room temperature in the
presence of 4a (3 equiv) and CsF (6 equiv). [b] For entries 1 and 2, Ni0 catalyst
was prepared by reduction of [Ni(acac)2] (20 mol%) with DIBAL-H (40 mol%)
in the presence of PPh3 (80 mol%). For entries 3–9, [Pd2(dba)3] (5 mol%) was
used. For entries 5, 7, 8, and 9, 40 mol% of the ligand was used. For entry 6,
dppb (20 mol%) was used. dba=dibenzylideneacetone, acac=acetylaceto-
nate, DIBAL-H=diisobutylaluminum hydride, dppb=1,1’-bis(diphenylphos-
phanyl)butane.
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The reaction of 3d and aryne precursor 4b under the
above-mentioned optimized conditions proceeded suc-
cessfully and gave the desired product 1db in 61% yield
(Scheme 6).

We next attempted the transformation of arylnaphthalene
product 1db into the taiwanins. To convert 1db into aldehyde
lactone 13, chemoselective reduction[14] of the amide moiety
in 1db was initially tried with DIBAL-H at � 78 8C
(Scheme 7). The desired product 13 was not obtained under
these conditions, but lactone aldehyde 15a and lactol
aldehyde 15b were obtained in 17 and
67% yield, respectively. These products
would have been produced through
reduction of the lactone moiety in 1db,
indicating that chemoselective reduction
of the lactone moiety in 1db is relatively
difficult at this stage.[18] On the other
hand, when 1db was treated with
NaOMe in CH2Cl2 at room temperature,
ring opening followed by rearrangement
of the lactone ring occurred to produce
lactone ester 16 in 78% yield
(Scheme 8).

Chemoselective reduction of the lac-
tone moiety in 16 successfully gave lactol
17 in good yield. Treatment of 17 with
NaBH4 followed by acidic workup gave
the desired alcohol lactone 19 in excel-
lent yield in a one-pot operation via diol
18. Oxidation of 19 with PCC afforded
the desired aldehyde lactone 13 in 89%
yield.

Finally, transformations of aldehyde–lactone 13 into
taiwanins C and E were investigated (Scheme 9). Baeyer–
Villiger oxidation of 13 with MCPBA followed by hydrolysis
of the corresponding formate gave taiwanin E in 88% yield
(2 steps). The spectral data of the product were completely
identical with those previously reported.[10i] Taiwanin C was
also obtained in 64% yield from the same intermediate 13 in
one step through a decarbonylation reaction by treatment of
13 with the Wilkinson catalyst (Scheme 9).[19]

In conclusion, we succeeded in developing a novel method
for the construction of arylnaphthalene skeletons through a
Pd0-catalyzed [2+2+2] cocyclization of diynes and arynes.
This cocyclization was the key step in the total synthesis of
taiwanins C and E, which required 9 and 10 steps, respec-

Scheme 5. Synthesis of benzyne precursor 4b. HMDS=hexamethyldi-
silazane.

Scheme 6. [2+2+2] Cocyclization of diyne 3d and benzyne precursor
4b.

Scheme 7. Attempted chemoselective reduction of 1db.

Scheme 8. Conversion of 1db into the key intermediate 13. M.S.=molecular sieves.

Communications

2438 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 2436 –2440

http://www.angewandte.org


tively, from reported or commercially available compounds.
The present convergent strategy paves the way for the
synthesis of various arylnaphthalene lignans from the combi-
nation of various diynes 3 and aryne precursors 4. Further
studies along this line are in progress in our laboratories.

Experimental Section
1db : [Pd2(dba)3]·CHCl3 (26 mg, 0.025 mmol) and P(o-tol)3 (61 mg,
0.20 mmol) were dissolved in CH3CN (1.2 mL), and the mixture was
stirred at room temperature for 15 min. The catalyst solution was
added through a cannula to a solution of 3d (160 mg, 0.51 mmol), 4b
(530 mg, 1.6 mmol), and CsF (472 mg, 3.1 mmol) in CH3CN (1.8 mL)
at 0 8C. (More CH3CN (1.0 mL) was used to wash the catalyst
through.) The mixture was stirred at room temperature for 4 h and
then quenched with a saturated solution of NH4Cl. The mixture was
extracted with EtOAc, and the organic layer was washed with brine
and dried over Na2SO4. After removal of the solvent, the residue was
purified by column chromatography on silica gel (hexane/EtOAc 3:2)
to give 1db (134 mg, 61%) as a yellowish solid. Unconverted 4b
(257 mg, 48%) was recovered. IR (neat): ñ= 1762, 1653 cm�1;
1H NMR (270 MHz, CDCl3): d= 7.26 (s, 1H), 7.25 (s, 1H), 6.97 (d,
J= 7.9 Hz, 1H), 6.83–6.74 (m, 2H), 6.10–6.06 (m, 4H), 5.35 (s, 2H),
3.51 (s, 3H), 3.43 (s, 3H); EILRMS: m/z (%): 435 [M+] (375);
EIHRMS: calcd for C23H17NO8: 435.0954; found: 435.0942.

Received: January 20, 2004 [Z53809]

.Keywords: arynes · cycloaddition · lignans · palladium ·
synthetic methods · total synthesis
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Si–C Activation

Synthesis of Amines from Imines in the
Coordination Sphere of Silicon—Surprising
Photo-Rearrangement of Hexacoordinate
Organosilanes**

J�rg Wagler, Thomas Doert, and Gerhard Roewer*

Some organosilanes are considered to represent key com-
pounds in novel routes in organic synthesis.[1] Hypercoordi-
nation of the silicon atom often plays a decisive role in
activating synthons.[2] Frequently complexes with a penta-
coordinate Si atom are employed in syntheses or expected to
be intermediates. Generally the higher coordination number
of the Si atom results in longer bonds to all donor atoms and
activation of the otherwise relatively inert Si�C bonds. If the
hypercoordinate organosilicon compound has additional Si�
O and Si�N bonds involved in chelate rings, the Si�C bond is
the weakest part and is thus activated for bond cleavage.

Silicon complexes with salen ligands offer the possibility
of converting of the dative Si�N bonds into a covalent bond
thereby eliminating a monodentate ligand, for example,
halide, from the Si atom as previously shown in case of
pentacoordinate Si complexes with enamine ligands
(Scheme 1).[3] Are hexacoordinate Si complexes with these

ligands accessible, and is it possible to form covalent Si�N
bonds that can be used for Si�C bond activation? We found
first answers to these questions in the investigations described
here.

Using the salen ligand 1 (Scheme 2), we succeeded in
preparing hexacoordinate silicon complexes, in which the Si
bears two organic substituents. The ligand's rigid aromatic
ring systems are expected to aid crystallization of the
complexes. The flexible methoxy groups promote the sol-
ubility of the molecules as well as convenient adaptation to
the crystal lattice.

Compounds 2a and 2b, which were prepared from 1, are
readily soluble in chloroform and were characterized by 1H,
13C and 29Si NMR spectroscopy. Crystals of 2a and 2b suitable
for X-ray structure analysis were obtained.[4] Since the
conformations of the two molecules are similar, only the
structure of 2b is given in Figure 1. The silicon atom has a
distorted octahedral coordination sphere, in which the donor
atoms of the salen ligand are in equatorial position and the
organic substituents are trans situated. Owing to steric
demands, the phenyl groups of the tetradentate ligand are
turned out of the equatorial plane by nearly 908.

Scheme 1. a) THF/(PhSiCl3/EtiPr2N 1:2), b) THF/Et3N.

Scheme 2. a) THF/R’R’’SiCl2/Et3N, b) THF/hn, c) CHCl3/MeOH.

Figure 1. Molecular structure of compound 2b in the crystal (ORTEP
drawing with 50% probability ellipsoids). Selected bond lengths [-]
and angles [8]:Si1-O1 1.782(1), Si1-O2 1.7667(1), Si1-N1 1.995(2), Si1-
N2 1.981(2), Si1-C31 1.971(2), Si1-C37 1.952(2), C7-N1 1.295(3), C22-
N2 1.299(3), C1-O1 1.328(2), C16-O2 1.325(2); C31-Si1-C(37)
176.78(9), N1-Si1-O2 174.11(7), N2-Si1-O1 173.86(7), O1-Si1-N1
90.98(7), N1-Si1-N2 82.92(7), O2-Si1-N2 92.86(7), O1-Si1-O2 93.19(7).
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The 29Si NMR spectra confirm hexacoordination of the Si
atom in both cases. In the 13C NMR spectra of both 2a and 2b
two additional peaks for aromatic C atoms are found. They
indicate a barrier to the rotation of the ligand's phenyl groups,
resulting in diastereotopic ortho and meta positions.

Hexacoordination at the Si atom results in lengthening of
the Si�C bond (d(Si�CH3)= 1.94 8 in 2a, d(Si�CH3)=
1.86 8 at a pentacoordinate Si atom with analogous donor
atoms[3]). This leads to remarkable activation of the usually
inert Si�C bond. Irradiation of complexes 2a and 2b in THF
with UV light leads to a 1,3-rearrangement of one Si-bound
organic substituent (Scheme 2). The racemic mixture of (R,S)
and (S,R) diastereomers of 3a and 3b were formed as the
main products.[5] The resulting mixture of diastereomers
[(R,S),(S,R)]:[(R,R),(S,S)] was found to have molar ratios of
15:1 (3a) and 6:1 (3b). Remarkably, rearrangement of the R’’
alkyl group is preferred.

The transfer of other alkyl groups besides methyl is also
possible, as the rearrangement of 2b to give 3b proved. The b-
hydrogen transfer to the imine carbon atom and accompany-
ing elimination of an olefin was not evident (Scheme 3).[5]

Cleavage of the second Si�C bond was not observed, which
indicates that the Si�C bond activation imperative to Si�C
bond cleavage is possible only created at the hexacoordinate
silicon atom.

Compounds 3a and 3b were purified by recrystallization,
and the single-crystal X-ray structure of 3b was determined
(Figure 2).[4] The coordination sphere of the Si atom of 3b is
distorted trigonal bipyramidal, exhibiting the dative Si�N
bond in axial position. The covalent Si�N bond is significantly
shorter than the dative one. Since the nitrogen atom of the
new formed C�N single bond is not in conjugation with p-
electron systems, this single bond is significantly longer than
similar C�N bonds in analogous enamine complexes.[3]

Nevertheless, the environment of N2 is nearly planar (sum
of bond angles: 358.848). The migration of the ethyl group
onto the favored side of the salen type ligand in the
octahedral complex 2b accounts for the racemic mixture of
enantiomers (S,R)/(R,S) of 3b isolated.

The UV/Vis spectra of compounds 2 and 3 show intensive
absorptions for aromatic systems and C=N units in the
expected wavelength region (l= 200–450 nm). Indications for

either the thermal or photochemical reversibility of the
rearrangement reaction were not observed. No conclusions
could be drawn with regards to the photoreactivities of the
reactant and product.

Solvolysis of complexes 3 with anhydrous methanol
yielded the modified ligand 4 (Scheme 2), as shown for the
preparation of 4a from 3a. The organotrimethoxysilane
formed in this solvolysis can be employed for 29Si NMR
spectroscopic determination of the nonrearranged Si-linked
organic substituent R’.

Previous investigations on the photoreactivity of com-
plexes with hypercoordinate silicon atom resulted in photo-
switching of the coordination number at the Si atom by UV-
induced trans--cis isomerization of diazobenzene ligands.[6]

Our photoreaction presented herein provides a new synthetic
route to amines. This rearrangement reaction represents a
novel organylation reaction with organosilicon compounds. In
the reactions investigated the alkyl-group migration proceeds
with surprisingly high efficiency and remarkable stereoselec-
tivity.

Experimental Section
Compound 1 was prepared by condensation of 2-hydroxy-4-methox-
ybenzophenone and ethylenediamine according to a published
method.[7]

2a·2CHCl3: (prepared in analogy to 2b·2CHCl3) yield: 85.6%
2a·2CHCl3,

29Si NMR (79 MHz, CDCl3): d=�171.1 ppm (60 MHz,
CP/MAS): diso=�169.6 ppm; Elemental analysis calcd (%) for
C39H36N2O4SiCl6: C 55.93, H 4.33, N 3.34; found: C 56.14, H 4.20, N
3.18.

2b·2CHCl3: A solution of 1 (9.0 g, 18.8 mmol) and triethylamine
(6.0 g, 59.4 mmol) in THF (150 mL) was stirred at 20 8C, and
phenylethyldichlorosilane (3.95 g, 19.3 mmol) was added dropwise.
The resulting mixture was stirred at 0 8C for 1 h, the triethylamine
hydrochloride was removed by Schlenk filtration and washed with
THF. The yellow filtrate was dried in vacuum, dissolved in chloroform

Scheme 3.

Figure 2. Molecular structure of compound 3b in the crystal (ORTEP
drawing with 50% probability ellipsoids). Selected bond lengths [-]
and angles [8]:Si1-O1 1.701(1), Si1-O2 1.718(1), Si1-N1 2.036(1), Si1-
N2 1.733(1), Si1-C31 1.876(2), O1-C1 1.363(2), O2-C16 1.356(2), N1-
C7 1.299(2), C7-C6 1.457(2), C7-C8 1.490(2), N2-C22 1.492(2), C37-
C22 1.550(2), C23-C22 1.549(2), C22-C21 1.529(2); N1-Si1-O2
171.49(6), O1-Si1-N2 126.61(6), N1-Si1-N2 82.69(6), O1-Si1-C31
109.83(6), N2-Si1-C31 121.64(7), O2-Si1-O1 87.56(5), O2-Si1-N2
97.58(6), O2-Si1-C31 98.46(6).
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(30 mL), and stored at room temperature. After one week crystals
were filtered off, washed with chloroform (15 mL), and dried in
vacuum. Yield: 10.2 g (12.0 mol, 63.8%) 2b·2CHCl3;

1H NMR
(400 MHz, CDCl3): d= 1.01 (s, 5H, SiCH2CH3), 3.0–3.2 (m, 4H,
CH2CH2), 3.78 (s, 6H, OCH3),6.1–7.8 ppm (m, 21H, aryl); 13C NMR
(101 MHz, CDCl3): d= 13.2 (CH3), 23.0 (SiCH2) 48.3 (CH2CH2), 55.3
(OCH3), 16 signals for aromatic C atoms, 170.2 ppm (C=N);

29Si NMR
(79 MHz, CDCl3): d=�169.6 ppm; Elemental analysis calcd (%) for
C40H38N2O4SiCl6: C 56.42, H 4.50, N 3.29; found: C 57.03, H 4.57, N
3.55.

2b : 2b·2CHCl3 (4.15 g) was stirred in refluxing n-hexane (50 mL)
for 1 h, and the yellow crystals were transformed into a pale yellow
powder, which was filtered off, washed with n-hexane, and dried in
vacuum. (3.05 g, 4.98 mmol); m.p. 181 8C; Elemental analysis calcd
(%) for C38H36N2O4Si: C 74.48, H 5.92, N 4.57; found: C 73.81, H 6.13,
N 4.52.

2a : (prepared in analogy to 2b) m.p. 218 8C; Elemental analysis
calcd (%) for C37H34N2O4Si: C 74.22, H 5.72, N 4.68; found: C 73.73,
H 5.77, N 4.62.

3a, 3b : The photoreactions were carried out with a medium-
pressure Hg lamp (lmax= 365–436 nm) in a 150-mL reactor at 15 8C.
THF (130 mL) was used as solvent, and the reactants were irradiated
as solutions or suspensions as follows: 3a : 6.07 g 2b·2CHCl3, 5 h; 3b :
4.17 g 2b·2CHCl3, 5 h; The solvent was removed in vacuum from the
product solutions.

3a·2CHCl3: The crude product was recrystallized from chloro-
form/hexane. Yield: 1.9 g (2.27 mmol, 31.3%) ; m.p. 198 8C (recrys-
tallization and loss of CHCl3 at 70 8C);

1H and 13C NMR data are
similar to 3b. 29Si NMR (79 MHz, CDCl3): d=�113.3 ppm; Elemen-
tal analysis calcd (%) for C39H36N2O4SiCl6: C 55.93, H 4.33, N 3.34;
found: C 57.68, H 4.63, N 3.46.

3b·2CHCl3 : The crude product was recrystallized from chloro-
form/hexane. Yield: 2.40 g (2.82 mmol, 57.6%).

3b : 3b·2CHCl3 was recrystallized from 1,3-dimethylimidazolidin-
2-one; m.p. 239 8C; 1H NMR (400 MHz, CDCl3): d= 1.10 (t, 3H,
CH3), 2.05–2.15 (m, 1H, CH2), 2.4–2.5 (m, 2H, CH2, CH2CH2), 2.8–
2.95 (m, 1H, CH2CH2), 3.1–3.2 (m, 1H, CH2CH2), 3.45–3.55 (m, 1H,
CH2CH2), 3.66 (s, 3H, OCH3), 3.85 (s, 3H, OCH3),6.05–7.75 ppm (m,
21H, aryl); 13C NMR (101 MHz, CDCl3): d= 8.3 (CH3), 31.5 (CH2),
43.3, 52.0 (CH2CH2), 55.0, 55.8 (OCH3), 69.5 (N-C-(Ar, Ar, Me)), 26
signals for aromatic C atoms, 170.0 ppm (C=N); 29Si NMR (79 MHz,
CDCl3): d=�114.5 ppm; Elemental analysis calcd (%) for
C38H36N2O4Si: C 74.48, H 5.92, N 4.57; found: C 74.18, H 5.45, N 5.00.

4a : A solution of 3a·2CHCl3 (0.51 g, 0.609 mmol) in chloroform
(5 mL) was treated with methanol (0.3 mL). After 1 d the solvent was
removed in vacuum and the product recrystallized from methanol
(2 mL), filtered off, washed with methanol (0.5 mL), and dried in
vacuum. Yield: 0.20 g (0.403 mmol, 66.2%); m.p.: 235 8C; 1H NMR
(400 MHz, CDCl3): d= 1.84 (s, 3H, CH3), 2.4–2.5 (m, 1H, NH), 2.65–
2.80 (m, 2H, CH2CH2), 3.35–3.45 (m, 2H, CH2CH2), 3.74 (s, 3H,
OCH3), 3.80 (s, 3H, OCH3), 6.15–7.50 (m, 16H, aryl), 11.98 (s, 1H,
OH), 15.74 ppm (s, 1H, OH); 13C NMR (101 MHz, CDCl3): d= 25.4
(CH3), 42.9, 50.5 (CH2CH2), 55.2, 55.3 (OCH3), 63.8 (N-C(Ar, Ar,
Me)), 20 signals for aromatic C atoms, 175.2 ppm (C=N); Elemental
analysis calcd (%) for C31H32N2O4: C 74.98, H 6.49, N 5.64; found: C
74.78, H 6.56, N 5.68.
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[4] X-ray structure data were recorded on ENRAF-NONIUS
Kappa-CCD (2a·2CHCl3 and 2b·2CHCl3) and STOE IPDS2
diffractometers (3b) with MoKa radiation. Structures were solved
by direct methods and refined with least squares method. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms
were placed in idealized positions and refined isotropically.
Structure solution and refinement of F2 against all reflections with
the software SHELXS-97 and SHELXL-97 (G. M. Sheldrick,
UniversitOt GPttingen, 1986–1997). a) Compound 2a·2CHCl3:
C39H36N2O4SiCl6, Mr= 837.49, yellow crystal, 0.53 Q 0.34 Q
0.24 mm, a= 9.804(1), b= 10.851(1), c= 19.372(2) 8, a=

98.20(1), b= 102.44(1), g= 96.00(1)8, V= 1972.3(3) 83, 1calcd=

1.410 gcm�3, 2qmax= 508, F(000)= 864, m= 0.509 mm
�1, absorp-

tion correction: multiscan method (MULABS), Z= 2, triclinic
space group P1̄, l= 0.71073 8, T= 198(2) K, 50747 recorded
reflections (�11�h� 11, �12�k� 12, �23� l� 23), 6887 inde-
pendent and 5652 observed reflections with Fo= 2s(Fo), 578
parameters, R= 0.0512, wR2= 0.0998 (all data), residual electron
density (highest peak and deepest hole) 0.312 and �0.327 e8�3.
b) Compound 2b·2CHCl3: C40H38N2O4SiCl6, Mr= 851.51, yellow
block, 0.65Q 0.44 Q 0.40 mm, a= 9.853(1), b= 10.758(1), c=
19.626(3) 8, a= 96.73(1), b= 102.73(1), g= 94.70(1)8, V=

2002.7(4) 83, 1calcd= 1.412 gcm
�3, 2qmax= 508, F(000)= 880, m=

0.502 mm�1, absorption correction: multiscan method
(SADABS), Z= 2, triclinic space group P1̄, l= 0.71073 8, T=

198(2) K, 52203 recorded reflections (�11�h� 11,�12�k� 12,
�23� l� 23), 7032 independent and 5571 observed reflections
with Fo= 4s(Fo), 523 parameters, R= 0.0578, wR2= 0.1052 (all
data), residual electron density (highest peak and deepest hole)
0.637 and �0.644 e8�3. c) Compound 3b : C38H36N2O4Si, Mr=

612.78, yellow crystal, 0.244Q 0.111Q 0.049 mm, a= 15.575(1),
b= 12.499(1), c= 17.312(1) 8, b= 110.798(3)8, V= 3150.4(3) 83,
1calcd= 1.292 gcm

�3, 2qmax= 508, F(000)= 1296, m= 0.119 mm
�1,

absorption correction: by integration (STOE X-RED), Z= 4,
monoclinic space group P21/c, l= 0.71069 8, T= 200(1) K, 30607
recorded reflections (�18�h� 18, �14�k� 14, �19� l� 20),
5524 independent and 3922 observed reflections with Fo= 4s(Fo),
413 parameters, R= 0.0542, wR2= 0.0847 (all data), residual
electron density (highest peak and deepest hole) 0.256 and
�0.211 e8�3. CCDC-220950 (2a·2CHCl3), CCDC-220949
(2b·2CHCl3), and CCDC-220951 (3b) 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).

[5] 29Si NMR spectra of the crude products were recorded after
irradiation. They show complete conversion of the starting
compound as well as the major product of the rearrangement
reaction (the diastereomeric mixture) with more than 95% in
both cases. b-Hydrogen migration together with ethene elimina-
tion was observed in case of irradiation of 2b as a minor
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alternative reaction route. Traces of the silicon-containing
product of this reaction (< 5%) were evident from a third peak
in the 29Si NMR spectrum (d=�114.8 ppm) as well as a peak at
d= 4.9 ppm in the 1H NMR spectrum (transferred H atom) of the
crude product.

[6] N. Kano, F. Komatsu, T. Kawashima, J. Am. Chem. Soc. 2001, 123,
10778 – 10779.

[7] U. Dinjus, H. Stahl, E. Uhlig, Z. Anorg. Allg. Chem. 1980, 464,
37 – 44.
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Polymerization Mechanisms

Metallocene-Catalyzed C7-Linkage in the
Hydrooligomerization of Norbornene by s-Bond
Metathesis: Insight into the Microstructure of
Polynorbornene

Christos Karafilidis, Holger Hermann, Anna Rufi�ska,
Barbara Gabor, Richard J. Mynott, Georg Breitenbruch,
Claudia Weidenthaler, J!rg Rust, Werner Joppek,
Maurice S. Brookhart, Walter Thiel, and Gerhard Fink*

Norbornene (bicyclo[2.2.1]hept-2-ene) (NB) has been poly-
merized with many catalysts, and polynorbornene has indus-
trial relevance. Of the three different kinds of NB polymer-
ization that have been reported (Scheme 1), the ring-opening

metathesis polymerization (ROMP) is the best known.[1] The
vinylic-type polymerization of NB has also been the subject of
a number of studies,[2] but only a few cases of radical/cationic
polymerization have been reported.[3]

Many different early and late transition-metal catalysts,
including several (ansa)-zirconocenes, have been used for the
vinylic-type polymerization. It has been shown that the
copolymerization with ethene catalyzed by these complexes
proceeds by means of a cis-exo insertion (Scheme 2).[5] A cis-
exo insertion has also been proposed
for the homopolymer, but no hard
evidence has yet been presented to
support this.[2] The microstructure of
metallocene-polymerized polynor-
bornenes is not well known because
many of the homopolymers are
insoluble in chlorinated organic sol-
vents even at elevated temperatures.
Thus, NMR data are scarce[6] and
mostly limited to solid-state spectra.[7]

In the 13C solid-state NMR spectra
of polynorbornenes generated by the
catalyst system rac-[iPr(Ind)2ZrCl2]/
MAO (Ind= indenyl, MAO=meth-
ylalumoxane), some unexpected
chemical shifts and unusual narrow lines prompted us to
examine the microstructure of these polymers in greater
detail. To this end, we synthesized oligomers from the dimers
to the pentamers using the same catalyst and isolated and
characterized them. Surprisingly, we found a new type of
linkage in the tetramers and pentamers. Figure 1 shows the X-

ray crystal structure[8] of the pentamer with this novel
structure element, formally a 2-exo,7’-syn linkage between
C11 and C33. This demonstrates that, in contrast to the
proposals in literature,[2] the polymerization process is not
restricted to cis-exo insertions. A pentamer having an
analogous structure was mentioned in 1998 by Arndt and
Gosmann[7] but without any further comment or explanation.
The oligomers were produced by polymerizing NB in the

presence of hydrogen[9] and isolated by distillation in vacuum

Scheme 1. The three known types of polymerization of norbornene.

Scheme 2. Numbering
and stereochemical
orientations in a sub-
stituted norbornane.[4]

Figure 1. Single-crystal X-ray structure of a norbornene pentamer.
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and preparative HPLC. Their purities were checked by
gas chromatography, and their molecular weights, bymass
spectrometry. The structures of the oligomers were
determined by X-ray structure analysis (with the excep-
tion of the tetramer). In addition, the resonances in the 1H
and 13C NMR spectra of all the oligomers were fully
assigned, and their structures, including that of the
tetramer, derived by 2D NMR spectroscopy. In each
case we can be sure that the material characterized is the
main product because X-ray powder analysis confirmed
that the single crystals used for the X-ray structure were
of the main product and not a minor constituent, and
because the structures determined by X-ray crystallog-
raphy and NMR spectroscopy are fully consistent with
each other.
All oligomers prepared with the catalyst system rac-

[iPr(Ind)2ZrCl2]/MAO havemeso linkages as in the dimer
(Scheme 3), which are formally 2-exo,2’-exo linkages

according to Scheme 2, except for the unexpected 2-exo,7’-
syn linkage in the tetra- and pentamer (Figure 1, C33 and
C11). Other oligomers formed as minor products have rac in
addition to meso linkages.
To explain the 2-exo,7’-syn linkage, we first considered

whether a radical or cationic polymerization might occur after
the third insertion of NB, but two facts are inconsistent with
this assumption. The next monomer to be inserted is bound
syn (Figure 1) not anti, as would be expected for a radical or
cationic polymerization (Scheme 1). Furthermore, in the
pentamer, the last monomer to be inserted is meso-linked.
Both findings require that the metallocene catalyst is involved
in all the insertion steps.
On the basis of our results we propose the reaction

sequence in Scheme 4. In the case of hydrooligomerization
the starting species is the Zr hydride 1. As shown by the
structure of the dimer and trimer, the first three monomers
are inserted in a cis-2,3-exo mode to form a linear chain 2.
However, the chain can change its conformation so that the
syn hydrogen at C7 (for numbering see Scheme 2) of the
penultimately inserted monomer can interact with the Zr
atom in 3. A s-bond metathesis follows, with the result that
the Zr atom is now bound syn to C7 of the penultimately
inserted monomer, forming a 2-exo,2’-exo-bound mononor-
bornyl branch in 4. Further cis-2,3-exo insertions lead to the
observed tetramer 5 and pentamer (Figure 1). It is conceiv-
able, but not yet experimentally proven, that the polymer-
ization then proceeds by another cis-2,3-exo insertion to yield
6, which is analogous to 2 and can therefore undergo a further

s-bond metathesis. This mechanism would result in a poly-
norbornene with alternating 2-exo,7’-syn and 2-exo,2’-exo
linkages in the backbone and 2-exo,2’-exo-linked norbornyl
branches (Scheme 5).

This reaction scheme was developed taking into account
the experiments on intermolecular[10] and intramolecular[11] s-
bond metathesis reactions between small alkyl groups which,
however, were not extended to polymeric systems. In the
polymerization of ethylene with constrained-geometry Ti
catalysts, density functional calculations[12] predict s-bond
metathesis as a possible though not favorable mechanism for
long-chain branching, which involves the backbiting of a
polyethylene chain on the Ti atom; this type of alkyl s-bond
metathesis[12] has not yet been found experimentally, and it
also occurs randomly and not periodically after a fixed
number of insertions, as assumed in our case.
To support our proposed mechanism we performed

density functional (DFT) calculations using the BPW91
functional and a basis set of at least double-z quality plus
polarization functions (see Supporting Information). Com-
pounds 3 and 4 were modeled by complexes having dinor-
bornyl units bound to a methylene-bridged bis(cyclopenta-
dienyl)zirconium center (Figure 2). The DFT calculations
show that the g-agostic conformer that is initially formed
upon insertion of the second NB monomer can be converted
easily by internal rotations into a low-energy e-agostic
conformer A, which exhibits a suitable orientation for s-
bond metathesis. This reaction proceeds via a transition state
([AB]�) with a short Zr–H distance (1.92 B) and a barrier of

Scheme 3. Stereochemistry of meso and rac linkages in norbornene
hydrodimers.

Scheme 4. Proposed mechanism for the combined vinylic insertion and s-bond meta-
thesis polymerization of norbornene with only meso linkages. R=polymer, CH3, H;
[Zr]= rac-[iPr(Ind)2Zr]

+.

Scheme 5. Norbornene polymerization by means of vinylic insertion
and s-bond metathesis.
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about 12 kcalmol�1. The metathesis product B is computed to
be more stable than the model reactant A by about
6 kcalmol�1. The calculated barrier for s-bond metathesis is
of similar magnitude, in our model system, as that for
norbornene insertion during chain propagation.[13] These
results indicate that s-bond metathesis might indeed
become a competitive reaction pathway, especially for steri-
cally demanding catalysts. According to the DFT calculations,
s-bond metathesis is thus feasible both kinetically and
thermodynamically.
In conclusion, we have established that a new kind of

linkage is formed during the homopolymerization of NB with
one well-known metallocene/MAO catalyst system. Investi-
gations on higher oligomers are in progress to determine
whether this s-bond metathesis step is repeated in the
growing chain. In addition, we are interested in exploring
the properties of a polynorbornene that has such regular
meso- and 2-exo,7’-syn-linked structure elements.
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Cyclizations

Highly Modular Construction of Differently
Substituted Dihydrodibenzo[a,c]cycloheptenes:
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2,2’-Cyclo-7,8’-neolignans**
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Although cyclolignans containing seven-membered carbo-
cycles, like colchinol derivatives, inhibit the polymerization of
tubulin in vitro, they have received scant attention in the
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past.[1] Earlier strategies started with the biaryl synthesis
developed by Meyers and yielded the seven-membered ring
system after a multistep sequence.[2] Because of the many
steps and the low overall yields, this pathway is less attractive
for the construction of analogues and natural products of the
metasequirin B series. Spectroscopic, crystallographic, and
theoretical investigations indicate that 2,2’-cyclo-7,8’-neolig-
nans are comparable to their corresponding eight-membered-
ring derivatives, which exhibit a preferential twist-boat-chair
conformation, in terms of their structure and biological
activity.[3] Therefore, easily accessible molecules from this
class of 2,2’-cycloneolignans may serve as surrogates for the
interesting eight-membered lignans.
We report an efficient and highly modular route to

dihydrodibenzo[a,c]cycloheptenes 6. Simple and readily
available components like the appropriately substituted
benzyl halides, benzaldehydes, phosphonium salts, and phos-
phonates were used as starting materials. The reaction
sequence of the one-pot procedure commenced with the
alkylation of the deprotonated phosphorus reagent employ-
ing benzyl halides (Scheme 1). Base was added again, and the

subsequent Wittig reaction with benzaldehyde derivatives
resulted in an isolable mixture of olefins 4, in which all three
components are properly connected. In the succeeding
hydrogenation with palladium on charcoal the reaction
mixture could be used directly, but it was beneficial to
remove the salts and triphenylphosphane oxide.[4] In the case
of the iodo-substituted substrate 4e dehalogenation and
deactivation of the catalyst could be avoided when the
double bond was reduced by treatment with triethylsilane in
trifluoroacetic acid,[5] whereas the reduction of the bromo
derivative 4d succeeded with the Adams catalyst. All hydro-
genations proceeded quantitatively and provided the analyti-
cally pure 1,3-diarylpropanes.[6]

Employing benzyl chlorides[7] for the alkylation of 1 gave
lower yields for 5d–h, whereas the corresponding benzyl
bromides[8] always provided better results (see Table 1,
entries 1–3). The first benzyl moiety could also be introduced

with the phosphonoacetate,[9] and the subsequent Horner
olefination was performed with sodium hydride in toluene.
Toxic thallium or vanadium reagents are often applied for

the intramolecular coupling reaction of electron-rich aryl
groups.[10] The transformation is much better with either
hypervalent iodine systems[11] or the biocompatible MoCl5. If
the latter reagent is used, the substrate must have a 1,2-
dialkoxy substitution pattern for the dehydrodimerization
reaction to succeed.[12] The synthetic power of MoCl5 in the
oxidative cyclization reaction was demonstrated in the con-
struction of the 2,2’-cyclolignans (eight-membered-ring sys-
tems), which proceeded in the moderate yields typical for this
class of compounds.[13] The addition of Lewis acids like TiCl4
enhance the synthetic potential of MoCl5 significantly.

[14]

Scheme 1. a) THF, 0 8C, nBuLi, 2 h; then 2, 0 8C, 2 h; then nBuLi, 0 8C,
2 h; then 3, 15 h, RT; b) THF, Pd/C, H2, 1 atm, 10 h, RT; 5d: THF,
PtO2, H2, 1 atm, 10 h, RT; 5e: TFA, Et3SiH, CH2Cl2, 10 h, RT; c) CH2Cl2,
MoCl5, TiCl4. RT= room temperature, TFA= trifluoroacetic acid.

Table 1: Results of the alkylation/Wittig olefination sequence and
subsequent hydrogenation.

Entry R1 2 3 5 Yield [%]

1 CH3 5a 74

2 CH3 5b 73

3 CH3 5c 75

4 CH3 5d 35

5 CH3 5e 56

6 CH3 5 f 64

7 CH3 5g 43

8 CH3 5h 51

9 COOEt[a] 5 i 72

[a] Triethyl phosphonoacetate was employed instead of the phosphoni-
um salt 1.
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In contrast to the synthesis of eight-membered lignans, the
oxidative conversion of the 1,3-diarylpropanes using MoCl5/
TiCl4 reagent mixtures gave the corresponding seven-mem-
bered ring systems in excellent yields, and the reaction
tolerated a broad range of functional groups. The construction
of the seven-membered carbocycle 6a was realized in good
yields. Previous procedures for the preparation of similar
compounds with thallium reagents gave substantially lower
yields.[15] Surprisingly, the oxidative coupling reaction provid-
ing the less electron-rich trimethoxy derivative 6b was
accomplished quantitatively. Even a nonactivated phenyl
moiety was successfully subjected to the oxidative cyclization
process (see Table 2, entry 3). Increasing the amount of the
reagent did not lead to better results for the desired product
but rather the formation of a dimeric species.[16] The MoCl5-
mediated oxidative coupling reaction tolerated the valuable
bromo and iodo substituents,[17] which are handles for
subsequent modification of the cyclized products by tran-
sition-metal-catalyzed reactions. Very electron-rich biphenyl
moieties equipped with six methoxy groups (6 f) are found in
many natural products and were obtained in almost quanti-
tative yield by this methodology (see Table 2, entry 6). The
reaction conditions of the MoCl5-mediated transformation
were compatible with a variety of different protective groups
for the phenolic oxygen.[18] When a triisopropylsilyl group was
used, some protolytic desilylation occurred (see Table 2,
entry 7). Homogeneous materials in over 90% yield were
obtained either by subsequent resilylation or by deprotection
of the crude product. Substrates containing benzodioxole
moieties could be cyclized to provide the desired compound
6h in impressive yield despite the oxidation-sensitive meth-
ylene group.
The reaction of 5 i with the oxidizing agent was signifi-

cantly slower, since the electrophilic metal center, which
typically binds to the methoxy groups of the substrate, may
coordinate intramolecularly to the ester moiety. Prolonged
reaction times at room temperature also facilitated almost
complete cyclization of 5 i to give the seven-membered-ring
system 6 i.
We have described the first highly modular construction

of dihydrodibenzo[a,c]cycloheptenes 6. Simple and inexpen-
sive building blocks were connected successfully and effi-
ciently in a one-pot procedure, which was followed by an
oxidative cyclization reaction. The dehydrodimerization reac-
tion was accomplished with MoCl5/TiCl4 reagent mixtures in
almost quantitative yield, and it tolerated a broad variety of
functional groups. This route for the construction of such
dihydrodibenzo[a,c]cycloheptenes is the most efficient strat-
egy to date with overall yields of up to 72%.
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