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

Transcription Factors

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

Bioanalysis

Modern bioanalytical techniques based on fluorescence resonance energy transfer
(FRET) are discussed by I. L. Medintz and co-workers in their Review on

page 4562 ff. Particular emphasis is given to novel donor and acceptor materials and
the combination of different classes of materials.

Supramolecular Chemistry

In their Communication on page 4590 ff., L. G. Marinescu and M. Bols show that at
neutral pH and ambient temperature, hydrogen peroxide and benzyl alcohols meet in
the active site of a cyclodextrin-derived ketone and react up to 60000 times faster
than they do outside the cyclodextrin.
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H. Decker,* T. Schweikardt,
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The First Crystal Structure of Tyrosinase:
All Questions Answered?

Minireviews
H.-D. Arndt* 4552 -4560

Small Molecule Modulators of
Transcription

Protection

Wilhelm T. S. Huck

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

Small can do too: Recent research on
transcriptional factors has uncovered
small-molecule ligands that are able to
modulate gene transcription by interact-
ing with multiprotein complexes. Some of
these compounds bind to different sites
on the target proteins and therefore exert
different functions. The picture shows the
association of the HDM2 protein (bronze)
with the tumor suppressor p53 (green),
and two small molecules that influence
p53 function positively.
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H.-D. Arndt 4542

reviewed by E. Dujardin 4544

insights into the mechanism of phenol
hydroxylation (see scheme; Cu blue,

O red, substrate orange; trans-axial posi-
tion on CuA: gray dot), the process of
activation, and the incorporation of
copper.
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Dye another day: Modern donor and
acceptor materials for fluorescence reso-
nance energy transfer (FRET) analyses
(see picture) comprise photochromic
dyes, semiconductor nanocrystals, nano-
particles, fluorescent amino acids, poly-
mers, and genetically encoded protein, in

A clue to the origin of chirality? A solution
of proline with high enantiomeric excess
(85-99% ee) was obtained from solid
proline of only 10% ee through novel
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additional to “traditional” organic dyes.
The scope and boundaries of such sys-
tems, as well as avaible methods for
bioconjugation are discussed, with an
emphasis on the combination of different
materials.

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

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

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

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

Arrested precipitation of In,S; affords
ultrathin hexagonal nanoplates with 0.76-
nm thickness and controllable sizes of 22—
63 nm. The pictures show (from left to

Angew. Chem. Int. Ed. 2006, 45, 4530 — 4539

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

right) TEM images of 63-nm nanoplates
aligned parallel to a support, a side view of
nanoplates, and 45-nm nanoplates self-
assembled into microwires.
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K. H. Park, K. Jang,
S. U. Son* 4608 —4612
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Escape route: The laser-initiated release
of fluorescently labeled polymers from
polyelectrolyte-multilayer microcapsules
is demonstrated inside living cancer cells.
A polymer is incorporated in capsules with
metal nanoparticles in their walls, which

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

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

Swapping partners: The presence of N-
oxide functions in double-helical dimers
formed from oligo(pyridinecarboxamide)s
promotes heterodimerization (see pic-
ture). This process mimicks the essence
of base pairing and information storage in
DNA through heterologous A/T and G/C
Watson—Crick base pairing.

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

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

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

Angew. Chem. Int. Ed. 2006, 45, 4530 —4539
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Neutral organic guest molecules are con-
fined within the cavities of a porous
coordination polymer. The key interaction
is that of electron-deficient it planes of the
polymer surface with electronegative
atoms of the guest molecules (see pic-
ture). Evidence from thermogravimetric
analysis suggests that guests with two
electronegative atoms form more-stable
complexes with the polymer than those
with one electronegative atom.

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

Angew. Chem. Int. Ed. 2006, 45, 4530 — 4539

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

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

Hooking up: Self-assembly of a porphyrin
amidine and fulleropyrrolidine carboxylic
acid based on a two-point amidinium—
carboxylate motif leads to supramolecular
dyads of high stability (K,~10’M™"in
toluene/acetonitrile (9:1)). The synergy of
the hydrogen bonds and electrostatic
interactions has been shown to be parti-
cularly beneficial in terms of electronic
coupling between both electroactive
components of the dyads.

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Exceptionally Strong Electronic
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C. Liang, F. Robert-Peillard, C. Fruit,
P. Miiller,* R. H. Dodd,*

P. Dauban* ______ 4641-4644
Efficient Diastereoselective Successful matchmaking: The combina-  lent yields and excellent diastereoselec-
Intermolecular Rhodium-Catalyzed C—H tion of a chiral nitrene precursor with a tivities can be obtained with a stoichio-
Amination chiral rhodium(l1) catalyst is the key factor ~metric amount of the C—H bond contain-
that allows efficient intermolecular regio-  ing substrate. nttl = N-1,8-naphthoyl-teri-
selective C—H amination. Good-to-excel-  leucine.
In a (nut)shell: Covalently wrapped in a
protecting and solubilizing dendrimeric
T. R. Krishna, M. Parent, M. H. V. Werts, shell (see picture), an initially hydropho-
L. Moreaux, S. Gmouh, S. Charpak, bic two-photon fluorophore becomes a
A.-M. Caminade, ).-P. Majoral,* biocompatible contrast agent with strong
M. Blanchard-Desce* ______ 4645—46438 emission for imaging in vivo by multi-

photon microscopy.
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Wine into vinegar: It is possible to

selectively oxidize ethanol into acetic acid

C. H. Christensen,* B. Jgrgensen, in aqueous solution with air as the oxidant

J. Rass-Hansen, K. Egeblad, R. Madsen, and a heterogeneous gold catalyst (see

S. K. Klitgaard, S. M. Hansen, TEM image of supported gold particles) at

M. R. Hansen, H. C. Andersen, temperatures of about 423 K and O,

A. Riisager —__ 4648-4651 pressures of 0.6 MPa. This reaction pro-
ceeds readily in aqueous acidic media

Formation of Acetic Acid by Aqueous- with yields of up to 90% and CO, as the

Phase Oxidation of Ethanol with Air in the only major by-product.

Presence of a Heterogeneous Gold

Catalyst

J. A. van Bokhoven,* C. Louis, J. T. Miller,

M. Tromp, O. V. Safonova,

P.Glatzel —_____ 4651-4654

Activation of Oxygen on Gold/Alumina

Catalysts: In Situ High-Energy-Resolution  Gold is not so inert after alll X-ray catalytic activity of small gold particles in

Fluorescence and Time-Resolved X-ray absorption spectroscopy was used to the oxidation of CO arises from their

Spectroscopy probe the activation of O, and its reaction  ability to transfer charge to oxygen (see

with CO over an Au/Al,O; catalyst. The picture).
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Tin inside In: Hollow and tin-filled nano-
tubes of single-crystalline In(OH); are
grown in a one-step solution—liquid—
solid—solid (SLSS) process, and the
structural properties of nanotubes syn-
thesized under different growth condi-

Highly attractive: Features typical of a
single-molecule magnet (that is, a high
anisotropy barrier of 25 K, very slow zero-
field relaxation, and a large coercive field
of 15 kOe) are exhibited by a Dy"'Cu"
nonanuclear complex, which was synthe-
sized by using a Schiff base ligand. The
picture shows the {DyCuO} core of the
cluster (dark green Dy, light green Cu, red
0) and low-temperature magnetization
curves.

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

Angew. Chem. Int. Ed. 2006, 45, 4530 — 4539

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

A Mébius arrangement of the bonds
directly attached to a metallamacrocycle
was observed for the Au' complex [Au;-
(CNC) (u-Ph,PCH,PPh,),]*, which was
self-assembled by treating the lithium salt
of pyridyl-2,6-diphenyl*~ (CNC) with
[Au,Cl, (u-Ph,PCH,PPh,)]. The trinuclear
Au' complex has intramolecular Au---Au
and C—H---iw interactions, exhibits a
remarkable stability in solution, and is
cytotoxic toward cancer cell lines.

ized quartet photoexcited state observed
for 1, which consists of a bodipy acceptor
(A), a phenylanthracene donor (D), and a
stable verdazyl radical (R).

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
Chemie

Inorganic Nanotubes
Y. Fang, X. Wen, S. Yang* _ 4655-4658
Hollow and Tin-Filled Nanotubes of

Single-Crystalline In(OH); Grown by a
Solution-Liquid—Solid—Solid Route

Single-Molecule Magnets

C. Aronica, G. Pilet, G. Chastanet,
W. Wernsdorfer, ).-F. Jacquot,
D. Luneau* 46594662
A Nonanuclear Dysprosium(l11)—
Copper(ll) Complex Exhibiting Single-
Molecule Magnet Behavior with Very Slow
Zero-Field Relaxation

CNC Ligands

S. C. F. Kui, }.-S. Huang, R. W.-Y. Sun,
N. Zhu, C.-M. Che* 4663 — 4666

Self-Assembly of a Highly Stable,
Topologically Interesting
Metallamacrocycle by Bridging Gold(l)
lons with Pyridyl-2,6-diphenyl*~ and
Diphosphanes

Photoexcited States

Y. Teki,* H. Tamekuni, ). Takeuchi,
Y. Miura 4666 -4670

First Evidence for a Uniquely Spin-
Polarized Quartet Photoexcited State of a
n-Conjugated Spin System Generated via
the lon-Pair State

www.angewandte.org

4537


http://www.angewandte.org

Contents

4538
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Thermal Activation of Methane by
Tetranuclear [V,O,0]*
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A good beginning is half the battle.
Combined experimental and theoretical
studies concerning the dehydrogenation
of hydrocarbons by [V;0;]* underline the
decisive role of the initial C—H activation
step. Propane is found to be unreactive,
whereas 1-butene rapidly reacts with
[VsO,]* (see picture).

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Tamed OATS: A scheme that integrates
homogeneous biocatalysis in organic—
aqueous mixtures with CO,-induced
separation has been developed. This
method allows for simultaneous product
recovery and recycling of the homoge-
neous biocatalyst for reuse.

Re-discovery: The only rhenium(VII)—
chlorine compound known previously was
ReO;Cl, and chloride oxides of composi-
tion AO,Cl; (A=nonmetal or metal) were
completely unknown. The synthesis of
ReO,Cl; has now been achieved. The
compound exists as a chlorine-bridged
dimer (see Figure; Re red, O blue,

Cl green) in the solid state, and as a
monomer in solution.

[V307]" + C3Hg —#—> C-H activation
AG,q, =+ 33 kJ mol™!

" A

[V307]* + C4Hg —> C—H activation

AG,, =~ 56 kJ mol"

m/z

Hand in hand: In a combination of
experimental (mass spectrometry) and
theoretical (density functional theory)
studies [V,0,0]" is described as the first
polynuclear transition-metal oxide cap-
able of activating methane at room tem-
perature (see picture). The [V,O,o]t cation
can be considered a prototype of oxide
clusters of early 3d transition metals.

Angew. Chem. Int. Ed. 2006, 45, 4530 —4539
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Round up: A fully conjugated cyclodo-
deca-2,7-carbazole is prepared around a
porphyrin template and the correspond-
ing empty macrocycle then released.
Single molecules could be visualized by
STM (see image) and their arrangement
by atomic force microscopy. The macro-
cycles self-assemble into a hexagonal
array of columns. Efficient energy transfer
occurs from the peripheral carbazole
msystem to the central porphyrin core.

Corrigendum

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

A. Tanaka, K. Inoue, I. Hisaki, N. Tohnai,
M. Miyata,* A. Matsumoto _ 4142-4145
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A Stable Silylenoid and a Donor-Stabilized
Chlorosilylene: Low-Coordinate Silicon
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In Reference [8] of this Communication, the space group for crystal 1.2 appeared
incorrectly and should read as P1 (no. 1).

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

Bu Bu
1. PhLi, I L
2. SiCl, N La /( N
MBUN=C=NBu ——> Ph—C{( Sisal 2K Ph C\N/Sl‘a 3
Il\l Cl |
Bu Bu
14 15 16
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Scientists from academia and industry
once again convened at Biirgenstock,
above Lake Lucerne (Switzerland), for
the 41st EUCHEM Conference on Ste-
reochemistry, chaired by Bernhard
Krautler (University of Innsbruck,
Austria). According to a long tradition
the program of the conference was not
disclosed beforehand, and so an element
of surprise lay in store for the 125 parti-
cipants of this year’s meeting.

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

[*] Dr. H.-D. Arndt

Universitit Dortmund

Fachbereich Chemie

Otto-Hahn-Strasse 6

D-44221 Dortmund (Germany)

and

Max-Planck-Institut fir molekulare

Physiologie

Otto-Hahn-Strasse 11

D-44227 Dortmund (Germany)

E-mail: hans-dieter.arndt@mpi-dort-
mund.mpg.de

41st EUCHEM Conference on Stereo-

chemistry, April 22-28, 2006, Biirgenstock

(Switzerland)
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The Evolution of Stereochemistry**

Hans-Dieter Arndt

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

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

In the first evening lecture, Rainer
Herges (University of Kiel, Germany)
drew the participants into the world of
Mobius objects. He presented the first
synthesis of an isolable Mobius-aro-
matic compound from tetradehydro-
dianthracene and the cyclobutadiene
dimer, as well as studies about the
C;H,;* cation, for which he also expects
a Mobius-type ground state. The eve-
ning was crowned by a performance of
the Crab Canon from the musical offer-
ing (J.-S. Bach), whose score can be
deliberately projected onto a Mobius
strip to deliver a version that plays
continuously by two strings!

The next day was dedicated to the
materials sciences. Chad Mirkin (North-
western University, Evanston, USA)
introduced a parallelized concept for
dip-pen lithography, which allows the
many thousandfold reproduction of
micrometer-scaled structures by AFM
manipulations. By optimizing the syn-
thesis of DNA-functionalized nanopar-
ticles, his group was able to develop
sensitive assay formats for bioanalytical
applications. Additionally he reported
that such DNA-nanoparticle conjugates
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surprisingly penetrate the wall of living
cells without transfection reagents and
as such can elicit antisense effects.

Collin Nuckolls (Columbia Univer-
sity, New York, USA) then turned to
molecular electronics and introduced
the investigation of conducting organic
single molecules, which had been
attached in nanometer-sized “gaps”
between conducting electrodes or the
ends of carbon nanotubes, both cova-
lently as well as noncovalently. Further-
more, he presented a study on the
characterization of carbenes bound on
Ru metal surfaces (stable up to 160°C)
which enabled the stable cross-linking of
Ru nanoparticles by ring-opening meta-
thesis polymerization (ROMP).

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

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

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

Angew. Chem. Int. Ed. 2006, 45, 4542 — 4543



beads by using a “fingerprint” of copoly-
merized fluorescent particles.

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

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

In the evening, Donna Blackmond
(Imperial College, London, UK) gave a
provocative yet stimulating account of
her kinetic studies of catalytic reaction
systems. She reported detailed studies of
autocatalytic reactions (Soai reaction,
organocatalytic a-hydroxyamination of
aldehydes) and the intricate influence of
the solubility of single intermediates. A
systematic study of the phase diagrams
of stereoisomers of amino acids corro-
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borated the frequent enrichment of one
isomer in the supernatant (eutectic for
serine: 99 % ee in solution), which could
be of relevance for prebiotic organo-
catalytic reaction networks.

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

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

The scientific program was con-
cluded by Robert Stroud (UC San
Francisco, USA), who clarified the
transport of water and ammonia mole-
cules by high-resolution crystal structure
analyses of membrane-bound transport
proteins. The surprising selectivity of
aquaporines for water molecule trans-
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port versus the intrinsically much more
mobile protons could be traced to a
pseudo-centrosymmetrically bound
water molecule at the center of the
channel. On the basis of a high-resolu-
tion structure of the ammonia channel
AmtB (1.34 A), Stroud suggested a
model to describe the permeation of
neutral NH; molecules (instead of the
charged NH," ions) through the selec-
tivity filter of this channel and thus
explain its extraordinary selectivity.

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

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

The resolution of the structure of an
important protein is always a major
event in biological sciences. This applies
in particular to the recently published,
first crystal structure of tyrosinase,
which was determined by Matoba et al.
on a bacterial tyrosinase from Strepto-
myces castaneoglobisporus at a resolu-
tion of 1.4 A Tyrosinases are essential
copper-containing enzymes that occur in
all organisms.’” They are involved in
browning processes of skin, hair, and
fruit, and in wound healing or the
immune response. Tyrosinases initiate
the synthesis of melanin by catalyzing
the hydroxylation of monophenols to
ortho-diphenols and the subsequent
two-electron oxidation to ortho-qui-
nones  with  molecular  oxygen
(Scheme 1). The latter reaction is also
catalyzed by the related enzyme cate-
chol oxidase (Scheme 1), which, how-
ever, is unable to mediate the phenol
hydroxylation step. Both tyrosinase and
catechol oxidase belong to the mono-
phenol oxidase family and possess active
sites with two copper atoms (CuA und
CuB), both of which are coordinated by
three histidine residues (type3 copper
proteins). The third group of proteins
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Tyrosinase
+0, ——= + H,0
(0]
OH (@]
Tyrosinase,
Catechol-Oxidase
+ 120, ————> + H,0
HO (0]
OH @]

Scheme 1. Top: Tyrosinases catalyze the conversion of monophenols to ortho-quinones via
ortho-diphenols. Bottom: Catechol oxidase catalyzes only the second step (ortho-diphenol —

ortho-quinone).

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

Before any X-ray crystallographic
information on type3 copper proteins
was available, spectroscopic and mech-
anistic experiments had already shown
that the active site of tyrosinase is very
similar to that of hemocyanin.®*'¥! On
the basis of spectral comparison with a
corresponding model complex from Ki-
tajima and Moro-oka,'" it was further
concluded that these metalloproteins in
their oxy form should bind dioxygen as
peroxide in the unique side-on bridging
(u-m*m?) manner, as was later confirmed
by crystal structures of oxy hemocyanin
from arthropods? and molluscs."™ The
existence of the same side-on peroxide-
bridged oxy form in tyrosinase has now
impressively been demonstrated by the
new tyrosinase structure from Strepto-
myces castaneoglobisporus (sTy). Al-
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though no crystallographically charac-
terized oxy structure is available yet for
catechol oxidase, data from UV/Vis and
resonance Raman spectroscopy indicate
that dioxygen is also bound as a side-on
bridging peroxide ligand in this en-
zyme."*3 Thus, dioxygen binds to all
type3 copper proteins in the same way,
as has been anticipated for many years.

2. Protein Folding and the
Active Site

In view of their almost identical
active sites, the very different functions
of tyrosinase, hemocyanin, and catechol
oxidase are remarkable and have
aroused the interest of researchers for
a very long time. The quaternary struc-
tures of these proteins also differ appre-
ciably.”! Depending on the species, he-
mocyanins of arthropods consist of hex-
amers and integer multiples thereof (1 x
6,2x6,4x%x6, 6x6, and 8 x6), whereas
hemocyanins from molluscs form deca-
mers or didecamers.**™*! Phenol oxidas-
es, in contrast, occur as monomers (as in
sTy), dimers (as in human tyrosi-
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nase),”* or hexamers (as found in some
arthropods).'®! The monomers of type3
copper proteins, in turn, consist of two
or three domains with different folding
motifs (for three domains: I=N termi-
nal, II=central, IIT=C terminal).l®"
The crystal structures of sTy, catechol
oxidase, and molluscan hemocyanin re-
veal that these proteins have the second
domain in common, which folds in a
“four a-helix bundle” motif and bears
the active site with the two copper atoms
CuA and CuB (Figure 1a—d). In mol-
luscan hemocyanin, access to the active
site is blocked by the C-terminal do-
main; moreover, in the case of a struc-
turally characterized functional unit of
hemocyanin from Octopus dofleini
(Odg), a leucine group (Leu2830) of

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

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

Figure 1. a)—d) Active sites of four crystallographically characterized type3 copper proteins:

a) Octopus dofleini hemocyanin!™ (green), b) Limulus polyphemus hemocyanin'? (red), c) Ipo-
moea batatas catechol oxidase® (blue), d) Streptomyces castaneoglobisporus tyrosinasel"
(orange). The copper-binding histidine residues are bound to o helices and loops (gray). The
Cys—His bonds are colored in yellow; the copper—oxygen complexes are shown by space-filling
representations. €) A superposition of the four active sites demonstrates the high degree of

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

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

Besides the oxy form, Matoba
et al.l were also successful in obtaining
structures of two met forms of sTy (metl
and metll) which contain two
Cu" centers that are bridged by one
and two water (hydroxide) ligands, re-
spectively. Furthermore, they structur-
ally characterized the deoxy form which
contains two Cu' centers and is able to
bind O,, thereby being converted into
the oxy form. In this way, all relevant
intermediates of the tyrosinase catalytic
cyclel®? are now structurally character-
ized, thus making it possible to draw
some important conclusions with re-
spect to the chemistry of the tyrosinase
active site.

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

The most interesting step among the
reactions that are catalyzed by tyrosi-
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nase is the ortho hydroxylation of tyro-
sine, as mediated by the oxy form of this
enzyme. Of crucial importance for this
reaction is the orientation of the phe-
nolic substrate with respect to the binu-
clear copper active site. Experimental
information on this point has mostly
been derived from spectroscopic studies
on the bonding of inhibitors to tyrosi-
nase.l'%?]  Alternatively, it has been
proposed that an external tyrosine sub-
strate is oriented at the active site of
tyrosinase in the same way as Phe49 in
the Limulus oxy hemocyanin struc-
ture.'”? Most interestingly, the new ty-
rosinase structure reveals a very similar
arrangement in which a tyrosine residue
(Tyr98) from the associated caddie
protein extends into the pocket of the
active site like a potential substrate
(Figure 2, top). This tyrosine residue,
however, is not hydroxylated since all of
its atoms are more than 3.4 A away from
the Cu,0, unit, and a closer approach to
the active site is prevented by the
attachment to the caddie protein. For a
free tyrosine substrate, however, this
would be possible, as shown below.
Figure 2 (middle) shows the Limulus
oxy site along with Phe49 from do-
main I (see Section2). In the para
position of the phenyl ring of Phe49
(which can almost be superimposed with
that of Tyr98 in sTy) an oxygen atom has
been added to generate a putative
tyrosine substrate. The orientation of
the phenyl group is further determined
by a hydrophobic interaction with one of
the histidine residues that coordinate to
CuB (His328); an analogous interaction
occurs in sTy between the phenyl ring of
Tyr98 and His194 (Figure 2, top). For
the coordination of diphenols to the
active site of catechol oxidase, a sub-
strate bonding geometry has been de-
rived on the basis of the crystallograph-
ically characterized, PTU-bound met
form of IbCO (PTU = phenylthiourea).
Specifically, Klabunde et al.??! proposed
that the phenyl ring of the diphenol is
aligned with the phenyl ring of the
inhibitor, which in turn can almost be
superimposed with the phenyl ring of
Phe49 in Limulus hemocyanin and
Tyr98 in sTy. This way, a substrate
bonding geometry that exhibits one
Cu—O bond to CuB and one phenoxo
bridge between CuA and CuB is ob-
tained (Figure 2, bottom); a hydropho-
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Figure 2. Stereoviews of the active sites and substrate binding pockets of sTy (top), Limulus
polyphemus hemocyanin (middle), and IbCO (bottom). The substrate binding pockets are
occupied by Tyr98 (top), Phe49 (augmented by an oxygen atom (black) to generate a tyrosine
residue; middle), and a catechol (bottom). The catechol is constructed from the phenyl ring of
the inhibitor PTU by adding two oxygen atoms. Cu: blue; O,: red; His: green; substrate
(tyrosine/catechol): orange; shielding residues: cyan. The hydroxyl groups of the tyrosines are
oriented more towards CuA than CuB. In the case of IbCO, CuA cannot be approached because

it is shielded by a phenylanaline residue.

bic interaction with His244 further
stabilizes the substrate orientation.
Importantly, CuA in IbCO is shield-
ed by a phenylalanine residue (Phe261).
At this structural position in sTy there is
instead an isoleucine residue; that is,
CuA is not masked by a bulky residue in
sTy. This could indicate that CuA is
necessary for the bonding and conversion
of monophenols to o-quinones which in
turn would provide a possible explana-
tion for the functional difference be-
tween catechol oxidase and tyrosinase.

4. Substrate Binding Site: CuA or
CuB?

There has been considerable debate
on whether external substrates of tyro-
sinase bind to CuA or to CuB.['®17:21.22]
New information on this point can now
be obtained from a detailed analysis of
the metll and oxy structures of sTy.
These two forms are very similar, such
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that metll may be taken to analyze
substrate bonding to oxy (Figure 3a). In
the metll structure, the CuA center
exhibits a tetragonal-pyramidal geome-
try, with two bridging water (hydroxide)
ligands and two histidine residues in
equatorial positions and one histidine
residue in an axial position. If a sub-
strate binds to such a copper center, it
will coordinate in the position trans to
the axial histidine residue. The three
N,(His)~CuA bond lengths are 2.09
(His38), 226 (His54), and 243 A
(His 63), thus indicating that the former
two are equatorial and the latter axial.
This assignment disagrees with the anal-
ysis of Matoba et al., who assign the
axial position of CuA to His 54.%! How-
ever, the much longer Cu—N bond
length of His63 unequivocally indicates
that this residue occupies the axial
position of CuA.”Y Importantly, the
position trans to His63 (Figure 3a) is
freely accessible from the substrate
binding pocket, in contrast to the posi-
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Figure 3. Orientation of a tyrosine substrate at
the active site of oxy tyrosinase. a) Initial
configuration after approach to the active site,
as based on the crystal structure of sTy.

b) Shift of the substrate to CuA. c) Rotation of
the O—O axis towards the aromatic ring and
electrophilic attack at the ortho position. Cu:
blue; His on CuA: red; His on CuB: green;
O,: red; monophenolic substrate: orange
(oxygen atom therein: black); equatorial coor-
dination of CuA and CuB: yellow frame; axial
coordination of CuA and CuB: yellow bonds;
trans-axial coordination of CuA: gray dot.
Molecular graphics created with Yasara
(http://www.yasara.org) and Povray (http://
WWW.povray.org).

tion trans to His54. If the substrate
binds to CuA, it will thus bind trans-
axially to His63.

The CuB center of metll and oxy
also exhibits a tetragonal-pyramidal ge-
ometry, but here the distinction between
axial and equatorial histidine residues is
somewhat less pronounced. Matoba
et al.lV assigned the equatorial positions
of CuB to His194 and His216, whereas
the axial position is occupied by His 190.

Angew. Chem. Int. Ed. 2006, 45, 4546 — 4550

This assignment disagrees with the fact
that in all three structures (metl, metll,
oxy) the N, (His216)—CuB bond is the
longest, thereby indicating that His216
is in the axial position. The position
trans to His216 is also accessible from
the substrate binding pocket. Thus, in
sTy, a phenolic substrate could in prin-
ciple also bind to CuB, in the position
trans to His216. Alternatively, the role
of CuB for substrate binding in sTy may
be to provide structural guidance to the
orientation of the phenyl ring of the
substrate through a hydrophobic inter-
action with His 194, as suggested for the
interaction between a possible substrate
and His244 of IbCO or His328 of
Limulus hemocyanin.

5. Hydroxylation of Tyrosine

On the basis of this concept, the
following mechanism for the hydroxyl-
ation of tyrosine can be envisaged. After
approach to the oxy site, the substrate is
preoriented through a hydrophobic in-
teraction with His 194 on CuB, such that
its C—O bond is oriented towards CuA,
in analogy to the orientation of Tyr98
(Figure 3a). The substrate is then shift-
ed towards CuA to bind in the position
trans to His63 (Figure 3b). Then, hy-
droxylation of the aromatic ring occurs.
To this end, the O—O axis of the peroxo
ligand rotates to point towards the
phenolic ring; moreover, the substrate
may rotate slightly around the C—O axis
(Figure 3c¢). The proximity of the ortho
position of the phenolic ring to the side-
on coordinated peroxo group then en-
ables an electrophilic attack of the
Cu,0, moiety on the aromatic ring,
whereby concomitant cleavage of the
0-0 bond occurs.""?! The o-quinone
product is formed via a diphenolic
intermediate that binds in a bidentate
fashion, and is subsequently released
from the active site, thus regenerating
the deoxy form. This sequence of reac-
tions is summarized in Scheme 2.

6. Activation Mechanism and
Copper Incorporation

The major difference between he-
mocyanin on the one hand and tyrosi-
dase/catechol oxidase on the other is the
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accessibility of substrates to the active
site (see Sections 2 and 3). As long as
hemocyanins serve as oxygen carriers,
the entrance to the active site in do-
main II is blocked, and the substrate
binding pocket is additionally occupied
by a residue from, depending on the
organism, domain I or IIT (for example,
Phe 49 for Limulus hemocyanin). It has
been hypothesized that this residue acts
as a “placeholder” for monophenolic
substrates.'”! These substrates can enter
the active site after the placeholder has
been pulled out of the substrate binding
pocket, which occurs by dissociation of
domainI or IIl. In hemocyanin this
“activation” step can be achieved artifi-
cially by limited proteolysis or confor-
mational movement of the N-terminal
domain by treatment with sodium do-
decylsulfate (SDS)."! The physiological
activation of fungal and plant polyphe-
nol oxidases or IbCO occurs similarly by
cleavage of domain III, which blocks the
active site.>4!

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

7. Conclusions

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

new and interesting aspects to long-
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Scheme 2. Hydroxylation of a monophenolic substrate (tyrosine) by tyrosinase.

standing problems related to the proper-
ties of type3 copper proteins and sup-
ports some of the concepts developed
earlier to account for the functional
differences observed in this class of
proteins. Significant insights have in
particular been obtained with respect
to the following points:

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

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

@ Activation and copper incorpora-
tion: The Tyr98 residue provided by
the cocrystallized caddie protein sup-
ports the “placeholder” concept for
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the activation of type3 copper en-
zymes. The caddie protein further
appears to be responsible for copper
incorporation, but the mechanism of
this process remains to be elucidated.
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Signal transduction cascades ultimately trigger transcriptional
programs that are executed by transcription factors interacting with
coactivator or corepressor proteins in large multi-protein complexes.
Despite the difficulties associated with discovering and verifying
potent antagonists (or agonists) of protein—protein interaction events,
several small molecules have been identified within the last few years
that modulate transcription by directly interacting with transcriptional
proteins. Some of these small molecules display surprising selectivity

and some even show efficacy in vivo. This review summarizes the
current status in this developing field to illustrate the emerging
opportunities in the chemical biology of transcription.

1. Introduction

The genetic information encoded in cellular DNA is only
revealed on regulated expression, that is, its transcription into
the pre-mRNA. This process is tightly controlled by nuclear
factors embedded in complex cellular signaling networks. In
higher organisms, an estimated 5-10% of all gene-coding
capacity is dedicated to proteins that regulate transcription.!!
The expression level of particular genes is associated with
specific phenotypes, and aberrant expression of genes is
interlinked with a multitude of diseases. Hence, small
molecules with the ability to interfere directly with the
transcriptional machinery carry great potential not only as
therapeutic agents, but also as research tools in chemical
biology. Such molecules could be used to clarify the intriguing
interplay between chromatin, transcription factors, and gene
expression levels.

The most important way to target genes with small
molecules is to capitalize on inherently ligand-dependent
transcription factors, the so-called nuclear receptors
(NRs).?3 A multitude of steroid- and non-steroid-based
effectors (e.g. selective estrogen receptor modulators,
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“SERMSs”) are currently in scientific
and clinical use or development. But
unfortunately, their application re-
mains inherently limited to NR-depen-
dent genes or phenotypes.

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

2. Transcription initiation

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

Angew. Chem. Int. Ed. 2006, 45, 4552 —4560
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Figure 1. Simplified representation of the assembly of the transcrip-
tion—initiation complex illustrating specific interference with small
molecules that target DNA (blue), transcription factors (yellow), or
coactivators/mediator (orange). A coactivator may also bind to the
GTFs and to chromatin as well as other coactivators (not depicted).
TF =transcription factor, GTF = general transcription factors, RNA
Pol Il =RNA polymerase I, TATA=TATA box, TBP =TATA-box-binding
protein, TAF =TBP-associated factor, + 1 =transcription start site.

Evidence is mounting that the assembly of nuclear factors
on chromatin is highly dynamic (seconds timescale) and may
obey a stochastic sensing model.”"! Statically bound proteins
seem to be rare and the exception to the rules. Moreover,
even an actively transcribed locus appears to undergo
constant dynamic remodeling (minutes timescale).% There-
fore, although transcription initiation may necessitate the
association of several dozen transcription factors and medi-
ating proteins, interception or modulation of this process
should be feasible and reasonably fast. Small molecules
binding to transcription factors, coactivators, or DNA should
lead to destabilization of the multi-protein assembly (Fig-
ure 1), reduce RNA Pol II recruitment, and hence lower the
expression levels of the encoded gene. This antagonist
concept has been experimentally validated in several cases.
The alternative stabilization of multi-TF assemblies by small-
molecule agonists leading to upregulation has been demon-
strated in model systems (see Section 5).
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3. Inhibitors of transcription-factor association

Transcription factors seldom work as single molecules, but
rather function mostly in conjunction with many other
transcription factors bound to promoter DNA. As an under-
lying principle, most transcription factors form homo- or
heterodimers as a small subunit and in a cooperative fashion.
Often, it is only these dimers that have a high-enough binding
affinity and specificity for cognate DNA. Disturbing the
dimerization of a crucial TF could be a promising strategy to
exert influence on gene expression and curb the dimerization
of important transcription factors (Scheme 1).
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Scheme 1. Chemical structures of the transcription-factor association
inhibitors (1-4). Boc =tert-butoxycarbonyl.

3.1. Myc/Max

The first such interaction for which a small-molecule
antagonist was identified was Myc/Max."!l c-Myc is a basic
helix-loop-helix leucine-zipper transcription factor that is
involved in cell proliferation and differentiation suppression,
and was found to be frequently upregulated in human
cancers.'”! The activation is however driven by heterodimers
formed from c-Myc with the partner protein Max. To identify
antagonists of the Myc-Max interaction, Vogt and co-workers
utilized fusion proteins of cyan (CFP) and yellow fluorescent
protein (YFP) with c-Myc and Max in a fluorescence
resonance energy transfer (FRET)-based experiment.'!l In
a high-throughput dimerization assay, several antagonists
were discovered with activities in the medium micromolar
range, with isoindoline 1 (Scheme 1) being the most potent
(50 um). Furthermore, isoindoline 1 interfered with an
oncogenic transformation of cultured chicken-embryo fibro-
blasts (approximately 20 pum), thus providing a proof of
principle for targeting this TF dimerization in general.'!
After this finding, different compounds that are able to
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disrupt the Myc-Max interaction have been disclosed by
Prochownik and co-workers.'”) In this case, yeast two-hybrid
assays were employed to screen for c-Myc-Max disruption. In
this way, dichlorocarbazole 2 was uncovered, among other
effective inhibitors, from a commercial library. Importantly, 2
was not only reported to prevent c-Myc-Max dimerization
in vitro in the low micromolar range but also to inhibit
fibroblast proliferation in a c-Myc-dependent manner. Fur-
thermore, growth of tumor xenografts in nude mice was
prevented when they were pretreated with 2 (39 um) before
inoculation. Although the potency of 2 is still not high, it
strongly supports the general potential of c-Myc-Max antag-
onists for anticancer treatment. This is further supported by a
very recent study™ in which structurally related naphthols
were identified as antagonists (17-36 pum) of the c-Myc-Max
interaction in vitro and also showed activity in cellular
transformation assays.

3.2. STAT-3

As a second group of TFs of potential interest, STATs
(signal transducer and activator of transcription) have been
investigated. STATs are unique in their ability to transduce
extracellular signals and regulate transcription directly: After
phosphorylation events mediated by growth factor and
cytokine receptors or non-receptor-associated tyrosine kin-
ases (e.g. Abl or c-Src), the STATs dimerize through
reciprocal phosphotyrosine-SH2 domain (svc homology 2)
interactions. After translocation to the nucleus, these dimers
drive diverse transcriptional events associated with immune
response, inflammation, proliferation, differentiation, devel-
opment, and apoptosis.'”) STAT signaling in the cell is tightly
regulated. However, dysregulation of STAT subtypes is
regarded to be important for tumor malignancy, particularly
the overactivation of STAT3 and STATS.I'"" In an investiga-
tion targeting STAT3, the tripeptide mimic 3 was identified by
Turkson et al. as an inhibitor (40 um) of STAT3 dimeriza-
tion,'* with 3 being derived from a STAT-3 binding phos-
phopeptide. Cell permeability and stability of compound 3
may be critical, but Turkson et al. secured proof for not only
STATS3 dimer disruption, but also growth inhibition in cellular
assays. This validates the hypothesis that direct inhibition of
STAT3 dimerization (and in turn its activating potential) is
effective and may become a conceptual alternative to
targeting the STAT3 phosphorylating kinases upstream
(Abl, c-Src).!

3.3. HAP3

In a completely different approach, dihydropyran 4 was
identified from a small-molecule microarray to bind to the
yeast transcription factor HAP3 (heme-activated protein 3)
selectively."®! HAP2/3/5 from yeast, as well as their homo-
logues in higher eukaryotes (NF-Y, CBF), bind as hetero-
trimers to highly conserved CCAAT DNA sequences with
subnanomolar affinities. Data from surface plasmon reso-
nance, reporter assays, and whole-genome profiling in yeast
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showed that dihydropyran 4 binds to HAP3 directly (0.3 pm),
can downregulate HAP-dependent transcription (24 um), and
affects HAP-dependent gene regulation on the genomic scale,
respectively. It will be interesting to see how dihydropyran 4
will affect the NF-Y complex, which serves more general and
diverse purposes in mammalian genomes than its HAP
homologue in yeast.['")

4. Interference with cofactor interactions

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

7 8 9

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

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

Angew. Chem. Int. Ed. 2006, 45, 4552 — 4560
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4.1. B-Catenin

The multifunctional protein, {3-catenin, transduces the
signals from the Wnt pathway as a transcriptional coactivator
and often becomes slightly hyperactive as a result of
oncogenic mutations.”’! On the molecular level, B-catenin
forms complexes in the nucleus, most importantly with the T-
cell factor (TCF) and lymphoid enhancer factor (LEF) family
of transcription factors, to become functional. This dimeriza-
tion event utilizes a large flat surface provided by the 12 mer
“armadillo repeat” of B-catenin (>3600 A%)? and may
therefore be regarded as extremely difficult to be targeted
directly with small molecules. Nevertheless, in a high-
throughput screening experiment of natural products (7000
compounds), several small molecules were identified and
investigated in detail.” The planar quinone 5 (Scheme 2), a
fungal metabolite, emerged as one interesting candidate.
Quinone 5 disrupts the complex of pure f-catenin—TCF (3 pum
ELISA) in vitro as well as in cell extracts, inhibits cancer cell
proliferation that is dependent on cell type (0.4-3.4 um),
suppresses the levels of P-catenin dependent targets (cy-
clin D1, c-myc) in HCT116 cells, and displays a strong
influence on B-catenin-dependent development in xenopus
embryos. Although the authors have cautioned that 5§ may
have additional targets, quinone 5 remains a strong candidate
for direct 3-catenin—TCF disruption. This becomes especially
noteworthy when considering that 45000 compounds from a
synthetic library did not yield any hits in the same high-
throughput screen.*!

4.2. CREB binding protein (CBP) and p300

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

In a 5000-compound library screen, piperazinone 6 was
found to downregulate B-catenin/TCF signaling.”® In contrast
to quinone S5, however, it could be shown by affinity
chromatography that piperazinone 6 selectively binds to
CBP where it directly competes with p-catenin binding.
Mapping studies showed 6 to bind to the N terminus of CBP
(AA 1-111), which is also the site of recruitment for nuclear
receptors (RAR/RXR). Interestingly, compound 6 does not
bind to the highly homologous coactivator p300. Several
oncogenic targets downstream of (3-catenin (e.g. survivin and
cyclin-D1) were found to be significantly downregulated after
treatment with piperazinone 6 both in cultured colon cancer
cells (25 um) and in mice (150 mgkg ™' delivered intravenous-
ly), showing that this approach is effective in vivo.
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For the binding of the prototypical CBP effector, the
molecule CREB (cAMP response element binding protein)
was recently reported as an antagonist.””! Naphthol phos-
phate 7 was identified as a small-molecule antagonist of the
CREB-CBP interaction by NMR-spectroscopic-based
screening. Detailed NMR spectroscopic experiments led the
authors to the conclusion that 7 targets a binding site distal to
the CREB binding groove on the CBP KIX domain and
hence functions through an allosteric mechanism. Reported
assays confirmed the attenuation of CREB association in vivo
(10 pm). CREB is involved in hepatic gluconeogenesis and
therefore a possible diabetes type II target. Furthermore, as
the KIX domain on CBP serves as a binding platform for
various transcription factors, compounds like 7 indicate that
this binding platform can be influenced with varied outcomes.

The natural product chetomin (8) was identified in a high-
throughput screen for molecules able to interfere with p300—
HIF-10 binding.®® HIF-1a is a key transcription factor in the
response of tissues to hypoxic (low O,) conditions and
therefore considered as an important potential antiangio-
genesis target. Indeed, it is the coactivator p300 that mediates
the potential of HIF-1a by docking it with its TAZ1 domain
(also called the CH1 domain). Chetomin 8 seems to disrupt
the TAZ1-domain fold on p300; hence HIF-1a is impaired in
its activity as it is necessary that p300 binding occurs at this
domain. This is also the case for other TFs that are attached to
this domain (demonstrated for HIF-2a and STAT?2). This was
further corroborated by the fact that disulfide 8 does not lead
to covalent modification of the potentially reactive Cys-800 in
the crucial HIF-1a activation domain. The exact binding site
of chetomin 8 on p300 remains to be elucidated, but its high
potency in cellular assays (low nM) as well as nude-mouse
tumor xenografts (1 mgkg™' delivered intravenously) carries
high promise that exploiting this novel mode of action may
become fruitful in the future.

4.3. Nuclear receptors

A nuclear receptor will generally adjust the conformation
of its ligand-binding domain in response to the binding of a
ligand (e.g. a steroid) and present a remodeled binding
surface that favors coactivator (for agonists) or corepressor
recruitment (antagonist or apo form).””’ Coactivators have
been shown to bind on top of the ligand-binding domain
through a highly conserved helical LxxLLL motif, often termed
a “nuclear-receptor interaction box”. A high level of sophis-
tication has been reached in targeting this interface with
conformationally restrained peptides and peptidomimetics.”*
Katzenellenbogen and co-workers have, however, recently
demonstrated that a small molecule is able to inhibit
coactivator -peptide binding to the estrogen receptor o (ER-
a) as well.’Y Following the rationale outlined above, the
authors designed various molecules presenting three leucine-
like side chains and investigated them for ER-o—coactivator
peptide complex disruption. Despite the modest effectiveness
of their optimal compound 9 (K ~30 um), it is the first
nonpeptidic molecule that is able to reversibly disrupt the
binding of coactivators to an agonist-bound nuclear receptor.

www.angewandte.org

Chemie

4555


http://www.angewandte.org

Angewandte

4556

Chemie

If this important proof of principle could be extended to more
potent ligands, selective interference with steroid-like NR
ligands could be realized in a novel fashion. Very recent
results from a high-throughput screen for thyroid hormone
receptor (TR) coregulator antagonists lead in this direction:
Guy and co-workers have uncovered vinyl-aryl ketones as
covalently reacting ligands of the TR that abrogate binding of
coactivators to the TR in the submicromolar range.*

4-4- P53

Certainly most intensively investigated in this field is the
tumor suppressor p53.5*3 This potent transcription factor
integrates diverse stress signals and affects cell-cycle control,
senescence, and apoptosis pathways. Owing to its “cellular
gatekeeper” role, the pS3 pathway is a hot spot for oncogenic
mutations that compromise p53 function. In healthy cells,
tight control of p53 levels is ensured by the regulator protein
HDM?2 in humans (or the respective MDM2 homologue in
mice), which can shield the crucial p53 activation domain as
well as induce p53 degradation by its intrinsic RING-finger
and E3-type ubiquitin ligase activity. Blocking HDM2 should
therefore result in restoring and/or promoting of the benefi-
cial p53 activity in compromised cells.

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

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

The first potent and selective small-molecule inhibitor of
the MDM2-p53 interaction was reported by a Roche
group,” which identified cis imidazolines as MDM2-p53-
antagonists after high-throughput screening and structure-
based optimization with affinities in the high nanomolar
range (Scheme 3). “Nutlin 3” (10) was found to bind MDM2
(0.1 uM) to inhibit cancer-cell growth (1-3 um) and to
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Scheme 3. Chemical structures of p53-modulating compounds (9-12).

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

In turn, a Johnson & Johnson group disclosed benzodia-
zepinones as an HDM2 antagonists, with benzodiazepine 11
as the most active in in vitro and cell-based assays.””! Despite
considerable shape similarity to the cisimidazolines, the
reported benzodiazepinones seem to be less potent but could
still suppress cancer-cell growth at around 30 um. Both the
nutlins 10 and benzodiazepine 11 were characterized by X-ray
crystallography while bound to their respective target. They
were shown to target the pS3 binding cleft on MDM2 (10) or
HDM2 (11).

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

On the other hand, a distinct type of p53 activator was
recently described by Selivanova and co-workers.”! Bisthio-
phenylfuran 13 (“RITA”) was identified by a library screen
with a pair of isogenic colon-cancer cell lines that differed
only in p53 status. The activity of RITA was later confirmed in
several experimental setups. Most importantly, RITA 13 was
found to completely stop tumor growth in mouse xenografts
at 10 mgkg~'/day when the dose was delivered intravenously.
Although it interferes with HDM2-p53 complex formation,
13 seemingly does not bind to HDM2, but directly to pS3 with
very high affinity (K,;=1.5 nm). The authors concluded that
13 likely targets an as-yet unmapped allosteric site on p53. In
this way, 13 possibly blocks a conformational transition
involved in the complex formation with HDM?2 and/or
stabilizes a conformation that recruits further cofactors.
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Given the complex biology of p53, this new paradigm requires
further confirmation.

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

5. Modular non-peptidic activators

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

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

Figure 3. Schematic representation of modular artificial activators.

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

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

Angew. Chem. Int. Ed. 2006, 45, 4552 —4560

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

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

Subsequently, Uesugi, Dervan, and co-workers reported a
conjugate (15) of wrenchnolol and a DNA-binding polyamide
that sequence specifically activated DNA transcription in vi-
tro without the need for an artificial DNA-binding protein.*”
The compound wrenchnolol had previously been identified
and optimized as a micromolar ligand for Sur-2, a Ras-linked
subunit of the human mediator complex.*”! The wrenchnolol
conjugate 15 features a sequence specific DNA-binding
polyamide,*! and both Sur-2 and RNA Pol II were demon-
strated to be recruited to target DNA. This corroborated the
reconstitution of the transcription-competent preinititation
complex from its presumed molecular components in vitro.

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

6. Discussion and Outlook

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

Most of the compounds discussed here (1-13) share one
common structural feature: they project lipophilic residues in
a predefined 3D orientation, often almost star-like. This is
commonly deemed to mimic the 3D shape of a confined
protein domain (e.g., an a-helix or -turn). Nevertheless, only
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Scheme 4. Chemical structures of modular non-peptidic activator compounds (13-15). Activating modules are located on the right side. R"=5-

thioureidofluoresceine, Ts =tosyl.

a few of the compounds described herein are functional the HDM ligands (10, 11). The majority of the molecular
“nonconventional peptidomimetics” like the cleft binders for ~ parameters of interactions are only coarsely defined, but a

Table 1: Activities of small molecules in transcription modulation.

Compound Name Source® Target! 1Cso/ K9 [um]
1 11A6B17 com Myc/Max 50-125/n.d.
2 10074A4 coM c-Myc/Max nd./=5

3 1SS-610 SGD STAT3 42/nd.

4 haptamide B com HAP3 24/0.33

5 PKF115-584 NAT TCF/B-catenin 3.2/nd.

6 1CG-001 COM CBP/B-catenin 3/nd.

7 KG-501 coMm CBP/CREB 10/50

3 chetomin NAT P300/HIF-Ta ~0.019/n.d.
9 - SGD ER-o n.d./29

10 nutlin-3 CcoM MDM2/p53 1-3/0.09[f]
1 - COM HDM2/p53 30/0.41

12 - SGD MDM?2/p53 0.8-10/0.09!"
13 RITA CcoM p53 0.05-13/0.0015

[a] SGD =structure guided design, COM=combinatorial chemistry or library, NAT=natural
product or derivative. [b] Identified primary binding partners are shown underlined. [c] All values
are strongly assay- and cell-type dependent and should be compared only with great caution, even
when the same mode of action is likely. n.d. = not determined. [d] Reporter and two-hybrid assays
under hypoxic conditions. [e] The ER-ligand binding site was saturated with estradiol. [f] K; from
p53 peptide competition assays.

www.angewandte.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

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

Even more conventional interac-
tions of small molecules with proteins
have unearthed surprises in this re-
gard.™ A more precise, molecular un-
derstanding of these transcriptional
proteins and their interaction with the
small molecule modulators is hence
anxiously awaited. Nevertheless, it has
been conclusively demonstrated that
identifying potent small molecules that
target transcriptional proteins directly is
fundamentally feasible. Many exciting
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advancements are likely to arise from the field: Most of the
compounds should serve as excellent molecular probes for
transcriptional regulation and some of them may even lead
the way to new therapeutic applications.
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FRET in Bioanalysis

The use of Forster or fluorescence resonance energy transfer (FRET)
as a spectroscopic technique has been in practice for over 50 years. A
search of ISI Web of Science with just the acronym “FRET” returns
more than 2300 citations from various areas such as structural eluci-
dation of biological molecules and their interactions, in vitro assays,
in vivo monitoring in cellular research, nucleic acid analysis, signal
transduction, light harvesting and metallic nanomaterials. The advent
of new classes of fluorophores including nanocrystals, nanoparticles,
polymers, and genetically encoded proteins, in conjunction with ever
more sophisticated equipment, has been vital in this development. This
review gives a critical overview of the major classes of fluorophore
materials that may act as donor, acceptor, or both in a FRET config-
uration. We focus in particular on the benefits and limitations of these
materials and their combinations, as well as the available methods of
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bioconjugation.

1. Introduction
1.1. The FRET Process

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

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

Ry =9.78 x 10°[k® n™* Qp J(A)]V® (in A) (1)
The factor «* describes the D/A transition dipole orienta-
tion and can range in value from 0 (perpendicular) to 4

(collinear/parallel). There has been much debate about which

Angew. Chem. Int. Ed. 2006, 45, 4562 — 4588

dipole orientation value to assign for

particular FRET formats. Only in few

cases can the crystal structure of the D/
A molecules be determined; there is no other reliable
experimental method to measure absolute or fixed «?
values, which leads to potential uncertainties in subsequent
calculations.?®°] Fortunately, the accumulated evidence has
shown that the mobility and statistical dynamics of the dye
linker lead to a x? value of approximately 2/3 in almost all
biological formats. This also sets an upper error limit of 35 %
on any calculated distance.”) Excellent discussions of this
issue are provided by dos Remedios and Moens!” as well as
Stryer.' The refractive index n of the medium is ascribed a
value of 1.4 for biomolecules in aqueous solution. Q), is the
quantum yield (QY) of the donor in the absence of the
acceptor and J(4) is the overlap integral, which represents the
degree of spectral overlap between the donor emission and
the acceptor absorption. The values for J(1) and R, increase
with higher acceptor extinction coefficients and greater
overlap between the donor emission spectrum and the
acceptor absorption spectrum. Whether FRET will be effec-
tive at a particular distance r can be estimated by the “rule of
thumb” R,+50% R, for the upper and lower limits of the
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Figure 1. Schematic of the FRET process: Upon excitation, the excited-
state donor molecule transfers energy nonradiatively to a proximal
acceptor molecule located at distance r from the donor. The acceptor
releases the energy either through fluorescence or nonradiative chan-
nels. The spectra show the absorption (Abs) and emission (Em)
profiles of one of the most commonly used FRET pairs: fluorescein as
donor and rhodamine as acceptor.® Fluorescein can be efficiently
excited at 480 nm and emits at around 520 nm. The spectral overlap
between fluorescein emission and rhodamine absorption, as defined
by J(A), is observed at 500-600 nm. The Forster distance R, for this
pair is 55 A. Thus, in an optimal configuration (r< 55 A), excitation of
fluorescein at under 500 nm can result in significant FRET emission of
the rhodamine at above 600 nm. A= normalized absorption,
Ir=normalized fluorescence.

Forster distance.? The efficiency of the energy transfer can
be determined from either steady-state [Eq. (2)] or time-
resolved [Eq. (3)] measurements.

_ Fpa
_1_Toa
E=1 - 3)
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F is the relative donor fluorescence intensity in the
absence (Fp) and presence (Fp,) of the acceptor, and 7 is the
fluorescent lifetime of the donor in the absence (7p) and
presence (7p,) of the acceptor.

FRET is very appealing for bioanalysis because of its
intrinsic sensitivity to nanoscale changes in D/A separation
distance (proportional to r°). This property is exploited in
FRET techniques ranging from the assay of interactions of an
antigen with an antibody in vitro to the real-time imaging of
protein folding in vivo.l'""'¥ The myriad FRET configurations
and techniques currently in use are covered in many
reviews.* 314 Herein, we focus primarily on the fluorophore
materials utilized in bioanalytical FRET rather than the
process itself. The materials can be divided into various
classes: organic materials, which includes “traditional” dye
fluorophores, dark quenchers, and polymers; inorganic mate-
rials such as metal chelates, and metal and semiconductor
nanocrystals; fluorophores of biological origin such as
fluorescent proteins and amino acids; and biological com-
pounds that exhibit bioluminescence upon enzymatic catal-
ysis. These materials may function as either FRET donors,
FRET acceptors, or both, depending upon experimental
design. A major focus is on FRET between disparate classes
of materials; selected examples will be discussed for this
purpose. We also focus on potential FRET materials that have
not yet found practical application. Given the myriad
examples available, we cannot do justice to all developments
and we extend our apologies for any omissions.

1.2. Methods of Conjugating Fluorophores to Biomolecules

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

Kim E. Sapsford, born 1974, studied chemis-
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introduced into proteins recombinantly for this purpose.’

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

A variety of protocols exist for introducing specific
functional groups onto biomolecules. Perhaps the best
available resource on this subject is Hermanson’s Bioconju-
gate Techniques.'® A Guide to Fluorescent Probes and Label-
ing Technologies by Haugland is another good source
(available free of charge from Molecular Probes)."”! Strat-
egies exist that employ noncovalent or electrostatic inter-
actions for associating fluorophores with biomolecules,
although these are not so attractive for FRET applica-
tions.[*1%

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

Angewandte

as the green fluorescent protein (GFP) can be appended onto
existing proteins by using recombinant techniques, thus
allowing the endogenous expression of fluorescent protein
chimeras (see Section 3.2).'**?1 The FIAsH method
(F1AsH = 4',5'-bis(1,3,2-dithioarsolan-2-yl)fluorescein) devel-
oped by Tsien allows in vivo coupling of nonfluorescent, cell-
permeable biarsenical fluorophores to proteins expressing an
optimized Cys-Cys-Pro-Gly-Cys-Cys sequence. Only the
reacted fluorophore is emissive. This labeling technique has
already been wused for invivo FRET applications
(Figure 2).121-24

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

Table 1: Common reactive groups and methods for attaching fluorophores to biomolecules.® !

Target Reactive Group

Comment

thiol
primary amine
iso(thio)cyanates, carbonyl azides”!

carboxyl carbonyldiimidazoles, carbodiimides

hydroxyl carbonyldiimidazoles, periodate,
disuccinimidyl carbonate!

carbohydrates periodate®

intracellular proteins FIAsH??

intracellular proteins SNAP-tag/HaloTag?!

[14,20,21]

intracellular proteins fluorescent proteins

maleimide, iodoacetyl, piridyldisulfide!
succinimidyl esters (NHS), sulfonyl chlorides,

1b]

site-specific but requires a free cysteine on proteins
proteins may have many primary amines

allows further coupling to amines
allows further coupling to amines

oxidizes sugars to create reactive aldehydes,
which couple to amines

requires cloning

requires cloning and commercial ligands
requires cloning and formation of a chimera

[a] Reactivity can also target amine- or thiol-modified DNA. [b] Multistep modifications.
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at the University of Bologna (Italy) and
obtained his PhD in organic chemistry from
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2. Organic Materials
2.1. UV-, Vis-, and IR-Emitting Dyes

Organic dyes that emit in the ultraviolet (UV), visible
(Vis), and near-infrared (IR) region are considered “tradi-
tional” FRET dyes. They represent the majority of D/A pairs
currently used in FRET applications and are also the first type
of dye usually tested with new or “nontraditional” materials.
The most common are several structurally related classes of
dyes whose emissions span the UV-to-IR spectrum (Figure 3).
Such dyes are available in reactive form from commercial
sources activated with N-hydroxysuccinimide (NHS) ester,
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Figure 2. Structure of the fluorescein derivative FIAsH in its nonfluorescent form and the
optimized hairpin motif with target cysteine residues highlighted (Xaa=generic amino acid).
After conjugating with this peptide sequence in vivo, the bound fluorophore becomes

emissive.

4566

[22,23]

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

maleimide, hydrazide, or amine functionalities for bioconju-
gation. The UV dyes are typically pyrene-, naphthalene-, and
coumarin-based structures, while the Vis/near-IR dyes
include a variety of fluorescein-, rhodamine-, and cyanine-
based derivatives (Scheme 1).
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Members of some dye families, such as the
cyanines (Cy), are closely related in structure,
whereas others, such as the AlexaFluor com-
pounds, are quite diverse. All dye families are
typically characterized by closely spaced, broad
absorption/emission profiles (small Stokes shift)
and all have both associated advantages and
disadvantages depending on the intended appli-
cation. For example, fluorescein dyes are popular
because of their high quantum yields, solubility,
and ease of bioconjugation, and fluorescence is
readily obtained by excitation with a standard
argon-ion laser (488 nm). However, fluorescein
has a high rate of photobleaching, is pH-sensitive
(which is sometimes advantageous, see Sec-
tion 2.3), and can self-quench at high degrees of
substitution. Alternatives such as Oregon Green
dyes (fluorinated fluorescein analogues), the
AlexaFluor compounds, the Cy family, and the

R R
R R
bo el 1) 208
R 7R R
R R
R R
Pyrene

Coumarin Naphthalene

Y
) Cyanine R”

Scheme 1. Structures of common UV/Vis fluorescent dyes. Typical
substituents at the R position include CO,~, SO;~, OH, OCH;, CHs,
and NO,; R* marks the typical position of the bioconjugation linker.

BODIPY compounds may alleviate some of these issues. Low
solubility in aqueous environments can be an issue for some
of the redder dyes, for which overlabeling can induce protein
precipitation. For FRET applications in particular, the broad
absorption/emission profiles and small Stokes shifts often
lead to direct excitation of the acceptor, which complicates
subsequent analysis. In general, their advantages include: the
availability from commercial sources, their relatively low cost,
the availability of established methods for bioconjugation,
and, most importantly, the extensive description of their
FRET properties in the literature.
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There are many resources available to
aid in choosing suitable D/A pairs, includ-
ing a number of reviews.>'>*%! Wu and
Brand®™ offer an extensive list of donor—
acceptor dye pairs and their respective R,
values. Haugland’s Handbook is another
excellent resource.'” The web-based pro-
grams of Invitrogen (http://probes.invitro-
gen.com/resources/spectraviewer/) and
BioRad (http://microscopy.biorad.com/
fluorescence/fluorophoreDatab.htm) allow
the researcher to plot multiple dye absorp-
tion/emission profiles to optimize spectral
overlap as well as choose appropriate
filters. Buschmann et al. also give an excel-
lent comparison of the physical and spec-
troscopic properties of a number of red-
absorbing dyes.P!

Dye-to-dye FRET combinations still
remain state-of-the-art for many applica-
tions.>® Enzymes, designed substrates, and
cell surface receptors labeled with these
organic D/A dye pairs have been used both
invitro and invivo to monitor various
biochemical processes, such as 3',5" cyclic
monophosphate (cAMP) production,”
phosphodiesterase activity,®” B-lactamase
activity,® integrin binding,*>*! as well as
conformational and electrical processes in
single- ion channels.””! Similar dye combi-
nations are also useful for FRET-based
biosensors, for examples, hydrogel-encap-
sulated glucose sensors®™! and sensors for
lysozyme,™! zinc,*! and cholera toxin.[*!!

One area in which FRET applications with donor—
acceptor dye combinations has had tremendous impact is
nucleic acid analysis, particularly DNA sequencing and
genotyping.['%2524 Mathies, Glazer, and co-workers realized
that the use of a FRET system could simplify the instrumen-
tation needed for DNA sequencing. By utilizing a common
donor and four different acceptors (one for each of the DNA
bases) attached to common DNA primers, they created four
well-separated spectral emission windows that were excited at
only a single wavelength.**! The use of FRET could
increase the acceptor emission with these primers by over
20 times with respect to directly excited non-FRET controls.
This FRET strategy became the backbone of the DNA
analysis technology that has revolutionized genomics and is
found in derivative genotyping technology such as the
Tagman assay.® A cassette version of the ET primers was
created for attachment to any desired thiolated primer or
oligonucleotide (Figure 4)."7 FRET-based DNA sensors have
also been used to monitor pH variations in living cells during
apoptosis.[*’]

Interestingly, the use of DNA scaffolds has helped address
fundamental questions about the dependence of the FRET
efficiency on the orientation of the D/A dyes.””! The
immobilization of FRET-based DNA probes onto glass!*!
and gold™®! has recently been tested and will be important

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

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

2.2. Quencher Molecules

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

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

www.angewandte.org
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Figure 4. a) Schematic of energy-transfer cassette primers."”! Each of the cassettes is built upon a
common modified sugar-nucleotide backbone. The use of different acceptors creates four spectrally
separated emission windows centered at 520, 550, 580, and 605 nm. The energy-transfer cassettes are
attached to thiolated primers through thiol bridges. R6G = 6-carboxyrhodamine-6-G, TAM = carboxyte-
tramethylrhodamine. b) Normalized absorbance and emission spectra (488-nm excitation) for each of
the four colors of an ET cassette compared with direct excitation of the corresponding control acceptor
dye at the same concentration. The factor by which the emission is increased in the FRET system
relative to the single dye control assay is indicated in red. Figure generously provided by R. Mathies,
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DABCYL
R3
BHQ R? &
BHo| R' R2 R R‘ R® RS
1 | cH, NO, CH, H H OCH,
2 | NO, H H OCH, OCH, H
10 |NaO,s H H NaO)S H H

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

These generally tend to have broad absorption spectra, which
allow them to function as acceptors for many dyes. Quenchers
are often applied to DNA analysis, in particular, in molecular
beacons in the form of acceptors paired with organic dye
donors (see review articles by Tan et al.”®? and Didenko!'®!).
The principal advantage of this configuration is that it allows
monitoring of the donor channel alone and if sufficient
spectral separation is achieved opens the possibility of
“multiplexing” with other donor/quencher pairs. Besides
DNA-based diagnostics, molecular beacons incorporating
quencher species have been used to measure DNA perme-
ability of polyelectrolyte thin films,* and catalytic DNA
biosensors have detected lead ions."" Quencher-labeled
substrate analogues have been used in conjunction with
dye-labeled proteins for FRET-based displacement biosens-
ing of nutrients.’” One of the few examples of a FRET system
in which organic quencher molecules are coupled to a non-
organic fluorophore involves quantum dot (QD) donors (see
Section 4.3).

2.3. Environmentally Sensitive Fluorophores

Environmentally sensitive fluorophores exhibit some
change in their absorbance and emission properties in
response to a change in their environment such as pH, ionic
strength or type, (e.g., Ca?", Cl7), O, saturation, solvation, or
polarity. It is difficult to define them as a completely discrete
class of fluorophores, as almost all fluorophores respond to
some perturbation in their environment.'! Thus, these
fluorophores are usually defined by the analyte or condition
to which they respond most favorably (e.g., pH or calcium
indicator dyes)."”! Perhaps the best known example is
fluorescein (FAM; Scheme 1), whose absorption and emis-
sion change in response to pH as a function of ionization
equilibria (Figure 5).'") This property has been extensively
exploited to monitor intracellular pH, and a variety of FAM
ester derivatives are available and are retained intracellularly
following delivery and ester hydrolysis. The most commonly
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Figure 5. pH-dependent absorption (top) and emission (bottom) spec-
tra of fluorescein. The largest change is between pH 6 and pH 7.

used probe for estimating intracellular pH is the polar
BCECF derivative developed by Tsien and co-workers.
For pH monitoring, Molecular Probes offers a variety of
reactive FAM analogues and proprietary seminaphthorhoda-
fluors (SNARF), seminaphthofluoresceins (SNAFL), and
their ester derivatives.”” The optimal working range of
these fluorophores is around pH 5-9. For acidic solutions,
Oregon Green and Lysosensors are more appropriate.!'’]
However, the emission of these dyes is confined to the visible
and near-IR region, and many are not available with reactive
groups, so extensive chemical modification may be necessary
to attach them to biomolecules or other dyes. Again, Haug-
land’s Handbook!" is a good reference for probes optimized
for monitoring pH, NO,, Ca*", Mg*", Zn**, Na*, ClI", K", and
membrane potential.

Several other dyes such as acrylodan and pyrene have also
been used as biosensors for changes in the environment of the
coupled protein.'” Lakowicz and co-workers have utilized
FRET with environmentally sensitive acceptors to measure
pH values, as well as CO, and NH; concentrations by using
phase modulation fluorometry,”**! a technique that requires
specialized equipment and expertise. In general, FRET
configurations with environmentally sensitive fluorophores
have not been utilized extensively as most of the fluorophores
function adequately alone. Future applications of FRET-
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based environmental sensors could facilitate spatiotemporal-
correlated multicolor measurements of intracellular condi-
tions by working in conjunction with other dyes.

2.4. Dye-Labeled Microspheres/Nanoparticles

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

Fluorescent microspheres have been extensively
employed in FRET-based analytical assays, especially flow
cytometry®®®!l and SNP genotyping.[®”! Besides standard
fluorophores, fluorescent microspheres loaded with Eu-
based fluorophores are available which can be used for
time-resolved measurements of the energy transfer (Sec-
tion 4.1).1%1 Apart from flow cytometry, the use of fluorescent
microspheres for FRET-based assays is still in their infancy.
However, their high fluorescence intensity, wide absorption
with multiple emission colors, multifaceted chemistry, and
commercial availability make them promising as donors,
especially for multiplex FRET assays.

2.5. Dendrimers and Polymers

Dendrimers are highly-branched polymers that are
obtained by stepwise synthesis.”! A typical dendrimer con-
tains a core monomer from which multiple branches stem.
Each branch can be further expanded by adding other layers
of monomers.™ The principal utility in the current context is
that multiple fluorophores and other chemical functionalities,
which may be modified further, can be conjugated or
adsorbed to the external shell to create highly fluorescent
dendrimers.'®*"! Inherently fluorescent dendrimers have also
been synthesized.>”!

The oriented placement of dyes can allow the energy
absorbed at the periphery of the dendrimer to be funneled
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through intramolecular energy transfer to a common acceptor
positioned at the core; thus the dendrimer effectively acts as
an artificial light-harvesting antenna (Figure 6, top).”*7" The

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

major advantages of dendrimer-based fluorophores in bioas-
says are the increased absorption cross section and higher
fluorescence intensity.’>™ Furthermore, as the solubility is
determined by the dendrimer, it is possible to deliver a drug
or a fluorophore to an environment in which it would
otherwise be insoluble.®”) Dendrimers have been used, for
example, as carriers for a variety of labels including metal
nanoparticles®*2 and oligonucleotides,® as well as for
in vitro probes and in drug-delivery assays.®®! Intermolec-
ular energy transfer between dendrimers and other donors or
acceptors are known but not common. Examples include
FRET from dendrimers to pyrene polymers in Langmuir—
Blodgett multilayers®! and between dendrimers.[”)
Dendrimers with functionalities that can be further
modified by the end user are commercially available (Den-
dritech and Dendritic Nanotechnologies). Genisphere com-
mercializes DNA-based dendrimers that can be used in
hybridization and detection of low-copy target genes. Qiagen
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offers dendrimers functionalized to bind both DNA and cells
for cellular transfection. Glen Research commercializes
monomers for generating multibranched synthetic DNA
dendrimers™® that can be employed for labeling oligonu-
cleotides with multiple fluorophores. Such multilabeled
dendrimeric primers can also be employed for high-sensitiv-
ity, multiplex PCR analysis (PCR = polymerase chain reac-
tion). The corresponding synthetic methods are also avail-
able.®

Fluorescent polymers are a related class of fluorophores
that can be either intrinsically fluorescent (e.g., conjugated
polymers) or functionalized with multiple fluorophores.”***
Similar to dendrimers, fluorescent polymers are characterized
by high molar absorption coefficients and are effective light-
harvesting antennas. Disadvantages for their use as fluores-
cent labels for bioconjugation are their size and polydispers-
ity. The emission of fluorescent polymers is not localized,
since energy transfer occurs along the whole chain and thus
the emission is diffuse.” Polymers therefore cannot be used
as point donors in FRET systems. Nonetheless, fluorescent
polymers have found broad application as fluorescent layers
and in thin films for biosensors.***")

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

I. L. Medintz et al.

anism that is possible in solution and on surfaces. The effect
has been used in DNA hybridization (Figure 6, bottom),""
SNP analysis,”” and protease detection.® Swager and co-
workers have harnessed this phenomenon to develop “ampli-
fied fluorescent polymer sensors” for a variety of explosives
and biological moieties.”'""1®? Superquenching also occurs
in conjugates of gold nanoparticles and fluorescent poly-
mers;%! such systems may be exploitable for bioassays.

2.6. Photochromic Dyes

Jovin and co-workers define photochromic compounds as
“having the ability to undergo a reversible transformation—in
response to illumination at appropriate wavelengths—
between two different structural forms having different
absorption (and in some cases, fluorescence) spectra”.'™!
The primary attraction of using photochromic dyes as
FRET acceptors is the possibility of reversibly switching the
acceptor (and hence the FRET effect) “on” and “off” with
light. Many interesting FRET configurations can be con-
structed with this concept.

Spiropyrans and functionally related molecules are among
the more prominent photochromic compounds. These mole-
cules exist in closed spiro forms (absorbance <400 nm) that
undergo a light-driven intramolecular rearrangement to an
open merocyanine form (absorbance 500-700 nm; Fig-
ure 72)."! Jovin and co-workers have synthesized a family
of substituted diheteroarylethenes as photoswitchable accept-

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

A system consisting of a QD donor surrounded by
multiple spiropyran acceptors has also been investigated for
pcFRET (Figure 7b-d).'"! Altering the number of acceptors
around the central QD donor modulated the pcFRET
efficiency to between 25 and 50%. Other photochromic
dyes include substituted perfluorocyclopentene, dithienyle-
thenes, substituted oxazolylfulgides, and bismuth vanadate
pigments.'"1%! A variety of spironaphthoxazines and naph-
thopyrans (known as Reversacols) are available in more than
20 different colors from the company James Robinson.

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

3. Biological Materials
3.1. Natural Fluorophores

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

H
—C— H
E H,N (I: COOH HZN—(Il—COOH
H,N— ! —COOH CH; CH,
CH; ==
NH
OH
Phenylalanine Tryptophan Tyrosine

Scheme 3. Structures of the three naturally fluorescent aromatic amino
acids phenylalanine (Phe: QY =0.02, 7~7 ns, 1,,~260 nm,

Aem =282 nm), tryptophan (Trp: QY=0.13, 7~ 3 ns, 4,295 nm,
Aem”2353 nm), and tyrosine (Tyr: QY=0.14, 1~ 3-4 ns, 1,~275 nm,
Jrom A2 304 nm) 2119
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of the tryptophan residue; tyrosine and phenylalanine con-
tribute to a much lesser extent.”! The negligible quantum
yield (ca. 0.02) of phenylalanine makes it less amenable to
FRET, except perhaps in intraprotein configurations. Tyro-
sine is prone to quenching and energy transfer to tryptophan.
This leaves tryptophan as the most reliable residue for FRET
(see review articles and references [2,30,110]). A potential
drawback to FRET applications with Trp is that the excitation
lines and any D/A dyes will be confined to the UV region. The
fluorescence from these residues is also environmentally
sensitive and so placement of these residues deep within a
protein structure will produce results that differ from those at
the terminus of a small peptide. As an example of protein
fluorescence, the absorption and emission spectra of the
maltose-binding protein (MBP) are shown in Figure 8. MBP
is a well-characterized member of the bacterial periplasmic
binding protein (bPBP) superfamily and contains 8Trp,
15Tyr, and 15Phe residues.!”!

Figure 8. Normalized absorption and emission profile (4,,~ 280 nm)
of maltose-binding protein (MBP; M,~44,000).1* ">

Myriad examples highlighting the versatility of these
endogenous fluorophores abound. These include a FRET
system with a Trp donor and dansyl acceptor to estimate the
helix—helix association of bacterioopsin.'"! A Trp donor has
also been used to measure the binding affinities for the E. coli
DEAD-Box RNA helicase DbpA with fluorescent nucleotide
analogues as acceptor.""” A Trp located within the core of a
reductase protein functioning in conjunction with a NADPH
coenzyme quencher was used for measuring binding affin-
ities.'™™ Trp residues within the E. coli melibose permease
acting as energy donors for a fluorescent sugar analogue were
identified through their sequential mutagenesis."'! A FRET
system consisting of a fixed Trp residue as donor and a
modified 3-nitrotyrosine as acceptor within the human a-
synuclein protein was used to demonstrate that the elongated
structure of a mutant is associated with Parkinson’s dis-
ease.l'""”! Trp has also been used as an acceptor for a nitrile-
derivatized phenylalanine donor to study the conformation of
a 14-residue amphipathic peptide.''® The distance between
helices in the M13 transmembrane procoat protein was
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measured by FRET with a Tyr donor and a Trp acceptor.[''”
Other FRET configurations include a Trp donor and a
chromium(IIT) acceptor,'™® and a homotransfer system
between Trp residues.['”

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

3.2. Fluorescent Proteins

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

Figure 9. Ribbon structure of the green fluorescent protein (GFP).
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The GFP was first described more than 40 years ago but was
not cloned until the early 1990s. Key to its widespread use was
the demonstration that this gene could be expressed in other
organisms, since the coding sequence alone contains every-
thing needed for the chromophore to mature and function.””
Key internal residues are modified during maturation to form
the  p-hydroxybenzylideneimidazolinone  chromophore,
located in the central helix and surrounded by 11 { strands
(B-can structure).

Many GFP variants exist that differ in protein and
chromophore structure and hence also in their absorbance
and emission profiles.”” Through mutation and selection, a
more enhanced and stable GFP was produced, as well as blue,
cyan, and yellow fluorescent proteins (BFP, CFP, YFP).*!
The red fluorescent protein (DS Red) was cloned in 1999 and
revealed to be an obligate tetramer that matured slowly from
green to red.”"'*"? Tsien and co-workers developed a
monomeric red fluorescent protein (mRFP) and various other
red fluorophores, which they named after the fruit colors they
resemble.”"'?! Other colors of FPs have been cloned from
coral; these also appear to be tetrameric.”!! Figure 10 shows
the absorption and emission profiles of representative FPs.

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

FPs are primarily being used for in vivo labeling of cells.
FPs encoded in plasmids are available that are optimized for
cloning proteins at either the N- or C-terminal. The plasmids
allow controlled expression in a variety of cells and organisms
including bacteria, yeast, and eukaryotes. The quantum yields
of these proteins are generally good, ranging from 0.17 for a
BFP to around 0.79 for a wild-type GFP, and largely depend
upon which mutations are present and the final chromophore
structure.?!! These benefits do, however, come with liabilities.
Most FPs are large (M, ~ 25 to 30 kD and larger); appending a
protein of this size onto another protein while maintaining the
desired function can be problematic.”) An FP can also be
placed in the center of a protein or on the intra- or
extracellular membrane; however, the correct folding, inser-
tion, and fluorescence are never guaranteed. FPs that form
dimers and tetramers can compound issues of creating
bifunctional chimeras.*""!! It can take several hours for FPs
to mature and for the final chromophore to be formed, and
the absorption and emission may shift during this process.
These proteins are also susceptible to pH, temperature, O,
concentration, and other environmental conditions.”"!
Although many FPs may be sensitive to photobleaching,
this need not be a liability, since advanced imaging techniques
such as fluorescence recovery after photobleaching (FRAP)
can exploit these phenomena.!'™ As can be seen in Figure 10,
the generally broad absorption/emission profiles of an FP
may preclude multiplex analysis.

The strategy of Tsien and co-workers for FRET-based FP
indicators created a new class of genetically encoded sensors
for monitoring intracellular analytes."*!*”! The original con-
structs (termed “cameleons”) were designed to sense calcium
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Figure 10. a) Normalized absorption and b) fluorescence profiles of
representative fluorescent proteins: cyan fluorescent protein (cyan),
GFP, Zs Green, yellow fluorescent protein (YFP), and three variants of
red fluorescent protein (DS Red2, AS Red2, HC Red). Figure courtesy
of Clontech."!

and consisted of linear fusions of BFP or CFP donors and
enhanced GFP or YFP acceptors, which flanked calmodulin
and the calmodulin-binding peptide.'””) Upon Ca®* binding,
calmodulin wraps around the peptide, so that the distance
between the flanking FPs is reduced and the FRET increased.
Following this strategy, the group of Frommer developed an
elegant series of intracellular sensors that consist of FPs fused
to the N- and C-termini of bPBPs."?"% The prototype
consisted of MBP with an enhanced CFP (ECFP) donor fused
to the N-terminus and a YFP acceptor fused to the C-
terminus (Figure 11).1”) MBP belongs to the superfamily of
hinge-binding proteins. Upon binding maltose, it undergoes a
conformational change around the central hinge. This move-
ment causes the two FPs to move closer together, thus altering
the FRET efficiency and allowing transduction by a change in
emission ratio of the donor and acceptor (Figures 11 and 12).

Additional sensors target glucose and ribose; however,
the FPs in these sensors move apart in response to binding,
thus resulting in a decrease in the D/A fluorescent ratio.?%1%l
The overlap of the absorption and emission spectra of
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Figure 11. Modified MBP fluorescent indicator. ECFP as donor was
fused to the N terminus of MBP, and YFP as a FRET acceptor was
fused to the C terminus. H indicates the portion of protein functioning
as a hinge between the two lobes of the MBP. The central binding
pocket of the MBP is located between the two lobes. In the abscence
of maltose, the two FPs are at their maximum distance from each
other and FRET is minimal. Upon binding maltose, the MBP under-
goes a conformation change that brings the two FPs into close
proximity and increases FRET, which can be monitored by the change
in ratio of the YFP and CFP emission (see Figure 12).0'

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

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

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

Those interested in using these proteins can now consult
several guides.”"'* The increased interest in utilizing FPs for
FRET and other intracellular applications has stimulated
their continual improvement, and enhanced GFPs that are
more tolerant to pH and environment have been created.*”!
Through mutational selection, monomeric RFPs have been
developed from the original tetramers and dimers.'>'*! For
optimal FRET pairing, Nguyen and Daugherty developed a
CFP-YFP pair that exhibited a 20-fold change in the FRET
signal ratio (compared with a 3-fold change for the the
original construct).® This new D/A pair should enable
FP FRET sensors in which the donor and acceptor have less
than optimal configuration. FPs from different species have
also been cloned with new colors and interesting properties
such as photoconversion.>

3.3. Enzyme-Generated Bioluminescence

Enzyme-generated bioluminescence (BL) is a natural
phenomenon found in certain beetles, bacteria, and marine
species. In BL, the substrate luciferin is oxidized by a
luciferase enzyme in the presence of O, and sometimes a
cofactor such as ATP.**'] The oxidation of luciferin yields
an excited-state molecule that decays with light emission
(Scheme 4). BL has found applications as a reporter in many
bioassays.'**¥ The light emitted from a BL system can also
be exploited for energy transfer to an appropriate
acceptor.™ ¥l This process, known as bioluminescence
resonance energy transfer (BRET), is a variant of FRET
and is similarly efficient for D/A separation distances from 10
to 100 A" Luciferase acts as the donor in a BRET system,
and the acceptor is usually GFP, which is also the physio-
logical acceptor in luminescent organisms.**1* The principal

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

BRET reporter pairs have been utilized for in vivo
monitoring of protein—protein interactions including the
interactions between circadian clock proteins,'™! insulin
receptor activity,****? and the real-time monitoring of
intracellular ubiquitination.!'**!! Whereas the acceptor is
usually conserved as GFP or one of its variants, a variety of
related donor enzymes have been employed. The most
commonly exploited luciferases are the terrestrial and
marine bacterial luciferases and the eukaryotic firefly and
Renilla (Sea Pansy) luciferases (Table 2). Luciferases catalyze
the oxidation of reduced flavin mononucleotide (FMNH,)
and a long-chain aliphatic aldehyde in the presence of O, to
yield blue light (Scheme 4 a).[**155] Because FMNH, is rapidly
oxidized in air, this luciferase cannot provide continuous
emission, but instead generates only short bursts of light.'¥”]
Also, since these genes are not easily expressed in mammalian
cells, bacterial luciferases have found limited applications. No
BRET application of bacterial luciferase has been reported to
date.

The firefly luciferase/luciferin pair is the most commonly
exploited BL reporter system. This luciferase catalyzes the
oxidation of luciferin in the presence of ATP with emission of
green-yellow light (Scheme 4b).[°% The light emitted initially
is highly intense, but then decays to a sustained low-intensity
luminescence. The addition of coenzyme A can help to yield a
more-stable, high-intensity luminescence that decays over
several minutes."”) Caged luciferin, which is designed for
intracellular delivery, is commercially available.™®! Once
inside the cell, this luciferin can be activated either by UV
light or by the action of intracellular esterases. The firefly
luciferase/luciferin system is probably the best
candidate for a BRET-based donor, as it shows a
high quantum yield (0.88) and is easily expressed in
E. coli. However, as its emission maximum is
around 560 nm, GFP and some of its variants are
not suitable as acceptors. Alternative acceptors such
as Cy3/Cy5 and the fluorescent protein DS Red
have already been used with this protein donor to
monitor antigen—antibody binding!"*! and protein—
protein interactions.®)

Renilla luciferase (RLuc) catalyzes the oxida-
tion of coelenterazine to coelenteramide with the
emission of blue light (Scheme 4¢c).['** Although the
quantum yields of RLuc are low (0.07) in compar-
ison with those of firefly luciferase, the assays are
simpler to perform as cofactors are not required.
Unfortunately, RLuc exhibits a certain amount of
autoluminescence, which results in a less sensitive

Scheme 4. Bioluminescent substrates and enzymatic reactions of several common lucifer-
ases: a) the aliphatic aldehyde substrate of bacterial luciferase; b) structure and reaction of
luciferin, the substrate of firefly luciferase; c) colenterazine, the substrate for Renilla
luciferase and also part of apoaequorin.
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assay. Even with this limitation, the Renilla lucifer-
ase/coelenterazine system is the first and probably
most exploited donor for BRET systems.*) Exam-
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Table 2: Characteristics of common enzymes that catalyze bioluminescent and chemiluminescent reactions, along with their substrates.

Enzyme Gene My, [kDA] Substrate Cofactor(s) Aem Notes References
Bioluminescence
bacterial luciferase Lux 80 aliphatic aldehyde FMNH,, 490 limited [136,154,155]
(Vibrio, Photobacterium, (dimer) 0, applications
Xenorhabdus genera)
firefly luciferase Luc 61 luciferin®, ATP 560 coenzyme A increases  [156-160]
(Photinus pyralis) (monomer)  caged luciferin® luminescence; BRET
acceptors: Cy3/Cy5, DS
Red.
Renilla luciferase Ruc, 35 coelenterazine, none 475 autoluminescence [138,147,164,165]
hRluc  (monomer)  coelenterazine (h, n),!9 442-473
coelenterazine cp, £,/
DeepBlueC 395
Gaussia luciferase hGluc 20 coelenterazine none 480 le] [167-169]
(monomer)
Aequorin (from jellyfish 22 coelenterazine, f, h, Ca?* 445-475 [f] [139,172]
Aequorea victoria or (monomer) hep, cp, and n
recombinant)
Chemiluminescence
horseradish peroxidase 44 luminol, isoluminol, H,0, 411-425 [h] [183-185]
(Armoracia rusticana) (glycoprotein) lumigen, acridan
alkaline phosphatase 106 1,2-dioxetanes (lumigen, 480, 530 [i [191,192]

(Pandalus borealis) (homodimer)  Lumi-Phos, CDP-Star)

[a] D-(—)-2-(6'-hydroxy-2'-benzothiazolyl)thiazoline-4-carboxylic acid. [b] Available from Molecular Probes, Promega. [c] Molecular Probes, Biotium.
[d] Available from Perkin Elmer (BRET?). [e] Available from Prolume and NEB. [f] Available from Lux Biotech. and Molecular Probes. [g] Enhancers:
luciferin, fluorescein, phenolic compounds. [h] Aureon Biosystems, Vector Labs and Alpha Innotech. [i] Michigan Diagnostics.

ples of its use include the monitoring of the dimerization of
the B-adrenergic receptor!®!%2l and the binding of the insulin-
like growth factor II to the insulin-like growth factor binding
protein in living cells.'®! Two new Renilla genes (hRluc) that
are optimized for expression in mammalian cells have also
been created (Table 2). The emission of Renilla luciferase can
also be modulated by choosing the appropriate coelenter-
azine substrate, and several analogues with different emis-
sions are available.6416°]

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

Another luciferase from Gaussia (hGluc), has been
optimized for expression in both bacterial and mammalian
cells.'1%71 With a molecular mass of only 20 kDa (compared
with 35 kDa for Renilla), hGluc displays spectral character-
istics similar to Rluc while also addressing problems associ-
ated with steric constraints in chimeric fusions. Gaussia
luciferase expressed in mammalian cells generates up to 1000-
fold brighter light than native Renilla."*® Although hGluc has
been employed as a reporter label for following DNA
hybridization!"®”! and for monitoring bacterial cells,'® there
are no reports of its use as a BRET donor. Other isolated
luciferases include the 19-kDa luciferase from the luminous
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shrimp Oplophorus gracilirostris, which catalyzes the oxida-
tion of coelenterazine and emits light at 454 nm with high
quantum yield at temperatures up to 40°C.17)

Aequorin, derived from jellyfish, is a Ca®'-sensitive
bioluminescent photoprotein consisting of the luciferase
apoaequorin complexed to its coelenterazine substrate (Sche-
me 4¢)"Y. The blue bioluminescence of Aequorin is trig-
gered by Ca®" ions; hence, its principal application is as a
reporter for Ca** ions."® "2 Aequorin has been employed as a
BRET donor to monitor the interaction between Streptavidin
(fused with Aequorin) and a biotin carboxyl carrier protein
(fused with an EGFP acceptor).'™ In a modified BRET assay,
the bioluminescence of biotinylated Aequorin was quenched
by Dabcyl or QSY-7-labeled avidin upon exposure to Ca*"
ions.'74!

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

3.4. Enzyme-Generated Chemiluminescence

Enzyme-generated chemiluminescence (CL) is closely
related to BL, with the difference being that the luminophore
in this case is a synthetic substrate that is excited through an

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

describe some common CL substrates along with their
processing enzymes. In general, the quantum yields for CL
are lower than for BL. CL has found broad applications as a
sensitive reporter system in drug screening, capillary electro-
phoresis, and immunoassays.'**417>171 Although examples
of chemiluminescent resonance energy transfer (CRET) are
known,!#1% this concept remains relatively underexplored.
Akin to BRET systems, CL labels are potential donors in
CRET-based assays.

Horseradish peroxidase (HRP) is probably the most
commonly used enzyme for CL detection. Although a variety
of chemiluminescent substrates exist for this enzyme, luminol
and its luminogenic derivatives remain the most popular
(Scheme 52).1818] In the presence of hydrogen peroxide,
HRP oxidizes luminol to give a luminescent species that emits
blue light (425 nm). Luminol is usually employed in con-
junction with an enhancer, such as luciferin, fluorescein, or a
phenolic compound.®¥ Exposing acridan substrates to
HRP generates luminescent acridinium ester intermediates,
which decay with emission of yellow light (530 nm) at a higher
luminescent intensity than that of luminol (Scheme 5b).[*851%]
Alkaline phosphatase is also commonly used to catalyze the
oxidation of 1,2-dioxetanes as a luminogenic substrate
(Scheme 5¢)."”1% Since 1,2-dioxetanes are inherently unsta-
ble four-membered cyclic peroxides, more-stable substrates
such as adamantyl-1,2-dioxetane phosphate were developed.
Dioxetanes are usually delivered in combination with propri-
etary enhancers that increase the stability and luminosity, and
also expand the spectral range through energy transfer to
another fluorophore; in this way, two emission wavelengths
are obtained (480 and 530 nm). Dioxetanes can also be
luminogenic substrates for other enzymes such as [(-D-
galactosidase, [-glucosidase, f-glucuronidase, arylesterase,
arylsulfatase, and neuramidase.

Although CRET systems have been utilized predomi-
nantly as reporters, the large number of recombinant enzymes
available, coupled with the low cost of commercial substrates
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and the ability to control the emission wavelength, opens up
the possibility of exploring CRET applications in biosensors.

4. Inorganic Materials
4.1. Metal Chelate Complexes and Long-Lifetime Dyes

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

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

Figure 13. Structure of the LanthaScreen Tb probe from Invitrogen with
the functionalities highlighted. The linker group is typically either an
NHS ester or isothiocyanate/maleimide group.

lanthanide ion must form a tightly bound complex with the
ligand, so that high thermodynamic and photochemical
stability is achieved and the lanthanide ion is shielded from
the quenching effects of the surrounding solution. Chelate
ligands often take the form of polyaminocarboxylates,
pyridines, or salicylic acid derivatives.'”*!*Y 2) Relative to
common dyes, lanthanide ions have very low extinction
coefficients (~1M 'cm™!), which makes them difficult to
excite directly. Thus, the chelate label must contain an organic
chromophore in close proximity to the ion which functions as
a light-harvesting antenna or sensitizer. The sensitizer mol-
ecule absorbs incident light and transfers this energy to the
lanthanide ion. 3) The chelate label should possess a reactive
group to allow bioconjugation.
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Research continues on the improvement of antennas and
development of methods for the direct coupling of antennas
and chelators to the termini or side chains of nascent
peptides.'”> ! The currently available linkers for coupling
these probes are relatively long and flexible, which leads to
some uncertainty in the analysis. Direct attachement of the
probes should improve the accuracy of measurements of the
D/A distance. Sources for lanthanide probes include CIS-Bio
International (cryptate-based probes), Perkin—Elmer, Invi-
trogen (LanthaScreen), and Amersham Biosciences (euro-
pium-TMT chelates).

Long-lifetime donors (fluorescent lifetime 7>100ns to
several ms) have a number of technical advantages over
conventional fluorescent dyes (z=1-5ns). The principal
benefit arises from the ability, through time-resolved meas-
urements, to eliminate background fluorescence (from direct
excitation of dyes, scattering, and autofluorescence from cells
and biomolecules), thereby dramatically improving sensitiv-
ity. Lanthanide probes also possess multiple distinct, sharp
emission bands and large Stokes shifts, so that D/A emission
can be detected far from the excitation wavelength
(Figure 14). Together these properties allow lanthanide
probes to be coupled to a wide range of acceptor dyes.
Terbium, for example, has good spectral overlap with
fluorescein, rhodamine, and Cy3. Selvin’s review article has
a list of matching dyes along with their corresponding R,
values.[')
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Figure 14. The unique sharp emission profile of the LanthaScreen Tb
probe (Aeema ™ 343 nm).

Resonance energy transfer using lanthanide donors is
(more correctly) referred to as luminescent resonance energy
transfer (LRET), since technically lanthanide emission is not
considered fluorescence. However, it originates from the
same electric dipole transitions as conventional organic dyes
and is therefore governed by the same r° distance dependence
as for FRET. The high quantum yields of the lanthanide
probes (0.1-0.4) translates into R, values up to 100 A. Care
should be taken in the determination of the spectral overlap,
since some emission bands arise from both magnetic and
electric dipole transitions, whereas only the electrical tran-
sitions allow significant energy transfer.'””! Time-based meas-
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urements require more-complex equipment than that needed
for steady-state measurements. However, because the dyes
have long lifetimes (us to ms), the instrumentation is typically
less costly than that required for measurements with conven-
tional dyes (ns lifetimes). In fact, many microtiter well-plate
readers are available that allow gated lifetime measurements
in this timescale.

LRET studies with lanthanide probes typically use con-
ventional dyes as acceptors.'”” Lanthanide-based LRET has
been used to study the activity of enzymes such as telomerase,
caspase, helicase, and phosphatase.'”**) An Eu-Cy5 D/A
pair has also been used in high-throughput screening of
potential antimicrobial drugs.”® The same Eu-Cy5 pair was
also used for competitive immunoassays of urinary albumin
and noncompetitive assays of morphine.”*??l Tsourkas et al.
developed molecular beacons with Tb- and Eu-labeled DNA
donors and demonstrated that time-resolved measurements
with this LRET pair required neither a quencher nor a hairpin
structure on the lanthanide-labeled probe.’™ An LRET
system with a Tb donor and a Cy3 acceptor has also been used
to monitor DNA hybridization.”™ Lanthanide probes have
also been used in elucidating biological structures, for
example, for measuring conformational changes in ion
channels and enzymes, monitoring transmembrane signal
transmission through voltage-sensitive segments within a
functional potassium channel, and measuring distances
across thin muscle filaments.%20527]

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

NCS

Scheme 6. Structure of the commercially available ruthenium complex
that is typically used in long-lifetime fluorescent studies.

Lakowicz and co-workers as anisotropy labels for measuring
the rotational dynamics of proteins.”®**”! These Ru com-
plexes have lifetimes of approximately 500 ns and are thus
closer to organic dyes than lanthanides. As with the lantha-
nide probes the main advantage is the ability to monitor
fluorescence selectively after the background fluorescence
has decayed. Ru complexes have relatively small extinction
coefficients (14500M 'cm™) and low quantum yields (0.05),
but these disadvantages are again offset by their long
lifetimes, high photostability, fairly large Stokes shift, and
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absorption across almost the entire visible spectrum
(Figure 15). Ru complexes have been applied as LRET
donors in direct and competitive immunoassays for human
serum albumin.”® In another case, an environmentally

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

sensitive Sudan III diazo acceptor dye was coupled to a Ru
complex in silica gel and used for the LRET-based detection
of CO,.P" In a rare example of the use of the complex as an
acceptor, a glucose-binding protein was labeled with an
environmentally sensitive acrylodan dye and a Ru com-
plex.”"] The acrylodan was affected indirectly by glucose
(which altered the protein conformation), whereas the Ru
complex was not affected and thus served as an internal
standard for ratiometric measurements.

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

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

Gold nanoparticles (NPs) are increasingly used in FRET-
based applications, mostly because of their exceptional
quenching ability. Gold and other noble metals have unique
properties, such as plasmon resonances in the visible range
(typically with large extinction coefficients around
10°cm™'m™"), stable, unfluctuating signal intensities, and
resistance to photobleaching. Daniel and Astruc provide an
excellent review of almost all properties of gold NPs,*'
including the somewhat murky distinction between clusters
and colloids (the later have size polydispersity).

Besides standard FRET considerations, the size and shape
of the gold NPs also play an important role in FRET systems.
Detailed studies have characterized the fluorescence quench-
ing of dyes attached at a fixed distance from the surface of
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various sized gold NPs (1-30 nm) as well as dyes attached at
varying distances (2-16 nm) from the surface of 6-nm gold
NPs.®1 Almost all the gold NPs were found not only to
increase the nonradiative rate of decay of the dye, but also to
decrease the radiative rate—even 1-nm gold NPs were
capable of greater than 99 % quenching efficiency.

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

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

Figure 16. Schematic of a gold nanoparticle probe: In the closed
hairpin structure, the D/A pair are in close proximity and the
fluorescence in quenched.”™ Hybridization of the target single strand
DNA opens up the structure of the molecular beacon, which increases
the distance between the gold NP and the dye and results in a
significant increase in fluorescence.

dye combinations.”'**) The research group of Krauss
developed a system in which molecular beacons are immo-
bilized onto gold surfaces.[**'%! Both surface- and NP-based
molecular beacons using organic dye donors demonstrate a
high sensitivity for single base-pair mismatches. Seidel et al.
demonstrated a FRET-based immunoassay for the detection
of the pesticide atrazine by using gold-coated well plates
(Figure 17).77! Recently, gold NPs have also been tested as
quenchers for semiconductor QDs (see Section 4.3). The
hybridization of two complementary pieces of single-strand
DNA, one attached to a QD and the other coupled to a 1.4-
nm gold NP, was monitored by FRET (Figure 18).?"%2"] The
formation of nanoscale assemblies between oppositely
charged QDs and gold NPs in solution has also been
monitored by FRET."® An inhibition assay with streptavi-
din-coated QDs and biotin-functionalized gold NPs has also
been reported (Figure 19).2! The results from these studies
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Figure 17. Gold-coated well plates for the competitive immunoassay
detection of atrazine.”'”! The binding of dye-labeled antibodies to the
atrazine immobilized on the gold surface results in FRET quenching of
the dye. Free atrazine in solution competes with the toxin on the gold,
prevents the binding of the antibody to the surface, and thus increases
the fluorescence.

Figure 18. Detection of DNA hybridization by quenching upon binding
of a gold-labeled single strand of target DNA. 1-3) Fluorescence signal
of the surface after introduction of the gold target; t=0 min (1), 5 min
(2), 15 min (3). Images generously supplied by T. Melvin and

reproduced with permission from the Royal Society of Chemistry. ?'®

suggest that such FRET configurations have tremendous
potential. The main advantages are the lower background
signal, the improved sensitivity, and the ability to label both
the gold NP and QD with multiple biologically active groups.

Gold is typically used for its quenching abilities; another
possible use in which highly fluorescent gold QDs are used
was described recently by Dickson and co-workers.??>%*]
Much like their semiconductor counterparts, these gold
QDs have size-tunable emission maxima, which shift to
longer wavelengths with increasing nanocluster size. Fluores-
cent gold QDs can be used in FRET applications as both
donors and acceptors; also, since the surface is stabilized with
poly(amidoamine) dendrimers (PAMAM), the free amines
on the dendrimer could be used in bioconjugation. It is quite
clear that the use of gold NPs and surfaces for FRET
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Figure 19. Top: Competitive inhibition assay for the detection of avidin
on the basis of quenching of QDs by gold nanoparticles. Binding of
the biotin-functionalized gold particle brings it into proximity of the
strepavidin-labeled QD, which results in FRET and loss of QD photo-
luminescence. Avidin in solution competes with the strepavidin-labeled
QDs for the biotin-gold particles and thus changes the FRET. Bottom:
The resulting dose response for the assay. Figure generously supplied
by E. Ohand; reproduced with permission from the American Chemical
Society.”"

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

4.2.2. Metal and Silicon Nanoparticles

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

Silicon NPs have equally interesting optical character-
istics, such as bright size-dependent photoluminescence and
broad excitation spectra.”"2*! Because of their brightness
and resistance to photobleaching, Si NPs have been inves-
tigated as fluorescent tags for DNAP*:22l and potentially
nontoxic alternatives to semiconductor materials for in vivo
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imaging.*! The synthesis and stabilization of Si NPs remains
tricky, although viable methods exist.?****] Wiesner and co-
workers developed hybrid nanoparticles with a fluorescent
core and a silicon shell which they refer to as CU dots
(Cornell University).?*" These hybrids are synthesized by
covalent conjugation of dye molecules to a silicon precursor
and condensation to form a dye-rich core. Finally, silicon sol-
gel monomers are added to form a denser outer silicon
network. Because of their photostability, tunability, and ease
of surface modification, applications of Si-based NPs as
FRET donors can be expected.

Extensive studies on metal NPs coated with fluorescent
dyes have confirmed plasmonic enhancement effects.?*"!]
This effect involves energy transfer from the excited-state
fluorophore to the plasmon resonance of the proximal metal
surface/particle, which results in significantly different fluo-
rophore excitation and emission properties.”**'! Plasmon
enhancement also decreases the excited-state lifetime of the
fluorophore, which may increase stability by reducing photo-
bleaching. The type of metal, size of the NP, and the
fluorophore all have an influence in this complex process,
but the general effect is that the quantum yield of the
fluorophore increases dramatically, particularly for fluoro-
phores with low quantum yield.?2*! For plasmon enhance-
ment to function, the spacing between fluorophore and metal
must be carefully tuned.”*>" The effect has already been
exploited to increase the FRET efficiency between DNA-
bound fluorophores,” and it is just a matter of time before
more viable configurations are found.

4.3. Semiconductor Nanocrystals

Pioneering studies demonstrated that colloidal lumines-
cent semiconductor nanocrystals or QDs could be used for the
detection of proteins or DNA.*1:2%?] Extensive reviews can be
found in references [263-268]. QDs have several unique
intrinsic photophysical properties which make them attractive
biolabels: relatively high quantum yields, molar extinction
coefficients 10 to 100 times those of organic dyes, as well as
high resistance to photobleaching and chemical degrada-
tion.’®*2%! In direct comparison with organic dyes, several
properties of QDs stand out: 1) size-tunable photolumines-
cent emission; 2) broad absorption spectra and large Stokes
shifts, which allow excitation of mixed QD populations at a
wavelength far from their emission wavelengths
(Figure 20).1263-265:269.2101 For FRET applications in particular,
this means that QDs can be size-tuned or “dialed in” to give
better spectral overlap with a particular acceptor dye
(Figure 21).”™ As the spectral overlap increases, there is a
proportional increase in the value of R, which, together with
the high quantum yield of the QDs, permit FRET systems
with longer separation distances. Since QDs can be excited at
almost any wavelength below their emission wavelength, an
excitation wavelength can be chosen that corresponds to the
absorption minimum of the acceptor so that direct excitation
is minimized.

QDs for biological assays are commercially available
(Quantum Dot Corporation and Evident Technologies).
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Figure 20. a) Correlation of emission maxima with the size of QDs
composed of different binary and ternary semiconductors. b) Absorp-
tion and emission of six different QDs (in buffer) that have been
utilized in several assays.”®! The black line shows the representative
absorption of the QDs that emit at 510 nm. Note that the absorption
increases steadily towards the UV. Figure generously provided by X.
Michalet, UCLA, and reproduced with permission from reference [265].

These materials are available precoated with avidin or other
proteins to facilitate bioconjugation. There are also several
detailed monographs describing QD synthesis.[?2"-27%-272-24
The best available QDs for biological applications consist of
a CdSe core material coated with a ZnS shell (Figure 22). The
shell passivates the core, protects it from oxidation and
leeching, and at the same time significantly improves the
photoluminescence.?®2%2™! Since QDs are typically synthe-
sized from insoluble salts, they are also not water-soluble.
Therefore, the native organic ligands used for synthesis must
be exchanged with a bifunctional cap that attaches to the QD
with one functionality and provides solubility and possible
bioconjugation sites with the other. A wide variety of ligands
can be used; each have their own advantages and disadvan-
tages. For example, some limit dispersions of QDs to the basic
pH range, whereas others increase the size considerably,2°%26%)
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Figure 21. Normalized absorption spectrum of Cy3 and emission spectra of
three QD solutions. The inset shows a plot of the resulting overlap functions
J(*), which highlight the ability to tune the emission of the QD by changing its
size to improve the spectral overlap with this acceptor.””" Reproduced with

permission from the American Chemical Society.

Figure 22. Comparison of the size of QDs and several comparable
objects: FITC (fluorescein isothiocyanate), CdSe/ZnS QD (green: 4-nm
diameter; red: 6.5-nm diameter), qrod (rod-shaped QD), SAV (strepta-
vidin), 1gG (immumoglobulin G). Figure generously provided by X.
Michalet, UCLA, and reproduced with permission from reference [265].

Diverse strategies also exist for attaching biomolecules to
QDs, for example, covalent coupling,*2%? electrostatic or
metal-affinity-driven self-assembly, and biotin-avidin chemis-
try.[263.265.:267.268.275.276] Dyg consisting of various other binary
and ternary semiconductor materials including ZnS, CdS,
CdTe, PbSe, and CdHgTe with emissions ranging from the UV
to the IR have also been synthesized (Figure 20a).[?%326"]

The finite size of QDs presents an interesting predica-
ment, since it can be both a benefit and a liability for FRET
applications. The diameters of the CdSe/ZnS QDs shown in
Figure 20b range from approximately 50 A for the 510-nm
QDs to more than 80 A for the 610-nm QDs (not including
the capping ligand, which can add between 20 and 100 A to
the overall size).?®?7-26271 For many bioconjugates with a
QD donor and a dye-labeled protein as acceptor, the R, value
may actually fall within the radius of the QD, which results in
a FRET efficiency that is relatively low for a D/A pair
consisting of a single QD and a single acceptor.>"!l However,
it has been shown that by loading a central QD donor with
multiple protein-based acceptors, the FRET efficiency can be
increased in proportion with the cross section of the FRET
acceptor.[263271
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Mattoussi’s group has been at the forefront of
exploring QD FRET for bioassays. They have char-
acterized and reported on D/A pairs of QD and dye-
labeled proteins,””?”! QD-based sensors for maltose
and TNT,*?® surface-attached QD nanoassem-
blies,””) QD-FRET-based reagentless biosensors, "
the control of QD-donor FRET by a photochromic
dye,'™ and the FRET-based structural elucidation of
QD-protein bioconjugates (Figure 23).*!1  These
studies also demonstrate how FRET can be used
with two different classes of fluorophores that differ
in size by many orders of magnitude.

Other FRET applications with QDs include using
DNA complementarity to attach gold quenchers to
QDs”"! and using the quenching of these QDs to
monitor avidin-biotin interactions.’”!! The dynamics
of DNA replication and telomerization have been
monitored with QD donors that were conjugated to
DNA primers and fluorescent nucleotide accept-
ors.?®2 QDs have also been investigated as possible
FRET donors in molecular beacons.”®! QDs located
deep within lipid vesicles have been used as donors for

Figure 23. Side view of the structure of MBP as it self-assembles onto
the surface of a QD. Six rhodamine red structures are highlighted in
red. The distances from the center of the QD to each dye were
determined by FRET (yellow). The crystallographic coordinates of the
MBP were used in conjunction with these six distances to solve the
structure of the MBP bioconjugate. Reproduced with permission from
National Academy of Sciences USA.%'

assaying interactions with other lipid-soluble and water-
soluble dyes.” There is also a continuing discussion about
using QDs as FRET-donating photosensitizers in photody-
namic cancer therapy.**2%l

There are far fewer examples of QDs as acceptors in
biological contexts. There are two possible factors for this:
1) The broad absorbance profile, high extinction coefficients,
and the large size of QDs cause QD to be excited as well as or
better than any potential donor. 2) QDs have a longer lifetime
(=10 to 50ns) than typical fluorescent dyes (t=1 to
5 ns).?””! Thus, the opportunity exists to use a different class
of fluorophores, such as long-lifetime lanthanide chelates, as
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donors in a FRET system, so as to exploit properties not

Emission
found in “conventional” organic dyes. In view of the unique Excitation 525 nm
photophysical properties of QDs, we can expect their 488 nm /
continued utilization in many FRET-based biological assays. C -
FAmM — - Emission
HO.
) O T~ 585nm
ET-1\ ET-2 -
5. Multi-FRET Systems o RN 5 /\)/
H
Ao © . TAM -
The naturally occurring multi-FRET biological systems 7 Emission
are exemplified by the light-harvesting phycobilisomes.?’>!] 670 nm

These supramolecular complexes, found in blue-green cya-
nobacteria, red algae, and cryptomonad algae, function to
extend the wavelength range for photosynthesis in the marine
environment. Phycobilisomes consist of multiple phycobili-
protein subunits that can be pigmented or colorless; their
composition varies widely depending on the light quality and
the organism.”7*!

An example of a multi-FRET function within a phycobi-
lisome is the absorption of light by the phycobiliprotein R-
phycoerythrin with subsequent energy transfer to C-phyco-
cyanin and from there to allophycocyanin. The latter is
connected through a linker chromophore to the photosyste-
m Il of the photosynthesis complex. Glazer and Stryer
demonstrated that these tandem FRET probes could be
adapted for sensitive cellular labeling and immunoas-
says.”>2% Individually, these same fluorophores are also

Scheme 7. Structure of a CFET tag, which is constructed through attachment
of chromophores to the modified thymidine residues of a nucleotide
backbone. The FAM donor is excited at 488 nm and transfers energy to the
proximal TAM and the terminal Cy5. TAM acts as a relay to forward energy
to the Cy5. The spacing between FAM and TAM is controlled by the number
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commercially available in the PBXL series."”! The energy-
transfer efficiency in this system approaches 100 % —both the
complexity and the efficiency of this naturally occurring
energy-harvesting system are yet to be matched experimen-
tally.

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

DNA can be synthesized with multiple fluorophores or
thiol, amine, biotin, and other modifications at specific
terminal or internal sites. A change in the D/A spacing is
facile in this configuration and allows fine tuning of FRET
efficiency.?”>*®! Such multilabeled DNA structures have been
proposed as combinatorial fluorescence energy transfer
(CFET) tags for information encoding. Tong etal. con-
structed eight CFET tags by altering the spacing between
three fluorophores on a deoxyribose backbone to create
different emission ratios of each color (Scheme 7).2*?*! In
this configuration it is possible to excite at a single wavelength
and use the different emission ratios as unique FRET
signatures. The CFET tags have already been demonstrated
in genotyping assays.

MBP has also been used to test different protein-based
multi-FRET configurations.’**?) Hellinga used orthogonal
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of sugar phosphates m, and n defines the spacing between TAM and Cy5.

Through changing the spacings, the emission can be tuned so that a unique
ratiometric signature is produced. The CFET tag can be attached to DNA at

point g, whose spacing can also be controlled. Figure courtesy of A.
Tong 295,296]

protein labeling to create a triply labeled MBP: the labels,
FAM, tetramethylrhodamine (TMR), and CyS5, form a FRET
relay that responds to maltose according to the change in the
FRET ratio between FAM and CyS5, while the central TMR
acts as a relay.® In another approach, a Cy3-MBP conjugate
was used as a relay between a QD and a Cy3.5-labeled
analogue of maltose, bound in the central binding pocket of
the MBP (Figure 24). Although maltose sensing in this QD-
MBP displacement sensor is based on changes in the ratio of
FRET emission from MBP-Cy3 and Cy3.5, the sensor is
“driven” by the QD, which is the primarily excited participant
(Figure 25). This approach was helpful in overcoming inher-
ent limitations of the D/A distance.’”? A multi-FRET format
with 148 donors and 24 acceptors has been used to elucidate
the structure of tarantula hemocyanin.’® A FRET system
with three fluorophores for a high-throughput drug screening
format has also been reported.®™ Recently, Wang and Tan
incorporated a combination of three organic dyes into silicon
nanoparticles and varied the ratio of these tandem dyes to
tune the FRET-mediated emission signatures.”* This strat-
egy represents an interesting functional hybrid that combines
elements of silicon NPs,>2* CU dots,**! and TransFluo-
spheres.[!

Multi-FRET systems have tremendous potential for
elucidating protein structures and interactions, and a worth-
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Figure 24. Schematic function of a multi-FRET QD maltose sensor. A 530-nm QD is surrounded
by about 10 MBPs (only one shown), each labeled with a single Cy3 molecule (absorption
maximum 556 nm, emission maximum 570 nm). 3-Cyclodextrin, an analogue of the primary
maltose analyte, is labeled with Cy3.5 (3-CD-Cy3.5, absorption maximum 575 nm, emission
maximum 595 nm); it binds specifically in the binding pocket of MBP to complete the sensor
complex. Excitation of the QD results in excitation of the MBP-Cy3 (FRET 1), which in turn
excites the 3-CD-Cy3.5 (FRET 2). Added maltose displaces 3-CD-Cy3.5 and leads to increased

emission of Cy3.

B-CD—CyB.S/ '
N ,
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Figure 25. Maltose sensing using the configuration shown in

Figure 24. Inset: Close up of the MBP-Cy3 and [3-CD-Cy3.5 fluores-
cence portions. Reproduced with permission of the Nature Publishing
Group."

while strategy for their construction is in particular the
combination of different types of functionalized fluorophores.
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6. New Materials

With the growth in recent years
of our understanding of FRET and
its applications, possibilities have
arisen for moving beyond the dis-
tance limitations of traditional
FRET applications (R,=60-90 A,
r=100-120 A). For example, Jares-
Erijman and Jovin™® point out that
certain FRET parameters, including
R,;, may be more plastic depending
upon experimental configuration
than previously thought. Specifi-
cally, the distance dependence of
energy-transfer from a point to a
plane could vary with the fourth
power of separation rather than the sixth.™¥ Strouse and co-
workers investigated this aspect by using variable-length
DNA that was labeled at one end with FAM and at the other
with a 1.4-nm Au cluster (Figure 26).5* The Au cluster acts as
a dipole surface and demonstrates 1/R* distance dependence
of the surface energy transfer (SET). An SET radius d,
(analogous to R,) can be extrapolated.’™ SET may provide
a distance resolution of up to 220 A or more, which is twice
the distance resolution measurable with traditional dye-based
FRET pairs.

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

Figure 26. a) Schematic of the FAM-DNA-Au system: FAM is appended to DNA with a 1.4-nm Au particle attached at the other end. Flexible Cq
linkers produce cones of uncertainty (8R) for both appended moieties. Binding of M. EcoRl methyltransferase bends the DNA by 128°, which
alters distance R to R’ and results in a new D/A distance. b) Energy-transfer efficiency plotted against distance of separation R between FAM and
Au. Filled circles represent DNA lengths of 15 bp, 20 bp, 30 bp, and 60 bp. Efficiencies after M. EcoRI binding are shown in open symbols. The
dashed line is the theoretical FRET efficiency and the solid line is the theoretical SET efficiency. c) Distance-dependent length resolution of FRET
and SET mechanisms. The intersection of the curves is the distance at which the two methods have identical resolution. Figure generously
provided by G. Strouse F.S.U. and reproduced from reference [304] with permission from the American Chemical Society.
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7. Summary and Outlook

Despite the numerous examples of FRET systems with
divergent materials presented in this Review, FRET remains
an underused and underappreciated analytical tool. Possible
applications are numerous; for example, most commercial
DNA sequencers utilize energy-transfer primers or termina-
tors for fluorescent labeling as this simplifies the instrumental
optical systems needed yet few realize this realiance.[!-3%3%!
There are few other bioanalytical techniques that can in so
many different experimental formats consistently provide
accurate intramolecular distance measurements in the nano-
meter range. We are fortunate to be part of an era in which
not only is sensitive detection equipment available, but there
are also many disparate materials that can be used as donors
and acceptors in FRET systems, and numerous methods to
label biomolecules. In particular, the use of nontraditional
combinations with materials other than the usual organic
donor and acceptor dyes will expand the applicability of
FRET analysis. We predict six areas that will benefit the most
in the near future: 1) studies of protein and peptide folding
kinetics; 2) the elucidation of macromolecular interactions;
3) multicolor analysis, especially invivo; 4)clinical and
in vitro assays; 5)novel nanomaterials; 6) single-molecule
FRET analyses.?1*311l

Addendum

During the production of this Review, several pertinent
papers were published which deserve mention. In a fascinat-
ing example of FRET between disparate classes of materials,
So etal. used BRET to illuminate QDs in the absence of
external excitation and demonstrated this for in vivo deep
tissue imaging.®'” A multi-FRET construct consisting of five
perylene bisimide dyes on a calixarene backbone was
demonstrated for potential use in light-harvesting arrays.'!
Simultaneous multiplex FRET with up to four QD donors was
demonstrated,®™ and a very informative review article on
BRET applications for determining protein—protein interac-
tions was published.'

Abbreviations
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QD quantum dot

QY quantum yield

R, Forster distance
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T excited-state fluorescent lifetime
YFP yellow fluorescent protein
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Enzymes have fascinated scientists since their discovery,
and, over some decades, one aim in organic chemistry has
been to create molecules that mimic the active sites of
enzymes and promote catalysis.'**! Nevertheless even today
there are relatively few examples of enzyme models that
actually perform Michaelis-Menten catalysis under enzy-
matic conditions (i.e., water, pH 7, ambient temperature),’!
and very high rate accelerations under these conditions are
rare.’! On the other hand progress in synthetic chemistry, in
this context, in carbohydrate chemistry” now makes it
possible to prepare more sophisticated rigid catalysts.
Recently we reported the bridged ketocyclodextrins 1 and
2 (Scheme 1) and that they catalyze the oxidation of

Scheme 1. Catalysts 1 and 2, which consist of a core of either a- or 3-
cyclodextrin with dihydroxyacetone attached to the primary rim through
ester bonds.

anilines to nitrobenzenes in the presence of hydrogen
peroxide (H,0O,) in a reaction with enzyme kinetics and
with a ratio ke/kuye up to 1070.M) The cup-shaped com-
pounds 1 and 2 bind the aromatic amino group in their
hydrophobic cavities (K, ~ 1-5 mm), while the ketone func-
tionality is believed to form a hydroperoxide adduct with
H,O, that is responsible for the oxidation of the bound
amine."! We have now found that 1 and 2 also catalyze the
oxidation of benzylic alcohols to aldehydes, and that for this
reaction the rate acceleration for the catalyzed reaction is
very high.

The cyclodextrins 1 and 2 catalyze the transformation of
benzylic alcohols into aldehydes (or ketones) in the presence
of hydrogen peroxide (72 mM) in aqueous solution, at room
temperature, and at pH 7.0 [Eq. (1)]. The reaction rate of the

[*] Dr. L. G. Marinescu, Prof. Dr. M. Bols
Department of Chemistry
University of Aarhus
8000 Aarhus (Denmark)
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catalyzed reaction is observable even at cyclodextrin concen-
trations that are 10000 times lower than the substrate
concentration and as low as 1 pm. GC-MS analysis revealed
that complete oxidation of the starting material can be
achieved. The reaction follows Michaelis-Menten kinetics
(Figure 1), can be inhibited by addition of cyclopentanol, and

3500000 -
3000000 |
I 2500000 |
substrate / 2000000
r:“:‘wt%f . 1500000 -
1000000
500000

0 : . T 1

0 2 4 6 8
[2-methoxybenzyl alcohol] / mm ——

Figure 1. Hanes plot of the 2-catalyzed ([2]=0.38 mm) oxidation of 2-
methoxybenzyl alcohol to 2-methoxybenzaldehyde in the presence of
72 mm H,0,, 25°C.

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

The kinetic data (K,, and k) for a range of benzyl alcohol
substrates were obtained from v, vs. [S] data (v, velocity of
the catalyzed reaction, S: substrate) in the usual manner using
nonlinear least-squares fitting and are shown in Table 1. For
pH7 and 25°C, the K,, values range from (0.21 +0.07) to
(5.0+1.6) mm which are typical values for the binding of
small aromatic molecules by cyclodextrins. The k., constants
vary from about 10~° to about 2.5 x 10~* s and since the first-
order rate constant for the background oxidation (kye.)
under these condition is 107*~10? s ! the ratio between the
reaction rates for the reactions inside and outside the cavity
(keailkunear) varies from about 400 to about 29000 at 25°C. The
comparison with diacetoxyacetone is also significant: DAA
catalysis gives a second-order rate constant k., of 4x
10*m 's™!, which has to be compared to the k. /K,, values
for 1 and 2 that are 1.35x1072 and 1.75x1072m!s!,
respectively; it follows that the supramolecular catalysts are
30 to 45 fold more efficient than DAA. As can be seen from
Table 1 secondary alcohols (Me or Ph substituents) are
oxidized as well. A range of substituents on the aromatic
ring is tolerated though with variations in the catalysis rate.

For three reactions, a study of pH and temperature effects
was performed (see Table 1, entries marked with [a]). The
reaction rate increases with temperature and pH value, but
above pH 9 the catalyst starts to decompose, presumably as a
result of the lability of the esters At pH 8.0 and 45°C the rate
increase observed for the oxidation of 2-hydroxybenzyl
alcohol is approximately 6.3 x 10*. Though this value still is
lower than that found for natural enzymes, where rate
increases have been calculated' to lie between 10° and
10'8, it is fascinating to consider that since 2 has a 10 times
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Table 1: Kinetic data for the oxidation of various benzylic alcohols to aldehydes catalyzed by 1 or 2 and
compared with those of other potential catalysts. Except otherwise noted the experiments were
performed in a 95 mm phosphate buffer at 25°C and pH 7 with a H,0, concentration of 72 mm and with

a concentration of the catalyst of 0.38 mwm.

Substrate AorX Catalyst kea [x10°57] K. [mM] Kear/Kuncat
1 26.9+3.2 2.0+0.7 1690+230
2 26.3+£2.0 1.5+0.4 16504+150
©/\OH 20 244+6 - 989+28
21 no catalysis 22402 1
DCA no catalysis - 1
DAAU —
A H 1 24.44+1.5 0.72+0.30 59304360
@XOH H 2 22.6+1.7 50+1.6 54904420
H 2 15.84+1.4 0.77+0.63 not determined
OH 1 18.6+0.3 1.140.1 973422
@Ph 2 18.3+0.4 0.84+£0.1 960+ 34
p-CD no catalysis - 1
OH 2 6.24+0.63 1.3+0.2 2860049200
E:C 28 62.14+0.8 1.204+0.15 6290045500
OH 20 no catalysis - 1
DCA no catalysis - 1
OMe 2 3.41+0.07 0.52+0.08 27404+130
@FOH al 2 8.90+0.35 0614£017  971+76
X Br 2 66.8+-4.5 0.71+0.19 366+27
Br 28 591+62 1.2+0.4 82413
OH 1 5.62+0.44 1.83+0.51 748 =106
QA 2 455+0.47 1.094+0.56 887+103
OMe
OMe 1 9.63+0.60 2.52+0.43 6760+570
OMe 2 3.85+0.12 0.97+0.16 2700+110
OH OMe 20 159412 6.1+0.8 1760130
OH 2 1.28 +0.08 0.09+0.08 not determined
F 2 9.10+0.49 0.66+0.23 402+ 41
cl 2 21.5+0.4 0.37+0.05 707 +155
X Br 1 33.74+0.9 1.154+0.12 1030+30
Br 2 24.2+0.1 0.93£0.02 739+4
Me 2 3.93+£0.98 0.78£0.93 945 +236
X OMe 2 1.57+0.03 0.50£0.06 2120+ 86
@f\OH cl 2 16.0+0.8 0.21+£0.07 446 + 81
X
OH
2 293 451 11.84+2.3 539+94

o8,

[a] T=45°C, pH 8. [b] Cyclopentanol (109 mm) was added as inhibitor. [c] H,0, was replaced with tert-
butyl hydroperoxide. [d] ki, =0.4 MM '™ keye/Kyncar =9-8 mm .

E—

-04 -03

-0.1 D 0.1

b

log k., £l
/ A

74

02 03

Figure 2. Hammett plot of the 2-catalyzed oxidation of p-substituted
benzyl alcohols at pH 7.0 in the presence of 72 mm H,0,, 25°C. The
plot has a slope (o) of 1.93 and a correlation r* of 0.82.
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smaller molecular weight than a typical
enzyme, the efficiency per mass unit is in
the same range.

From the series of p-substituted benzyl
alcohols (see Table 1) one can construct a
Hammett plot (Figure 2), which gives a
correlation between k., and o of ¥ =0.82,
and 1.9 as the reaction constant (o). This
value suggests that the transition state is
ionic and has some negative charge at the
reaction center. A comparison of 1-phenyl-
ethanol with its 1-deuterated analogue
(Table 1) reveals a small isotope effect (ky/
kp=1.4). Based on this we suggest a
mechanism (Scheme 2) related to what has
been formulated for the tungsten-catalyzed
H,0,-oxidation of alcohols, which also gives
a relatively low isotope effect (ky/kp, =2).114
This mechanism is also similar to what we
have proposed for amine oxidation.'!] The
somewhat high p value™ could be an
indication that the reaction is facilitated by
hydrogen bonding between the proton of
the benzylic alcohol and a Lewis base, such
as the keto hydroxy group, thus invoking the
cyclic mechanism outlined. The remarkable
supramolecular catalysis displayed by 1 and
2 under mild aqueous conditions is, as
discussed above, in the best case as efficient
per mass-unit catalyst as that of some
natural enzymes. When this level of catal-
ysis can be achieved, practical applications
of such molecules are not far away.

Experimental Section

Determining the rate of oxidation: Each reaction
was performed on 4-16 samples (2 mL each) of
the appropriate substrate at different concentra-
tions in 95mMm phosphate buffer containing
72 mm H,0, and either 1 or 2 (1 mg) or nothing
(as control). The reactions were followed at 25°C
using UV absorption at an appropriate wave-
length"® and typically monitored for 5 h. Veloc-
ities were determined as the slope of the progress
curve of each reaction. The velocities of the

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

GC-MS experiments: A pseudo-preparative experiment was
performed by mixing 0.5 mmol substrate with 0.02 mmol catalyst 1
or 2 in 1.5mL H,O and slowly adding 1.5 mL H,0,, 35%. The
mixture was incubated at 25°C from 3 h to several days. After
extraction of the mixture with dichloromethane and evaporation the
sample was analyzed in a Hewlett-Packard 5890A gas chromatograph
equipped with a 5971A MSD mass-selective detector.
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How homochiral amino acids and sugars arose out of a
presumably prochiral prebiotic environment is a puzzling
question,!! to which many answers have been proposed: for
example, absolute asymmetric synthesis with circularly polar-
ized light, photoreactions in chiral crystals, and asymmetric
automultiplication with asymmetric autocatalysis, as exem-
plified by the recent work of Soai et al.”! There are reports
describing a connection between the chirality of amino acids
and sugars: Amplification of ee was observed in the o-
aminoxylation of an aldehyde using proline as catalyst to
generate a key intermediate of sugars,® while amino acids
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have been proposed as asymmetric catalysts for the synthesis
of sugars.! Recently, Cordova et al. demonstrated the syn-
thesis of a hexose (55% ee) from proline with low ee
(20% ee), with a nonlinear effect.”! Herein, we demonstrate
experimentally a connection between an amino acid with low
ee (10% ee) and a chiral sugar intermediate of high enantio-
meric purity (96 % ee).

Amino acids promote several organic transformations,
and proline, a widely distributed amino acid, is one of the
most effective organic catalysts.!®) In 1971, Hajos and Parrish,
as well as Eder etal., reported an intramolecular aldol
reaction catalyzed by proline.” Following the observation of
the intermolecular version of this reaction by List, Lerner,
and Barbas in 2000, other highly enantioselective catalytic
reactions using proline have been developed, including
aldol®™ and Mannich reactions, and a-amination and a-
aminoxylation"” of carbonyl compounds.

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

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

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

To clarify the reason for these phenomena, the crystal
structures of L-proline™ and DL-proline,™ recrystallized
from EtOH, were analyzed (Figure 1, Figure 2). The powder
X-ray diffraction (XRD) method was used to confirm that the
crystal forms of the powdered L- and pDL-prolines were the
same as those of the corresponding single crystals. Both
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Figure 1. Hydrogen-bonded dimer structure formed between the col-
umns in a crystal of L-proline.l”

Figure 2. Hydrogen-bonded dimer structure formed between the col-
umns in a crystal of pL-proline.

crystals have very similar structural motifs, forming a column
structure with N—H:--O hydrogen bonds. However, the joining
modes of these columns are quite different: In the chiral
crystal, the columns align antiparallel and each molecule in
the column connects with those in two neighboring columns
through hydrogen bonds to form a 2D sheet structure
(Figure 3). On the other hand, in the racemic crystal each
molecule in the column forms two centrosymmetric hydrogen
bonds with the nearest neighboring enantiomeric column to
form a ladder structure (Figure 4). These ladders are linked
by rather weak C—H--O interactions. As the heterochiral
molecules bind together with two hydrogen bonds, their
association is energetically preferable to that of homochiral
molecules, and this causes racemic crystals to be much less
soluble than those of the pure enantiomers (0.01-0.09 gL~
versus 6.1-6.3 gL ™! at 0°C in CHCl, containing 1% EtOH).
Therefore, crystals of DL-proline precipitate preferably from a
mixture of enantiomers in solution.

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

Angew. Chem. Int. Ed. 2006, 45, 4593 -4597
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Figure 3. Crystal structure of L-proline.™ O red, N blue, C black
(large), H black (small).

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

and EtOH (1 mL) were added to a mixture of L-proline
(2.25 g) and D-proline (2.75 g; total 10 % ee D-rich), and the
reaction mixture was stirred for a certain time. 2) b-proline
(2.75 g, total 10% ee D-rich) was added to a CHCl,/EtOH
suspension (100 mL:1 mL) of L-proline (2.25 g) at 0°C, and
the reaction mixture was stirred for a certain time. In these
two reactions, the ee of proline in solution was measured
while the content of DL-proline in the solid was analyzed by
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XRD (the results are summarized in Table 1 and Table 2,
respectively). Both experiments show an increase in DL-
proline content of the solid with reaction time. After 12 h,

Table 1: The effect of time on the ee of proline in solution and on the
content of the bL isomer in the solid.”

Entry t [h] Solubility ee [%]1 Content
[mgmL " 9]

1 0.17 2.9 74 7

2 1 0.3 57t 46

3 6 1.3 96l 77

4 12 3.5 95l 84

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

Table 2: The effect of time on the ee of proline in solution and on the
content of the bL isomer in the solid.”!

Entry t [h] Solubility ee [96]'9 Content
[mgmL™"® 9]

1 0 6.7 —100¢ 0

2 0.17 3.9 761 33

3 1 0.65 34 54

4 6 2.6 90! 83

5 12 3.7 9211 92

[a] p-proline was added to a suspension of L-proline in CHCl; containing
1% EtOH; see text for details. [b] Solubility of proline in CHCl;/EtOH
(100:1). [c] ee of proline in solution. [d] Content of pL-proline in solid.
[e] L-enantiomer rich. [f] b-enantiomer rich.

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

The dissolution and crystallization process is also different
from that of standard recrystallization. Although the recrys-
tallization of proline from EtOH or from EtOH/Et,0!"! has
been known for a long time, there are no reports describing a
change in the ee value of proline by recrystallization, either in
solution or in the solid state. We thus examined the
recrystallization of proline (10% ee) in different solvents
and analyzed the ee of proline in the filtrate (Table 3). CHCl,
could not be used as solvent owing to the low solubility of
proline in this solvent alone. No increase in ee was observed in
H,O. Though a substantial increase in ee was observed in
EtOH or in iPrOH and water (1:1), it was not so large relative
to that observed with CHCI; containing 1% EtOH.

For some compounds, homochiral crystals have been
obtained from solutions of low ee by the preferential
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Table 3: The effect of solvent on the ee of proline in solution through
recrystallization.!

Entry Solvent ee [%)]
1 H,0 14
2 EtOH 43
3 iPrOH/H,0 (1:1) 39

[a] Proline (10% ee) was recrystallized from the indicated solvent, and
the ee of proline in the filtrate was determined.

crystallization of conglomerates,'® a process that is distinct
from the present phenomena in which a solution with very
high ee is obtained from a solid of low ee. Though several
examples are known for which a chiral crystal is more soluble
than the corresponding racemic one, there is only one report
describing the enrichment of an enantiomer in solution during
recrystallization, a special case in which polymorphic trans-
formation occurs during crystallization.'”) In the present case,
a solution of proline with very high ee is obtained from a solid
of low ee during the processes of dissolution and crystalliza-
tion, a mechanism which is completely different to that of any
other known resolution.

As optically pure proline is known to promote several
asymmetric reactions, one possible application of the solution
of proline of high ee obtained from proline solid of low ee is a-
aminoxylation of propanal.'**<l As shown in Scheme 1, the

Scheme 1. a-Aminoxylation of propanal using proline as catalyst. A
solution of proline prepared from solid proline (10% ee) used a) after
filtration gave the product with 96 % ee and b) without filtration gave
the product with only 19% ee.

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

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

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

Some amino acids have been found in meteorites with
significant enantiomeric excess.*!! Though proline is scarcely
present in meteorites, it was found in the room-temperature
residue of an interstellar ice analogue that had been irradiated
with UV light under high vacuum at 12 K, which indicates
that proline may have been produced in the prebiotic era.”
Therefore, it seems possible that asymmetric photolysis in
interstellar clouds may produce optically active proline.
Under certain circumstances the imbalance thus generated
could be amplified into an optically enriched solution of
proline by selective dissolution. Such a solution can promote
many organic transformations and generate important inter-
mediates of sugar synthesis with very high optical purity, as
demonstrated in the present report. Though the present
reaction is only successful under certain limited conditions, it
may indicate a possible mechanism by which an amino acid of
low ee generated homochirality in biologically important
organic molecules in the prebiotic environment.”
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Scattering Signatures**
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Subwavelength silver nanoparticles display a variety of
unrivaled optical properties in the visible and near-IR
regime, including scattering cross-sections that are orders of
magnitude higher than the fluorescence emission from
organic dyes as well as intense local amplification of electro-
magnetic fields. These phenomena result from localized
surface plasmons (LSPs), where the plasma oscillations of
free electrons in the metal are bound by nanoparticle
geometry. Plasmon excitation occurs when a photon is
absorbed at a metal-dielectric interface, transferring energy
into the collective oscillations of conduction electrons, which
are coupled in-phase with incident radiation. For silver and
gold nanoparticles, these resonant frequencies occur at wave-
lengths in the visible region, giving rise to the brilliant colors
that are characteristic of their colloidal solutions.

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

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

Figure 1. By extending the polyol reaction for a given time period,
various polyhedral shapes capped with {100} and {111} faces can be
obtained in high yield. a) A schematic of the nucleation and growth
process, in which silver continuously deposits onto the {100} facet to
eventually result in a completely {111}-bound octahedron. b—f) SEM
images of cubes, truncated cubes, cuboctahedra, truncated octahedra,
and octahedra, respectively (scale bar: 100 nm).
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nitrate and PVP were dissolved separately and then injected
periodically into a solution of hot pentanediol. Depending on
how long these sequential additions are continued, specific
polyhedral shapes can be obtained in high yield.

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

To investigate this growth mechanism, we employed UV/
Vis absorption spectrometry (Agilent, UV/Visible Chemsta-
tion) to probe shape-specific LSPs in the optical frequencies.
Figure 2 displays a plot of the dipolar plasmon wavelength as
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Figure 2. Plot of reaction time versus dipolar surface plasmon wave-
length, which is correlated to nanocrystal volume. Exponential nano-
crystal growth corresponds to the nucleation process, whereas the
linear regime corresponds to slow layer-by-layer growth.

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

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

Angewandte

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

With this data, we can begin to relate optical signature
with the physical geometry of each silver nanocrystal shape.
The optical properties of silver nanocubes with an edge length
a =30 nm have been studied in depth in Reference [15] with
respect to different refractive media, but only two resonances
were observed for these particles. For nanocubes with a=
80 nm, the theoretical curve predicts six strong LSP reso-
nances. The lowest frequency (first and second) modes at A
~480 nm and A~550nm correspond to quadrupolar and
dipolar LSP modes, respectively. The quadrupolar mode is the
sharpest and the strongest LSP mode. For truncated cubes
whose corners are replaced by a flat {111} facet, this LSP
mode disappears (see Supporting Information). This indicates
that for the quadrupolar mode, amplitude is particularly high
at the eight corners of the cube. As the cube truncates and
develops increasingly larger {111} facets, the third and fourth
plasmon modes increasingly dominate the scattering spec-
trum. For a cuboctahedron with a =151 nm, these modes are
red-shifted and appear at 1~430 nm and 1~ 480 nm. Thus,
for the third and fourth LSP modes, amplitude is strongly
associated with the edges of
the polyhedra. Previous cal-
culations in which the optical
absorption of NaCl crystals
was predicted qualitatively
agree with these spatial
assignments.['®]

The characteristic optical
signature for octahedral-
shaped nanocrystals is much

greater in complexity com-
pared to the other polyhedral
shapes, despite their shared
O, symmetry. Octahedral par-
ticles exhibit several strong
4,04 LSP modes as well as fine
structure in the form of many
less-intense resonances (Fig-
ure 3a). This fine structure is
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well-resolved in the UV/Vis
spectrum in the 400-600 nm
range, where no less than six
LSP bands can be clearly
distinguished. DDA calcula-
tions (Figure 3b) assign these
higher frequency LSPs as hex-
apolar and  higher-order
modes, while the resonances
at A~800nm are mainly

400 500 600 700

quadrupolar in nature.

Alnm

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

Figure 4. Real color images taken with a digital camera displaying the
different colors that result from plasmon-mediated scattering. Each
spot corresponds to the light scattered from a single nanocrystal.
From left to right: cube, truncated cube, cuboctahedron, truncated
octahedron, and octahedron. The color evolves from green to orange
with increasing degrees of truncation.

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

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

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

www.angewandte.org

theoretical and experimental standpoint, the nature of these
modes is of great interest given their ability to spatially
confine light to a metal-dielectric interface. The ability to
engineer metallic nanocrystals that allow the excitation of
specific localized surface plasmon modes should have pro-
found consequences for research fields such as surface-
enhanced Raman spectroscopy!'®!” or plasmonic transport.?’!
Future experiments may further elucidate the mechanism for
local field amplification and electromagnetic coupling, in
addition to providing important optical characterization of
these metallic nanoscale building blocks.

Experimental Section

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

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

Darkfield scattering measurements: A dilute colloidal solution of
nanocrystals was drop-cast onto a clean glass coverslip and then dried
under vacuum (= 107% Torr). Samples were then illuminated with a
100-W halogen bulb using a darkfield condenser (NA =1.2-1.4) with
immersion oil. Light was collected through a 60x microscope
objective lens (NA =0.7) and captured by a 1340 x 400-pixel back-
illuminated CCD (Princeton Instruments, Spec-10:400B) and spec-
trometer (Princeton Instruments, SpectraPro 2300i).
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Activation of photoreactive compounds, such as azobenzene-
containing derivatives,'™! stilbene-containing compounds,!
dithienylcyclopentene,” maleic acid amide derivatives,'® and
2H-chromene-containing compounds,” is known to induce
changes in the self-assembly behavior of the molecules. For
example, UV light can act as a switching trigger not only to
drive a change in the self-assembled morphology from
spheres to rods'! but also to induce gel-to-sol phase tran-
sitions.>**71 Sometimes, linearly polarized light allows a
single film of a liquid crystal network containing an azoben-
zene chromophore to bend in any direction.’! In all cases,
configurational or conformational changes in the molecular
structures lead to a substantial change in the self-assembled
morphologies based on each molecule. The most widely used
photoswitching molecules are azobenzene derivatives
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because of the large photoinduced changes in their molecular
geometry.

UV light is also known to cause diverse chemical
reactions, such as photodimerization in the nucleobase
moieties of DNA.'Y The major photoproduct is a cis—syn
cyclobutane pyrimidine dimer. Except for our previous
study,""! there have been no reports of direct visualization
focusing on the effect of thymine photodimerization on the
morphologies of self-assembled nanofibers. Moreover, no one
has ever addressed reversible induction of helical and non-
helical morphologies, driven by light or photoreaction, in
molecular self-assemblies consisting of bilayer or monolayer
membranes. Here we describe for the first time the reversible
conversion of helicity, driven by a photochemical process of
the thymine moiety with UV light, in self-assembled nano-
fibers from a 1,w-thymidylic acid appended bolaamphiphile, 1
(Scheme 1).
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H.C™N\N
O HO. [0
HO \
BV VAV VAV Ve T T Vg
OP:O J O OH
" oH 3
1 N\
CH
o™y :
N0
280 nm 240 nm
CH, O
HO, ¢ NH
o) OH o N—
HN— O P O:P//\O )8 o
o N OH
CH3
CHz OH
o OH

CH
CH, 3

O Neonn,,_
o ‘I}N-’L&Mﬁ
HN_& o}
o]

cis-syn

Scheme 1. Conversion of the monomer 1 into the photodimer 2 and
the structure of the cys—syn isomer.

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) provided evidence that the bolaamphi-
phile 1 self-assembles in aqueous solutions into fiber struc-
tures with 10-nm thickness and 80-nm width as typical
dimensions.'” A field emission (FE) SEM!" image of the
self-assembled nanofibers from 1 revealed the presence of
nonhelical nanorod or nanofiber structures with diameters
ranging from 100-300 nm (Figure 1a). A high-magnification
image allowed us to observe a bundle formation of four fibers,
each 50 nm in diameter (Figure 1b). UV irradiation at 1=
280 nm (UV,g,) for 2-3 h gave helical features to parts of the
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Figure 1. FE-SEM images of the self-assembled nanofibers from 1 in
aqueous solution. a,b) Images before UV irradiation. c—h) Images after
UV irradiation at A =280 nm for ¢) 2 h, d) 3 h, e) and f) 4 h, and

g) and h) 3 days. i,j) Images after the successive UV irradiation at
A=280 nm for 5 h and then at =240 nm for 3 h.

self-assembled nanofibers (Figures 1 c,d, indicated by arrows).
The helical structures stood out clearly after 4 h of UV,
irradiation. The helical pitches of the self-assemblies were
estimated to be 300-550 nm (Figures 1e.f). Finally, 3 days of
UV, irradiation caused all of the nanofibers to form helical
structures with pitches of 350-400 nm (Figures 1gh). The
number of helical nanofibers increases with time after UV,g,
irradiation. We thus found that exposure to UV light strongly
affects the self-assembled morphologies of 1 and eventually
induces helical twisting in the nanofiber structures. The
helicity observed by FE-SEM was found to be right-handed
for all of the nanofibers. Interestingly, irradiation of this
sample with UV light at 1 =240 nm (UV,,,) for 3 h converted
the helical fibers to intrinsically nonhelical ones (Figures 11,j).

To examine the photodimerization behavior of the
thymine moiety in 1, we carried out UV spectroscopy and
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) measurements for
the self-assembled nanofibers. The UV, irradiation gradu-
ally caused a decrease in the absorption intensity at 270 nm!”’
to 30 % of the original value for the self-assembled nanofibers
of 1 over a period of 5h (Figures2a,b). This finding gives
strong evidence for the formation of thymine photodimers in

www.angewandte.org
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Figure 2. a) Time dependence of UV-spectral changes for the self-
assemblies of 1 in aqueous solution (2.2x107*m) on UV irradiation at
A=280 nm. b) Time dependence of UV absorbance at =270 nm on
UV irradiation at A =280 nm (0-5 h) and then at A =240 nm (5-8 h).
c) Time dependence of the UV-spectral changes for the binary mixture
of 1 and dA; in aqueous solution (2.2x107%/7x107° M) upon UV
irradiation at A =280 nm. d) Time dependence of the UV absorbance
at A=270 nm for the binary mixture of 1 and dAg upon UV irradiation
at A =280 nm.

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

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

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

Figure 3 shows partial 'HNMR spectra for the self-
assembled nanofibers before and after UV irradiation. Two
additional peaks appeared at 6 =1.22 and 1.23 ppm in the
methyl-proton region after UV irradiation (Figure 3b); these
peaks were ascribable to the C5 position of the thymine
photodimer. The appearance of these two signals after the
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Figure 3. Partial 'H NMR spectra (600 MHz, at 80°C in [Dg]DMSO) of
a) the self-assembled nanofibers from 1 before UV irradiation and
b) those after UV irradiation at A =280 nm for 3 days.

UV,g-irradiated self-assembly of 1 is compatible with the
previous results on related cys—syn photodimers.'**! Thus,
the MS and 'H NMR measurements strongly support the
conclusion that the major photodimer product from 1 is the
cis—syn isomer 2, in which one end of the bolaamphiphile is
associated with the end of another molecule.

CD spectra for the self-assembly of 1 before and after
exposure to UV light gave two relatively strong CD bands
(positive and negative ones at 290 and 235 nm, respectively),
in addition to zero crossing at 246 nm (Figure 4). Similar split
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Figure 4. CD spectral changes for the diluted self-assemblies from 1 in
aqueous solution (2.2x107*m) upon UV irradiation at =280 nm
(black lines). For reference, the CD spectrum of 3'-thymidine mono-
phosphate in aqueous solution is shown as a dashed line

(4.3x107 m).

patterns were also observed for the CD spectrum of right-
handed oligo- and polynucleotides.'®"”! UV, irradiation
induced the blue shift of the positive band from 290 to 285 nm
and a reduction in the intensities of both bands. The large
alterations in the CD spectra indicate the different molecular
orientation of the thymidylic acid moieties associated with the
photodimerization.'”! Interestingly, the CD intensities at
285 nm gradually decreased over a period of 4 h of UVy,
irradiation, whereas the reduction in the UV absorption
intensities at around 270 nm was complete even after 2 h
(Figures 2a,b). CD spectroscopy is more sensitive to the
observed helical-nanofiber formation than the UV measure-
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ments and probes the later changes in molecular packing
owing to the photodimerization (Figures 1e,f).

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

Figure 5. A proposed mechanism for the reversible photochemical
conversion by UV irradiation in the self-assembled nanofibers from 1.
a) Monolayer sheets of the self-assembly of 1 with a long period of
3.59 nm. b) Molecular model of two thymidine moieties and schematic
illustration of the two 1 molecules in the monolayer sheets before UV
irradiation. c) Self-assembled nonhelical nanofiber from 1 before UV
irradiation. d) Molecular model of a thymidine photodimer and sche-
matic illustration of the dimer molecule 2 in the monolayer sheets
after UV irradiation. e) Twisted monolayer. f) The resultant helical
nanofiber. g) Recovery of the nonhelical nanofiber after UV, irradi-
ation of the cis—syn thymine dimer in the self-assembly from 1.

h) Inhibition of the photodimerization of thymine moieties in 1 in the
presence of complementary dA, by the formation of A-T base pairs.
The molecular structures of the models in (b) and (d) were drawn by
using the VMD software®™ on the basis of information in ref. [10] and
the Protein Databank (http://www.pdb.org/; PDB file code: 1T4L).

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

After UV, irradiation, each thymine base tilts to form a
nonparallel orientation with the central cyclobutane ring
puckering by 20°, as seen in the DNA crystal structure!'”

www.angewandte.org
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(Figure 5d, molecular models). Therefore, the photodimeri-
zation of the thymine moieties should greatly affect the
molecular packing in the self-assembly of 1. The covalent
formation of a cis—syn cyclobutane pyrimidine dimer allows a
half molecule of the dimer to pack at a nonzero angle with
respect to their nearest neighbors. This feature leads us to
suppose that the chiral molecular packing induces twisting in
the monolayer sheets, which results in twisting of the resultant
nanofibers (Figures 5 d—f).'”) The nanofiber structures with no
helical features were recovered after the UV,,, irradiation on
the cis—syn thymine dimer in the self-assembly system of 1
(Figure 5g). FE-SEM and UV measurements clearly evi-
denced the photolysis of the thymine dimer into the thymine
monomer. On the other hand, the presence of the comple-
mentary dAg molecule acts to effectively suppress the photo-
dimerization of the thymine moiety in 1. The nucleotide
bolaamphiphile 1 and the complementary oligoadenylic acids
form binary complexes through the complementary A-T base
pair. We have indeed found the formation of intertwined,
nonhelical nanofibers based on binary self-assembly of 1 and
dA4.? The complementary base pairing will provide the self-
assembled structures of 1 with molecular packing that is
resistant to the photodimerization of the thymine moiety.*!!

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

Experimental Section

1 was synthesized by coupling 1,20-icosanediol with thymidylic acid
by use of phosphoramidite methods, as reported elsewhere.'” The
self-assembly of 1 (2.2 x 107> M) was irradiated with monochromated
light (Bunkoh-keiki, SM-5) at 2 =280 or 240 nm for photodimeriza-
tion and photodissociation, respectively. For the UV irradiation at 1 =
280 nm, a UV 28 colored optical glass (Hoya) was used to cut off the
light below A =280 nm. To prepare the binary self-assembly solutions
for UV irradiation, we added dA, to the aqueous solution of 1 and
adjusted the concentrations of 1 and dA, to 2.2 x 1072 and 0.7 x 10 m,
respectively. This aqueous solution was treated in the same manner as
the self-assembly of 1 mentioned above. FE-SEM observation was
conducted on a JEOL S-4800 instrument (accelerate voltage 0.5-
1.8 kV, working distance 4 mm). UV, 'H NMR, and CD spectroscopy
and MALDI-TOF mass spectrometry were carried out by using UV-
3300 (Hitachi), LA600 (600 MHz, JEOL), J-820 (Jasco), and Kratos
Kompact-MALDI III (Shimadzu) instruments, respectively. See the
Supporting Information for further details of the experiments.
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Cyclodextrin-Based Side-Chain Polyrotaxane
with Unidirectional Inclusion in Aqueous
Media**

Itsuro Tomatsu, Akihito Hashidzume, and
Akira Harada*

Recently, polyrotaxanes have attracted much interest from
researchers from the viewpoint of nanotechnological appli-
cations.!! In particular, well-defined polyrotaxanes that con-
sist of simple components are becoming important for the
construction of more sophisticated molecular machines.
There are a number of designs and strategies for the
preparation of polyrotaxanes.” Among these approaches,
the side-chain polyrotaxane is one of the simplest architec-
tures, but there are only a few examples of side-chain
polyrotaxanes that contain cyclodextrin (CD),” apart from
those of Ritter and co-workers.!*! Extensive studies by Ritter*!
demonstrated the successful synthesis of side-chain polyrot-
axanes primarily in organic media from methylated 3-CD and
various polymers.

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

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

a) C6 C5C2 CHp in Cg
C1 C3 C4
\\l // | CH3 in Ce
) A A

T
Fou
£
Lo &
| =
= '
<t )
: .
__rw .6' ‘o
b) o1 o8 502, CHy in Cyp
N/ | ctsince
kA B
s 4 3 2 1
6/ ppm
- ;‘ ?
e ¢ @
L e o .
L £
| <
= B o
ﬂ—m Q I @0

Figure 1. 2D NOESY spectra of solutions of a) pCg and b) pCy, (5 gL™)
in the presence of a-CD (10 gL™").

formation of inclusion complexes of a-CD with the alkyl side
chains. It is of note that both the spectra also exhibit
significant correlation peaks between the protons at the 5-
position in a-CD and the protons of the terminal methyl
group in the alkyl side chains. These data indicate that a-CD
includes the side chains preferentially from the side of the
secondary hydroxy group. In other words, we have success-
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fully obtained unidirectionally included side-chain poly-
pseudorotaxanes by using a combination of simple compo-
nents. At present, we are not sure of the driving force for the
unidirectional inclusion, but it should be thermodynamically
driven: certain interactions between the hydroxy groups in a-
CD and the carboxylate groups in the pAA backbone may
lead to a stronger interaction between the side of the
secondary hydroxy group that bears more hydroxy groups
with the pAA backbone. Thus, this observation may be in
contrast to the cases of kinetically driven unidirectional
inclusion reported recently.”*

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

The formation of inclusion complexes of a-CD with
pC,Azo was confirmed by UV/Vis absorption spectroscopy
(see the Supporting Information). The structure of inclusion
complexes of a-CD with pC,Azo was also explored by 2D
NOESY analysis. The spectrum for the a-CD/pCsAzo mix-
ture exhibits correlation peaks between the inner protons in
the a-CD cavity and protons in the azo and C¢ moieties, thus
indicating that o-CD includes both the moieties in the
polymer side chain (Figure 2a). The correlation peaks
between a-CD and the azo moiety are stronger than those
between a-CD and the C; linker, thus indicating that a-CD
interacts with the azo moiety more favorably than with the Cg
linker. The spectrum for the a-CD/pC,,Azo mixture also
indicates that a-CD included both the azo and C;, moieties
(Figure 3a). The correlation peaks between o-CD and the C,,
linker are much stronger than those between o-CD and the
azo moiety, thus indicating that a-CD interacts with the C,,
linker much more favorably than with the azo moiety.

When we irradiated the a-CD/pC,Azo mixtures with UV
light, more than 75% of the azo moieties were isomerized
into the cis form. The formation of the side-chain polyrot-
axane was investigated by 2D NOESY analysis. The spectrum
for the a-CD/pCsAzo mixture after UV irradiation exhibits
no significant correlation peaks between the protons in a-CD
and those in the azo moiety and in the C, linker, thus
indicating that the inclusion complex of a-CD with the side
chain is dissociated by trans-to-cis photoisomerization (Fig-
ure 2b). This observation implies that the Cg linker is so short
that side-chain polyrotaxanes are not formed. On the other
hand, the spectrum for the a-CD/pC,,Azo mixture after UV
irradiation exhibits correlation peaks between the inner
protons in a-CD and those in the C,, linker (Figure 3b).
This observation means that a-CD stays on the C;, linker,
even after trans-to-cis photoisomerization of the azo moiety,
which is indicative of the formation of the side-chain
polyrotaxane. The formation of the side-chain polyrotaxane
was confirmed by pulsed-field-gradient NMR spectroscopy,
which demonstrated two diffusion modes of the signals as a
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Figure 2. 2D NOESY spectra of a solution of pCsAzo (10 gL™") in the
presence of 0-CD (10 gL™') measured a) before and b) after UV
irradiation.

result of a-CD with diffusion constants 6.8 x 107'? (complexed
a-CD) and 1.7 x 107" (free a-CD) m*s™" (see the Supporting
Information). As shown in Figure 4a, the expanded 2D
NOESY spectrum for the a-CD/pC,Azo mixture exhibits a
weak but clear correlation peak between protons of the 5-
position in a-CD and the proton e of the cis azo moiety. This
spectrum indicates that the C,, linker is included by a-CD, in
which the primary hydroxy side is close to the azo moiety
(Figure 4b).

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

Experimental Section

Materials: Poly(acrylic acid) (pAA; Wako Pure Chemical Industries,
Ltd.) was used as supplied. The average molecular weight of pAA was
reported to be 250000 by the supplier. a-Cyclodextrin (a-CD) was
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Figure 3. 2D NOESY spectra of a solution of pCy,Azo (10 gL™") in
the presence of a-CD (10 gL™") measured a) before and b) after
UV irradiation.

recrystallized twice from water. Milli-Q water was used for prepara-
tion of aqueous solutions. Other reagents were used as received.

Preparation of hydrophobically modified pAAs: Alkyl-modified
pAAs (pC,, n=number of carbon atoms in the alkyl chain) were
prepared from pAA and respective amines in the presence of N,N'-
dicyclohexylcarbodiimide (DCC) according to the procedure of
Tliopoulos and co-workers.!"!! The preparation details are described
elsewhere.) The degrees of modification (x) were determined to be
54 and 52mol% for pCs and pC,,, respectively, by 'H NMR
spectroscopic analysis. Azobenzene-modified pAAs (pC,Azo, n=
number of carbon atoms in the alkylene linker) were also prepared
by the same procedure. The preparation details are described
elsewhere.””! The degrees of modification (x) were determined to
be 3.8 and 2.7mol% for pC6Azo and pCl2Azo, respectively, by
"H NMR spectroscopic analysis.

NMR: Two-dimensional NOESY NMR spectra were recorded
with a VARIAN UNITY INOVA PLUS 600 NMR or JEOL JNM
LAS00 NMR spectrometer at 30°C. Sample solutions were prepared
with D,O containing 0.05M sodium carbonate and 0.05M sodium
bicarbonate. Sample solutions were heated at 60°C for 1 day, and
then the solution was irradiated with UV light for 12 h. Pulsed-field-
gradient NMR measurements were performed on a VARIAN
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Figure 4. Expanded 2D NOESY spectra of a solution of pCy,Azo (10 gL™") in the
presence of a-CD (10 gL™') measured after UV irradiation (a). Schematic representation
of side-chain polyrotaxane with unidirectional inclusion (b) and (c).

UNITY INOVA 750 NMR spectrometer at 25 °C. Diffusion constants
were calculated using the direct exponential curve resolution
algorithm and the maximum entropy method. The experimental
details are described elsewhere.!"”)

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

Photoisomerization: pCsAzo and pC,,Azo were isomerized from
trans to cis isomers by UV irradiation with a 500-W Xe lamp (Ushio
Inc.) equipped with a cutoff filter (Hoya UV34) and a band-pass filter
(Hoya U340). The distance between the sample cell and the lamp was
fixed at 40 cm.

Received: March 20, 2006
Published online: June 22, 2006

Keywords: cyclodextrins - inclusion compounds - polymers -
rotaxanes - supramolecular chemistry

[1] For example: a) G. Wenz, B.-H. Han, A. Miiller, Chem. Rev.
2006, 106, 782-817; b) “Supramolecular Technology™: J. L.
Atwood, J. E. D. Davies, D. D. MacNicol, F. Vogtle, J.-M. Lehn
in Comprehensive Supramolecular Chemistry, Vol. 10 (Ed.: D. N.
Reinhoudt), Pergamon, Oxford, UK, 1996.

[2] For example: F. M. Raymo, J. F. Stoddart, Chem. Rev. 1999, 99,
1643 -1664.

[3] 1. Yamaguchi, K. Osakada, T. Yamamoto, Macromolecules 1997,
30, 4288 —-4294.

[4] a) M. Born, H. Ritter, Makromol. Chem. Rapid Commun. 1991,
12, 471-476; b) M. Born, T. Koch, H. Ritter, Acta Polym. 1994,

www.angewandte.org

Chemie

4607


http://www.angewandte.org

Communications

4608

45, 68-72; c) H. Ritter, Angew. Makromol. Chem. 1994, 223,
165-175; d) M. Born, H. Ritter, Angew. Chem. 1995, 107, 342 —
344; Angew. Chem. Int. Ed. Engl. 1995, 34,309 -311; ¢) M. Born,
T. Koch, H. Ritter, Macromol. Chem. Phys. 1995, 196, 1761 -
1767; f) M. Born, H. Ritter, Adv. Mater. 1996, 8, 149-151; g) M.
Born, H. Ritter, Macromol. Rapid Commun. 1996, 17,197 -202;
h) O. Noll, H. Ritter, Macromol. Rapid Commun. 1997, 18, 53—
58;1) O. Noll, H. Ritter, Macromol. Chem. Phys. 1998, 199, 791 —
794.

For example: a) A. Harada, H. Adachi, Y. Kawaguchi, M.
Kamachi, Macromolecules 1997, 30, 5181-5182; b) A. Harada,
F. Ito, I. Tomatsu, K. Shimoda, A. Hashidzume, Y. Takashima, H.
Yamaguchi, S. Kamitori, J. Photochem. Photobiol. A 2006, 179,
13-19; ¢) I. Tomatsu, A. Hashidzume, A. Harada, Macromol.
Rapid Commun. 2006, 27, 238-241; d) A. Hashidzume, A.
Harada, Polymer 2006, 47, 3448 —3454.

[6] a) I. Tomatsu, A. Hashidzume, A. Harada, Macromol. Rapid
Commun. 2005, 26, 825-829; b) 1. Tomatsu, A. Hashidzume, A.
Harada, Macromolecules 2005, 38, 5223 -5227.

[7] A.J. Baer, D. H. Macartney, Org. Biomol. Chem. 2005, 3, 1448 —
1452.

[8] T. Oshikiri, Y. Takashima, H. Yamaguchi, A. Harada, J. Am.
Chem. Soc. 2005, 127, 12186-12187.

[9] For example: a) F. Cramer, H. Hettler, Naturwissenschaften
1967, 54, 625-632; b) P. Bortolus, S. Monti, J. Phys. Chem. 1987,
91, 5046 -5050.

[10] T. Ikeda, T. Ooya, N. Yui, Polym. J. 1999, 31, 658 - 663.

[11] K. T. Wang, L. Iliopoulos, R. Audebert, Polym. Bull. 1988, 20,
577-582.

[12] I. Tomatsu, A. Hashidzume, A. Harada, J. Am. Chem. Soc. 2006,
128, 2226-22217.

[13] T. Kanematsu, T. Sato, Y. Imai, K. Ute, T. Kitayama, Polym. J.
2005, 37, 65-73.

[5

—_

www.angewandte.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2006, 45, 4605—4608


http://www.angewandte.org

Communications

Inorganic Nanoplates

DOI: 10.1002/anie.200601031
Synthesis, Optical Properties, and Self-Assembly
of Ultrathin Hexagonal In,S; Nanoplates**

Kang Hyun Park, Kwonho Jang, and Seung Uk Son*

Anisotropic nonspherical nanomaterials have attracted a
special attention in material science because of their unique
chemical, physical, and optical properties, which are greatly

[*] Dr. K. H. Park, K. Jang, Prof. S. U. Son

Department of Chemistry
Sungkyunkwan University
Suwon 440-746 (Korea)
Fax: (+82) 31-299-4572
E-mail: sson@skku.edu

[**] This work was supported by the Korea Research Foundation Grant
funded by the Korean Government (MOEHRD, KRF-2005-
005)11901) and through a Faculty Research Fund-2005 funded by
Sungkyunkwan University. We thank J. S. Ju at Cooperative Center
for Research Facilities at Sungkyunkwan University for TEM studies.

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

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

affected by their shape and size."! Thus, many efforts have
been made to synthesize nanorods and nanowires.”! Com-
pared with one-dimensional (1D) structures, 2D nanomate-
rials such as nanoplates and nanodisks have been relatively
little explored and require further investigation. To date the
following nanoplates have been prepared: hexagonal®
(Co(OH),, Cu,S, SbTe,, Bi,Tes, etc.), trigonal® (Au, Ag, Pd,
Bi, Se, LaF;, etc.), square® (rare earth metals, Bi,WOq, etc.),
and circular (Ag, Co, etc.).

Over the last two decades, the chemical and physical
properties of diverse semiconductor nanocrystals have been
investigated.”’ Compared to the corresponding conventional
bulk materials, semiconductor nanomaterials show unique
optical, mechanical, electronic, and catalytic properties which
are highly dependent on size and shape. Of the known
semiconductor nanomaterials, perhaps the semiconducting
metal chalcogenides have been studied most widely. In
particular, most studies have focused on II-VI quantum
dots (QDs) such as CdS, ZnS, and CdSe.®! Moreover, I-VI
QDs such as Ag,S and Cu,S have received significant
attention.”’) Compared with the semiconductor nanomaterials
mentioned above, the optical and electronic properties of
metal chalcogenides which have 1:1.5 molar ratio of metal to
chalcogenide in their unit cells have received comparatively
little attention. These include In,S;, Bi,S;, and Sb,S; nano-
crystals.l")

Indium sulfide (In,S;) exists in three different crystalline
forms: a-In,S; (defect cubic), B-In,S; (defect spinel), and v-
In,S; (layered structure).™! Of these, B-In,S; is an n-type
semiconductor with a band gap of 2.0-2.3 eV and is stable
above 420°C."? Moreover, the unique luminescence proper-
ties of B-In,S; have enabled its use as a phosphor in display
devices.!®! Furthermore, its photoconductive properties!'*!
make it a promising candidate for photovoltaic applications
such as solar cells. Recently, it was reported that solar cell
devices prepared by using pB-In,S; as a buffer layer show
16.4 % conversion efficiency, which is very close to that of the
standard CdS buffer layer.'! Much effort has been made to
replace highly toxic cadmium with other metals for environ-
mental reasons.!""!

A number of synthetic methods!"” have been developed to
prepare B-In,S;, for example, direct reacting of the elements
at high temperature, heating In,0; in H,S, thermal decom-
position of organometallic precursors, and metathesis reac-
tion between InCl; and Li,S. To fabricate thin films of $-In,S;
for solar cell applications, several deposition techniques, such
as organometallic chemical deposition, spray pyrolysis, and
chemical bath deposition, have been developed.'®! B-In,S; can
also be prepared by a wet chemical approach,! that is, by
reaction between aqueous InCl; and H,S, (NH,),S, or NaSH;
by laser-induced formation of In,S; from sodium polysulfide
in aqueous solution; by using red light and Na,S; by forming
colloidal particles in reverse micelles; by injecting H,S into
In(ClO,); solution; by hydrothermal treatment of an acidic
sol of InCl; and Na,S; or by sonochemical synthesis from
InCl; and MeCSNH,. Recently, 3-nm (-In,S; nanocrystals
were prepared by an arrested-precipitation method using
aqueous InCl; solution and a thiol stabilizer.”” However, as
far as we are aware, the synthesis of $-In,S; in organic media
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has received little attention, although it is well recognized that
various organic surfactants can be excellent reaction media
for synthesis of high-quality nanocrystals.?!!

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

Figure 1. TEM images of a) 63-nm, b) 45-nm, and c) 33-nm f-In,S;
nanoplates; d) side view of nanoplates; and histograms illustrating the
particle size distributions for €) 63-nm, f) 45-nm, g) 33-nm, and h) 22-
nm f-In,S; nanoplates.

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

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

Figure 2 shows representative powder X-ray diffraction
(XRD) and electron diffraction (ED) patterns of 33-nm
hexagonal nanoplates. The powder XRD patterns revealed
three sharp peaks at 27.2, 47.9, and 55.8° originating from
(109), (400), and (533), which are very close to those reported
for -In,S; (JCPDS card 25-390).! From the Debye-Scherrer
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Figure 2. Powder XRD (left) and ED (right) patterns of 33-nm In,S;
nanoplates.

equation, the size of the nanoplates was calculated to be
37 nm from the half-width of the (400) diffraction peak, which
is consistent with the size determined by TEM. We could not
find the (220) and (309) diffraction peaks, which were
expected at 32 and 44° correspondingly. According to a
library spectrum®! of bulk B-In,S;, the (220) and (309) peaks
should be of high intensity. Thus, we suggest that the retarded
growth direction may be related to these two lattice planes.
The ED pattern shows two broad diffraction circles, which
correspond to d spacings of 3.10 and 1.94 A, respectively.
These are consistent with the literature values of 3.241 and
1.912 A originating from the (109) and (400) reflections of p-
In,S;.>

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

Figure 3. a) EDS and b) UV/Vis absorption spectra of 45-nm In,S,
nanoplates, inset: photo of sample.

We carried out UV/Vis absorption and photolumines-
cence (PL) studies to investigate the optical properties of the
ultrathin hexagonal nanoplates. Dispersed hexane solutions
of nanoplates had a slightly luminescent yellow color (inset in
Figure 3b). Figure 3b shows a representative UV/Vis absorp-
tion spectrum of 45-nm hexagonal nanoplates. Compared to
the absorption peak of 3.0-nm nanoparticles,? that of 45-nm
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nanoplates was red-shifted by 30 nm. In addition, the UV/Vis
spectra of nanoplates showed a steplike shape, which was
mentioned to be an indicator of conduction and valence band
transition in B-In,S;.”" Interestingly, we observed no signifi-
cant differences between the UV/Vis spectra of 63-, 45-, 33-,
and 22-nm nanoplates (see Supporting Information for UV/
Vis spectra of 63-, 45-, and 22-nm nanoplates), which implies
that the sizes (22-63 nm) of the nanoplates are beyond the
quantum confinement range. Detailed optical characteriza-
tions including emission, quantum yields, and decay kinetics
will be reported elsewhere. In addition, the electrolumines-
cence properties of nanoplates will be characterized after
layering on indium tin oxide (ITO)/glass by the Langmuir—
Blodgett technique.

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

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

Figure 4. Sketch of size-dependent self-assembly of In,S; nanoplates.
a) Parallel alignment and b) upright alignment.

The 63-nm nanoplates showed a preference toward
parallel alignment to a solid support (Figure 5a), and we
also observed a regular parallel packing structure (Figure 5b).
For 45-nm nanoplates, the self-assembly process was strongly
concentration dependent. When we used a dilute solution (ca.
5 mg of nanoplates in 2 mL of dichloromethane) to induce
self-assembly by drop casting on a grid, we observed
substantial parallel alignment to the solid support (Figure 5c).
In some regions of the grid, we observed both parallel and
upright alignments of 45-nm nanoplates (Figure 5d). When
we used a relatively concentrated sample of 45-nm nanoplates
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Figure 5. TEM images of a,b) parallel-aligned 63-nm nanoplates, c—
f) 45-nm nanoplates at relatively low (c,d) and high (e,f) concentra-
tion, and g, h) 33-nm nanoplates at relatively high concentration;

i) low-angle powder XRD pattern of self-assembled 45-nm nanoplates.

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

In conclusion, we have synthesized ultrathin hexagonal {3-
In,S; nanoplates of unprecedented thinness by an arrested-
precipitation method from organic media and characterized
them using TEM, powder XRD, and EDS studies. These
nanoplates showed intriguing optical properties and self-
assembly behavior. 3-In,S; is a common material for solar cell
applications,!"” and many efforts have been made to fabricate
this material in thin-film form on a suitable support. The {3-
In,S; nanoplates are 0.76 nm thick and show size- and
concentration-dependent self-assembly behavior. We are
now trying to assemble a monolayer on a solid support such
as ITO. We believe that these self-assembling nanoplates can
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be used for the development of diverse ultrathin nano-
devices, ! such as solar cells.

Experimental Section

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

In a typical synthetic procedure, anhydrous InCl; and 1.5 equiv-
alents of sulfur powder were added to 9-18 mL of oleylamine. After
heating the mixture at 110°C for 1 h, the temperature was increased to
215°C and held for 1 h. After cooling the solution to 35°C, methanol
was added to the reaction mixture and the precipitate formed was
retrieved by centrifugation. After repeating this washing procedure
twice, the obtained precipitates were dried under vacuum. Using 0.10,
0.050, 0.025, 0.0125Mm solutions of indium chloride in oleylamine, we
obtained 63-, 45-, 33-, and 22-nm hexagonal nanoplates.
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offer a unique opportunity to combine surface multifunction-
ality with design flexibility for the delivery of encapsulated
materials into designated compartments and cells.”! Further-
more, microcapsules can be arranged in arrays for imag-
ing,”*? could be appropriate candidates for a cell-sorting
system,”*Y and serve as fluorescence markers for the
characterization of cells by fluorescence-activated cell sorting
(FACS)."! The capsules are fabricated using the layer-by-
layer (LbL) method® by alternately adsorbing oppositely
charged polymers on colloidal templates followed by core
dissolution. In this regard, proteins and biocompatible
polymers have also received increased interest.”) The main
advantage of such a method is the precise control over the
chemical composition of the surfaces.

In the area of biomedical applications, polyelectrolyte-
multilayer capsules are envisioned for the delivery of
encapsulated materials into biological cells.!”! Recently, we
have presented the real-time monitoring and remote release
of encapsulated materials from polyelectrolyte-multilayer
capsules on the single-capsule level.'”? Such an approach!'”
is different from the studies reported by other research
groups!'!! in that it is performed on a single-capsule level,
which is the method ideally suited to applications where
precise control is necessary. In addition, the distinctive feature
reported in reference [10b] is the measurement of the
temperature rise induced locally by absorption of laser light
by nanoparticles.

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

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

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

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

Figure 1 presents AFM images of a typical dried capsule
before and after heat treatment. Upon heat treatment, the
thickness of the walls of the capsules increases from about 14
to about 42 nm. Furthermore, the polymers incorporated
inside the capsules smooth the surfaces of their walls. Peaks
and valleys in the range of 55-120 nm can be seen in the
thermally treated capsules without encapsulated polymer
(Figure 1d—f). In contrast, the thermally treated capsules
containing encapsulated polymer exhibit a uniform thickness
of about 40 nm. The presence of polymers inside the micro-
capsules leaves the average wall thickness virtually
unchanged but alters the texture and reduces the roughness
(Figure 1g-i). Nanoparticles embedded in the walls of the
capsules can also be seen after heat treatment (inset to
Figure 1i). The capsules were constructed on silica templates,
which have a negligible effect on polyelectrolyte multi-
layers.[2!]
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Figure 1. a,b) AFM and c) TEM images of (PSS/PDADMAC), polyelec-
trolyte-multilayer capsules with gold and gold sulfide nanoparticles
embedded in their walls before thermal treatment; the height marked
by the red arrows in the inset to (b) corresponds to 28 nm. d,e) AFM
and f) SEM images of a similar capsule after thermal treatment
without encapsulated polymer; the heights marked by the green, red,
and black arrows in the inset to (e) are 55, 87, and 120 nm,
respectively. g,h) AFM and i) TEM images of a similar capsule after
thermal treatment with encapsulated AF-488 dextran. The height
marked by the red arrows in the inset to (h) is 82 nm; the inset to (i)
shows a magnified area. All values for heights correspond to the
double wall thickness. The scale bars in all images correspond to

T um.

The mechanical properties of the polyelectrolyte micro-
capsules™® and multilayers’®®7 have been the subject of
extensive research. The studies conducted by AFM*<
revealed that forces in the range of hundreds of piconewtons
are sufficient to induce buckling of capsules that were not
thermally treated. The study of the mechanical properties of
thermally treated PSS/PDADMAC capsules at room temper-
ature demonstrated™! that after heating for 20 min at 50°C,
the stiffness increased by four times (from =220 to
~870 pNnm') and, even more remarkably, by more than
ten times (from =220 to ~2600 pNnm ') upon heat treat-
ment at 55°C. Such an enhancement of the stiffness is
attributed to the increase of the wall thickness that accom-
panies the heat shrinking. The improvement of the mechan-
ical integrity of thermally treated capsules was also consistent
with our observations,®! as the thickness of the walls has an
important influence on the percentage of capsules that are
deformed upon ingestion by cells. Capsules with thicker walls
are less likely to be deformed, and are thus more suited to the
delivery of encapsulated materials.

All encapsulation and release experiments were per-
formed with the AF-488 dextran conjugate because it is
significantly brighter and more photostable than other green
fluorophores,?**®! which is a required condition for experi-
ments under physiological conditions. The pH stability of
encapsulated AF-488 dextran at different pH values was
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investigated in comparison to that of fluorescein isothiocya-
nate (FITC) dextran (see Supporting Information), which is a
commonly used, strongly pH-dependent, fluorescently
labeled polymer that exists in four forms in solution.** At
pH > 5, both phenol and carboxylic groups of the FITC dye
molecules are ionized, whereas at pH < 5 the majority of them
are in their neutral or cationic, predominantly nonfluorescent,
state. This results in decreasing fluorescence at lower pH
values (see Supporting Information). A sharp contrast
between the pH stability of AF-488 and FITC dextran is
observed. Therefore, AF-488 can be used in experiments
where stability is required, whereas FITC is intended for pH
and other sensors. In addition, experiments were performed
to determine both the mechanical integrity of capsules
without nanoparticles and the photostability of encapsulated
AF-488 dextran.

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

Before the release studies, we performed experiments on
the remote activation of capsules inside living cells. For this
purpose, we fed living cells with capsules containing silver
nanoparticles in their walls. These capsules were prepared
according to the method described previously;'* they had no
encapsulated material inside and were chosen for dark
contrast in transmission. An ingested capsule was illuminated
with a CW laser beam directed from the bottom and
operating at 830 nm with a power of 50 mW. Figure 2
demonstrates that a capsule can be opened or activated
remotely inside a cell. The rupture of the capsule (Figure 2c)
demonstrates that a laser—nanoparticle interaction through
thermal processes!'™ is responsible for its activation. Other
processes, for example transport of protons or electron
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Figure 2. Remote activation of a capsule containing silver nanoparti-
cles in its walls. The capsule was ingested by a living MDA-MB-435S
cancer cell. The images show the cell before (a), during (b), and after
(c) illumination with a laser. The scale bars correspond to 10 um.

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

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

Figure 3. Sequence of images showing the release of fluorescent AF-
488 dextran inside a living MDA-MB-435S cell. a) Fluorescence image
of a filled capsule; b) superimposed fluorescence and transmission
images of the capsule inside the same cell; ) fluorescence intensity /
profile plotted along the length L of the red line in (a). d)—f) Similar
data after exposure of the cell to a laser beam. The scale bars in all
images correspond to 5 um.

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

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

Figure 4. Fluorescence images demonstrating the lifting up of non-
internalized capsules located on top of a living MDA-MB-435S cell
above and away from the imaging plane or the focus a) before,

b) during, and c) after the laser beam illuminated the chamber from
the bottom. The capsules were lifted up with a laser power of 50 mW.
The red arrows indicate the locations of the capsules that were lifted
up. The scale bars in all images correspond to 5 um.

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

In conclusion, the release of encapsulated material from
polyelectrolyte-multilayer capsules has been demonstrated
inside living cells. Metal nanoparticles were incorporated
inside the walls of the capsules, and served as energy-
absorbing centers for illumination by laser light. AF-488
dextran was successfully incorporated into the capsules using
a novel heat-shrinking method. The capsules obtained by such
a method exhibit improved mechanical stability—properties
important for the delivery of encapsulated material. Upon
illumination by laser light, the encapsulated dextran leaves
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the interior of a capsule inside a living cancer cell. Capsules
not internalized by the cells are pushed up by the laser and
move away from the field of view upon laser illumination
from the bottom. The study presented herein serves as a
significant step toward the use of polyelectrolyte-multilayer
capsules for the delivery of medicine into biological cells, and
is, therefore, relevant to research on drug delivery.“] The
presented method is different from previous, albeit also
important, studies in that it is conducted on an individual-
capsule level and offers an improved degree of control and
monitoring.

Experimental Section

Polyelectrolyte-multilayer capsules were prepared according to the
previously described method.>?!! Silica particles (SiO,, 4.55 um;
Microparticles GmbH, Berlin, Germany) were alternately coated
with four double layers of PDADMAC (M,, ~200-350 kDa; Sigma—
Aldrich, Munich, Germany) and PSS (M,, =70 kDa; Sigma-Aldrich).
FITC dextran (Sigma-Aldrich) was used in pH stability tests. All
chemicals were used without further purification. The water used in
all experiments was prepared in a three-stage Millipore Milli-Q
Plus 185 purification system and had a resistivity higher than
18.2 MQcm.

For activation studies, silver-containing microcapsules were
prepared according to the method described earlier.'%! For release
studies, gold and gold sulfide!"” nanoparticles were deposited in the
layers according to the method described earlier.'™ After deposition
of eight polyelectrolyte monolayers, silica cores were dissolved in
0.1m HEP™ Alexa Fluor 488 dextran conjugate (AF-488 dextran,
M, =10 kDa; Invitrogen, Karlsruhe, Germany) was encapsulated in
(PDADMAC/PSS), capsules according to the thermal treatment
method.?"!

The optical setup used in the experiments was similar to that
described previously.'” The laser was operated in CW mode, and the
shutter was opened during illumination for brief pulses of the order of
seconds or less. MDA-MB-435S cancer cell lines were used in the
experiments; they were seeded on the substrate overnight, then
approximately 30 capsules per cell were added and the experiments
were carried out after incubation for 4 h as previously reported./*!
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The CFTA Method: A Reliable Procedure for the
Determination of the Absolute Configuration of
Chiral Primary Amines by '"H NMR Spectroscopic
Analysis**

Yoshio Takeuchi,* Masaru Segawa, Hidehito Fujisawa,
Kenji Omata, Siegfried N. Lodwig, and
Clifford J. Unkefer

Methods for the determination of the absolute configuration
of chiral molecules are indispensable in modern organic
chemistry, especially in asymmetric synthesis and in studies of
the structures of complex natural products.'!. Although the
modified Mosher method® with a-methoxy-o-trifluorome-
thylphenylacetic acid (MTPA, 1)F is often employed for this

CFs £
Ph=C = COX Ph=C = COX
OMe CN

(S)1: X = OH, (S)}-MTPA  (S)-3: X = OH, (S)-CFPA
(R)-2: X = Cl, (R-MTPA-CI  (S)-4: X = Cl, (S)-CFPACI

F
p-Tol=C=cox (S)-5:X=0H, (S)-CFTA
N (S)-6: X = Cl, (S)-CFTACI

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

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

We measured the chemical-shift difference, Ady
(05—0g),M for corresponding protons of the diastereomeric
(8)- and (R)-CFTA amides of chiral primary amines 7-14 of
known absolute configuration (Scheme 1).2' All proton
signals for the amine residue were assigned for both the (§)-
and (R)-CFTA diastereomers by means of COSY and other
NMR spectroscopic techniques. Thus, a Ady; value was readily
obtained for each hydrogen atom of the diastereomers.

The CFTA-amide plane is defined as the plane with an
all-anti  (F—C)—(C=0)—(N-H)—(C-H) conformation*”
(Scheme 2). When the CFTA amides are depicted in a
manner such that the two substituents at the stereogenic
center adjacent to the N atom are in the plane of the page
(which is perpendicular to the CFTA-amide plane) and the
a hydrogen atom is coming out of the plane of the page, the
hydrogen atoms with negative Ady values are invariably on
the left-hand side of the CFTA-amide plane and those with
positive Ady values are on the right-hand side of the CFTA-
amide plane (Scheme 1). In general, greater Ady values were
observed for the CFTA amides than for the MTPA amides.
Thus, the CFTA method enables the determination of the
absolute configuration of chiral amines by '"H NMR spectros-
copy much more readily and accurately than the method with
MTPA.

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

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

www.angewandte.org
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Scheme 1. Ad,, or Ad,, values for CFTA amide diastereomers of chiral
amines 7-16.

hand side in an extended Newman projection, in which the
amide linkage is omitted for convenience. Conformational
arguments can be used to explain the algebraic signs of the
A6 values. In the case of the (S)-CFTA diastereomer, the
signals for the hydrogen atoms of the Ry group should always
be shifted upfield as a result of the anisotropic shielding of the
aromatic ring. In contrast, for the R diastereomer, the hydro-
gen atoms of the Ry group are shielded, and these signals
should therefore appear upfield. Thus, the Ad values for the
protons on the left-hand side of the CFTA-amide plane
should be negative and those for the protons on the right-
hand side of the plane should be positive. This conformation
was supported by X-ray crystallographic analysis of the CFTA

Angew. Chem. Int. Ed. 2006, 45, 4617 —4619


http://www.angewandte.org

Scheme 2. Conformations of (S)- and (R)-CFTA amides of chiral
primary amines RsRzCHNH,.

amide of 1-phenylethylamine® and ab initio calculations
(GAUSSIAN 98, RHF/6-31 + G*) of the CFPA amide of Val-
OMe as a similar molecule.™

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

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

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

The effect of constitutional
modifications by component
exchange on the isotropic/nem-
atic phase transition tempera-
tures (7Tyn) of MBBA (1) was
investigated by following UV/
Vis spectroscopic changes upon introduction of various
amounts of several additives (Figure 1).1'%

The value of Tyy decreased linearly as a function of the
amount of additive and the slopes of the lines fall into two
sets. In one set are the additives which cannot lead to a new
imine by constitutional reorganization (triethylamine, cyclo-
pentanol, N,N-dimethylaniline) and where the addition of
15 mol % of compound results in a decrease in the 7y value
to close to room temperature. The second set contains the
additives which can react with MBBA (1) by transimination
reactions!' (cyclopentylamine, aniline, 2,4-dimethoxybenzyl-
amine) with formation of new imines, and where the addition
of only 3 mol% of compound is enough to give a Ty value

b) R = Et ; EBBA (5)

an applied electric field.
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Figure 1. Representation of the evolution of the phase-transition tem-
perature (Ty;) of MBBA (1) as a function of increasing amounts of
various additives. Phase-transition temperatures were determined by
using variable temperature UV/Vis spectroscopy as the average of the
transitions recorded in the heating/cooling cycles of 10 um thickness
films (A=400 nm and V,;=1°C/min). NMR spectroscopic observa-
tion was used to ensure that equilibrium was reached.

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

We then investigated whether an electric field would
influence the equilibria involving compounds 1, 2, 3, and 4 as
well as §, 2, 3, and 6, respectively, where the imines 1 and § are
LCs, but 4 and 6 are not (Scheme 1) and should result in
changes in the 77,y value.

2 3 R=Me:4

2 3 R=Et;6

Scheme 1. Component exchange between MBBA (1) or EBBA (5) and cyclopentylamine (2) leading to a
constitutional dynamic equilibrium with 4-butylaniline (3) and imines 4 or 6, respectively, modulated by

The experiments were performed on thin films of 21-
(£5%) um thickness between transparent indium tin oxide
(ITO) plates so that sufficiently high voltages could be
applied to the systems. Under these conditions, the maximum
voltage applied was 3.5x10* Vem™!(£0.15x10* Vem™)
which enabled a high resistivity (R>6x10" Qcm ™) to be
maintained and to avoid fast degradation of the compounds as
well as heating-induced phenomena arising from the electric
current.'” The phase transition could be observed both with
the naked eye (as a consequence of the opacity of the nematic
phase under a high electric field in the dynamic scattering
mode, DSM)!"! and by using a polarized light microscope
(Figure 2 A).
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Figure 2. A) Left: Typical appearance of the ITO plates (7.25x2.5 cm) as a function of time in an experiment using MBBA (1) in the presence of
additives and under the influence of an electric field (when the applied voltage is superior to the minimum necessary for observing the changes
through the dynamic scattering mode!'®): top: liquid mixture; middle: coexistence between liquid and nematic phases; bottom: nematic phase
over the entire ITO plate. Right: Microscopy observation, using a polarized light microscope in transmission mode (x40), which shows the
expansion of the nematic phase into the liquid one under the influence of an electric field (E=0V at the instant of the snapshot). B) Partial

400 MHz '"H NMR spectra showing the changes in chemical composition induced by the application of an electric field (E=3.5x10*Vcm

1

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

The molecular composi-

2z

tion of the system described 907 . . 84.04 )
in Scheme1 at equilibrium & g8 (7°=22.5°C) 835 (E=0Vem™)
was obtained from the % - °

"H NMR spectra of the solu- U864 MBBA / Cyclopentylamine - o 583.0—

tions of complete mixtures in g 84 = 82.5 ) A

CDCl; set between the ITO 2" F A = " o 5 /
plates, and by superimposition “igz- . % 8204 .

of the NMR spectra of the £ F o E

pure compounds. Under neat §8O' EBBA / Cyclopentylamine 81.51 o Y-

conditions, the rate of the 78 . , ] . ‘ ' ‘ 8101 . . . ‘ . .
transimination reaction was 00 05 10 15 20 25 30 35 20 25 30 35 40 45 50

slow enough (V,=1.84mMh™!,
t;, =64 min; for a 1:2 ratio of
1:0.64 and for T=22.7°C) to
allow accurate measurements
by NMR spectroscopy.'’l A
static electric field was applied
to the two dynamic mixtures
illustrated in Scheme 1 and the
evolution of the equilibrium amounts (namely, expression) of
MBBA (1) and EBBA (5) was followed as a function of field
strength (Figure 3).

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

equilibrium.
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Figure 3. A) Effect of the strength of the electric field, at 22.5°C after 24 h, on the equilibria described in
Scheme 1 for an initial molar ratio of MBBA:cyclopentylamine of 1:0.2+£1.1% (m) and for an initial molar
ratio of EBBA:cyclopentylamine of 1:0.25£1.1% (0)). B) Effect of the temperature, after 24 h, on the
equilibrium of the reaction described in Scheme 1 with MBBA (initial molar ratio of MBBA:2 1:0.2). A
shows the scale change for comparing the effect of electric field (A) and temperature (B) on the

temperature is indicated by the fact that heating the ITO
plates (even by tens of degrees) led to a much smaller
displacement of the equilibrium (about 2%) than that
observed with the electric field."™'! Several other mixtures
involving aniline, benzylamine, isopentylamine, and allyl-
amine, and even libraries containing all these amines together
led to similar observations. In all these cases an accelerated
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Scheme 2. Transimination reaction between EBBA (5) and 2-methoxyaniline (7) leading to an equilibrium

loss of the volatile amines by evaporation occurred (Fig-
ure 3 A), which led to irreversible systems. To confirm these
findings, we studied a nondynamic system consisting of a
mixture of MBBA (1) and cyclopentanol in which component
exchange does not occur; a similar enhanced loss of cyclo-
pentanol by evaporation under the influence of the electric
field was observed."”! The behavior of the present systems
may be related to some electrohydrodynamic effects in the
DSM that result from the coupling of the LC molecules (of
negative dielectric anisotropy) to the electric field, and that
lead to an extrusion (and subsequent evaporation) of the
foreign (volatile) substances not involved in the LC mole-
cules.® Tt could also present interesting applications, for
example, for the controlled release of molecules or for the
design of sensors.

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

The 'H NMR spectra of mixtures of EBBA (5) and 7,
chosen so as to correspond to a Tjy value close to room
temperature (molar ratio 5:7="79.3:20.7 £ 1.2 %) were deter-
mined in the absence and in the presence of an applied
electric field (E =3.5x 10* Vem '(£5 %)) after 2 h equilibra-
tion at 24°C (Figure 2B). The relative variation of the
percentage of 4-butylaniline (3) with respect to the initial
molar ratio of 5:3 (93:7) for various strengths of the electric
field is shown in Figure 4, together with kinetic data for
reaching equilibrium in the presence of the electric field and
after switching it off.

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

NH,

EBBA (5) 7 3

with 4-butylaniline (3) and imine 8, modulated by the presence of an electric field.

4622

pentylamine (2), loss by evaporation cannot here be the
driving force for the evolution of the system, thus the changes
observed may be ascribed to the direct effect of the electric
field on the equilibrium. Moreover, there is an exponential
correlation between the strength of the field and the
equilibrium displacement (Figure 4 A). Furthermore, the
field-induced perturbation was fully reversible, as shown in
Figure 4 B by the evolution of the system as a function of time
under applied electric field, compared to the control experi-
ment, and after the field had been shut off. Whereas the
equilibrium was attained in about 2 h in the presence of the
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Figure 4. A) Effect of the strength of the electric field, at 24°C for 2 h
on the equilibrium described in Scheme 2 (molar ratio of EBBA:7
79.3:20.7£1.2%); each reaction was repeated three times and the
error bars represent values between £ 10%. B) Kinetics of the variation
of the equilibrium between ITO plates under a field E=3.5x10* Vem™
(£5%,; a,; solid line curve); kinetics of equilibration after stopping the
electric field and dissolution (C=3.84m in CDCl;; @, dashed line
curve); and kinetics of equilibration after stopping the electric field
and dissolution, for an initial applied field of E=3.03x10*Vcm™
(£5%; A, dashed line curve). The values are given using the relative
variation in the percentage of amine 3 (experiments with and without
field (m; solid line curve)), and corrected for the dilution effect.

field, after switching it off, the initial
position of the equilibrium was
restored after about 6 h in a CDCl,
solution at 24°C. The reversibility
8 between the ITO plates at 24°C was
a very slow process in the absence of
DSM (more than several days), while
heating the plates without field at 45°C
for 4 h led to the return of the equilib-
rium to its initial position. Thus, a faster interconversion over
several cycles would require acting on both parameters:
electric field and temperature.

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

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

OMe
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Figure 5. Effect of the temperature, after two hours, on the equilibrium
described in Scheme 2 (molar ratio of EBBA:6 79.3:20.7 +1.2%) and
under slight mechanical stirring; the error bars represent values
between +2.5%, which is close to the accuracy of the '"H NMR
method. The A symbol shows on the same scale the change of the
equilibrium in presence of an electric field (E=3.5x10*Vem™
(£5%), after two hours, Figure 4).

When the same system was studied at higher temperatures,
the liquid to nematic phase transition was observed up to
55°C, when the mixture starts losing its electric resistance.”"

It is known that applying an electric field to genuine liquid
crystals with either positive'"'™ or negative® dielectric
anisotropy leads only to a small change in the Tyy values
(typically <1K for an applied field of 2x10° Vem™'). The
marked change in the T}, values observed here must result
from a specific property of the present system, namely its
constitutional variation under application of an electric field.
Furthermore, when the mixture described in Scheme 2 was
studied under a field of 3.5x10° Vem™ (£5%) for 2h at a
5.7 ratio of 69.5:30.5 (+ 1.3 %), which does not allow a phase
transition from liquid to nematic at 24°C, a comparable
change occurred in the composition at equilibrium (18 % for
the relative variation of 3). This observation indicates the
coupling of EBBA (5) to the electric field even in the liquid
paranematic phase, as a result of the electric field induced
formation of cybotactic groups—small sets of locally organ-
ized molecules.

In conclusion, we have shown that the interaction between
an electric field and LC molecules having a negative dielectric
anisotropy can lead to two different phenomena: 1)a
purification of the system by extrusion of the molecules that
do not couple to the electric field, probably through electro-
hydrodynamic processes; and 2) a direct action of the electric
field on a constitutional dynamic equilibrium involving LC
molecules formed from components connected through
reversible imine-type bonds.” The amplified constituent is
that which couples the strongest to the electric field (the
liquid crystal), and this amplification can consequently result
in a phase transition from liquid to nematic. The processes
described here broaden the scope of CDC by demonstrating
the influence of a particularly interesting environmental
parameter, the electric field, and illustrate the adaptation of
the dynamic mixtures to a physical effector through the
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formation of the “fittest” constituent, that presenting the
strongest coupling to the field.? This approach may in
principle be applied 1) to more complex mixtures, in partic-
ular containing several different dynamic LC molecules, 2) to
systems involving different reversible covalent processes, as
well as 3) to supramolecular LCs or LC polymers.'! The
phenomena discovered could also be of potential interest for
practical applications in various areas, such as the fine-tuning
of a given material or controlled release processes.

Experimental Section

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

General procedure for cross-over experiments and determina-
tions of thermodynamic and kinetic data: In a typical protocol the
compounds to exchange were mixed in a closed vial. The mixture was
heated up to 60°C for 5 min, then cooled down to room temperature,
and left for 2 h at that temperature. Then, 38 uL (+5%) of the neat
mixture was placed between two ITO plates by using a microsyringe,
and the glass plates were gently pressed to get a thin film (21 pm,
+5%) over the entire surface (18.1 cm?; see Figure 2 A). The plates
were thermostated, and then connected to the cathode and the anode
of the generator; electric fields between 0 and 75 V were applied (for
an applied field of 75 V, the experimental errors will lead to a value of
3.5x10* Vem™ (£0.15x 10* Vem ™). After a given time, the electric
field was shut off, and the whole mixture contained between the two
plates was dissolved in CDCl; (2 mL), immediately prior to 'H NMR
measurements (within 5 minutes). The 'H NMR spectra were
recorded until stabilization of the equilibria for both the experiment
with the field as well as the thermostated control experiment (without
field but with the same initial mixture). The values for the changes in
sample composition were obtained from comparison of the spectra
for the two corresponding experiments after the same time of
equilibration in solution.
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Chemists have exploited the ability of nucleic acids to form
sequence-selective double-stranded hybrids and have turned
it into an incredibly powerful tool to direct chemical syn-
thesis!"! and to create well-defined discrete nanoarchitectures
and two-dimensional patterns.”) Non-natural double-stranded
molecules held together by noncovalent interactions which
mimic nucleic acid hybridization® may potentially be useful
in a similar way. For example, hydrogen-bonded duplexes
based on linear oligoamide strands have recently been used to
template cross-olefin metathesis.”! Such applications require
the hybridization of two different strands to form a cross-
hybrid so that each strand can selectively bring a given
functionality or a given structural unit to the duplex. In DNA,
this is expressed by the fact that the basic level of comple-
mentarity—canonical A/T and G/C base pairing—is indeed
heterologous and not homologous. However, most synthetic
oligomers that hybridize into double-stranded structures
reported to date are homodimers, including most of the
numerous helicates,””! hydrogen-bonded linear tapes®'” and
helices,"! as well as the aromatic oligoamides (AOAs)
derived from 2,6-diaminopyridine and 2,6-pyridinedicarbox-
ylic acid that we have been studying.'>'¥ There are only a few
examples of heterodimerized oligomeric strands that form
helicates!"! and hydrogen-bonded structures,* !> as well as
of hybrids based on the assembly of electron-poor and
electron-rich aromatic compounds,’!”! but among these, less
than a handful (two to our knowledge)'! possess a well-
characterized structure. Herein, we describe our discovery of
a cross-hybridization between double helices formed by
AOAs and their N-oxide derivatives.

In solution, oligomers such as 1a, 2a, and 3a (Scheme 1)
form single helices™ that can extend like springs and
intertwine into double-helical homodimers.">'”) The single
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Scheme 1. Oligomers studied. Bn=benzyl.

and double helices are in slow exchange on the NMR
timescale, thus giving rise to two sets of signals for heptamer
la (Figure 1a) and for heptamer 2a (Figure2a). The

T e e e T

12 1 10 9

Figure 1. Partial 400 MHz '"H NMR spectra at 25°C showing the amide
resonances of: a) 1a (8 mm), b) 1b (8.5 mm), and c) Ta+1b (8 mm
each). The resonances were assigned to 1a (0), (1a), (e), 1b (2),
(1b), (a), and Ta-1b (e). The signal of the peripheral amide NH
protons of 1a within single or within double helices appears at higher
field in the aromatic region.

proportions of these signals allow calculation of the dimeri-
zation constants as Kgn(1a),=30Lmol™"' (AGy,(1a),=
—8.4kJmol™) and Ky,(2a),=120 Lmol™' (AG4,(2a),=
—11.9 kJmol ') in CDCl; at 25°C—the difference between
the two being assigned to effects of terminal substituents
(decanoylamino versus fert-butylcarbamate) and side chains
(decyloxy versus hydrogen). Recently, we showed that
oligomers possessing 2,6-diaminopyridines as their terminal
residues can be cleanly converted into the corresponding
bis(pyridine N-oxide)s in the presence of meta-chloroperben-
zoic acid (MCPBA), with only the terminal residues oxi-
dized.” Specifically, 1a was converted into 1b and pentamer
3a into 3b. Furthermore, the N-oxidized oligomers also
possess the ability to hybridize into double-helical dimers:
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Figure 2. Partial 400 MHz "H NMR spectra showing the amide reso-
nances of: a) 2a at 25°C (32 mm), b) 2b at 25°C (32 mm), c¢) 2a+2b
at 25°C (32 mm each), d) 2a+2b at 0°C (32 mwm each), and

e) 2a+2b at —25°C (32 mwm each). The resonances were assigned to
2a (0), (2a), (@), 2b (2), (2b), (A), and 2a-2b (e). The signal of the
peripheral amide NH protons of 1a within single or within double
helices appears at higher field in the aromatic region.

spectra such as that shown in Figure 1b allow calculation of
Kgim(1b),=125Lmol " (AG4,(1b),=—12.0 kImol™"); this
value is about four times higher than Kg,,(1a),.""

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

Oligomers 1a and 1b have long alkyl chains and do not
crystallize. Unsubstituted heptamer 2a, however, is highly
crystalline and has been characterized in the solid state, both
as a single helix and as a double helix.'"’’ We thus prepared
heptamer bis-N-oxide 2b and heptamer mono-N-oxide 2¢
from 2a in the hope that crystals of the heterodimer could be
grown. This proved unsuccessful and only single helical 2b
could be characterized (in several crystalline forms).?
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However, the behavior of 2a, 2b, and 2c¢ in solution is fully
consistent with that of 1a and 1b. As shown in Figure 2b and
¢, bis-N-oxide dimerizes with Kg;n(2b), =22 Lmol™' (AG,-
(2b),=—7.6 kITmol )" while 2a and 2b cross-hybridize
with K s0c(22:2b) =650 Lmol ! (AG o (2a22b) =
—16.1kIJmol™!). The cross-hybrid is more stable by
5.1 kJmol™" relative to the theoretical value of (AGg,-
(2a), + AG4n(2b),)/2—RTIn(2) = —11.0 kI mol . Cross-
hybrid 2a-2b prevails at 25°C (Figure 2¢) and even more so
at lower temperatures (Figure2d,e), although the other
species then become too minor to determine the K, values
accurately.

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

12 1 10 9
<«— JSlppm

Figure 3. Partial 400 MHz "H NMR spectra at 25°C showing the amide
resonances of 2c at a) 32 mm and b) 2 mm. The resonances were
assigned to 2¢ (0), antiparallel (2c), (), and parallel (2c), (*). The
signal of one of the two peripheral carbamate NH protons of 2¢
appears at higher field in the aromatic region.

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

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

static interactions between amide, pyridine, and pyridine N-
oxide moieties. Specifically, the surprising stack of four
pyridine N-oxides rings with all their dipoles in a parallel
orientation, as observed in the structure of (3b),, certainly
causes unfavorable electrostatic interactions that are relieved
in the structure of 3a-3b. We performed ab initio density
functional theory calculations (RHF, 6-31G* basis set) using
GAMESS®! to evaluate the electrostatics of the pyridine and
pyridine N-oxide molecules. The dipole moment of pyridine is
estimated as 2.31 D, whilst that of pyridine N-oxide is more
than twice as large (5.24 D) and has the same orientation. In
addition to dipolar interactions, local charges certainly come
into play. The partial charge on the pyridine nitrogen atom is
—0.51 whilst that on the pyridine N-oxide nitrogen atom is
only —0.07, with the electrons being located on the oxygen
atom (—0.62). One may actually wonder why the pyridine N-
oxide oligomers hybridize at all. Orbital electron densities
show that the mclouds of pyridine N-oxide are not as
electron-rich as those of pyridine, which probably favors
face-to-face m—m interactions with the N-oxides.

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

The tendency of N-oxide AOAs to hybridize with their
precursors rather than with themselves represents an original
example of cross-hybridization. It contrasts with other experi-
ments where self-recognition was reported to prevail over
heterologous recognition.?*! The hybridization of AOAs may
provide a means to elaborate complex sequence-selective
hybridization of longer oligomers and more than two N-oxide
functions per duplex.
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The presence of two N-oxide groups in 2a slightly lowers its
ability to hybridize whereas the contrary occurs for 1a, thus
suggesting that side-chain and terminal-group effects are com-
plex and do not operate in the same manner on the oxidized
oligomers as they do on their precursors.

Crystal data for 3a-3b: C,,3HgN3 O, CHCl;-C;H,;NO-2 H,0,
M, =2412.53, crystal size 0.10x0.10x0.05, monoclinic, space
group P2l/n, Z=4, a=26.0433(12), b=14.5247(3), c=
26.6580(10) A, B=115935(2), V=9068.4(6)A%  puca=
1.767mgm~>, T=163Q2)K, 0,,=6.33, 0,,=5043, 1=
1.54180 A. Radiation type Cuy,, #(Cuy,)=1.871 mm'. Data
collected on a Rigaku MMO007-Rapid R-AXIS diffractometer
with confocal optics. Of 95321 reflections measured, 9455 were
unique (R;, =0.2080), 5092 with I>20(I), 1271 parameters in
the final refinement. The structure was solved by direct methods
and refined by full-matrix least-squares on F* (SHEXLTL
version 6.12). The final R indices were R, (I >20(1)) =0.1218,
WR,y(F?) =0.3439 (all data). CCDC-299505 contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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chemistry.'!l PCPs with functional groups such as open metal
sites or metal-free organic groups in the pores have attracted
attention because of their versatile applicability to gas
storage, ion exchange, heterogeneous catalysis, and selective
guest adsorption. There is no doubt that an adsorption system
specific to a target molecule can be realized when multiple
interaction sites are located at suitable positions on a regular
micropore.”) To obtain such systems, aromatic m moieties
could be a key component for the effective confinement of
guest molecules that is not only shape-selective but also site-
selective due to their large surface area and feasibly
modifiable functionality, which is responsible for their
interaction with guests.m In general, aromatic x faces, such
as those of benzene, interact with positively charged groups or
hydrogen atoms as a Lewis base (so-called, cation-n!*l and
XH-m-type interactions, in which X is ON,CF)). These
interactions play important roles in chemical and biological
recognition as well as in the construction of protein struc-
tures.”) In contrast, interactions of negatively charged atoms
with aromatic rings (i.e., anion-m interactions) are rare.
However, several recent reports claimed that electron-
deficient m systems could operate as receptors capable of
binding an anion or molecule with electronegative atoms.":*!
In spite of the importance of this interaction and the interest
that it has generated, experimental studies within porous
frameworks are still rare and recent reports have focused on
interaction of discrete anion receptors.™ The investigation
and discovery of PCPs with neutral st Lewis acidic sites is
significant to the design of a new type of interaction site that
makes the surface functionality of the pores useful.

To realize PCPs with electron-deficient & systems, hex-
aazatriphenylene (hat) derivatives were chosen as building
units!'*? as they have electron-deficient heterocyclic cores
responsible for anion—m interactions!!!! and three chelating
sites, which are useful for the construction of a coordination
network.'”! Previously, we reported anion-trapping host
systems constructed from hat derivatives'*! and a recent
theoretical investigation demonstrated that hat derivatives
could be used for the molecular recognition of anions.!!
Herein, we report a 3D PCP of a hat derivative, which
incorporates neutral guest molecules that have electroneg-
ative atoms with the aid of an electron-deficient r surface
(Scheme 1).

A coordination  polymer, {[Cu';(CN),{hat(CN);-
(OEt);}]-3THF},, (1DTHF), was prepared by the slow inter-
mixing of a solution of [Cu,(u-n*n>*benzoquinone)(OAc),] in
ethanol and a solution of hat(CN)s in THFE.™® This reaction
affords C; symmetrical hat(CN);(OEt); and CN™ ions through
the substitution of an ethoxy for a cyano group (Scheme 2).
Single-crystal X-ray diffraction measurements confirmed that
the distorted tetrahedron around the Cu' cation consists of
two nitrogen atoms from hat(CN);(OEt);, one nitrogen atom,
and one carbon atom from the cyanide anions. These cyanide
ligands link the two tetrahedral copper ions to form a 3D
(8,3)-c type network (Figure 1)."*! There are two kinds of
pores in this structure: one is a large 1D channel running
along the c axis with a cross section of 10 x 10 A2 (Figure 1a);
the other pore is just a pocket located along the channel, in
which the hat units form a floor and a ceiling and whose
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Scheme 1. Inclusion of solvent guest molecules into pores comprising
7 planes.
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Scheme 2. Synthesis of TDTHF.

portals open to three adjacent channels (Figure 1b). The
crystal structure in Figure 1c,d reveals that the three THF
molecules are accommodated in the cavity. Interestingly, the
THF molecules do not sit parallel but perpendicular to the hat
plane, and the vertical distance between the hat plane and the
oxygen atom is 2.97 A" which indicates that there is an
attractive interaction between the oxygen atom and the hat
n plane that is attributed to an anion—m type interaction.

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

1 (amorphous phase) + G — 1 D G (crystal phase) 1)

In contrast, when 1 is soaked in hydrocarbons (hexane,
cyclohexane, and benzene), linear ethers and alcohols (di-
ethylether, methanol, and ethanol), and a large-molecule
compound (4,4'-bipyridyl), there are no sharp peaks in the
corresponding XRPD patterns. The structural recovery
occurs only for guest molecules with at least one electro-
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Figure 1. Structural representation of 1DTHF. a) 1D channel structure
constructed by Cu', hat(CN),(OEt);, and cyanide anions (Cu, red; C,
gray ; N, blue). The ethoxy and cyano groups of hat and the THF
molecules are omitted for clarity. b) Schematic representation of the
pore structure of 1DTHF. c) Crystal structure of the cavity defined by
two hat molecules. (O, red; C, gray) d) View of hat with THF along the
c axis. Disordered THF molecules are omitted for clarity in (c) and (d).

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

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

The crystallographic analysis reveals that the framework
of 1Dpyz is isomorphous to that of 1> THF; the pyz molecules
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are accommodated within the cavity in place of the THF
molecules. The accommodation of pyz involves elongation of
the crystal dimension along the crystallographic c axis
(8.7244(9) A—8.791(2) A; A=0.07 A) and shrinking along
the a and b axes (18.1226(19) A—18.034(5) A; A=—0.09 A).
In the cavity, the edge-to-face contact between a nitrogen
atom of pyz and the hat m plane is easily identified, with a
separation of 3.02 A (Figure 2a). The pyz plane disorders
over two positions around the C, axes with an angle, 0, of 40°
(Figure 2b). The short m(hat)-N(pyz) separations indicate
that two nitrogen atoms of the pyz molecule interact with the
two x planes of the hat moieties.

Figure 2. a) Crystal structure of the cavity of 1Dpyz. The ethoxy and
cyano groups and disordered pyz molecules are omitted for clarity.

b) Schematic illustration of disordered structure of pyz. c) Selected
*H NMR spectra (black line: experimental; red line: simulation) of the
[D.]pyz molecule of 1D[D,]pyz (see Supporting Information).

Similarly, the single crystal structure of 1>dox shows that
the dox molecules are accommodated within the cavity. The
O-7 separations are 2.93-2.95 A (see Supporting Informa-
tion). In all cases of 1DG , the X—m separations indicate that
the electronegative atoms of the guest molecules interact with
the hat &t planes, and the lone pair of X is directed towards the
7 face as in the case of hexafluorobenzene complexes.”*! It
is worth noting that there are no recognizable specific host—
guest interactions except for the X-m plane contact in the
crystal structures of 1DG. These results confirm that the
origin of the guest-selective inclusion of 1 is the interaction
between xt Lewis acid and electronegative atoms.

Information about the dynamics of the confined guest
molecules in the host framework is important for an in-depth
understanding of how strongly the guest molecules are
accommodated. We acquired solid-state ?H NMR spectra of
1D[D,]pyz between 183 and 293 K, which show doublet
patterns of [D,]pyz in the cavity over the whole temperature
range. The simulation of the signal affords an anisotropic
motion of the [D,]pyz, which is a pyz ring rotation around the
molecular NN axis perpendicular to the hat plane. The
motion has two kinds of frequencies and moves over four sites
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with angles of 0°, 40°, 180° and 220°. This result is consistent
with the crystallographic structure of disordered pyz shown in
Figure 2b. The restricted motion is caused by the interaction
between two nitrogen atoms of pyz and hat  planes.

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

In conclusion, we have demonstrated that neutral organic
guest molecules can be confined within the cavities of a
porous coordination polymer through the interaction
between electronegative atoms and electron-deficient
7w planes, the so-called anion—rm interaction. This interaction
could be exploited to design a new family of PCPs.

Experimental Section

Synthesis of 1DTHF: hat(CN)¢ was prepared according to reported
procedures.'”) An ethanol solution of [Cu',(u-n*n>-benzoquinone)-
(OAc),] (10 mm, 2 mL), prepared by the in situ reaction of copper (II)
acetate with hydroquinone in ethanol,®! was carefully layered on a
hat(CN), solution in THF, where a mixed solvent of THF/ethanol (1:1
v/v) was placed between the two layers. Dark brown crystals suitable
for single-crystal X-ray analysis were obtained after one week. For
elemental analysis, these crystals were collected, washed with EtOH
and dried in vacuo. Elemental analysis of guest-free solid, 1, calcd for
CHsCusN O3 (%): C40.59, H2.13, N23.67; found: C39.65,
H242, N22.72. IR (Nujol): #=2236cm™' (CN from hat(CN),-
(OEt);), 2138 cm™' (cyanide anion).

Physical measurements: XRPD data were collected on a Rigaku
RINT 2000 (Ultima) diffractometer by using Cuy, radiation. Ele-
mental analyses were measured on Thermo Finnigan EA1112. TGA
was carried out with a Rigaku Instrument TGS8120 in a nitrogen
atmosphere at 2°Cmin~". IR spectra were recorded on a Perkin-
Elmer 2000 FTIR spectrophotometer with samples prepared with
Nujol. Solid-state >H NMR spectra were measured by a Varian
Chemagnetics CMX-300 spectrometer operated at 45.826 MHz and
the quadrupole pulse sequence was used for the measurements.
Simulated spectra were produced by using home-written FORTRAN
programs.

X-ray structure determination: X-ray structures were determined
on a Rigaku Mercury CCD system with Moy, radiation. In all cases,
the structure was solved by direct methods (SIR 97) and refined on F*
in SHELXL-97. Crystal data for 1>THF, C;,CuN,O,, M,=295.70,
hexagonal, space group P6i/mmc, (no.194), a=18.1226(19), c=
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8.7244(9) A, V=2481.5(4) A%, Z=6, peea=1.187 gcm™, F(000) =
870, w(Mog,)=1.321cm™!, T=-50°C, 26,,=50.0°, A(Moyg,)=
0.71070 A, reflections collected/unique 17476/858, R(R,)="0.077
(0.218), GOF=1.220 and 66 parameters. The residual electron
density (min./max.) is —0.41/0.48 e A=, Solvent molecules and some
disordered molecules were refined isotropically, whereas other atoms
were refined anisotropically. The C—C and C—O bond lenghts in THF
were restrained to 1.54 A. Crystal data for 1>pyz, C,H,CuNO, M,=
311.75, hexagonal, space group P6s/mmc, (no. 194), a =18.034(5), c =
8.791(2) A, V=2476.0(11) A®, Z=6, peea=1.254 gecm™, F(000) =
930, w(Mog,)=1.326cm™!, T=-50°C, 20,.,=50.0°, A(Mog,)=
0.71070 A, reflections collected/unique 17608/859, R(R,)=0.060
(0.172), GOF=1.166 and 67 parameters. The residual electron
density (min/max.) is —0.50/0.59 e A=, Disordered atoms were
refined isotropically, whereas other non-hydrogen atoms were refined
anisotropically. Hydrogen atoms of pyz were placed geometrically
and refined by using a riding model with Uj, constrained to be 1.2
times U, of the carrier atom. Crystal data for 1>dox, C,,H,CuNO,

M,=311.75, hexagonal, space group P6sy/mmc, (no.194), a=
18.421(5), ¢=8537(5) A, V=25088(18)A% Z=6, puu=
1238 gem™3,  F(000) =918, w(Mog,)=1314cm™!, T=-50°C,

2040 =50.0°,  A(Mog,) =0.71070 A, reflections collected/unique
14492/866, R(R,)=0.067 (0.175), GOF =1.137 and 75 parameters.
The residual electron density (min./max.) is —0.53/0.57 e A3, Solvent
molecules and some of disordered molecules were refined isotropi-
cally, whereas other atoms were refined anisotropically. CCDC-
600740, CCDC-600741 and CCDC-600742 contain the supplementary
crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Tris(organozinc) Phosphazenates as Templates for
Trimeric and Hexameric Zinc Oxide Clusters**

Ramamoorthy Boomishankar, Philip I. Richards, and
Alexander Steiner*

Molecular metal oxide complexes can serve as valuable
models in various areas, including surface—-substrate interac-
tions in heterogeneous catalysis, metal oxide particles in
porous solids, deposition, precipitation, and condensation
reactions that lead to M,O, framework structures."! High
oxidation-state metal oxide complexes [{R,,M,0,},] exhibit a
variety of frameworks [{M,0,},] that comprise ring or cage
structures.”) While the metal centers are shielded by anionic
organic ligands, R, the oxygen centers, as a result of their low
basicity, can occupy corner positions of the framework. In
contrast, complex oxides of + I and + II metal ions are fairly
basic. Hence, their oxide ions are located at interstitial sites
surrounded by excess metal ions, and complexes bearing more
than two oxide centers are rare.’! A notable exception is a
complex reported by Mulvey and co-workers that contains six
oxide ions. It comprises an {(MgO)4} core enclosed by six
NaNR, moieties.”

Over the past years, we have studied the coordination
behavior of multianionic phosphazenate ligands.” The tria-
nionic ligand A features three anionic N centers at equatorial
positions (N,,) of the chair-shaped {P;N;} ring and offers three
chelating N.;~Ny,, sites (Scheme 1).% Herein, we report that

R
Et_ R
Zn N /
R R NV NH
\ R / H N—FR
NH '\ NH R—N, /° '\ _Et
| N P N—2n
Rep-| R —R NN/
R—n" '\ NP \ g \ N—P
© NTTN N
N—R Zn HN \
e / R
Et R
A B

Scheme 1. Trianionic ligand A and tris(ethylzinc) complex B.

the tris(ethylzinc) complex B can act as a template for
trimeric and hexameric zinc oxide clusters through the bowl-
shaped coordination surface of three Lewis basic N, func-
tions and three Lewis acidic Zn centers. The n-propyl
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derivative was obtained by deprotonation of the phosphazene
(nPrNH)(P;N; (1) with three equivalents of Et,Zn in hexane.
The resulting complex 2 shows a singlet at 6 =26.4 ppm in the
*'P NMR spectrum. Compound 2 exists as a dimeric complex
of molecular D; symmetry in the solid state (Figure 1).") Two
B segments are linked through six short Zn—N,, interactions
(av:2.038 A). Although the Zn—N;,, bonds are also short (av:
2.046 A), the Zn—N,, interactions inside B appear to be rather
loose (av: 2.390 A).

Recently, we found that phosphazenes (RNH):P;N;
crystallize in the presence of water as distinct hydrates,
(RNH):P;N;-xH,0, which display hydrogen-bonded net-
works in the solid state.”™ This behavior suggested to us that
we should treat these hydrates with 3 + x equivalents of
Et,Zn in anticipation that three equivalents of Et,Zn
deprotonate the phosphazene to form B. The ZnO, generated
by the insitu hydrolysis of xequivalents of Et,Zn by
x equivalents of water, might then be trapped within the
molecular complex. Compound 1-1.5H,0 crystallized from a
solution of 1 in hexane exposed to moist air. Subsequently, it
was treated with 4.5 equivalents of Et,Zn in hexane, thus
giving a singlet at 6 =26.1 ppm in the *'P NMR spectrum. The
crystal structure of the product complex 3 shows a planar
{(ZnO);} ring sandwiched between two B segments
(Figure 1)." The cyclohexyl (Cy) derivative (CyNH)sP;N;
(4) crystallized as the pentahydrate 4-5H,O from THF/
water. Proceeding in the same manner as in the synthesis of 3,
we treated 4-5 H,O with eight equivalents of Et,Zn in hexane.
The reaction solution was filtered from a small amount of
precipitate (presumably excess ZnO). The crystal structure of
the product complex 5 comprises a hexagonal {(ZnO),} prism
sandwiched between two B segments (Figure 1).I" To the best
of our knowledge, zinc oxide clusters that contain more than
two oxide ions have not been reported. There is one example
of a planar {(ZnO),)} ring with hydroxide ions,”” but there are
no precedents for {(ZnO),} prisms.

Complexes 3 and 5 display molecular D; and S; symme-
tries, respectively. Both are derived from the insertion of zinc
oxide clusters into the dimeric arrangement of two B seg-
ments. The coordination surface of B provides a perfect mold
for trimeric and hexameric ZnO clusters that bind Zn ions
through N, centers and oxide ions to the EtZn units. As a
result, the {(ZnO)} ring structure of 3 demands the phos-
phazenate ligands to be eclipsed, whereas the {(ZnO),} prism
of § is supported by a staggered ligand arrangement. The
selection of either the ring or prism assembly is largely
determined by the steric demand of the R substituents. The
cyclohexyl groups are too bulky to maintain the eclipsed
conformation, but they are able to interdigitate in the
staggered conformation of 5. When 4-1.5H,0!" was treated
with 4.5 equivalents of Et,Zn with the aim of producing a
{(ZnO);} ring complex, only an indistinct product mixture was
obtained. On the other hand, when the trihydrate of
(iBuNH)(P;N; (6-:3H,0),'" which features the less bulky
isobutyl groups, was treated with six equivalents of Et,Zn to
form a {(ZnO)} complex, the product 7 contained a {(ZnO)s}
unit similar to that found in 3.

The eclipsed ligand arrangement forces the {(ZnO);} ring
of 3 into a planar conformation that shows minimal deviation
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Figure 1. Crystal structures of a) 2, b) 3, and ¢) 5. Zn light gray, P
medium gray, N dark gray, O black, C white. H atoms are omitted for
clarity. Selected bond lengths [A] averaged over topologically equivalent
bonds: 2: P-N(a) 1.629, P-N(b) 1.654, P-N(c) 1.626, Zn-N(d) 2.046,
Zn-N(e) 2.390, Zn-N(f) 2.038; 3: P-N(a) 1.623, P-N(b) 1.647, P-N(c)
1.636, Zn-N(d) 2.115, Zn-N(e) 2.292, Zn-N(f) 2.067, Zn-O(g) 1.966,
Zn-O(h) 1.968; 5: P-N(a) 1.622, P-N(b) 1.650, P-N(c) 1.641, Zn-N(d)
2.176, Zn-N(e) 2.290, Zn-N(f) 2.021, Zn-O(g) 1.949, Zn-O(h) 1.963,
Zn-O(j) 1.984, Zn-O(k) 2.034.
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from the mean plane (0.007(1) A), whereas the staggered
arrangement in 5 enables the six-membered rings of the
{(ZnO)g} prisms to pucker slightly into a chair-conformation
(0.054(1) A). The {(PN),} rings of 3 and 5 show very little
puckering (0.052(2) and 0.063(1) A, respectively), whereas
those of 2 exhibit a more pronounced chair-conformation
(0.162(1) A). This behavior suggests that there is some
flexibility within the ligand to adapt to the host structure by
tightening or widening its grip. The average distance between
the N, sites within B provides a useful ligand grip parameter
that measures 5.22 A in 2 and that tightens upon coordination
of zinc oxide to 4.77 and 4.80 A in 3 and 5, respectively.

The bond lengths of the {(ZnO),} ring in 3 fall within a
narrow range of 1.962(2)-1.974(2) A. The bond angles in the
{(ZnO);} ring are much wider at the Zn (av: 126.4°) than at
the O center (av: 113.6°). The {(ZnO),} cage of 5 contains
three types of topologically unique Zn—O bonds (labeled 4, j,
and k in Figure 1c¢). Bonds 4 and k alternate around both six-
membered Zn—O rings. The slightly longer bonds £ are
parallel to EtZn—N,, bonds of the adjacent B segment. Bulk
ZnO (zincite) exhibits the hexagonal wurtzite structure,'!!
whereas its high pressure phase (hpZnO) adapts the cubic
structure of rock salt.' Zn—O bond lengths in zincite
compare well with those found in 3 and 5. Figure 2 illustrates

Figure 2. The {(ZnO)¢} segments of 5 (center), zincite (left), and
hpZnO (right).

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

In conclusion, we have shown that tris(ethylzinc) phos-
phazenates can act as templates for the construction of novel
zinc oxide clusters. Their bowl-shaped coordination surface of
three Lewis acidic and three Lewis basic sites provides a
perfect mold for planar {(ZnO);} rings and hexagonal
{(ZnO)} prisms. The availability of well-defined phosphazene
hydrates (RNH):P;N;-xH,O offers a convenient route for
reactions of reactive metal reagents with stoichiometric
amounts of water in situ. In principle, other small substrates
that form distinct adducts (RNH)4P;N;-y H. X could react in a
similar fashion, thus producing small molecular frameworks
that are trapped inside organometal phosphazenate com-
plexes.
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Experimental Section
All operations were performed in an inert-gas atmosphere. Com-
pounds 1, 4, and 6 were prepared as described previously."”! Et,Zn
was applied as a 1.0Mm solution in hexane. NMR spectra were taken
from [Dg]toluene solutions.

2: Et,Zn (6.2 mmol) in hexane (6.2 mL) was added to a solution
of 1 (1 g, 2.07 mmol) in hexane (20 mL). The reaction mixture was
stirred for 12 h, filtered, and concentrated. Colorless crystals formed
after 3 days at 5°C (1.32 g, 84 %). M.p. >275°C (decomp); 'H NMR
(400 MHz): 6 =0.66 (q, ZnCH,), 1.58 (t, ZnCH,CHj;), 0.8-2.3 (m, nPr-
H), 3.2-3.4 ppm (m, NCH,); "C NMR (100 MHz): 6 = 12.9,21.7,24.4,
25.0,30.7, 35.5, 48.7, 61.50 ppm; *'P NMR (162 MHz): 6 =26.4 ppm;
IR (Nujol): 7=3393 w, 1256 s, 1084 vs, 1021 vs, 948 w, 862 w, 799
sem ™.

3: Et,Zn (3.5mmol) in hexane (3.5mL) was added to a
suspension of 1-1.5H,0 (0.40 g, 0.78 mmol) in hexane (10 mL). The
reaction mixture was stirred for 12 h, filtered, and concentrated.
Colorless crystals formed after 2 days at —20°C (0.46 g, 67 %). M.p.
>162°C (decomp); 'H NMR (400 MHz): 6 =0.73 (q, CH,Zn), 0.84 (t,
NHCH,CH,CH;), 1.68 (t, CH;CH,Zn), 1.03 (t, NCH,CH,CH;), 1.34
(q, NHCH,CH,), 1.87 (m, NCH,CH,), 2.08 (m, NH), 2.86 (m,
NHCH,), 3.06 (m, NCH,); "C NMR (100 MHz): § =1.1, 11.1, 11.9,
13.7, 25.4, 31.6, 43.1, 50.5 ppm; *'P NMR (162 MHz): 6 =26.1 ppm;
IR (Nujol): 7=1286 w, 1261 w, 1227 s, 1112 vs, 1051 s, 888 w, 800
sem™

5: Et,Zn (49mmol) in hexane (4.9mL) was added to a
suspension of 4-5H,0 (0.25 g, 0.31 mmol) in hexane (10 mL). The
reaction mixture was stirred for 12 h, filtered, and concentrated.
Colorless crystals formed after 5 days at —20°C (0.27 g, 71%). M.p.
>240°C (decomp); 'H NMR (400 MHz): 6 = 0.68 (q, CH,Zn), 1.63 (t,
CH;CH,Zn), 0.8-1.95 (m, CH,), 2.09 (m, NH), 3.1-3.4 ppm (m,
NCH); *C NMR (100 MHz): 6 =1.3, 12.9, 21.7, 24.0, 21.4, 24.9, 25.9,
30.7, 35.4 ppm; *'P NMR (162 MHz): 6 =21.6 ppm; IR (Nujol): 7=
3411 w (N—H), 1405 w, 1291 m, 1291 m, 1261 m, 1229 s, 1186 w, 1146 m,
1078 vs, 915 s, 888 m, 846 m, 805 s cm ™.

7: Et,Zn (5.3 mmol) in hexane (5.3 mL) was added to a mixture of
6 (0.50 g, 0.88 mmol) and H,O (0.048 mL, 2.65 mmol) in hexane
(15mL). The reaction mixture was stirred for 12 h, filtered, and
concentrated. Colorless crystals formed after 2 days at —20°C
(0.48 2,56 %). M.p. >180°C (decomp); 'HNMR (400 MHz): 6 =
0.72 (q, CH,Zn), 0.91 (d, NHCH,CH(CHj;),), 1.14 (d, NCH,CH-
(CHj3),), 1.63 (t, CH;CH,Zn), 1.67-1.89 (m, CH,CH(CHs;),), 2.09 (m,
NH), 2.84 (m, NHCH,), 3.11 ppm (m, 12H, NCH,); “C NMR
(100 MHz): 0=1.3, 14.1, 14.6, 22.4, 23.4, 30.8, 32.4, 49.8 ppm;
3P NMR (162 MHz): 6 =26.8 ppm; IR (Nujol): #= 3404 br, 1401 w,
1279 w, 12315, 1200 s, 1130 vs, 1089 s cm ™.
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Short Synthesis of (+)-Cylindricine C by Using a
Catalytic Asymmetric Michael Reaction with a
Two-Center Organocatalyst™*

Tomoyuki Shibuguchi, Hisashi Mihara,
Akiyoshi Kuramochi, Shun Sakuraba,
Takashi Ohshima, and Masakatsu Shibasaki*

Present syntheses of natural products and medicinally
relevant compounds require high efficiency in terms of
the number of synthetic steps. Tandem reactions that
combine several transformations in a single procedural
step are powerful tools for minimizing synthetic steps.!!
In addition to time—cost benefits, they can allow
selective reactions of unstable species and side reactions
to be minimized by the rapid successive formation and
consumption of intermediates. Catalytic asymmetric
reactions have also enabled more efficient syntheses
of various highly versatile chiral compounds that allow
for the development of new or more practical retro-
synthetic analyses of complex natural products.”! The
combination of tandem reactions and catalytic asym-
metric reactions leads to more efficient synthetic routes.
Herein, we report a short total synthesis of (+)-
cylindricine C by a tandem cyclization and catalytic
asymmetric Michael reaction with a newly designed two-
center organocatalyst.

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

The first total synthesis of optically active cylindricine C
was reported by Molander and Ronn,”" and several groups
also succeeded in its total synthesis."™ Because they used
stepwise strategies to construct the tricyclic ring system, their
synthesis required several steps (9-14 steps). We planned to
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cis fused-ring system

Scheme 1. Structure of the cylindricines.

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

Chemie

Ph.__N__COBn

~ Z
\WCGHH

— Catalytic Asymmetric
d [ Tandem Cyclization ] Michael Reaction

z ‘71; O 0}
> |
—NH__~ \ N»f / \ 0 -
3 3 BnO,C™ “NH
CeHys BnO,C CeHyz z % CeHis

Scheme 2. Retrosynthetic analysis of (+)-cylindricine C. Bn=benzyl.

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

First, we examined the catalytic asymmetric Michael
reaction of glycine Schiff base 4 to dienone 5, which was
prepared from pimelic acid in two steps (Table 1). Based on
our previous results®"! the reaction was performed with
10mol% of (S,5)-6a (the best catalyst for the Michael
reaction to o,3-unsaturated esters). In contrast to the Michael
reaction to o,fB-unsaturated esters, the addition of 4 to a,f3-
unsaturated ketones (enone) proceeds with more modest
selectivity.®**l As expected from previous work, the reaction
with 5 was only moderately enantioselective (entry 1). Never-
theless, we were pleased to observe clean formation of the
monoaddition product. Next we examined the catalyst
structure to improve the enantioselectivity. Previous confor-
mational analysis of 6a®! suggested that the acetal moiety
regulates the chiral environment around the two ammonium
cations. We designed a new catalyst 6b that has a 2,6-
disubstituted cyclohexane structure at the acetal moiety to
affect the chiral environment more strongly. Among the three
diastereomers that originate from the relative stereochemis-
try of the acetal moiety,C,-symmetric 6b was found to be most
effective in the preceding investigations (see the Supporting
Information). When 6b was applied to the reaction of 4 with
5, enantioselectivity was improved to 63 % ee (entry 2). At
lower temperature (—30°C) both reactivity and selectivity

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1: Catalytic asymmetric Michael reaction with (S,S5)-6.
PhYN\/COQBn A
bh 4 (S,5)-TaDIAS 6 (10 mol %)
base (1.0 equiv)

~o-CsHia

(6] (@] chlorobenzene >
\)WCGHH temp. (°C) BnO,C" "N \ Ph
5 (1.2 equiv)
Entry  Catalyst  Base T[PCl  t[h]  Yield [%]"  ee [%]"
1 6a K,CO; 4 14 96 48
2 6b K,CO, 4 14 96 63
3 6b K,CO; —-30 36 86 61
4 6b Cs,CO;  —30 24 72 74
sted] 6b Cs,CO,  —40 66 84 82

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

Ph

Me,  —CgH,4-Me Me —CgH,-4-Me
pr._° N¥05H4-4-Me 0 N¥CSH 4-Me

> 2BF, N 2BF,

Pr™ o, —C¢H,;-4-Me 0" —C¢H,-4-Me

“—N* —N*

M —CgHy-4-Me Ph/' Mé —CgH,-4-Me

6a 6b

were lowered (entry3). Enantioselectivity was
improved to 74% ee by using Cs,CO; as the base
(entry 4). Further investigations revealed that the use of
1.5 equivalents of Cs,CO; and 3-fluorotoluene as the
solvent at —40°C 3 could be obtained in 84 % yield of
isolated product and 82 % ee (entry 5).

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

Table 2: Tandem cyclization and additive effects.

aditve (s Sauty o, o, jxAro
CICH,CH,CI \ \ CU
50 ° : 5 3 5 N Is
BnO,C G, BNOL  CH, BnOC G,
2a 2b 2c
Entry Additive t [h] d.r. Yield [%6]"!
[2a/2b/2¢]"!
1 - 18 33:63:4 47
2 AlCl, 24 87:13:trace 47
3 [La(OTf);] 12 27:65:8 57
4 MgCl, 12 84:9:7 65
5 MgBr,- (Et,0), 18 82:13:5 61
6 LiCl 18 89:6:5 57

[a] Determined by 'H NMR spectroscopic analysis. [b] Yield of the
isolated product.
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affording the desired 2a (entry 2, 2a/2b/2¢=_87:13:trace).
Several other additives were examined under the optimized
conditions (entries 3-6). The reaction with [La(OTf);] (OTf=
triflate) afforded 2b as the major product (entry 3), whereas
MgCl,, MgBr,:

(Et,0),, and LiCl gave better reactivity and 2a as the major
product (entries 4-6). The mechanism of the additive effects
is unclear, but we assume that additives operate as Lewis acids
and organize the reacting centers through chelation.!

The obtained tricyclic compounds 2a—c were transformed
into (4)-cylindricine C (Scheme 3). The product mixture
from entry 4 in Table 2 (2a/2b/2¢=284:9:7) was converted
into 7a-c¢ in three steps. Cylindricine C (1) and 5-epi-
cylindricine C (epi-1)"™ were obtained in 80 and 8%
yield, respectively, after treatment of 7a—c with tetrabutyl-
ammonium fluoride (TBAF). The trans-fused AB ring of 7b
was isomerized at the C7a position to the desired cis fused AB
ring under basic conditions."*! Computational studies also
supported this result.'!! Optically pure 1 was obtained in 59 %
yield after three recrystallizations of the picric acid salt of 1
from EtOH.

CeHys
epi-1

HO—

C6H13
7a-c 1

CeHis

Scheme 3. Synthesis of (4)-cylindricine C. Reagents and conditions:

a) LiAlH,, THF, reflux; b) tert-butyldiphenylsilyl chloride (TBDPSCI), Et;N,
CH,Cl,; c) Dess—Martin periodinane, CH,Cl, (71%,; 3 steps); d) TBAF, THF,
RT (1: 80%; epi-1: 8%).

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

O 1.PdIC, Hy, MeOH N
N 2. CICO,Et, N-Me-morpholine N
S THF, —20 °C d
BnOC  CeHy, then, NaBH,, MeOH, 0 °C HO CeHi
2a 31% (2 steps) (+)-cylindricine C

(1)
Scheme 4. Shorter approach to (4)-cylindricine C from 2a.

In conclusion, we have achieved a short synthesis of (+)-
cylindricine C (6 steps) using a catalytic asymmetric Michael
reaction of a glycine Schiff base and subsequent tandem
cyclization. Further improvement of each step and the
expansion of current strategies are in progress.
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Proton pumping in the photosynthetic reaction center and
conduction of electrons in cytochrome C are significant
examples of biological processes governed by supramolecular
interactions.l'! The key function of these examples is electron
transfer, which is powered through a network of hydrogen
bonds. As a result, hydrogen-bonded donor—-acceptor assem-
blies have emerged as a benchmark for biomimetic model
systems: they provide the means for understanding and
controlling the role of hydrogen-bonding networks either as a
simple molecular interface or, more interestingly, as an
actively functioning motif (namely, by assisting more efficient
electron-transfer events). These effects largely result from the
high efficiency that this supramolecular motif offers in
controlling through-bond-mediated electron-transfer process-
es as well as long-range electronic coupling between donors
and acceptors.”! Pioneering work carried out by Sessler and

[*] Dr. L. Sdnchez, M. Sierra, Prof. Dr. N. Martin

Departamento de Quimica Organica

Facultad de Quimica

Universidad Complutense de Madrid, 28040 Madrid (Spain)

Fax: (4+34)91-394-4103

E-mail: nazmar@quim.ucm.es

Dr. A. ). Myles, T. J. Dale, Prof. Dr. ). Rebek, Jr.

The Skaggs Institute for Chemical Biology and Department of
Chemistry

The Scripps Research Institute

10550 North Torrey Pines Road (MB26), La Jolla, CA 92037 (USA)
Fax: (+34)91-394-4103

E-mail: jrebek@scripps.edu

W. Seitz, Prof. Dr. D. M. Guldi

Institut fiir Physikalische und Theoretische Chemie

Universitat Erlangen-Niirnberg

Egerlandstrasse 3, 91058 Erlangen (Germany)

Fax: (+49)9131-852-830

E-mail: dirk.guldi@chemie.uni-erlangen.de

This work was supported by the MEC of Spain and Comunidad de
Madrid (CTQ2005-02609/BTQ and P-PPQ-000225-0505), the Deut-
sche Forschungsgemeinschaft (SFB 583), FCI, the Office of Basic
Energy Sciences of the US Department of Energy (contribution No.
NDRL-4670 from the Notre Dame Radiation Laboratory), and the
Skaggs Institute for Chemical Biology. M.S. is indebted to MEC of
Spain for a PhD fellowship, A.J.M. is a NSERC postdoctoral fellow,
and T.).D. is a Skaggs predoctoral fellow.

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

Angew. Chem. Int. Ed. 2006, 45, 46374641 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4637



Communications

4638

Therien have demonstrated that the electronic communica-
tion through hydrogen-bonding interfaces is more efficient
than those found in comparable o- or m-bonding networks."!
Electron-transfer events also impart on the function of
artificial devices, such as organic photovoltaics.”! The incen-
tives for creating (supra)molecular heterojunctions by, for
example, integrating photo-/electroactive donors and accept-
ors that bear complementary binding sites into functional
architectures are 1) facilitation of charge transport and
2) increase in energy conversion efficiency.”

The relevance of fullerenes as spherical electron acceptors
in the construction of novel artificial photosynthetic models
and in high-performance organic solar cells is incontesta-
ble.! The combination of the characteristic selectivity and
directionality of hydrogen bonds with an efficient electron-
transfer process through a noncovalent framework is
expected to set new milestones, especially in terms of
achieving longer-lived radical-ion-pair states. In fact, a
plethora of covalent C4—donor conjugates have stimulated
evolutionary advances and revolutionary breakthroughs in
the context of converting light into high-energy chemical
products or electrical currents.”! Very little is, however,
known about noncovalent Cg-based hybrid ensembles.®! To
our knowledge, no Cg-based examples of electron-transfer
processes that occur exclusively through hydrogen-bonded
networks have been reported. We present herein a set of
noncovalently associated Cg—porphyrin ensembles (1-2)
interfaced by a two-point amidinium—carboxylate pair that
facilitates an efficient charge-separation process to afford
microsecond-lived P"~Cy,~ radical pairs. The latter is partic-
ularly stable, even in highly polar solvents, as a result of the
synergy of hydrogen bonds and electrostatic interactions.””)
Beneficial effects also materialize from other salt pairs, that is,
guanidinium—carboxylate, especially in terms of structural
aspects.'”! Notably, the noncovalent binding motif utilized
herein, amidinium-carboxylate, diminishes the possible
bonding modes and, therefore, favors the linearity of the
final interfaced pair. In addition, the rational design, that is,
placing the amidinium and carboxylate functionalities at the
porphyrins and Cy, respectively, reinforces the strength of the
hydrogen-bonding network and ensures an optimal pathway
for the motion of charges and the electronic coupling between
both electroactive units.*"

The synthesis of the new 1-2 ensembles started from a
previously reported porphyrin amidine donor 1a,b'!l and
fulleropyrrolidine carboxylic acid 2.%! Directly mixing both
components readily yields target ensembles, namely, non-
covalently bonded hybrids 12 (see Scheme 1l and the
Supporting Information).

Complex formation between 1a and 2 was monitored by
'H NMR spectroscopy (3 mm, [Dg]THF). Upon titration of
one equivalent of 2 into a solution of 1a, a series of resonance
shifts are observed (Figure1). The most dramatic shift
involves the aryl protons ortho to the amidine functionality
(A6 =0.35 ppm).'¥] Although the amidine protons are not
resolved in the '"H NMR spectrum of 1a, formation of 1a-2
resolves two broad downfield resonances at 0 =9.4 and
13.1 ppm. These new peaks each integrate for two protons
and are attributed to the two different amidine protons.
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Scheme 1. Amidinium—carboxylate interfaced porphyrin—Cq, assemblies
12).

Figure 1. "H NMR shifts upon titration of 2 into a solution of 1a in
[Dg]THF.

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

Further details on the formation of 1a-2 and 1b-2 were
obtained from experiments in which dilute solutions of 1a and
1b in toluene/acetonitrile (9:1, v/v) or THF were titrated with
variable amounts of 2 and probed by absorption and
fluorescence spectroscopy (see Figure 2 and the Supporting
Information in which a typical example for an absorption
measurement is given). Relative to the component spectra
(1b and 2), a number of differences are apparent. For 1b,
Soret- and Q-band transitions at 428 and 558 nm, respectively,
shift incrementally to the red (431 and 560 nm). Moreover,
the presence of isosbestic points indicate the transformation
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Figure 2. Fluorescence spectra (Ao, =433 nm) of 1b (1.08x 10 ®m)
and variable concentration of 2 (0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
2.4, 3.9, 9.1, and 23.7x107°m) in toluene/acetonitrile (9:1, v/v) at
room temperature. Insert displays the relationship of I/l versus [2]
that was used to determine the association constant. /= current
intensity in relative units.

of 1b (the starting point of the titration) into 1b-2 (the end
point of the titration). The changes in absorption were further
employed to confirm the stoichiometry of 1a-2 and 1b-2
through Job plots. In this light, Gaussian relationships with
maxima at 0.5 unequivocally confirm the 1:1 complex
stoichiometries that were evoked from the "H NMR experi-
ments (see the Supporting Information).

In excitation experiments with 1a and 1b, strong fluores-
cence emissions are seen in the red region, with quantum
yields of 0.2 and 0.04, respectively. When variable concen-
trations of 2 are present, the fluorescence emission intensities
decreased exponentially (see Figure2 and the Supporting
Information). Nonlinear least-square analyses, that is, fluo-
rescence intensity versus concentration of 2, allowed the
evaluation of the binding constants of 1-2, which are excep-
tionally high. In solvents that do not interfere significantly
with either the electrostatic or the hydrogen-bonding inter-
actions (toluene or toluene/acetonitrile (9:1, v/v)), binding
constants as high as 2.1 x10’m ! were deduced. The binding
constants in THF, in which interactions are mostly based on
electrostatic attractions, showed values between 1.3 x 10°m™!
(1a-2) and 3.3x10°m! (1b-2).

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

The redox features of interfaced 1-2 pairs were deter-
mined by cyclic voltammetry in THF at room temperature
(see the Supporting Information). These values provide
useful information about the energies of the radical ion
pairs formed upon photoexcitation (see below). The cyclic
voltammograms of both porphyrins, free base (1a) and zinc
(1b) at concentrations of 5x 107*M, show sets of reversible
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reduction and oxidation steps (Figure3). For 2, three
reduction steps are discernable. The corresponding zinc
complex 1b-2 reveals cathodic shifts of the reduction and
oxidation steps relative to the free-base complex 1a-2 (see the
Supporting Information). In both 1-2 complexes, the redox
patterns of the two constituents, namely porphyrin amidines 1
and Cg, carboxylic acid 2, are essentially preserved (Figure 3).

an
L " 1 " 1 L 1 1
1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5

E/Vyvs. Ag/AY" —»

Figure 3. Cyclic voltammograms of 1b-2 and its precursors 1b and 2,
measured in THF (5x107*m) at 100 mVs™' (V vs. Ag/Ag").

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

Finally, transient absorption studies showed the fate of the
porphyrin excited states and the identification of the photo-
products. Pumping light into the ground state of 1a or 1b with
short 387-nm (namely, 150 fs) or 532-nm (namely, 6 ns) laser
pulses led to the population of their singlet excited states. The
latter undergo intersystem crossing (~10®s™") to the long-
lived and molecular-oxygen-sensitive triplet states. Triplet
spectra of 1a or 1b reveal, besides bleaching in the Soret- and
Q-band region, characteristic triplet maxima at 780 (1a) or
840 nm (1b).[5

Initially, the porphyrin chromophores in 1a-2 and 1b-2
produce notable singlet fingerprints for 1a and 1b upon
photoexcitation. This behavior attests to the successful
excitation of 1a and 1b. However, instead of the slow
intersystem crossings, the singlet excited states decay with
rates of about 10" s™!, from which we deduce an electronic
coupling of 36 cm™ between both electroactive elements
(that is, 1b-2). At the end of the intrinsically fast decay,
differential absorption changes in the visible region are
governed by broad absorptions at 600-800 nm, thus indicating
1a- or 1b-centered oxidation products. In the near-infrared
region, on the other hand, the signature of a 2-centered
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reduction is seen at 1000 nm.'! Figure 4 exemplifies the
spectral changes seen in the cases of 1b-2 and 1a2,
respectively (see the Supporting Information also). The
decay kinetics of both signatures—on the nanosecond
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Figure 4. Transient absorption spectrum (NIR part) of 1b-2 in toluene
at room temperature recorded 50 ps following a 150 fs laser pulse
(Aexe=387 nm).

scale—reflect the return of the radical-ion-pair states to the
electronic ground states. The lifetime of the newly formed
radical-ion-pair state, as derived by analyzing several wave-
lengths under unimolecular conditions, are 9.3+0.1 and 7.9 +
0.5ps for 1a-2 and 1b-2, respectively, in THF (see the
Supporting Information).

In summary, the two-point amidinium—carboxylate bind-
ing motif guarantees an extraordinary stabilization for a set of
noncovalently interfaced ensembles (1-2). Association con-
stants reach up to 10’m~'. Exceptionally strong electronic
couplings stem from such binding, which in turn facilitate a
faster, more efficient, and longer-lived formation of radical-
ion-pair states (that is, ~10 us in THF) relative to similar
covalent Cg, conjugates (namely, ~1 us in THF)."™™ Most
importantly, such remarkable radical-ion-pair lifetimes out-
perform previously reported ensembles based on 1) a non-
amidinium—carboxylate binding motif® or 2) non-fullerene
electron acceptors®®! by several orders of magnitude. These
results point unmistakably to the fundamental advantages of
strong and highly directional hydrogen-bonding networks in
assisting electron-transfer processes and pave the way to the
construction of efficient photovoltaic devices inspired by
biomimetic principles.
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of valuable building blocks from simple molecules.!"! Consid-
ering the ubiquity of C—H bonds in organic compounds, the
search for a process that allows their selective transformation
remains challenging. Methodologies have been recently
developed for regioselective C—C,”» C—O,F! or C—-N™*! bond
formations that have found applications in total synthesis.""

In the case of C—H amination, significant results have
been obtained by using transition-metal-catalyzed nitrene
transfer that starts from iminoiodanes.™” This field, pio-
neered by Breslow® and Mansuy,! has progressed consid-
erably over the last five years with the discovery of new
methodologies for the generation®41%l of these hypervalent
iodine(III) reagents in situ. Thus, PhI(OAc),-mediated C—H
amination has been shown to be catalyzed by ruthenium,*
manganese,” rhodium,*# and silver®™ complexes with
sulfonamides, sulfamates, or carbamates as nitrene precur-
sors. However, although the intramolecular process occurs
efficiently, the intermolecular version suffers from low con-
versions or the need for a large excess of the starting alkane
(5-100 equivalents) to obtain good yields.'#3*0 1 The
involvement of transition-metal catalysts has also allowed
the development of enantioselective nitrene C—H inser-
tions.”! Although good enantioselectivities have been
reported for intramolecular C—H aminations, an excess of
alkane in the intermolecular version is again required to reach
satisfactory selectivities.">**¢l It is therefore in this context
that we report herein an efficient diastereoselective intermo-
lecular C—H amination that occurs under stoichiometric
conditions and starts from an enantiomerically pure nitrene
precursor (that is, (S)-N-(p-toluenesulfonyl)-p-toluenesulfon-
imidamide (1a)).

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

Initial experiments were aimed at screening various
rhodium(II) complexes and enantiomerically pure substituted
sulfonimidamides 1 in the presence of PhI(OAc), and MgO in
dichloromethane.” We found that a combination of (—)-(S)-
N-(p-toluenesulfonyl)-p-nitrobenzenesulfonimidamide
(1b)2*141 and the chiral rhodium carboxylate catalysts

Q, NSOA?

H \H O\\ /,NSO2Ar2 3 mol% [Rh”L*J ,S\
NN At NH H
R” 'R Arl”* “NH, . N
1.4 equiv PhlI(OCOBu), R R’
1.0 equiv 1.2 equiv

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

QgN“ ‘In o
“NH
Oy e LT
R1
(S)1a: R = CHs 0 0

(S)1b: R =NO, 2a RHZ_RH 2b RH_RH

Scheme 2. Structures of the S enantiomer of the sulfonimidamides 1
and of the rhodium catalysts 2. Ts =tosyl.

Thus, we decided to study the influence of other reaction
parameters. We were very surprised to observe that C—H
amination with (S)-la takes place in methanol, albeit in
moderate yields."! A possible explanation is that methanol,
contrary to dichloromethane, allows the solubilization of 1a.
We also discovered that the reaction works equally well in the
absence of MgO. These observations prompted us to run the
reaction in mixtures of CH,Cl, and MeOH without a base. We
thus found that a 1:3 mixture of MeOH/CH,Cl, gives better
conversions; consequently, compound 4a could be isolated
starting from tetrahydronaphthalene in 48 % yield. Further
improvements were obtained by replacing CH,Cl, with
1,1,2,2-tetrachloroethane and PhI(OAc), with the more
soluble PhI(OCOrBu),.'"? The C—H amination product 4a is
formed in 80% yield with 96% de (Table 1, entry 2) under
these conditions and at —35°C.[1¥

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

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

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

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

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

In conclusion, we have discovered a highly efficient
rhodium-catalyzed intermolecular C—H amination procedure
with a sulfonimidamide as the nitrene precursor and the C—H-
bond-containing substrate as the limiting component. This
reaction occurs with good-to-excellent diastereoselectivities
of up to 99 %, particularly at secondary benzylic positions,
and can be applied with equal success to the synthesis of both
isomers of the resulting amine. The high reactivity and
selectivity have been shown to be the consequence of a
pronounced matched effect between the enantiomerically
pure sulfonimidamide and the chiral rhodium catalyst. Such a
procedure is of high interest for the total synthesis of natural
products, for example, colchicine®! or biologically active
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Table 1: Intermolecular C—H amination with sulfonimidamide (S)-1a and catalyzed by [Rh,{(S)-nttl},] 2a.”!

Entry  Substrate Product Yield [%]®"  de[%])  Entry  Substrate Product Yield [9%6]®  de [%]“
p-Tol., 3//0 p—ToI: /?
TSN*"NH |, Ej\/j TSN™NH
1 3 - 88 >99 9 62 99
3a Ac 10a
p-ToI«,,Sfp p-Tol. /,O
TsN*NH |, TSN®"°NH |,
2 g 80 96 10 OMe o 62 99
4 11 OMe
4a 11a
O
p-Tol.. &
TsN’/S‘NH\H s p-Tol, 2
3 @(} . ' 83 94 11 Q\J/Tz TNTTNH 78 %
2-Thienyl 12a
ent-4a
p-Tol.,. &7
p-ToI/’ d TsN*""N H
4 TSN=NH |, 73 97 12 75 38
5 2 13
Ph 5a 13
a
o]
p-Tol.. 0 p—ToI,,'.S//
TeN"S NH TSN NH |
5 . SNTUNH 87 9 13 1 > 72 50
2-naphthyl 6a 14a
o) p-Tol.. &
p-Tol & NN TsN*""NH
6 TsN®NH 93 98 14 : 35 M 55 50
MeO 7 p-MeOPh/< 7a 3 152a
(o]
0 p-Tol... 7
/©/\ pTob g s> NH
7 TSN™NH 51 80 15 69 -
O2N 8 L NOPh N ga 16
16a
p—ToI/,,S/,O p-ToI,,' 2
TSN*NH | TsN*""NH
8 ©\/g 80 93 16 65 -
o9 17
O 9%a 17a

[a] All reactions were conducted at —35°C in Cl,CHCHCl,/MeOH (3:1) with (S)-1a (1.2 equiv), PhI(OCOt-Bu), (1.4 equiv), and 2a (3 mol %). [b] Yield
of the isolated products. [c] The de values were determined by HPLC (Hypercarb or Symmetry Shield Column). [d] ent-4a was obtained using 3 mol %

of [Rh,{(R

TsN, ,0
“S. hd
-Tol” ~"NH NH
T O X
B »
F THF, RT, 1h =
ent-4a 83% (S)-18
O ,NTs
p- ToI NH»

@O

Scheme 3. Deprotection of the C—H insertion products under reductive

84%

O

THF, RT, 1h

(R)-18

racemization-free conditions.
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[a]p +6.9 (c=0.6, EtOH)

[a]p +1.6 (c=4.4, EtOH)24]

E):j [o]p -6.5 (¢=0.6, EtOH)

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

)-ntv},] (2b) and 1.2 equivalents of (R)-1a. [e] With 5.0 equivalents of cyclohexane.

compounds, such as sertraline.”® Studies are in progress in
this area.

Received: March 30, 2006
Published online: June 21, 2006

Keywords: amination - C—H insertion - hypervalent iodine -

nitrenes -

rhodium

[1] For recent reviews, see: a) C. Jia, T. Kitamura, Y. Fujiwara, Acc.

Chem. Res. 2001, 34, 633-639; b) J. A. Labinger, J. E. Bercaw,
Nature 2002, 417, 507-514; c¢) V. Ritleng, C. Sirlin, M. Pfeffer,
Chem. Rev. 2002, 102, 1731-1769; d) F. Kakiuchi, N. Chatani,
Adv. Synth. Catal. 2003, 345, 1077-1101; e) H. M. L. Davies,

www.angewandte.org

Chemie

4643


http://www.angewandte.org

Communications

4644

R. E.J. Beckwith, Chem. Rev. 2003, 103, 2861-2903; f) A.S.

Goldman, K. I. Goldberg in Activation and Functionalization of

C—H Bonds (Eds.: K.I. Goldberg, A.S. Goldman), ACS

Symposium Series 885, American Chemical Society, Washing-

ton, DC, 2004, pp. 1-43; g) A. R. Dick, M. S. Sanford, Tetrahe-

dron 2000, 62, 2439 —2463.

For recent examples, see: a) F. Kakiuchi, S. Kan, K. Igi, N.

Chatani, S. Murai, J. Am. Chem. Soc. 2003, 125, 1698 -1699;

b) O. Baudoin, A. Herrbach, F. Guéritte, Angew. Chem. 2003,

115, 5914-5918; Angew. Chem. Int. Ed. 2003, 42, 5736-5740;

c) R. K. Thalji, J. A. Ellman, R. G. Bergman, J. Am. Chem. Soc.

2004, 126, 7192-7193; d) D. Kalyani, N. R. Deprez, L. V. Desai,

M. S. Sanford, J. Am. Chem. Soc. 2005, 127, 7330-7331.

For recent examples, see: a) S. Lee, P. L. Fuchs, J. Am. Chem.

Soc. 2002, 124, 13978-13979; b) L. V. Desai, K. L. Hull, M. S.

Sanford, J. Am. Chem. Soc. 2004, 126, 9542 -9543; ¢) R. Giri, J.

Liang, J.-G. Lei, J.-J. Li, D.-H. Wang, X. Chen, I. C. Naggar, C.

Guo, B. M. Foxman, J.-Q. Yu, Angew. Chem. 2005, 117, 7586—

7590; Angew. Chem. Int. Ed. 2005, 44, 7420-7424; d) B. H.

Brodsky, J. Du Bois, J. Am. Chem. Soc. 2005, 127,15391 -15393.

For recent examples, see: a)J. L. Brice, J. E. Harang, V. L

Timokhin, N. R. Anastasi, S. S. Stahl, J. Am. Chem. Soc. 2005,

127,2868-2869; b) W. C. P. Tsang, N. Zheng, S. L. Buchwald, J.

Am. Chem. Soc. 2005, 127,14560-14561; c) H. Lebel, K. Huard,

S. Lectard, J. Am. Chem. Soc. 2005, 127, 14198-14199; d) T.

Katsuki, Chem. Lett. 2005, 34, 1304 -1309.

[5] For the most relevant examples using iminoiodanes, see: a) X.-

Q. Yu, J.-S. Huang, X.-G. Zhou, C.-M. Che, Org. Lett. 2000, 2,

2233-2236; b) S.-M. Au, J.-S. Huang, C.-M. Che, W.-Y. Yu, J.

Org. Chem. 2000, 65,7858 -7864; c) J.-L. Liang, S.-X. Yuan, J.-S.

Huang, C.-M. Che, J. Org. Chem. 2004, 69, 3610-3619; d) C. G.

Espino, J. Du Bois, Angew. Chem. 2001, 113, 618—620; Angew.

Chem. Int. Ed. 2001, 40,598 -600; ¢) C. G. Espino, P. M. Wehn, J.

Chow, J. Du Bois, J. Am. Chem. Soc. 2001, 123, 6935-6936;

f) P. M. Wehn, J. Lee, J. Du Bois, Org. Lett. 2003, 5, 4823 -4826;

g) M. Kim, J. V. Mulcahy, C. G. Espino, J. Du Bois, Org. Lett.

2006, 8, 1073-1076; h) M. M. Diaz-Requejo, T. R. Belderrain,

M. C. Nicasio, S. Trofimenko, P. J. Perez, J. Am. Chem. Soc. 2003,

125, 12078-12079; i) Y. Cui, C. He, Angew. Chem. 2004, 116,

4306-4308; Angew. Chem. Int. Ed. 2004, 43, 4210-4212.

a) J. A. Johnson, N. Li, D. Sames, J. Am. Chem. Soc. 2002, 124,

6900-6903; b) A. Hinman, J. Du Bois, J. Am. Chem. Soc. 2003,

125,11510-11511;¢) S. J. O’Malley, K. L. Tan, A. Watzke, R. G.

Bergman, J. A. Ellman, J. Am. Chem. Soc. 2005, 127, 13496 —

13497.

For general reviews, see: a) P. Miiller, C. Fruit, Chem. Rev. 2003,

103,2905-2919; b) P. Dauban, R. H. Dodd, Synlett 2003, 1571 -

1586; c)J. A. Halfen, Curr. Org. Chem. 2005, 9, 657-669;

d) C. G. Espino, J. Du Bois in Modern Rhodium-Catalyzed

Organic Reactions (Ed.: P. A. Evans), Wiley-VCH, Weinheim,

2005, pp.379-416; e) H.M. L. Davies, M. S. Long, Angew.

Chem. 2005, 117, 3584-3586; Angew. Chem. Int. Ed. 2005, 44,

3518 -3520.

[8] a) R. Breslow, S. H. Gellman, J. Chem. Soc. Chem. Commun.
1982, 1400; b) R. Breslow, S. H. Gellman, J. Am. Chem. Soc.
1983, 105, 6728 -6729.

[9] D. Mansuy, J.-P. Mahy, A. Dureault, G. Bedi, P. Battioni, J.
Chem. Soc. Chem. Commun. 1984, 1161 -1162.

[10] P. Dauban, L. Saniére, A. Tarrade, R. H. Dodd, J. Am. Chem.
Soc. 2001, 123, 7707 -7708.

[11] C. G. Espino, K. W. Fiori, M. Kim, J. Du Bois, J. Am. Chem. Soc.
2004, 126, 15378 -15379.

[12] a) Y. Kohmura, T. Katsuki, Tetrahedron Lett. 2001, 42, 3339 -
3342; b) M. Yamawaki, H. Tsutsui, S. Kitagaki, M. Anada, S.
Hashimoto, Tetrahedron Lett. 2002, 43, 9561-9564; c)J.-L.
Liang, J.-S. Huang, X.-Q. Yu, N. Zhu, C.-M. Che, Chem. Eur. J.
2002, 8, 1563-1572; d) J.-L. Liang, S.-X. Yuan, J.-S. Huang, W.-

2

—

3

—

(4

—_—

[6

—_

[7

—_—

www.angewandte.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Y. Yu, C.-M. Che, Angew. Chem. 2002, 114, 3615-3618; Angew.
Chem. Int. Ed. 2002, 41, 3465-3468; e) J. Zhang, P. W. Hong
Chan, C.-M. Che, Tetrahedron Lett. 2005, 46, 5403 -5408; f) C.
Fruit, P. Miiller, Helv. Chim. Acta 2004, 87, 1607-1615; g) C.

Fruit, P. Miiller, Tetrahedron: Asymmetry 2004, 15, 1019-1026.

a) P Di Chenna, F. Robert-Peillard, P. Dauban, R. H. Dodd,

Org. Lett. 2004, 6, 4503 -4505; b) C. Fruit, F. Robert-Peillard, G.

Bernardinelli, P. Miiller, R. H. Dodd, P. Dauban, Tetrahedron:

Asymmetry 2005, 16, 3484-3487; for a recently reported

analogous diastereoselective copper-catalyzed nitrene transfer,

see: ¢) D. Leca, A. Toussaint, C. Mareau, L. Fensterbank, E.

Lacote, M. Malacria, Org. Lett. 2004, 6, 3573 -3575.

[14] For previous preparations of sulfonimidamides, see: a) E.S.

Levchenko, N. Y. Derkach, A. V. Kirsanov, Zh. Obshch. Khim.

1962, 32, 1208-1212; b) S. Tsushima, Y. Yamada, T. Onami, K.

Oshima, M. O. Chaney, N. D. Jones, J. K. Swartzendruber, Bull.

Chem. Soc. Jpn. 1989, 62, 1167-1178.

P. Miiller, Y. Allenbach, E. Robert, Tetrahedron: Asymmetry

2003, 714, 779-785.

[16] This result is unexpected as it has been shown that protic
solvents induce hydrolysis of the (presumably formed) imino-
iodane in the presence of transition-metal complexes; see:
a) R.E. White, Inorg. Chem. 1987, 26, 3916-3919; b) D. A.
Evans, M. M. Faul, M. T. Bilodeau, J. Am. Chem. Soc. 1994, 116,
2742 -2753.

[17] J. Du Bois, Chemtracts: Org. Chem. 2005, 18, 1-13.

[18] Under these conditions, the sulfonimidamide (S)-1b is less
soluble than 1a, thus leading to lower yields.

[19] Tt is also worth mentioning that no competitive sulfimidation
takes place with 2-ethylthiophene (entry11). T. Otani, Y.
Sugihara, A. Ishii, J. Nakayama, Tetrahedron Lett. 1999, 40,
5549 -5552.

[20] I. Nigeli, C. Baud, G. Bernardinelli, Y. Jacquier, M. Moran, P.
Miiller, Helv. Chim. Acta 1997, 80, 1087 -1105.

[21] This result strongly suggests a kinetic resolution of 1a, the scope
and application of which are currently under investigation.

[22] P. Miiller, G. Bernardinelli, Y. Allenbach, M. Ferri, H. D. Flack,
Org. Lett. 2004, 6, 1725-1728.

[23] a) K. Guthikonda, J. Du Bois, J. Am. Chem. Soc. 2002, 124,
13672-13673; b) P. Miiller, C. Baud, Y. Jacquier, M. Moran, I.
Nigeli, J. Phys. Org. Chem. 1996, 9, 341-347.

[24] O. Cervinka, V. Dudek, Collect. Czech. Chem. Commun. 1973,
38, 1159-1164.

[25] T. Graening, H.-G. Schmalz, Angew. Chem. 2004, 116, 3292—
33318; Angew. Chem. Int. Ed. 2004, 43, 3230-3256.

[26] G.J. Quallich, Chirality 2005, 17, 3230-3256.

—_
—
98]

—

[15

[

Angew. Chem. Int. Ed. 2006, 45, 4641-4644


http://www.angewandte.org

Contrast Agents

DOI: 10.1002/anie.200601246

Water-Soluble Dendrimeric Two-Photon Tracers
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Novel microscopies based on nonlinear optical (NLO)
phenomena such as two-photon excited fluorescence
(TPEF)! are rapidly gaining popularity in biological imaging
owing to the many advantages they provide. These include a
capacity for a highly spatially confined excitation and intrinsic
three-dimensional resolution, as well as the ability to image at
an increased penetration depth in tissue with reduced
photodamage and background fluorescence by operat-
ing with excitation radiation in the near-infrared (NIR)
region. At first, TPEF was developed using conventional
fluorophores whose two-photon absorption (TPA) char-
acteristics were not optimized,[z] but it was soon realized
that molecules specifically engineered for TPEF can
significantly outperform standard fluorophores opti-
mized for one-photon excitation. This realization trig-
gered the search for fluorophores combining a high
fluorescence quantum yield (@) and a high TPA cross-
section (0,) in the spectral region of interest for
bioimaging (typically 700-1000 nm, corresponding to
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Supporting Information for this article (synthesis of chromophores
Q and Q’; preparation of dendrimers G1-G3; experimental details
of spectroscopic measurements; comparison of emission spectra
of G1-G3 in water and ethanol (Figure S1); fluorescence anisotropy
results) is available on the WWW under http://www.angewand-
te.org or from the author.
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the combination of reduced absorption and scattering).
Molecular engineering of optimized chromophores with
large TPEF cross-sections has been particularly active in the
last decade® ! and has led, for example, to bolamphiphilic TP
markers of interest for imaging of biological membranes and
cells or pH sensing."® However, water-soluble TP fluoro-
phores that maintain both a high fluorescence quantum yield
and a large TPA cross-section in the spectral range of interest
are still rare. In addition, fluorophores with a high TPA cross-
section in toluene (that is, in a lipophilic environment) have
been reported to undergo a significant decrease of their TPA
characteristics in water as a result of molecular aggregation.”

Herein, we report a general route for the design of water-
soluble TP markers from lipophilic TP fluorophores that
could be applied to a variety of TP chromophores. To prevent
aggregation while ensuring water solubility, we included a TP-
active lipophilic chromophoric unit in the core of a dendrimer
whose periphery is covered with cationic groups® (G3 in
Scheme 1). The dendritic sheaths should, in principle, provide
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isolation of the central chromophore from the outer environ-
ment, thus preventing fluorescence quantum yield decrease
by nonradiative processes mediated by water molecules, as
well as aggregation processes that are detrimental to the TPA
response. An alternative (and simpler) route consisting in
grafting water-solubilizing cationic groups directly onto the
TP-active lipophilic chromophore (chromophore Q' in
Scheme 1) was also tested to evaluate the relevance of the
dendrimer approach.

We will show herein that the strategy to incorporate a
lipophilic chromophore in a protecting dendrimer shell is
indeed successful and leads to nanometric water-soluble
fluorescent TP-active tracers. These molecules were built
from the core reagent C by successive repetition of nucleo-
philic substitution and condensation reactions. The water
solubility is ensured by the ammonium groups that are linked
to the surface of G1-G3 in the last step by reaction with N,N-
diethylethylenediamine (Scheme 2).
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Scheme 2. Synthesis of G1 from Q, and structures of G2 and G3. The core reagent C was prepared from the bisphenol quadrupolar chromophore

Q by treatment with N;P;Clg under basic conditions.

Dendrimers G1-G3 show strong one-photon absorption
in the near UV and strong emission in the blue-visible region
(Figure 1). Interestingly, their photoluminescence (PL) effi-

Figure 1. Absorption and emission spectra of G1 (—), G2 (-----),
and G3 (-—-) in water. Inset: rotational correlation time, 6, as a
function of molecular weight m for dendrimers G1-G3 in water
(T=298 K), calculated from the steady-state fluorescence anisotropy
and the fluorescence lifetime using the Perrin equation. These aniso-
tropy data indicate that G1-G3 behave as isolated globular objects as
their rotational correlation times increase linearly with the molecular
weight. The hydrodynamic diameters of G1-G3 were estimated from
the rotational correlation times to be approximately 2.4, 3.8, and

5.2 nm, respectively.

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

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

www.angewandte.org
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Table 1: Photophysical properties of compounds Q, Q’, and G1-G3.

Solvent A max [NM] oy [10°M T cm™'] A [nm] D¥ g, [GM]®!
EtOH 379 7.80 435 0.79 155"

Q' water 349 - 354 0.22 8

G1 water 377 7.27 442 0.53 104

G2 water 381 6.24 444 0.71 119

G3 water 383 6.31 443 0.66 127

[a] Fluorescence quantum yield determined relative to fluorescein in 0.1 N
NaOH. [b] At 705 nm; TGM=10"*" cm*s photon™".

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

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

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

Angew. Chem. Int. Ed. 2006, 45, 4645-46438
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shows reasonable TPA efficiency in nonaqueous protic media,
Q' has a low TPEF cross-section in water. In contrast,
dendrimers G1-G3 maintain a significant TPA cross-section
in water, thereby confirming that the dendritic branches
indeed isolate the chromophoric core, thus preventing
aggregation and PL quenching. Interestingly, the TPA char-
acteristics appear to increase slightly with increasing gener-
ation. This effect could be related to the slight increase of
local polarity at the core with increasing generation due to the
nature of the dendritic branches, which provide a somewhat
polar environment.!' Recent calculations and experiments!™
have shown that increasing solvent polarity, in a certain range,
can lead to TPA enhancement.

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

This is of particular interest for biological applications due
to the low toxicity detected for phosphorus-based dendrim-
ers.'! This is a major advantage—in addition to the accessi-
bility for both inner and surface functionalization using
covalent chemistry—over semiconductor quantum dots
(QD). These inorganic nano-objects have gained a lot of
popularity as photonic imaging agents!'”! but their toxicity is
still a main concern. Taking into account potential risks is one
of the most important issues in nanoscience. With this aim in
mind, we have demonstrated that the organic-nanodots route
can provide a promising alternative in terms of two-photon
brilliance,'® and that it allows us to maintain excellent PL
properties while conveying water solubility, which leads to
water-soluble tracers that can indeed be used for in vivo
imaging (Figure 2). This is an important step that establishes
that organic nanodots definitely merit consideration as an
alternative to semiconductor QDs for two-photon imaging,
although further studies focusing on toxicity and (photo)-
stability are needed. In this respect, it is important to add that
in preliminary experiments we have found that polycationic
phosphorus dendrimers bearing the same ammonium end
groups are stable for months towards hydrolysis and that the
photostability of dendrimers G1 and G2 is significantly higher
than that of chromophore Q' in water, thus indicating that this
strategy is also of interest in terms of photostability improve-
ment.

Angew. Chem. Int. Ed. 2006, 45, 4645-4648
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Figure 2. Two-photon imaging of the vascular network in the dorsal
part of the rat olfactory bulb. Vessels were labeled after injecting
intravenously a small bolus of 500 um of dendrimer G2 in water. The
fluorescence was excited at 710 nm, epi-collected, and band-pass
filtered (440/40 nm). The image was taken at a depth of about

200 pm. No obvious toxic effects were observed during the experiment
(for technical details, see reference [19]).
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it is shown that it is possible to selectively oxidize ethanol into
acetic acid in aqueous solution using air as the oxidant with a
heterogeneous gold catalyst at temperatures of about 423 K
and O, pressures of 0.6 MPa. This reaction proceeds readily in
aqueous acidic media and yields of up to 90% are achieved,
with CO, as the only major by-product. Thus, it constitutes a
very simple, green route to acetic acid.

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

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

CH,CH,OH + O, — CH,;COOH + H,0 (1)

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

Here, it is reported for the first time that gold catalysts are
both very active and selective catalysts for aqueous-phase
oxidation of ethanol with air into acetic acid at 373473 K
with O, pressures of 0.5-1 MPa. Interestingly, metallic gold
was for many years considered too unreactive to be useful as a
catalyst.[! However, this view was challenged in the seminal
studies of Haruta and co-workers,® who showed that gold
very efficiently catalyzed the room-temperature oxidation of
CO with O, to form CO,, and by Hutchings, who studied
acetylene hydrochlorination with gold catalysts.”! Since then,
numerous reports of different gold-catalyzed reactions have
appeared and the field has recently been reviewed and
highlighted.1>-12!
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The catalytic oxidation of alcohols with air has also
attracted significant attention as a “green” reaction.™
Among the heterogeneous catalysts, mainly Pd and Pt have
shown promising result.'*') Rossi and co-workers were the
first to show that alcohols, specifically diols and sugars, can be
oxidized to the corresponding acids with gold catalysts but
only when a base is present.'®!7] Later, the oxidation of
glycerol to glycerate using Au/C was similarly demon-
strated.'® Recently, it was shown that heterogeneous ceria-
supported gold catalysts are able to oxidize several higher
alcohols into the corresponding carboxylic acids using air as
oxidant.'” In these experiments, the support played an active
role in the catalytic cycle. However, it has also been shown
that solvent-free oxidations of primary alcohols can selec-
tively yield aldehydes.” Thus, it is noteworthy that the gold-
catalyzed aqueous-phase oxidation of ethanol with air into
acetic acid reported here proceeds readily in acidic aqueous
solution.

Bioethanol is typically produced in a series of steps,
namely fermentation in a batch process (yielding 3-15 vol %
aqueous ethanol), distillation to obtain the azeotrope (con-
taining 96 vol % ethanol), and further distillation to achieve
the anhydrous ethanol that is required as a fuel additive.*!!
Therefore, we decided to study the oxidation of ethanol in a
batch process with ethanol concentrations corresponding to
those obtained during fermentation, as this is expected to
represent the easiest scheme for acetic acid production from
bioethanol. All catalysts were prepared on a porous support
of MgALO, (65 m?g™") using HAuCl,-3 H,O, PtCl,, and PdCl,
as metal precursors. The catalytic experiments were con-
ducted in stirred reactors (50 mL, Parr Autoclaves, stainless
steel). Liquid samples were drawn from the reactor periodi-
cally using the sampling system and analyzed by gas
chromatography (GC). Similarly, gas samples were also
analyzed by GC. No reaction was observed in the absence
of catalyst or when using the pure supports without gold. The
metal content of all catalysts was analyzed by atomic
absorption spectroscopy (AAS). The gold catalysts were
also characterized by transmission electron microscopy
(TEM) before and after testing. Typically, 20 images were
recorded for each catalyst sample.

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

Table 1: Comparison of MgAl,O,-supported Au, Pt, and Pd catalysts for
oxidation of aqueous ethanol to acetic acid with air.”!

Cat. T[K] p[MPa] t[h] Conv.[%] Yield[%] STY® [molh L]
Auld 453 3 4 97 83 0.21
Pt 453 3 4 82 16 0.047
Pd 453 3 4 93 60 0.15

[a] Conditions: 150 mg catalyst, 1wt% of metal, T0mL of 5wt%
aqueous ethanol, [b] Space-time yield. [c] Corresponding to 0.07 mol %
Au.
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catalysts."”*! MgAl,O, was chosen as the support material
here since it is stable at high water pressures and because it
can be considered completely inactive in redox processes.
Thus, the observed activity can be attributed solely to the
metal nanoparticles, and no synergistic effect with the support
is expected. Other supports might be found to affect the
catalytic performance.

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

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

Figure 1. Top: Performance of 150 mg of 1 wt% Au/MgAl,O, catalyst
in the oxidation of 10 mL of aqueous 5 wt% ethanol with air at 423 K
and 3.0 MPa (e ethanol conversion, O acetic acid yield). Bottom: TEM
images of the 1 wt% Au/MgAl,O, catalyst used for ethanol oxidation.
The inset shows a high-resolution image of a gold particle with a
diameter of about 5 nm.
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Figure 2 shows how the performance of the catalyst
depends on temperature and pressure. It is noteworthy that
yields above 80% are obtained without any special effort to
optimize the reaction conditions or catalyst composition. It
can also be seen that the reaction rate and selectivity are only
slightly influenced by the total pressure when oxygen is
present in excess.
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Figure 2. Ethanol conversion (@) and acetic acid yield (0) with 10 mL
of 5 wt% aqueous ethanol after 4 h in the presence of 150 mg of

1 wt% Au/MgAl,O, catalyst. Top: temperatures of 363—473 K and an
air pressure of 3 MPa. Bottom: pressures of 3—4.5 MPa and a temper-
ature of 423 K.

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

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

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

H,

Acetaldehyde
— Ethene
Biomass — — Ethanol —— Butadiene
Acetic acid

Fuel/fuel additive

Figure 3. Possible uses of bioethanol as a fuel or as a feedstock for
important bulk chemicals.?

A future challenge for chemists could be to find efficient
routes from bioethanol to fuels and chemicals. Such processes
will also compete with other new processes that allow direct
conversion of carbohydrates into, for example, dihydro-
gen® 2 or synfuels,?®? which are currently being explored.
Here, we have focused on synthesizing acetic acid from
ethanol in a simple, green process since acetic acid has a
significantly higher value than fuels (including dihydrogen)
and also than ethene, acetaldehyde, and butadiene, for
example. Therefore, this might represent the currently most
efficient use of part of the available bioethanol.

Experimental Section

The gold catalysts were prepared by deposition-precipitation®®! of
HAuCl,-3H,0 (supplied by Aldrich) on MgAl,O,. Stoichiometric
MgALO,, calcined at 1000°C,*"! was tabletized, crushed, and sieved
to a particle size of 100-250 um prior to use. For comparative
purposes, Pd and Pt catalysts supported on MgAl,O, were prepared
by incipient-wetness impregnation of hydrochloric acid solutions of
PdCl, and PtCl,, respectively. The resulting catalyst precursors were
dried at 120°C for 6 h and calcined at 773 K for 2 h. The pure,
stoichiometric, and calcined spinel used here is neutral and causes
essentially no change of pH (less than +0.05) when suspended in
water or treated hydrothermally in water.

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

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

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

Initial theoretical calculations on the mechanism indi-
cated that the support interface is responsible for the
oxidation of CO.""! Recently, however, a reaction path that
only takes place on a gold particle was proposed.!'!< The
major question that remains is the activation of the oxygen
molecule which has been suggested to take place on the
support.'”” The mechanism proposed by Bond and Thomp-
son®! involves the adsorption of CO on the gold particle at a
low-coordinated gold atom. A hydroxy group from the
support moves to a Au™ cation, meanwhile creating an
anionic vacancy. These two species react to form a carbox-
ylate group. The anionic vacancy on the support activates an
oxygen molecule as O, , which then is responsible for
abstraction of a hydrogen atom, and CO, is formed. The
hydroperoxide ion reacts with a second carboxylate species to
form another CO, molecule and restores two hydroxy groups
on the support.

Herein, we introduce insitu time-resolved and high-
energy-resolution fluorescence-detected (HERFD) X-ray
spectroscopy at the Au L; edge to determine the activation
of oxygen on the gold particle. We studied gold supported on
a nonreducible support, Al,O;. X-ray absorption near-edge
structure (XANES) studies probe the local geometry and the
oxidation state of the absorption atom. XANES is sensitive to
adsorbates on the surface of metallic particles, and the
spectral shape is affected by the mode of bonding.'¥ The
intensity of the first feature in the L; edge spectrum, which is
called whiteline, reveals the number of holes in the d band
and therefore reflects charge transfer after adsorption of
molecules. Application of high-energy-resolution emission
spectroscopy greatly enhances the resolution in the spectra.'!
Selective detection of a fluorescence channel with an
instrumental broadening below the core hole lifetime greatly
enhances the spectral resolution,™ thus resulting in much
sharper features in the X-ray absorption spectra. In addition
to high-energy-resolution XAS, a time resolution of seconds
can be achieved using normal fluorescence detection at
beamline ID26 at the ESRF (Grenoble). The response of the
system to changes in the gas composition, from oxidizing to
reducing and back, can be determined.

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

coordination, will be detected with much higher accuracy in
the high-resolution data. Although the electron configuration
of a gold atom is Xe4f'*5d'%s', in bulk gold the s, p, and
d orbitals overlap, which causes orbital hybridization and
results in a 5d'°~*6sp' ™ electron configuration. The whiteline
reflects this hole in the dband. Theoretically simulated
spectra using the FEFFS code are shown in Figure 1b. Spectra
of bulk gold using the full L; core hole lifetime and reduced by
1.6 eV showed all the features that were experimentally
observed, though the exact positions and relative intensities
of the features varied. Theory predicted a double whiteline in
the high-energy-resolution data which is observed as a slight
asymmetry in the experimental whiteline.

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

The spectrum of the Au/Al,O; catalyst measured under
20 % oxygen in helium shows an increased whiteline intensity
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Figure 2. a) High-resolution Au L; XANES of 4% Au/Al,O; in various
atmospheres applied subsequently: He (—); 20% O, in He (-----);
and 1% CO in He (——-). b) FEFF8-calculated Au L; XANES of gold
clusters (——) with adsorbed oxygen (-----) or CO (—-—-).

which reflects charge transfer from the dband to the
2m* orbital of oxygen, decreasing the gold d-orbital electron
count and activating the oxygen molecule. This result agrees
with previously reported partial oxidation of small gold
particles in air.'! On the basis of the intensity of the
whiteline, the fraction of oxidized gold is about 15 %, which
is very similar to the amount reported by Miller et al.'
Oxygen reacts with the surface of the small gold particles to
form a surface oxide. Subsequent exposure of the partially
oxidized catalyst to 1% CO in helium resulted in a decreased
whiteline intensity. However, the whiteline intensity was
higher than that measured in He and the energy of the
maximum intensity was shifted to higher energy relative to
the spectrum measured under oxygen. This behavior is
ascribed to the bonding of CO on the surface of reduced
gold particles.'*! Simulation of spectra using the full
multiple scattering code FEFF8 (Figure 2b) indicated that
CO adsorption causes enhanced intensity of the whiteline at a
higher energy than adsorbed oxygen (the clusters are taken
from Reference [11]). Electron back-donation into the anti-
bonding orbitals of CO is responsible for the charge transfer.

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

Angew. Chem. Int. Ed. 2006, 45, 4651—4654

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Figure 3. Kinetics of re-reduction in CO: Time-resolved XANES spectra
measured in normal fluorescence mode.

reduction of partially oxidized gold catalysts is much faster
than their oxidation, which took over 5 min to complete
(spectra not shown).

One of the main questions regarding the mechanism is
how oxygen is activated on the catalyst.'?! Various reports
suggest that the metal-support interface plays a role and that
the support activates oxygen and serves as a supply of oxygen
that recombines with CO on the gold particle to form CO,.
Our in situ XANES study clearly showed that charge transfer
from small gold particles to oxygen occurs when exposed to
oxygen, along with partial depletion of the Au d band. A
fraction of the surface atoms react with oxygen. Small gold
particles on a nonreducible oxidic support activate oxygen,
meanwhile forming partially oxidized gold: Au’ + O,—
Au,O,. Miller et al. observed oxidation of gold by air with Au/
Al,O; catalysts by changes in the near-edge structure, which
was confirmed by a decrease in the Au-Au coordination
number and an increase in the Au-O contribution in a full
EXAFS analysis.'® The partially oxidized gold is reduced
very quickly by CO to form CO, (Figure 3), showing that the
partially oxidized gold particles readily react with CO to form
CO,, thus closing a catalytic cycle: Au,0, + CO—Au’ +
CO,. After the full reduction, adsorbed CO is observed on the
surface by the broadening of the whiteline (Figure 2).17134
Clearly, the reduction is much faster than the reoxidation and
the rate-limiting step is the activation of oxygen on the gold
surface.® In a mixed O,/CO gas environment, fully reduced
gold is expected,™ probably with adsorbed CO on its
surface.'”’ In this mechanism, partially oxidized gold is
formed upon reaction with oxygen and is present as a short-
lived species under catalytic conditions.

Insitu high-energy-resolution and time-resolved X-ray
spectroscopy identified a possible reaction mechanism for the
oxidation of CO over the gold particles in supported gold
catalysts. On Au/AlLO;, there is a reaction channel that has
partially oxidized gold as reaction intermediate. Charge
transfer from a reduced gold particle to oxygen activates
the oxygen molecule. The thermodynamic redox behavior of
small gold particles is distinctly different from that of bulk
gold, which is inert and unreactive."”! The difference likely
originates from the different electronic properties of the small
gold particles, which have more d electrons at a different
energy to those in bulk gold and which contain a large fraction
of corners and edges. Exposure of the activated oxygen to CO
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rapidly leads to formation of CO, and fully reduced gold. We
propose that reduced gold and its ability to transfer charge to
oxygen are essential for high catalytic activity in the oxidation
of CO.

In situ HERFD X-ray spectroscopy is likely to become a
valuable tool in determining the structures of catalysts under
catalytically relevant conditions. High-energy-resolution data
with time-resolution and the possibility of in situ measure-
ment in combination with mass spectrometry at synchrotrons
makes it a promising tool in determining the structures of
catalytically active sites.

Experimental Section

A solution of HAuCl, (2.1 x 10~°M) was prepared by dissolving the
appropriate amount of HAuCl;-3H,O in deionized water (300 mL).
The solution was warmed to 353 K, and 3 g each of support y-Al,O4
(Condea) and urea (0.21m) were added. The suspension was kept
away from light and stirred during 16 h while maintaining the
temperature at 353 K. The suspension was then centrifuged, and the
solid was isolated, washed three times with deionized water, and dried
under vacuum at room temperature overnight. The fraction of
powder containing particles of 90-125 um was separated and
introduced into the insitu reactor for X-ray absorption measure-
ments. Transmission electron microscopy showed small gold particles
of 1-3 nm.

The experimental setup consists of a reactor, which is a quartz
tube with a diameter of 5 mm and a wall thickness of 100 pm, and a
blower, which was used as a heater. The gas atmosphere in the reactor
was controlled by five mass-flow controllers (Bronkhorst). Highly
pure He, H,, 1% CO in He, and 20% O, in He (Air Liquide) were
used as the initial gas mixtures. The exhaust of the reactor was
connected to a mass spectrometer (Pfeiffer QMS200). After reduc-
tion of the catalyst in H, at 423 K, the reactor was purged with He and
cooled down to room temperature. The catalyst was put in contact
with different CO- and O,-containing gas mixtures at 298 K. All X-ray
spectroscopic measurements were performed in situ under constant
flux (10 mLmin™") of a particular gas atmosphere through the reactor.
The studies were performed at the high-brilliance XAFS-XES
beamline ID26 at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. The electron energy was 6.0 GeV, and
the ring current varied between 50 and 90 mA. The measurements
were performed using the third harmonic of two u35 undulators. The
monochromator was equipped with a pair of Si(220) single crystals.
Higher harmonics were suppressed by two Cr-coated mirrors operat-
ing at 3 mrad relative to the incident beam. The X-ray beam
measured 0.3 mm horizontal and 1 mm vertical, with a total flux on
the order of 5x 10" photonss™' on the sample. The energy was
calibrated using a gold foil. The high-energy-resolution fluorescence
detection was performed using a horizontal-plane Rowland circle
spectrometer and an avalanche photodiode (APD, Perkin Elmer) as
detector. The spectrometer was tuned to the Au Lo, (9713 eV)
fluorescence line by using the (660) Bragg reflection of one spheri-
cally bent Ge wafer with R=1m and a diameter of 8 mm. The
energy resolution of the spectrometer was 0.6 eV. A Canberra Si
photodiode was mounted to measure the total fluorescence yield
simultaneously. During XANES scans, the undulators were kept at a
fixed gap and only the monochromator angle was changed. To
measure fast kinetics, conventional XANES spectra were recorded
every 2 s between 11900 at 11960 eV with energy steps of 0.5 eV. The
statistics were insufficient to perform these measurements in the high-
energy-resolution fluorescence detection mode. The XANES spectra
in high-resolution mode were measured after the catalyst had reached
steady-state conditions. The corresponding spectra were measured
during 30s from 11880 to 11980 eV with steps of 0.1eV and
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averaging of 60 scans. Full XAS spectra over a 1000 eV range were
also measured under steady-state conditions and used to normalize
the XANES data.
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Solid-Solid Route™**
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A variety of methods have been employed in recent years to
produce nanowires and nanorods of metals/semiconductors
with heterostructures such as coaxial core-shell"! and com-
posite? nanostructures, which appear promising for the
nanoscale manipulation of particles/quasi-particles such as
electrons and photons. However, these methods often involve
tedious procedures, harsh conditions, or expensive instru-
mentation. For example, multi-step depositions involving
sequential charging of desired source materials® or surface
modification by ambient species” are necessary for the
preparation of coaxial core-shell nanowires. Herein, we
demonstrate an extension of the solution-liquid-solid (SLS)
method for the first synthesis of Sn-filled In(OH); nanotubes
in what is essentially a one-step solution-liquid—solid—solid
(SLSS) growth process.

The solution-liquid—solid (SLS) growth of nanowires was
first reported by Buhro and co-workers, who used nano-
particles of a low melting point metal (e.g., In and Ga, etc.) in
an organic solution to induce the growth of GaAs nanowires
with a narrow diameter distribution.”! In a related work,
Korgel et al. successfully synthesized carbon nanotubes and
defect-free Si nanowires by SLS growth in supercritical
fluids.” However, the SLS method has not been used for
the growth of inorganic nanotubes up till now. We are able to
assemble Sn-filled In(OH); nanotubes using liquid droplets of
an In-Sn mixture, which serves as both catalyst and reagents
for the nanotube growth, from an ethanol-containing aqueous
solution under an oxidative atmosphere.

Indium hydroxide is a rather interesting material due to its
special semiconducting and optical properties. Ishida and
Kuwabara,” for example, have shown that the conductivity of
In(OH), thin-films varies from 10”7 to 10 Scm 2 depending
on the experimental conditions, which is typical for a wide-
bandgap semiconductor, and the optical bandgap, E,, of
needle-like nanoparticles of indium hydroxide has been
estimated to be 5.15 eV by diffuse reflectance spectroscopy
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nanowires of In(OH); have been reported recently,” cur-
rently available approaches have been unable to produce
In(OH); nanotubes or their heterostructural derivatives or
analogues.

An SEM image of the as-collected product is shown in
Figure 1 A. Numerous rod-like nanostructures are formed in

Figure 1. A) SEM image and B) XRD pattern of the as-collected prod-
uct.

high yield (>80%), most of which are straight and have
diameters of 70-250 nm and lengths of 2-5 um. The XRD
pattern in Figure 1B provides clear evidence that the product
nanostructures are composed of two crystalline phases,
namely body-centered cubic (bcc) In(OH); (JCPDS: 85-
1338; a=7.979 A) and tetragonal Sn (JCPDS: 86-2265; a =
5.831 and ¢=3.181 A). Several characteristic peaks from
impurities of tetragonal SnO, are also detected in the XRD
pattern, probably because of oxidation of Sn outside the
nanotubes.

Figure 2 reveals more details about the nanostructures of
the products, which are primarily Sn-filled In(OH); nano-
tubes (Figure 2 A) along with a few empty In(OH); nanotubes
(Figure 2B). The cross-sections of the nanotubes appear
faceted (inset of B), and most filled nanotubes have uniform
diameters and wall thicknesses throughout their whole
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Figure 2. TEM characterizations of empty and filled nanotubes: A) two
filled nanotubes; B) an empty nanotube and cross-sections of nano-
tubes (inset); C) a nanotube with two ends closed; D) a nanotube with
one end open; E) a filled nanotube with walls of equal thickness; F) a
filled nanotube with walls of unequal thickness; G) a filled nanotube
whose diameter gradually decreases along the tube length; H) and

1) line-scan EDS elemental profiles recorded for an empty nanotube
and for a filled nanotube, respectively.

lengths (Figure 2 A). It is interesting to note that the filled
nanotubes are more abundant (about 80 % ) and always have
their two ends closed (Figure 2 C), whereas the empty nano-
tubes account for only around 20 % of the tubes and have at
least one of the ends open (Figure 2D). The TEM images
show both symmetrical (Figure 2 E) and lopsided (Figure 2F)
thicknesses of the two side-walls of the filled nanotubes. This
is consistent with the fact that the In(OH); nanotubes are
faceted and thus not cylindrically symmetric. A handful of
filled nanotubes whose diameters and wall thicknesses
gradually decrease along their lengths, for example from
about 220 and 50 nm at the thicker end to about 80 and 20 nm
at the thinner end (Figure 2G), are also observed. X-ray
energy-dispersive spectroscopy (EDS) of the empty nano-
tubes gives an elemental ratio of In to O of about 1:3, whereas
that of the filled nanotubes contain Sn as well as In and O
(In:O:Sn~19:57:24). The empty nanotubes are made up of
In(OH);, whereas the filled nanotubes consist of walls of
In(OH); and interiors filled with Sn. This was corroborated by
line-scan EDS elemental profiles. One example is for an
empty In(OH); nanotube with a diameter of 140 nm and a
wall thickness of about 30 nm (Figure 2H), and the other is
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for an In(OH); shell about 10-20 nm thick with a filling of Sn
about 70 nm across (Figure 21).

The nanotube structures were further examined by
recording high-resolution TEM images and electron diffrac-
tion patterns, as shown in Figure 3. One can immediately see

Figure 3. HRTEM images and the corresponding FFT patterns (insets)
of an empty In(OH); nanotube (A and C) and a Sn-filled In(OH);
nanotube (B and D). C and D are taken from the squares in A and B,
respectively.

the uniform, well-defined single-crystalline structure of the
In(OH); nanotubes both without (Figure 3 A) and with the Sn
filling (Figure 3B). The HRTEM image in Figure 3C, taken
for the area marked by a square in Figure 3 A, shows clear
lattice fringes for the (200) planes parallel to the tube axis,
with a d spacing of 0.391 nm. The fast Fourier transform
(FFT) pattern (inset in Figure 3C) can be indexed to bcc
In(OH); and the nanotubes grow along the a, b, or ¢ axes of
the In(OH); crystal. A similar HRTEM image, taken from the
area highlighted by the square in Figure 3B, is given in
Figure 3D for a Sn-filled In(OH); nanotube. Clear fringes
perpendicular to the nanotube axis can be seen here as well.
These fringes have an interplanar spacing of 0.392 nm, in
accordance with the distance between the (002) crystal planes
of In(OH);, which suggests the same growth direction as for
the empty nanotubes. This observation is also mirrored in the
FFT pattern (inset of Figure 3D) of this HRTEM image.
During TEM observations, we found that electron-beam
irradiation in the microscope could induce fluidic movement
of the Sn filling in the In(OH); nanotubes. Figure 4 shows
consecutive TEM images recorded during electron-beam
irradiation of the imaged portion of the nanotube. Upward
movement of the molten Sn core (by about 60 nm) inside the
nanotube is vividly portrayed as a wavy form, which means
that the Sn filling undergoes a melting phase transition upon
electron-beam irradiation. It appears that part of the driving
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Figure 4. Consecutive TEM images (A to H) taken during electron-
beam irradiation of the imaged portion of the nanotube. The arrows
point to the same overhanging feature of the nanotube and indicate
that the molten Sn moves upward.

force for the movement of the molten Sn core is its thermal
expansion and non-wetting contact with the In(OH); nano-
tube at the low base pressure of the TEM chamber. With
better control, this effect could be developed into a nanoscale
thermometer. A similar phenomenon has been observed
previously for nanotube-encapsulated metals under electron-
beam irradiation."”) A significant melting point depression
has also been observed for Ge semiconductor nanowires
confined in carbon nanotubes, which could be the case for our
Sn-filled In(OH), nanotubes as well.'1 Tt is envisaged that the
electron irradiation method may be a useful tool for tailoring
the metal filling inside the nanotubes. For example, one could
divide the metallic core into uniform nanoparticles to form a
1D array with controlled inter-particle spacings.

In order to shed light on the growth mechanism of the
heterostructured Sn@In(OH); nanowires, we resort to the
binary phase-diagram of In and Sn shown in Figure 5 A. Since
the melting points, 7, of In and Sn are 156.6 and 231.86°C,
respectively, Sn is expected to dissolve slowly in the molten In
to form In-Sn liquid droplets (Figure 5 A) at 180°C with less
than 65% Sn (point X), above which solid Sn starts to
precipitate [see Eq. (1)].

In (liquid) + Sn (solid) — In—Sn (liquid) 1)

As the reduction potential of In is more negative (ca.
—1.00 V) than that of Sn (ca. —0.91 V) in weakly basic
solution,'” In is preferentially oxidized to Sn@In(OH),
(solid) in the form of a core-shell nanostructure by the
oxygen in solution [Eq. (2)].

In—Sn (liquid) + O, + H,O (solution) — Sn@In(OH); (solid) (2)

A critical step in the nanotube formation is the initial
elongation. This is achieved by the right combination of
materials. Specifically, the nucleation of solid In(OH); is
accompanied by the deposition of solid Sn, both of which are
necessarily in contact with the In-Sn droplet during growth so
as to ensure a lowest energy path. This is only possible in a
tube geometry, as illustrated in Figure 5B. Note that the
reaction/deposition takes place on the surface of the In-Sn
droplet to form an In(OH); shell surrounding a solid Sn rod.
After the liquid droplet has been consumed, assembly of the
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Figure 5. A) Binary phase diagram of In—-Sn. B) Illustration of the
growth process of Sn-filled In(OH); nanotubes and the formation of
empty In(OH); nanotubes. The molten In reacts with solid Sn to form
In—Sn liquid droplets (a). The reaction in Equation (2) then takes place
on the surface of these liquid In-Sn droplets to form solid In(OH);,
which is accompanied by the deposition of solid Sn. This leads to the
elongation of a solid Sn@In(OH); core/sheath nanostructure (b).
Finally, continuous 1D growth consumes the liquid droplet, thereby
completing the SLSS assembly of the Sn@In(OH); core/sheath nano-
structure (c). The empty In(OH); nanotubes may be formed by
dissolution of the Sn core of the Sn@In(OH); nanotubes, which have
at least one end open, in weakly basic aqueous ethanol solution (d).

Sn-filled In(OH); nanotube is completed either with the top
end closed or open depending on the availability of the
necessary shell materials. Empty In(OH); nanotubes may
arise from dissolution of the Sn cores of the Sn@In(OH),
nanotubes with at least one end open in the weakly basic
aqueous ethanol solution. This is in excellent agreement with
the observation that the filled nanotubes always have their
two ends closed, whereas the empty nanotubes have at least
one of the ends open. We coin this unique 1D core-shell
growth mode a solution-liquid-solid—solid (SLSS) process
(see Figure 5B for details). This is an interesting extension of
the SLS method with the difference of employing an alloy
droplet and an additional solid deposition process to form the
1D core-shell nanostructure.

Control experiments have shown that the Sn@In(OH),
nanotubes can only be formed with the right combination of
materials and reaction conditions. The aqueous ethanol
solution provides the weakly basic environment necessary
for the smooth precipitation of In(OH),, deposition of Sn, and
the subsequent 1D growth guided by the In-Sn droplets. A
solution that is either too acidic or too basic would be apt to
dissolve the deposited In(OH); shell, which would eventually

www.angewandte.org

Chemie

4657


http://www.angewandte.org

Communications

4658

halt the 1D growth (see Supporting Information). We also
found that a solution of urea results in the formation of a
dandelion-like architecture made up from a single layer of
radially oriented In(OH); nanorods surrounding a Sn core
(see Supporting Information). We have therefore established
some of the materials and environmental requirements for
the 1D growth of the core—shell nanostructure.

To conclude, a one-step SLSS growth mode has been
discovered that allows the first synthesis of empty single-
crystalline In(OH); nanotubes as well as nanotubes filled with
Sn. The shells of the nanotubes have a cubic structure and
grow along the a, b, or ¢ axes of the In(OH)j; crystal. It might
be possible to convert the In(OH); nanostructures into
nanostructures of In,O; which is a more common semi-
conductor, by annealing at elevated temperatures. The 1D
SLSS growth mode is distinguished from the SLS method by
the presence of an alloy droplet, on which reaction and
deposition occur to form a solid shell and a solid core at the
same time. A nanofluidic flow of the internal Sn has been
observed when the environmental temperature is increased
by electron-beam irradiation. This property could be
exploited to engineer desired nanostructures inside the
nanotubes. Our work suggests a new, general working
mechanism for the growth of heterostructured core—shell
nanowires by a simple solution procedure. With a judicious
choice of alloy droplet and reaction and process conditions,
one should be able to fabricate nanotubes with different
compositions, sizes, morphologies, and heterostructures.

Experimental Section

The synthesis was carried out by lapping a piece of indium foil (7 x 7 x
0.25 mm®, 99.9 %, Aldrich) with a piece of Sn foil (10 x 10 x 0.25 mm?,
99.9 %, Aldrich) with a gentle press and placing the two at the bottom
of a Teflon-lined stainless steel autoclave (25 mL) containing a
solution of 0.5M NaOH (0.5 mL), ethanol (10 mL), and distilled water
(10 mL). The foils were carefully washed with ethanol before loading.
The solution was heated to 180°C and kept at this temperature for
30 h to give a gray powder and a chunk of incompletely reacted Sn
foil. This was discarded and the gray powder was rinsed with ethanol
and dried in air for characterizations. The structures were determined
by powder X-ray diffraction (XRD, Philips PW-1830 X-ray diffrac-
tometer with Cuy, irradiation, 2=1.5406 A, at a scan speed of
0.025 degs ™! over the 26 range 10-70°). Morphologies were examined
by scanning electron microscopy characterizations (SEM, JEOL 6300
and JEOL 6700F at an accelerating voltage of 15kV). TEM
observations were carried out with a JEOL 2010F microscope
operating at an accelerating voltage of 200 kV. For both SEM and
TEM characterizations the powder sample was dispersed in ethanol—
the powder samples were embedded in epoxy resin and ultramicro-
tomed to obtain a cross-sectional view—and the suspension sonicated
for 20 min. A drop of the suspension was then placed onto a silicon
substrate or a copper grid coated with a holey carbon film and the
solvent allowed to evaporate in air.
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The discovery that some metal coordination clusters may
behave as single-molecule magnets (SMMs)!'™ is currently
stimulating abundant research in relation to potential appli-
cations in information processing and storage.”! Indeed,
SMMs are molecules that can be magnetized in a magnetic
field and retain the magnetization when it is switched off. As a
consequence, they may show hysteresis loops reminiscent of
magnets.m In metal clusters, such behavior results from a
strong magnetic ground state with large negative axial
anisotropy (D < 0)*” and induces two possible orientations
(up and down), between which the magnetization can
fluctuate. The fluctuation rate, also named relaxation,
depends on the energy barrier U that separates the orienta-
tions. In the case of an ideal ground spin state S well separated
from the excited states, U is equal to —D S* for an integer spin
and —D($*~'/,) for a half-integer spin (D < 0). Therefore, the
larger the D and S values are, the higher the barrier is and the
longer the magnetization is retained. This barrier can be
thermally overcome or shortcut by quantum tunneling of
magnetization (QTM).®! This tunneling trough the barrier
contributes to accelerating the overall relaxation process. In
practice, coexistence of the two processes leads to an
experimental effective barrier U, defined by an Arrhenius
law: 7=T1,exp(Ue/k T).”! One of the main goals of current
research is to achieve long relaxation times 7, which are
crucial for information storage applications.!"!!
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In this context, the use of lanthanide ions, such as Dy™
and Tb™, has many advantages. Indeed, their large spins and
pronounced spin—orbit coupling result in strong Ising-type
magnetic anisotropy.'” Recent reports have shown that even
some of their mononuclear complexes may behave as
SMMs.'31¥ During this work, a Dy"; trinuclear cluster was
also reported to exhibit slow relaxation despite its near
diamagnetic ground state.'”) Moreover, the combination of 3d
and 4f transition-metal ions may increase the ground spin
state through d-f magnetic interactions.'**! Lanthanides
have high coordination numbers and geometries, which may
be useful for engineering large polynuclear clusters, and their
potential optical properties are of interest to prospective
multifunctional materials.??

With this in mind, and as part of our work on polynuclear

metal complexes,™?! we chose the Schiff
base 1,1,1-trifluoro-7-hydroxy-4-methyl-5- Fo
azahept-3-en-2-one (LH,, Scheme 1). Such ¢ Y\(
Schiff bases are known to give cubane-like o

clusters with Cu ions.”*! By using a HN]
mixture of copper(Il) and lanthanide(III)

ions, we succeeded in synthesizing a family HO
of heterobimetallic nonanuclear clusters Scheme 1. Schiff

[Ln"™,Cu"] for most lanthanide ions. PaseLH:

Herein, we report the synthesis, crystal

structure, and magnetic properties of the nonanuclear
Dy"Cu" compound [Dy"™,Cu"™L¢(pz-OH)s(H,0),,]Cl,-ClO,:
3.5H,0 ([Dy;Cug]), which exhibits SMM behavior.

The crystal structure of [Dy;Cug] consists of cationic
entities  [Dy™;Cu"sLy(us-OH)¢(py-H,0)o*"  (Figure 1a),
uncoordinated chloride and perchlorate anions for charge
balance, and water molecules of crystallization. The cationic
cluster [Dy™,Cu"(L(u;-OH)¢(H,0),,]*" (Figure 1a) is built
from three Dy" ions arranged in a triangular fashion with
{Cu™,L*",} dimer units on each edge of the triangle (Figur-
e 1b,c). Six alkoxo oxygen atoms of the deprotonated ligands
L~ and six OH groups bridge the different metal ions in a
fashion (Figure 1c). The six OH groups connect the Dy" ions
within the triangular framework {Dy"™,(OH)} and with the
Cu" ions of adjacent {Cu",L?7,} dimer units. One alkoxo
bridge connects the Cu" ions within the {Cu",L*7,} dimer
units and the second bridge with adjacent Dy™ ions (Fig-
ure 1b). This behavior affords distorted {Cu,L,Dy,(OH),}
cubane-like moieties in a similar way to homometallic
cubane-like compounds.”?*! The cationic entity can also be
described as resulting from condensation of three distorted
{Dy,Cu,0,} cubane-like moieties that share the Dy ions in a
triangular fashion. The structural features of the
{Cu,L,Dy,(OH),} moieties (Figure 1c) are reminiscent of
those reported for a [Dy,Cu,] complex, but in our case the
Cu" moieties form dimers.””! The {Dy,Cu,0,} cubane-like
moieties have small (av.: 3.4 A) and large (av.: 3.7 A) Dy--Cu
distances. The cationic entities are well isolated from each
other, as no relevant hydrogen bonds were found between
them.

The three Dy™ ions have the same eight-coordinate
environment formed by the oxygen atoms of two coordinated
water molecules, four bridging OH groups, and two bridging
alkoxo groups of the ligand L?". The Dy™—O bond lengths
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Figure 1. Structure of the cation [Dy";Cu"sL(1s-OH)e (H,0)10*" (a) with fragments
showing the {Cu,L,Dy,(OH),} cubane-like moieties (b) and the alkoxo/hydroxo-bridged
metal framework {Cu¢Dy;0,,} (c). Selected distances [A]: Dy---Dy 3.7885(6), 3.8165(5),
3.8201(6); Dy--Cu 3.390(1), 3.401(1), 3.624(1), 3.685(1), 3.399(1), 3.410(1), 3.676(1),
3.703(1), 3.389(1), 3.401(1), 3.632(1), 3.646(1); Cu--Cu 3.195(2), 3.138(2), 3.150(2).

4660

(2.287(6)-2.45(6) A, av.: 2.38 A) are normal and in good
agreement with calculated values.”® Within the triangular
framework {Dy"™;(OH),} the Dy™--Dy™ distances are in the
range 3.7885(6)-3.8201(6) A.

The six Cu" ions all have the same basic five-coordinate
environment. The basal plane is made up of two oxygen atoms
and one nitrogen atom from the ligand L?~ plus one oxygen
atom of an hydroxo group with Cu—O and Cu—N bond lengths
of 1.905(7)-1.989(6) and 1.942(8)-1.954(8) A, respectively.
The axial position is occupied by an oxygen atom from the
bridging alkoxo group belonging to the second {Cu"L?*"}
moiety of the {Cu™,L?",} dimer. As is generally found in
cubane-like compounds,®2%*! this axial Cu—O(alkoxo) bond
is long (2.505(8)-2.748(7) A) and the Cu-O(alkoxo)-Cu bond
angles are close to orthogonality (82.6-90.5(3)°). Moreover,
among the six Cu" ions, four have an additional coordinated
water molecule in the sixth position with a long bond
(2.84(2)-2.579(8) A) to form an elongated octahedron. No
such sixth ligand was found for two of the Cu" ions, and
coordination of perchlorate or chloride anions to the two
other Cu" ions is excluded, as the smallest Cu--O,Cl and
Cu--Cl distances are 5.490 and 5.233 A, respectively. Within
the three {Cu,"L*7,} dimer units (Figure 1b), the Cu--Cu
distances are in the range 3.138(2)-3.195(2) A.

The temperature dependence of the magnetic suscepti-
bility was measured on a polycrystalline sample in the
temperature range 2-300 K at 1kOe (Figure 2). At 300 K,
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Figure 2. Temperature dependence of T for [Dy;Cug]. The inset shows

the low-temperature behavior.

the yT value of 43.56 cm*Kmol™! is close to that of
44.75 cm*K mol ™! expected  for  six  Cu"
(225cm’Kmol™)  plus  three  Dy™  ions
(42.5 cm*Kmol ™) in a H;5;, ground state (J=15/2, g=
4/3). On cooling, ¥ T decreases slowly down to 50 K and
then drops sharply to reach 7.57 cm*Kmol ' at 2 K, at
which it shows an inflection. This behavior is ascribed to
the effect of the exchange interactions between the
metal ions (Cu--Cu, Cu-Dy, and Dy--Dy) combined
with the crystal-field effect, which is important for Dy'™.
At present, it is not possible to quantify the different
contributions, but the field effect is expected to be
dominant. The Cu--Cu exchange should be zero or
weakly ferromagnetic. Indeed, considering the struc-
tural features (see above) the Cu-O(alkoxo)-Cu bridges
within the {Cu,"L,} dimer units should not favor strong
overlap®” and, in agreement with homometallic Cu" cubane-
like compounds, this should give weak ferromagnetic cou-
pling.???! The Dy--Dy and Dy--Cu interactions are
expected to be small, as is generally the case for exchange
coupling with lanthanides and as has been argued for the
related [Dy,Cu,],”! in which the structural features are
comparable with those found for [Dy;Cug] (av.: Dy--Dy 3.94,
av.: Cu--Dy 3.32 and 3.70 A). Previously, it was found that
weak antiferromagnetic interactions between lanthanide(I1T)
ions arranged in a triangular configuration may lead to a
diamagnetic ground state.”>*! This is not the case in
[Dy;Cuq], and we believe that the Cu---Cu and moreover the
Cu--Dy couplings while small are responsible for the non-
vanishing susceptibility at low temperature and the peculiar
magnetic behavior.

At 2K, the field dependence of the magnetization of
polycrystalline samples exhibits an unusual two-step feature
(Figure 3a). The first step, which reaches an approximate
magnetization of 6-7 pg at 10 kOe, is followed by a second
step that slowly increases to 19 py at 50 kOe. This value is
consistent with that expected for six Cu" and three Dy"" ions
with an effective spin of S =/, and a g value between 8 and 10
at low temperature. The intermediate saturation value of
about 6 pg, which corresponds to a fraction of the overall
value (19 pg), is reminiscent of “canting” in bulk magnets. It is
ascribed to the interplay of the different exchange couplings
(Cu---Cu, Dy-Cu, and Dy--Dy) being overcome at higher
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Figure 3. Magnetization curves for [Dy;Cug]. a) Polycrystalline sample
at 2 K; b) single crystal (u-SQUID) at 1 K (dashed) and 0.1 K (solid
line). Scan rate: 0.002 Ts™".

field. This value (6 yg) is in agreement with the 7 value at
low temperature (ca. 7 cm®Kmol™!) for a ground state with S
~3.

Single crystals of [Dy;Cuq] were further studied by the
Micro-SQUID technique!” in the temperature range 1.1-
0.04 K. A stepped shape of the magnetization curve is also
observed (Figure 3b), in agreement with measurements on
polycrystalline samples. Below 1.1 K, hysteresis loops are
observed, but only for the first step, with large coercive field
widening on cooling (H, =15 kOe at 0.1 K). This behavior is
typical of an SMM with very slow zero-field relaxation. The
absolute value of the magnetization, which is not accessible
with this technique, was estimated from the measurement at
2K on the polycrystalline sample (see above). At this
temperature, complete saturation was not reached, but we
can estimate the magnetization of the first step to be close to
6-7 ug. Again the presence of this step exhibiting hysteresis
loops at low temperature is quite unusual. It is in contrast with
[Dy",].0% Despite the difficulty in quantifying the contribu-
tions of the different interactions, this behavior may be
ascribed to the anisotropy of the Dy---Cu magnetic exchange,
which could force the resulting anisotropy to be out of the
plane. It is in agreement with previous studies on [DyCu,] and
[Dy,Cu] complexes showing that Dy™-Cu" exchange cou-
pling causes strong anisotropy.l'”*?! This anisotropy can lead
to strong “canting”, responsible for the nonvanishing mag-

netic moment in contrast to [Dy"%].1""!
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Studying the magnetization relaxation by ac susceptibility
revealed a strong frequency dependence of ' and y” below
5K, as expected for an SMM (Figure 4). The relaxation time t

\

\\
28

T T
10 100 1000

v/Hz —_—

Figure 4. Frequency dependence of the out-of-phase magnetic suscept-
ibility " at different temperatures.

was extracted from the maximum of y” at different frequen-
cies (t=1/w) between 1.8 and 4 K and by decay measure-
ments of the dc magnetization at different temperatures in the
range 1.8-0.04 K.P¥ (See the Supporting Information for a
plot of 7 values versus 1/T) A linear fit performed in the high-
temperature regime to the Arrhenius equation 7= 7,exp(U.g/
kg T) gave the dynamical parameters U, =25 Kand 7,=1.5 x
1077s.

In summary, the dysprosium—copper nonanuclear com-
plex reported herein exhibits features typical of SMMs, that s,
both hysteretic behavior of the magnetization and frequency
dependence of the ac magnetic susceptibility. From prior
studies the ground spin state of [Dy;Cug] is expected to be S =
3 with an anisotropy barrier of 25 K associated with a slow
zero-field relaxation and a large coercive field. Further
experiments are underway to quantify the different contri-
butions to this behavior, such as studies on analogues with
diamagnetic lanthanide ions, by EPR spectroscopy, with
polarized neutrons, and theoretical calculations. Such under-
standing is required to improve the synthetic strategy. Never-
theless, [Dy;Cug] is at present one of the best single-molecule
magnets and demonstrates the ability of the 3d—4f hetero-
metallic strategy to increase S and D and consequently the
relaxation time.

Experimental Section
Synthesis: All chemicals and solvents were used as received; all
preparations and manipulations were performed under aerobic
conditions. The Schiff base ligand LH, was obtained by condensation
of ethanolamine with 1,1,1-trifluoro-2,4-pentanedione in methanol by
a previously reported method .+

[Dy;Cug] was obtained in a one-pot reaction by mixing LH,,
[Dy(ClO,);], and CuCl, in methanol in the presence of triethylamine.
LH, (0.2¢g, 1.02mmol) was dissolved in methanol (10 mL) and
[Dy(ClO,);]-6H,O (0.26 g, 0.56 mmol) in methanol (10 mL) was
added dropwise with stirring over 10 min. A solution of CuCl,-2 H,O
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(85 mg, 0.50 mmol) in methanol (5 mL) was added to the resulting
clear yellow solution. The solution turned clear green and stirring was
maintained for 5 min. Finally, triethylamine (0.2 mL) was added to
the reaction mixture to give a deep-blue solution. One week of slow
evaporation gave 125 mg of square-plate blue single crystals suitable
for X-ray diffraction, which were isolated by filtration and washed
with a small amount of methanol (60 % yield based on Cu). Elemental
analysis (% ) calcd for Cy,Hg Cl;CugDy;F;sNOss59: C 19.74, H 3.20, C1
4.16, Cu 14.92, Dy 19.08, F 13.38, N 3.29; found: C 19.86, H 2.94, Cl
3.72, Cu 14.23, Dy 18.34, F 12.31, N 3.21.

Caution: Although we have not experienced any problems in this
work, perchlorate salts may be explosive and should be handled with
great care.

Crystal data for [Dy;Cug]: C,Hg ClCugDy;F gN¢Osssp, M=
25552 gmol™, space group P2/c (No.14), a=17.7136(4), b=
20.6244(4), c=24.5220(5) A, B=108.352(1)°, V=8503.0(3) A>, Z=
4, p=1.996 gcm >, u=4.283 mm™', F(000)=4976. 33465 measured
reflections™ collected (R;, = 0.033) at 150 K on a Nonius KappaCCD
diffractometer with monochromatic Moy, radiation (1 =0.71073 A).
1027 refined parameters for 10701 unique reflections. Solution with
SIR97; refinements with CRYSTALS.P* Final R indices (I >3 o(I)):
R(F)=0.0518, Rw(F*) =0.0619. CCDC 297249 contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Magnetic measurements: dc measurements were performed on
polycrystalline samples with a Quantum Design SQUID magneto-
meter. To avoid orientation in the magnetic field, the dysprosium
samples were pressed in a teflon sample holder equipped with a
piston. The magnetic susceptibility was measured in the temperature
range 2-300 K in a field of 1 kOe. The magnetization was measured at
2 K in the range 0-5.5 kOe.
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Self-Assembly of a Highly Stable, Topologically
Interesting Metallamacrocycle by Bridging
Gold(I) Ions with Pyridyl-2,6-diphenyl”~ and
Diphosphanes**

Steven C. FE. Kui, Jie-Sheng Huang, Raymond Wai-
Yin Sun, Nianyong Zhu, and Chi-Ming Che*

Metallamacrocycles constructed through self-assembly play
an important role in the development of molecular architec-
ture and topology.!! There have been numerous reports on
fascinating molecular assemblies that consist of metallamac-
rocycles, from catenanes,['!! pseudorotaxanes,'® and helica-
tes!!**d to molecular polygons/polyhedrons.'¥! The Mébius
strip is another intriguing topology that has attracted consid-
erable attention from chemists®®! but remains rarely seen in
synthetic molecular assemblies. Previous reports are almost
all confined to Mobius arrangements of electronic orbitals or
spins, including many theoretical studies on Mobius aroma-
ticity or delocalization,” together with the syntheses of a
Mobius aromatic hydrocarbon® and a magnetic Mobius
strip.! The synthesis of a molecular Mobius strip, an organic
molecule consisting of three crown ether rings, was first
realized in 1982.°! Recently, a M&bius strip of NbSe; single
crystals was reported.’! Herein, we report the formation of a
molecular assembly that contains a highly robust metal-
lamacrocycle, with the bonds directly attached to the metal-
lamacrocycle adopting a Mobius arrangement.

We have been exploring the chemistry of gold complexes
with a pyridyl-2,6-diphenyl*~ (CNC) ligand. Our previous
work led to the isolation of several Au"-CNC complexes!”
that contain the tridentate CNC ligand (see the inset of
Scheme 1). In the course of developing the chemistry of Au'-
CNC complexes, we conceived that [Li,(CNC)(tmeda),] (1;
tmeda = N,N,N',N'-tetramethylethylenediamine)® would be
a useful alkylating agent. Treatment of 1 with [Au(PCy;)Cl]
(Cy =cyclohexyl) in dry toluene gave [Au,(CNC)(PCys),] (2;
reaction 1, Scheme 1) in 80% yield. Complex 2 is thermally
stable and undergoes decomposition to give metallic gold at
> 325°C. The *'P NMR spectrum of 2 in CD,Cl, shows one
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Cy,P, PCy,

[©)

Scheme 1. Syntheses of 24 from 1 (note the omission of the tmeda
ligands in 1 for clarity). The inset depicts the coordination mode of
the CNC ligand in previously reported gold complexes.

sharp singlet at 0 =57.35 ppm. The X-ray crystal structure of
21 (see the Supporting Information) features a CNC ligand
that bridges two Au' ions, an unreported coordination mode
of the CNC dianion in its coordination chemistry.!'’

In view of the propensity of the CNC ligand to bridge Au'
ions, we envisioned that this ligand could have a unique
application in constructing Au' metallamacrocycles. Previ-
ously, a wide variety of Au" metallamacrocycles had been
prepared by employing isocyanide-, acetylide-, pyridine-,
carboxylate-, and phosphane-based bridging ligands,"!! nota-
ble examples of which are the singly and doubly braided
[2]catenanes reported by Puddephatt and co-workers.']

Our strategy for constructing the metallamacrocycles
presented herein is through self-assembly from 1 and Au'-
diphosphane complexes (reactions 2 and 3, Scheme 1). Reac-
tion of 1 with [Au,CL(u-dppm)] (dppm = bis(diphenylphos-
phanyl)methane) in dry toluene for 24 h gave a yellow
suspension. Removal of the solvent followed by extraction
with dry CHCl; and slow evaporation of the CHCIl; extract
afforded [Au;(CNC)(pu-dppm),]Cl (3-Cl) as yellow crystals in
86 % yield. Under similar conditions, the reaction of 1 with
[Au,Cl,(u-Ph,PC=CPPh,)] resulted in the formation of [Au,-
(CNCQ),(u-Ph,PC=CPPh,),] (4), which was isolated as yellow
crystals in 75 % yield by diffusion of Et,O into a solution of
CHCI,;. Treatment of 3-Cl with excess LiClO, and LiPF,
produced [Auy(CNC)(p-dppm),]CIO, (3-ClO,) and [Aus-
(CNC)(p-dppm),|PF, (3-PFy), respectively, in about 95%
yield. In the solid state, complexes 3-Cl, 3-ClO,, and 3-PF,
exhibited a high thermal stability similar to that of 2; complex
4 is less stable and decomposed at 150°C and subsequently
gave metallic gold at 250°C.

X-ray crystal-structure determinations of 3-Cl-8.5 CHCl,,
3-PF-CH,Cl,-5CHCl,, and 4-3CHCL” revealed a 16-mem-

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

4663



Communications

4664

bered CgNP,Au; metallamacrocycle in 3 and a 26-membered
C;¢N,P,Au, metallamacrocycle in 4 (see Figure 1 and the
Supporting Information). The Au atoms in 3 and 4 form a
{Au;} triangle and a {Au,} parallelogram, respectively, with

Figure 1. Perspective structures of 3-Cl and 4 determined by X-ray
crystallography along with the metallamacrocycles in the two com-
plexes. For 4, there is a crystallographic center of symmetry located in
the center of the molecule.

intramolecular Au--Au contacts of 3.015(29)-3.040(29) A for
3 (Aul-Au2, Au2--Au3) and 3.178(10) A for 4 (Aul--Au2,
Aul’-Au2’), which fall within the range of 2.9-3.2 A expected
for the occurrence of weak Au'--Au' interactions."” The Au—
C bond lengths of 2.034(14)-2.070(16) A in 3 and 2.077(39)-
2.091(14) A in 4 are comparable to those in 2 (2.053(9)-
2.059(13) A).

Interestingly, the bonds directly attached to the 16-
membered metallamacrocycle CgNP,Au; in 3 adopt a
Mobius arrangement. The Mobius strip that passes through
the CgNP,Au; ring and the P—C and C—C bonds directly
attached to the ring is depicted in Figure 2. As a Mobius strip
is chiral, the crystal structure of 3 contains pairs of P and
M enantiomers (see the Supporting Information), thus ren-
dering 3 to be racemic.

Further examination of the structures of 3-Cl-8.5 CHCl,
and 3-PF,CH,Cl,-5CHCI; revealed the existence of intra-
molecular C—H:-m interactions, as indicated by the close
contacts (2.787-3.113 A) between one of the methylene
hydrogen atoms in each dppm ligand (see the Supporting
Information) and the carbon atoms of the nearest phenyl
rings of the CNC ligand. In both crystal structures, 3 exists as
dimers, each of which consists of a pair of P and M enan-
tiomers linked by two intermolecular C—H---m interactions (a
C—H bond of a dppm phenyl group with the nearest phenyl

www.angewandte.org
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Figure 2. Arrangement of the bonds directly attached to the 16-
membered metallamacrocycle CsNP,Au; of 3 along a Mébius strip. A
Mébius strip is a unique single-sided surface, as evident by following
the track of the arrows.

ring of the CNC ligand; closest H--C distances: 2.826 A for 3-
CI-8.5CHCIl; and 2.848 A for 3-PF;CH,Cl,-5CHCI;). For
each of the dimers in 3-Cl-8.5CHCI,, there are also four
intermolecular C—H---it interactions that arise from the C—H
bonds of four CHCl; molecules (two inside and two outside
the dimers) and the nearest CNC phenyl rings (closest H---C
distances: 2.540 and 2.739 A for the interactions outside and
inside the dimers, respectively).

The structure of 3 remains intact in solution, as revealed
by mass-spectrometric and NMR spectroscopic analysis; for
example, complex 3-Cl exhibits a prominent cluster peak at
m/z 1589 in the FAB mass spectrum, which is assignable to
[Auy(CNC)(p-dppm),]™. The *'P NMR spectra of 3-Cl, 3-
ClO,, and 3-PF, each show two multiplets (AA'BB’ system)
with 6~30 (P' and P*) and 37 ppm (P? and P®; assignment
based on the *'P'H HOESY NMR spectra shown in the
Supporting Information), which is consistent with the C,-
symmetic structure of the molecule of 3. In the 'H NMR
spectra of 3-Cl, 3-C10,, and 3-PFg, the H* signal (6 =~ 1.2 ppm)
is substantially upfield from that of H" (6 ~4.0 ppm; see the
Supporting Information for an example), a phenomenon
attributable to the shielding of H* by the phenyl ring of the
CNC ligand. The NOESY NMR spectrum of 3-Cl shows a
cross peak between H* and H? (see the Supporting Informa-
tion). These data are in agreement with the intramolecular C—
H---rt interactions in the crystal structures of 3-Cl and 3-PF.

In contrast, the 26-membered metallamacrocycle
CisN,P,Au, in 4, which consists of a pair of P- and M-
[Au,(CNC)P,] moieties,["*! exhibits a fluxional behavior in
solution. This is evident from the variable-temperature
"HNMR (60 to —53°C)!'" and *'P NMR spectra of 4 in
CDCl; (see the Supporting Information for further details).
We propose that 4 is partially changed to its conformer 5 upon
dissolution in CDCl;, and there is an equilibrium between 4
and 5 in solution (Figure 3)."” Indeed, the EXSY spectrum of
4 at —53°C shows cross signals of H*-H*, H*-HY, H-H”,
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Figure 3. Proposed conformational changes of 4 in solution viewed from the top (upper) and side (lower) of
the molecules. The structure of 5 was built using Chem3D 5.0 on the basis of the crystal structure of 4.

H%-H%, H®-H®, and Ph—Ph’ pairs (see Figure 3 and the
Supporting Information), together with the cross signals that
possibly arise from the exchanges between 4 and 5§, in
accordance with the conformational changes shown in
Figure 3. Notably, the H?, H*, and H* signals of 4 (6 =5.7-
6.3 ppm) are considerably upfield from the corresponding
signals of 3 (6~6.9-7.1 ppm), which could result from
intramolecular C—H--m interactions (see the Supporting
Information). Such C—H--m interactions do not exist in 5,
consistent with the downfield shift of these signals, partic-
ularly for H?, upon increasing temperature (which increases
the 5/4 molar ratio).

Complexes 3-Cl, 3-ClO,, and 3-PF, are remarkably stable
both in organic solvents (such as CH,Cl,, CHCl;, dimethyl-
formamide (DMF), and dimethylsulfoxide (DMSO)) and
under physiologically relevant conditions (see the Supporting
Information). The high stability of 3-Cl in solution relative to
most self-assembled polynuclear Au' compounds, including 4
(which decomposed within several days in a solution of CHCl,
at room temperature), prompted us to examine its cytotoxic
properties; gold compounds not only have long been used as
antiarthritic drugs but also are promising antitumor agents, !
and stability is an important issue in the design of new Au'
therapeutic agents. The cytotoxicities of 3-Cl toward cancer
cell lines (including cervical epithelioid carcinoma (HeLa)
and nasopharyngeal carcinoma (SUNE1 and its cisplatin-
resistant variant CNE1)) and normal lung fibroblast cells
(CCD-19Lu) were determined by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. From
the cytotoxicity profiles (see the Supporting Information), the
corresponding ICs, values (dose required for the inhibition of
50% cellular growth) of the cancer cell lines were determined
to be 6.53-8.20 uM, which are comparable to those of the
clinically used cisplatin (ICs,=14.8 (HeLa), 2.3 (SUNE1),
and 8.9 uM (CNEL1)). Importantly, 3-Cl was found to be
almost equally cytotoxic to SUNEL1 and its cisplatin-resistant
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variant CNE1, with a resist-
ance factor of 1.2 (ICs-
(CNE1)/ICs,(SUNE1)
ratio) less than one third of
that observed for cisplatin
(3.9). The ICj, value of 3-Cl
for normal human cells
CCD-19Lu was determined
to be 19.1 uM, thus indicat-
ing that this Au' compound
is 2.3-2.9-fold less toxic to
normal cells than to the
forging cancer cells.

In summary, we have
observed a new coordina-
tion mode of the pyridyl-
2,6-diphenyl*~ ligand and
isolated two Au' compounds
that contain unprecedented
types of gold metallamacro-
cycles. Both types of metal-
lamacrocycle have intramo-
lecular Au'--Au' and C—
H--m interactions; the metallamacrocycle with stronger
Au'---Au' and C—H-- interactions is highly robust in solution
and shows interesting topological and cytotoxic properties,
whereas the other exhibits a unique fluxional behavior in
solution. The present work demonstrates that polydentate
cyclometalating ligands, such as pyridyl-2,6-diaryl*~, together
with Au' could be useful for constructing new classes of
molecules with unprecedented topology and properties.
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First Evidence for a Uniquely Spin-Polarized
Quartet Photoexcited State of a n-Conjugated
Spin System Generated via the Ion-Pair State**

Yoshio Teki,* Hirotaka Tamekuni, Jun Takeuchi, and
Yozo Miura

Switching of physical properties by external stimuli has
attracted much attention in investigations on functional
materials.'! Manipulation of the magnetic properties of
organic molecules in the spin ground state has been inten-
sively studied by using electron-hole doping®” and photo-
chromic molecules.”! Recently, photoswitching between dia-
magnetic and paramagnetic phases was realized in a 1,3,5-
trithia-2,4,6-triazapentalenyl (TTTA) organic crystal.
Studying spin alignment in photoexcited states will give key
knowledge for the photocontrol of magnetic properties. We
have reported photoexcited quartet (S =3/2) and quintet (S =
2) high-spin states of m-conjugated organic compounds?®~”
constructed from aromatic hydrocarbons and pendant stable
radicals. m-Conjugated spin systems lead to robust spin
alignment compared with other triplet/radical-pair systems
(0-bonded systems® and coordination complexes”). In the
quintet state,> photoinduced spin alignment between two
pendant radicals was achieved through the triplet excited
state of a diphenylanthracene moiety, and exchange coupling
between the two radicals changes from antiferromagnetic to
ferromagnetic on photoexcitation. This example is the first of
spin manipulation of m radicals in the photoexcited state.
Coupling spin alignment to photoinduced electron trans-
fer (PET) or energy transfer is the next important funda-
mental research target for the photocontrol of organic
magnetism. As a model compound, we designed 1, in which
a  44-difluoro-4-bora-3a,4a-diaza-s-indacene (bodipy)
acceptor moiety (A),!”! is covalently linked through an

[*] Prof. Dr. Y. Teki, H. Tamekuni
Department of Material Science
Graduate School of Science
Osaka City University
3-3-138 Sugimoto, Sumiyoshi-ku, Osaka 558-8585 (Japan)
Fax: (+81) 6-6605-2559
E-mail: teki@sci.osaka-cu.ac.jp
J. Takeuchi, Prof. Dr. Y. Miura
Department of Applied Chemistry
Graduate School of Engineering
Osaka City University
3-3-138 Sugimoto, Sumiyoshi-ku, Osaka 558-8585 (Japan)

[**] This work was supported by a Grant-in-Aid for Scientific Research on
the General (No. 16350079) and Priority Area “Application of
Molecular Spin” (Area 769, Prop. No. 15087208) from the Ministry
of Education, Culture, Sports, Science and Technology (MEXT),
Japan.

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

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 4666 —4670



Acceptor

anthracene moiety, as a donor (D) to the verdazyl m radical
(R). m-Conjugated system 2 (D-R) has a quartet (S=3/2)
photoexcited state. The bodipy moiety is well known as an
efficient through-bond energy acceptor for anthracene.l'’]
Herein, we present the first evidence of a uniquely spin-
polarized quartet photoexcited state generated by a novel
spin-polarization mechanism via the ion-pair state. Com-
pound 1 was synthesized according to Scheme 1.1

[Pd(PPhy),], Et;N, THF

Scheme 1. Synthesis of 1.

The UV/Vis spectrum of a solution of 1 in toluene showed
a sharp band at 505 nm (Figure 1) that arises from the
acceptor A. This band overlaps with the weak n— transition
of the verdazyl radical R. The absorption bands characteristic

07T : absorption of
- .‘- H bodipy component
06 E 1% 20 /
0.5 Hi ' i
' H
I 0.4 -lI '-.": 1
A : .
03 |4 : 2ot
1] [} s
H H Q
\ . R IR -
0.2 ! ,
1.
0.1
—— ’ -
0 !I'lt-"\_., ------ _::-"_=.____1__ . . )
300 400 500 600 700

A/nm ——

Figure 1. UV/Vis absorption spectra of solutions of 1 and 3 in toluene
and 2 in 2-methyltetrahydrofuran. The absorbance of 1 and 3 is not
well-reproduced in the range 250-285 nm as a result of overlap with
absorptions from the toluene solvent.
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of the anthracene moiety are
red-shifted by about 40 nm rela-

N~-N tive to 2 (320-420 nm bands),
r:l?-N>= o indicative of an interaction

between D and A. The oxidation
potential of phenylanthracene is
slightly higher than that of com-
ponent A" Thus, there is no
charge transfer (CT) character in
the ground state. However, if
one-electron photoexcitation from the highest occupied
molecular orbital (HOMO) of A is carried out, the orbital
becomes lower in energy because the on-site Coulomb
repulsion is removed. Therefore, A* will act as an electron
acceptor for D and PET occurs immediately in 1 through
7t conjugation. In the photoexcited state of 1, the bodipy
component will act as an “electron acceptor” (A*) and the
phenylanthracene moiety plays the role of an electron donor
(D).

To learn more about the photoexcited
state, we measured time-resolved electron
spin resonance (TRESR) and pulsed ESR
spectra synchronized to pulsed laser exci-
tation. The TRESR spectrum of 1 (Fig-
ure 2a) was observed 0.3 us after laser
excitation of the absorption band (1=
505 nm) of component A. Almost the
same spectrum was obtained by excitation
of the absorption band (1 =447 nm) of the
anthracene moiety. The emission spec-
trum characteristic of bodipy (see the
Supporting Information) was obtained by
excitation of D as well as of component A.
These findings show that efficient energy
transfer occurs from the anthracene
moiety D to A. The spin Hamiltonian parameters of 1 were
determined to be §=3/2, g=2.0035, D=0.0215cm™', and
E=0.001 cm™' by spectral simulation (Figure 2b), with the
hybrid eigenfield/exact diagnonalization method taking

1
(37%)

a a

a)

b)

<)

€

1 1 |
300 350 400

magnetic field/ mT ——

Figure 2. TRESR spectra of 1 and 2 at 30 K in glass matrices; a:
absorptions; e: emissions of microwaves. a) Observed spectrum of 1;
b) simulation; c) observed spectrum of 2.
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dynamic electron polarization (DEP) into account.'”! This
magnitude of D is about 7% smaller than that of 20 and
indicates delocalization of the unpaired electron toward
acceptor moiety A. Comparison with the TRESR spectrum
of 2 (Figure 2c) clearly shows that the DEP phase pattern of 1
(aeeaae) is different to that of 2 (aaaeee). This unique DEP is
generated by attachment of the bodipy functional group.

To confirm the spin state, spin-echo-detected transient
nutation (TN) spectroscopy!® was carried out. Figure 3

a) b) /\
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Figure 3. Pulsed ESR spectra of 1. a) Echo-detected ESR spectrum;
b) typical TN behavior (top: quartet signal at 337 mT; bottom: ground-
state signal without photoexcitation).

depicts the echo-detected ESR spectrum observed 0.3 ps
after pulsed laser excitation and typical TN behavior of the
photoexcited and ground states. The strong center signal is a
superposition of the M, = —1/2+ + 1/2 transition arising from
the ground and photoexcited states. Other signals come from
the photoexcited state, as was confirmed by the spectrum
without photoexcitation. The spectral pattern of the signals as
a result of the photoexcited state is almost the same as that of
the TRESR spectrum, in that all signals have similar phase-
memory times and spin-lattice relaxation times.”) Under the
condition @, < wygs, the TN frequency wry of the My—(M+1)
transition is given by Equation (1,'"! where w,=gBB/A,

o =SS+ 1)—M,(M, + 1) w, 1)

wzrs = D/h, and B, is the microwave-field strength. Therefore,
in the quartet state, the expected TN frequencies for M, =+1/
2 +3/2 and M, = —1/2 +1/2 allowed transitions are v/3w,
and 2w, respectively. For the ground state, »$y is equal to w;,

because 1 has a doublet ground state (S =1/2).

The observed ratios w53/w$, for each transition indicated

in Figure 3 by arrows are close to /3 (Table 1), which is
expected for the ratio of the TN frequencies between the
quartet and the doublet states. The TN experiments show
unambiguously that all signals indicated by arrows are
assigned to M;=+1/2<+£3/2 transitions of the quartet
state. The center signal attributed to M;=—-1/2—+1/2
transitions showed a complicated TN behavior. Fourier
transformation gave a power spectrum with multifrequencies,

Table 1: Ratios w5 /wSof TN frequencies of each transition of 1 (see
Figure 3).

| 1 1 [\

1.75 1.66 1.76 1.74
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which consist of 2w, ®,, and lower-frequency signals (possible
off-resonance transition).

The quartet photoexcited states of triplet/radical pairs
reported so far in the solid phase are formed by spin-orbit
intersystem crossing (SO-ISC) of the parent triplet state,[®* or
by enhanced SO-ISC by m conjugation with the pendant
radical.®” In such cases, the SO-ISC mechanism generates
selective population of the zero-field (ZF) wave functions of
the quartet spin states, thus leading to an A/E (aaaecee) or E/A
(eeeaaa) pattern. In contrast, for the two-spin system, it is
well-known that the radical-pair (RP) mechanism™ in
solution leads to selective population of the high-field (HF)
wave functions of the M, sublevels by singlet-triplet mixing S—
T, (or S-T.;). The DEP depends on the pathway that leads to
the observed state. Thus, the DEP pattern gives evidence for
the dynamic process generating the observed state. Spectral
simulation (Figure 2b) was carried out by assuming selective
population both for the ZF and HF wave functions (ZF/HF =
0.45:0.55). Judging from the resonance field, the central peak
at 325 mT is a superposition of the polarized ground-state
signal, which is included in the simulation (see the Supporting
Information). Thus, a competition between SO-ISC and other
mechanisms occurs in 1. Similar competitions between SO-
ISC and RP mechanisms have been observed only in the
reaction centers of photosystems I and T1"* and in their model
systems via the ion-pair (IP) state.['")

We propose a model to understand the unique spin
polarization of the quartet photoexcited state of 1. Immedi-
ately after photoexcitation, component A reaches the singlet
photoexcited state (S,). In this state, PET occurs immediately
from D to A through the &t conjugation in 1" and leads to the
charge-separated IP state A*-D**-R, in which A" is the
doublet state and ab initio MO calculations show that the
cation of 2 (D**-R) becomes the triplet ground state (| T)). In
this charge-separated IP state, the electron spins of A"~ and
D" are far apart and their exchange coupling is very weak
(Figure 4). As a consequence, the wave functions of the
doublet and quartet states are mixed as given in Equa-
tions (2).

¢ 1T 1,00 = [Qs0) (2a)
623 | T ) = \@IQM + \@\Dm (2b)
¢33 | Toa) = \/%IQI/Z%\@IDW (2¢)
045 | ToB) = \/%lsz) + @\Dwz) (2d)
53 |T1.0) = \@IQA/Q—\@\DA/Q (2e)
53 [T-1.8) = 1Q 3p2) (2f)

The sublevels ¢,—¢5 will be selectively populated, because
the initial state generated by photoexcitation is the doublet
excited state. During the charge-recombination process, these
weakly coupled wave functions ¢,—¢s change to the strongly
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Figure 4. Mechanism of DEP generation in the quartet excited state of
1 through the IP state. J is the magnitude of the effective exchange
coupling between unpaired electrons. The magnitude of population
transfer from the weakly coupled wave functions to those of the pure
quartet and doublet states depends on the duration of the charge-
recombination process and the Ag value.

exchange-coupled pure doublet (| D,,,)) and quartet wave
functions (| Q.1;)), thus leading to DEP (Figure 4). The ISC
and the selective population (DEP) of the high-field wave
functions of the quartet state are also expected to depend on
D-Q mixing driven by the difference in g values Ag and in
hyperfine interactions, similar to S-T, mixing of the triplet/
radical pair. In other words, as a result of M, conservation,
population of the charge-separated IP state (left side of
Figure 4) can selectively move to the M, =+ 1/2 spin sublevels
| D11p) and | Q.yp) (right side of Figure 4), which leads to a
non-Boltzmann population (DEP). This mechanism via the
intramolecular doublet-triplet IP state will occur in the solid,
liquid, and gas phases and compete with the enhanced SO-
ISC mechanism derived from the pendant radical. Unfortu-
nately, direct detection of the IP state by transient absorption
spectroscopy was unsuccessful, because strong emission from
the bodipy component masks the absorption band of the
anthracene radical cation. However, the unique spin polar-
ization pattern observed by both TRESR and pulsed ESR
spectroscopy gives clear evidence of the IP state A*"-D**-R as
the photoexcited state. This observation is the first of a
photoexcited quartet state generated through the IP state of
an organic molecule with unpaired spins.

Experimental Section

Optical, TRESR, and pulsed ESR mesurements: UV/Vis spectra
were measured on a JASCO V-570 spectrometer at room temper-
ature. A conventional X-band ESR spectrometer (JEOL TE300) was
used without field modulation in the TRESR measurements. Signals
were amplified by a wide-band preamplifier, transferred to a high-
speed digital oscilloscope (LeCroy 9350C), and accumulated for each
point. Excitation of 1 was carried out at 505 nm with light from an
optical parametric oscillator (OPO) system pumped by a YAG laser
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(Continuum Surelite 11-10 and Surelite OPO). The temperature was
controlled by an Oxford ESR 910 cold He gas flow system. All
TRESR and pulsed ESR experiments were carried out with toluene
as the glass matrix or solvent. Samples were degassed by repeated
freeze—pump-thaw cycles. The pulsed ESR measurements were
performed on an X-band ESR spectrometer equipped with a pulsed
microwave unit (JEOL ES-PX1150) and a high-speed digital oscillo-
scope (Tektronix TDS5034). The pulsed microwaves were amplified
with a 1-kW traveling wave tube amplifier (TWTA). The Hahn nt/2—7—
7t pulse sequence was used for spin-echo detection. The microwave
pulse was synchronized with the laser excitation by using a delay-
pulse generator (Stanford Research DG535). In the echo-detected
nutation experiment, the first microwave pulse length was varied.

Materials: The stable radical 1 was synthesized according to the
procedures shown in Scheme 1.""! Compound 3 was prepared
according to the literature method.!'”) Other reagents were used as
purchased. Column chromatography was performed on silica gel
(Merk Silica 60) or alumina (Merk Alum. Ox. 60).
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was independently simulated using the g value determined
experimentally and superimposed to the quartet spectrum (see
the Supporting Information). More details will be published in a
full paper.
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Biocatalytic Reaction And Recycling by Using
CO,-Induced Organic—A queous Tunable
Solvents**

James M. Broering, Elizabeth M. Hill, Jason P. Hallett,
Charles L. Liotta, Charles A. Eckert, and
Andreas S. Bommarius*

Enzymes display high substrate specificity and can catalyze
reactions that are not possible in a single step through

traditional synthesis."! In addition, biocatalysts usually func-
tion at relatively mild aqueous conditions with moderate
temperature, pressure, and pH, and thus can allow for process
routes that can potentially replace less environmentally
friendly steps in chemical synthesis. The ability, or in many
cases, the need to function in relatively mild reaction media
can also limit the utility of biocatalysts. Many interesting,
often prochiral, compounds are water insoluble and thus
unavailable to biocatalytic conversion. Numerous schemes
have been developed to use biocatalysts to transform water-
insoluble substrates.”! These schemes employ soluble and
immobilized enzymes in simple one- and two-phase organic—
aqueous mixtures or more-complex mixtures by using
reversed micelles,” supercritical fluids, and ionic liquids.[
Two-phase approaches, either liquid-liquid or solid-liquid (as
in the case of immobilized enzymes), can suffer from reduced
reaction rates owing to interphase mass-transfer limitations.
Furthermore, immobilized enzymes are susceptible to activity
loss owing to the immobilization process and leaching of the
enzyme from the solid support. Monophasic systems can
avoid these limitations; however, recovery and reuse of the
biocatalyst, which is imperative for large-scale processes or
the isolation of pharmaceutical products, is more challenging.

Herein, we demonstrate an approach to take advantage of
the higher reaction rates of homogeneous biocatalysis while
providing a simple method for biocatalyst recycling by using
organic-aqueous tunable solvent (OATS) systems. OATS
mixtures are engineered to couple a reaction and separation
as shown in Figure 1. As in other latent biphasic systems,
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Figure 1. A Proposed OATS process for biocatalyst recycling.

OATS mixtures allow homogeneous reactions between
hydrophobic and hydrophilic components, therefore elimi-
nating mass-transfer limitations. CO, can be added to split the
reaction mixture into a gas-expanded liquid organic phase
containing hydrophobic components and an aqueous phase
containing the hydrophilic catalyst!®” The CO,-induced
separation allows for a one-pot reaction and separation
scheme.

The successful application of CO, as a reversible switch to
modulate miscibility of aqueous and organic phases and the
phase-separation behavior for a number of OATS systems has
previously been studied with solvents such as acetonitrile,
THEF, and dioxane.™” Recent investigation of this miscibility
switch as a vehicle for catalyst recovery was tested on the
hydrophobic substrate 1-octene with a water-soluble Rh-
triphenylphosphine tris-sulfonated salt (TPPTS) complex as
the catalyst. The use of an OATS system increased the

Angew. Chem. Int. Ed. 2006, 45, 4670-4673



catalytic efficiency by a factor of 65 as compared to the
industrially used aqueous biphasic system, which is limited by
the substrate solubility.®

We tested the feasibility of OATS mixtures for biocata-
lytic reactions and separations with soluble Candida antarc-
tica lipase B (CALB) (E.C. 3.1.1.3). This versatile enzyme has
been used to catalyze esterifications of hydrophobic acids and
alcohols as well as ester hydrolyses in a range of solvents® and
supercritical CO,.""! This therefore renders it an attractive
choice for use in an OATS process. The hydrolysis of 2-
phenethyl acetate (PEA) to 2-phenylethanol (2PE) and
acetate (Scheme 1) was selected as a model reaction as both
PEA and 2PE both have extremely low water solubility and
can be easily detected with gas chromatography to assay the
reaction progress.

o CALB OH 0
Oy RO A

Scheme 1. CALB test reaction.

An OATS process will be most effective when three
requirements are met: 1) The use of an OATS mixture must
provide acceptable enzyme reactivity in the reaction medium;
2) The biocatalyst must survive the CO,-pressurized separa-
tion process; 3) The biocatalyst should be retained in the
aqueous phase and reaction products should partition favor-
ably into the organic phase. Thus, the reactivity, pH stability,
recycleability of the biocatalyst, and partitioning behavior of
the substrate and product in a water—dioxane OATS mixture
were tested. By satisfying these requirements, we have
developed a system that allows 80% recovery of reaction
products in the organic phase, and displays less than 10 %
apparent biocatalyst activity loss after recycling six times.

Enzymatic reaction rates in aqueous buffer-dioxane
mixtures were evaluated to choose a suitable solvent compo-
sition for future recycling experiments (Figure 2). Since PEA
is nearly insoluble in water, monophasic reaction rates in
buffer alone are negligible. By taking advantage of the higher
substrate solubility afforded by the addition of water-miscible
organic solvents, higher specific reaction rates can be

Figure 2. Monophasic reaction rates in dioxane OATS mixtures con-
taining 8 mm (+) and near-saturating concentrations (O) of PEA (4,
8,32, 56 mm for 5, 10, 30, 40% dioxane, respectively). Assumed trend
lines for 8 mm (-----) and near-saturated PEA mixtures (—) have
been added. Note that 8 mm PEA is also the near-saturation concen-
tration in 10% dioxane mixtures. The specific reaction rates

(Umg™" = pmol min~'mg enzyme™') are shown on the secondary axis.
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obtained than in purely aqueous solvent. Although the rates
seen in 8 mM PEA in water—dioxane mixtures decreased as
the dioxane content increased, the specific rate in water—
dioxane mixtures that are nearly saturated with PEA
substrate improved over the range of dioxane content tested
owing to the higher substrate solubility (up to 56 mm PEA in
40% dioxane).

A 40% dioxane mixture was chosen for use in further
experiments because this mixture provides increased sub-
strate solubility and achieves the highest observable reaction
rate. The 40 % dioxane mixture is also favorable for the phase
separation—upon CO, addition it provides a larger organic-
phase volume to aid extraction of reaction products than
lower dioxane levels, thus improving separation. At greater
than 40% dioxane concentration, buffer precipitated out of
solution and further study is needed to see if this lower buffer
concentration can adequately maintain sufficiently high pH
levels. The importance of adequately buffering the reaction
mixture is discussed below.

To survive the CO,-pressurized separation process, the
enzyme must withstand the pressure used for separation as
well as the associated pH fluctuations. The pressure required
to unfold enzymes (> 2000 bar)!""! is one to two orders of
magnitude higher than that required to separate OATS
mixtures (10-50 bar), so it is unlikely that hydrostatic
pressure alone will damage the enzyme. However, it is well
documented that CO, addition to aqueous mixtures leads to a
dramatic drop in solution pH owing to the formation of
carbonic acid."™ Such low pH values can have detrimental
effects on enzyme activity and stability. We measured pH
values of the aqueous phase of CO,-separated OATS
mixtures as a function of CO, pressure by using a method
similar to Holmes et al,**! as shown in Figure 3. In unbuffered

Figure 3. The pH of unbuffered (x) and buffered (150 mm phosphate
buffer solution (NaH,PO,) (@) dioxane/water (30:70%) solutions

mixtures, the addition of 9.5 bar of CO, lowers the pH to
below 3. With 150 mm sodium phosphate buffer solution in
the aqueous component, the pH decreases only to ~5 under
S50 bar CO,. A similar result was also found in previous
work.¥ As the typical time required to pressurize, mix, and
separate OATS mixtures with CO, is approximately 30 min,
the aqueous phase containing enzyme is exposed to pH 5 for a
similar amount of time. Enzyme tolerance to low-pH
exposure was tested by incubating CALB samples in buffered
low-pH solutions and assaying for activity at pH 7 (see the
Supporting Information). Even after 2h of exposure to a
solution of pH 4, CALB samples showed no loss in activity.
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Clearly, use of 150 mM phosphate buffer solution is sufficient
to prevent the pH of the pressurized aqueous phase from
decreasing to low levels, and CALB is not detrimentally
affected by short exposures to pH S5 that are encountered
during phase separation.

As the addition of CO, and accumulation of acetate ions
(a reaction product) can lower the pH value of the reaction
mixture, CALB activity was tested in OATS mixtures with
varying pH. As the reaction pH was reduced from 8.2 to 4.8,
the conversions observed after two hours decreased from
55% to 40% respectively. So to attain the highest possible
reaction rates in OATS, the pH should be carefully controlled.

Having demonstrated improved reaction rates in diox-
ane—aqueous mixtures that were nearly saturated with sub-
strate and the absence of adverse effects on CALB resulting
from pH changes during separation, the feasibility of imple-
menting a process with dioxane-OATS mixtures and CO, for
separation and recycling of the homogeneous biocatalyst was
tested in 40:60 dioxane/buffer (v/v) mixtures containing PEA.
After two hours of reaction, CO, was added to separate the
mixture. The organic layer was decanted under pressure, and
after CO, was removed from the cell, the next cycle began by
adding buffer solution and dioxane containing PEA (300 mm)
to the remaining reaction mixture. The cycle time, from the
beginning of one reaction to the next, averaged three hours.
Two trials of six consecutive reactions and separations were
conducted. In each trial, the reaction mixture remaining in the
cell was left overnight after the fourth separation, and the
fifth reaction was initiated the following morning by adding
more buffer and PEA (300 mm) in dioxane. Exact exper-
imental details can be found in the Supporting Information.

The observed conversion for each two-hour reaction of
both trials is shown in Figure 4. Over the concentration ranges

Figure 4. Conversions (e, m) and initial pH (¢, O) of recycled OATS
reactions for trial A (@) and trial B (H).

seen during the reactions, the CALB-catalyzed reaction in
40% dioxane mixtures is first order with respect to PEA
concentration, with an apparent rate constant of 0.0067 min™"'.
This indicates that the enzyme kinetics are not substrate
saturated at these concentrations (see the Supporting Infor-
mation). With the given rate constant, a conversion of 55 % is
predicted for two hours of reaction, and the observed
conversions for the first reaction of both trials are very
close to this value (58 % and 54 %, respectively). conversion
of 100 % is observed in both trials when the reaction mixture
was allowed to stand overnight between reactions 4 and 5. An
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overall process conversion (total moles of 2PE formed/total
moles of PEA added) of 61% was obtained for both runs.

The conversion in each trial decreased by 10 to 15 percent
by the sixth reaction, suggesting deactivation of CALB.
However, since some enzyme is removed as the reactor
contents are sampled, the total enzyme concentration in the
reactor will be diluted as new solution is added to begin new
cycles. This dilution accounts for 11 of the 15 percent of
conversion lost by the sixth reaction. Furthermore, the pH of
the reaction mixture decreased from 8 to 5.5 over six cycles
(Figure 4). This was most likely owing to residual CO, that
remains saturated in the OATS mixture following the initial
separation and accumulation of acetate in the aqueous phase
during successive runs. As discussed earlier, CALB reaction
rates decrease by up to 20 % when reducing the pH from 8 to
5; thus, the pH drift likely explains the remaining observed
conversion loss, and better pH control should reduce this
effect.

The concentration of PEA and 2PE in the separated
organic and aqueous layers was measured as well as the
concentration of water in the organic layer. The organic layer,
in agreement with previous results, contained approximately
4 wt % water for all cycles.!”! The distribution of PEA and 2PE
between the separated organic and aqueous phases in each
cycle was measured in both trials and is shown in Figure 5.

a)

oc3883888

[Organic] / [Aqueous]

=

Org1 Org2 Org3 Org4 Org5 OrgB

b) BO-
50 A
40 4
30
20 1
10-D D lh || D D
0

Org1 Org2 Org3 Org4 Oig5 OrgtB

[Organic] ¢ [Aqueous)

Figure 5. OATS distribution coefficients for recycling experiments
beginning with 72 mwm (A) and 52 mm PEA (B).

Distribution coefficients in trial A ranged between 20 and 55
for PEA and between 11 and 15 for the more hydrophilic
2PE. Trial B showed lower distribution coefficients for both
PEA (8-16) and 2PE (6-9). A higher starting concentration of
PEA was used in trial A (72 mMm) as compared to trial B
(56 mm); so it appears that the distributions may be concen-
tration dependent. As 72 mM is above the solubility of PEA in
40 % dioxane mixtures, it is likely that excess (insoluble) PEA
partitions to the organic phase might explain the larger
distribution coefficients for trial A. This and other factors
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contributing to variability are currently being investigated.
Regardless, the observed distribution coefficients are favor-
able and show that the separated organic phase can be used to
extract product from the reaction mixture: we recovered 80 %
of the 2PE product in the organic layer for both trials.

By addressing concerns of reactivity, enzyme stability in
separated media, and favorable partitioning, a biocatalytic
OATS scheme for processing hydrophobic substrates with
product separation and biocatalyst recycling has been devel-
oped. Given a cycle time of three hours, 56 mm starting
concentration for PEA in buffer—dioxane (40 %) OATS, and
an average of 50% conversion per cycle, we calculated a
volumetric productivity, expressed by the space—time yield, of
27.4 gL.7'd™". Even with an equivalent residence time of 2 hin
the reactor and assuming a best case scenario of complete
conversion, the space-time yield in a PEA-saturated (4 mm)
dioxane (5%) mixture cannot exceed 5.9 gL~'d™". This is
almost five-times less than that observed in the OATS system.
The space—time yield in pure buffer will be even lower as the
substrate is nearly insoluble. Furthermore, we find that the
enzyme can be recycled with very little activity loss between
cycles. The activity loss observed is entirely due to dilution of
the enzyme and pH decrease of the reaction medium. A
larger reaction volume, decreased sampling, and improved
pH control should minimize activity loss even further. Even
better product recoveries could be obtained by using a
reaction with more hydrophobic products.

Biocatalytic OATS reaction—separation schemes fulfill an
identified need to develop new options to meet current
challenges in biochemical synthesis. By integrating reaction
and separation, simpler and simultaneously more efficient
processes with a reduced physical footprint can be designed.
The work here shows, for the first time, that biocatalysis in
OATS is feasible and can be an effective option for designing
biocatalytic processes, especially when hydrophobic sub-
strates are involved. This also opens the door to combining
OATS with other biocatalysts and their array of unique
chemistries to efficiently synthesize chiral products.

Experimental Section

Candida antarctica lipase B (SOL-101) was a kind gift from Bio-
catalytics (Pasadena, CA) and was diluted 100 times by volume with
150 mM sodium phosphate buffer solution (NaH,PO,; pH 7.12)
before addition to reactions. Supercritical fluid chromatography
(purity > 99.9999 % ) grade CO, was purchased from Airgas (Radnor,
PA) and used without further purification.

OATS reaction mixtures containing the desired amount of
dioxane (99%, Sigma), PEA (99%, Alfa Aesar), and 150 mm
sodium phosphate were prepared and 1:100 diluted CALB was
added in a ratio of 0.5 mL enzyme per 9.5 mL OATS mixture. 0.25 mL
samples were removed periodically and immediately mixed 1:1 with a
mixture of 1:1 glacial acetic acid/dioxane to quench the reaction.
Reaction progress was followed by measuring the PEA and 2PE

Angewandte

content of samples by using an Agilent GC-FID with a DB17 column
(Agilent model 6890).
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Rhenium(VII) is widespread, for example, in ReO,” and
ReF;. Of the binary rhenium chlorides, the highest is ReCls; a
postulated ReCl, was also revealed to be ReCls.l"2 However,
hexavalent rhenium is found in ReOCI,.”! The only known
rhenium(VII)—chlorine compound is ReO;Cl, which can be
prepared in several ways and in large quantities™ A
compound richer in chlorine would be ReO,Cl;; interestingly,
no examples of chloride oxides of composition AO,Cl; (A=
nonmetal or metal) have yet been reported. In contrast,
several of the corresponding oxide fluorides AO,F; (A =Cl, 1,
Re, Os, Tc) have been described.

In the 1930s, attempts were made to prepare ReO,Cl; (for
example, through the reaction of rhenium with O, and CL,[);
however, they are now known to have been unsuccessful. The
properties of the product obtained at that time are not
consistent with those of ReO,Cl;, presented herein. We were
also unable to confirm the results of a 1974 publication, in
which the isolation of ReO,Cl; by vacuum sublimation from
the reaction of ReO;Cl with ReOCl,, WOClI,, or MoOCl, was
reported.”) We attempted to reproduce the most promising
reaction, that of ReO;Cl with WOCI,, and did indeed obtain a
red-brown sublimate, as previously described. However, this
product was unambiguously characterized as ReO;Cl-ReOCl,
by single-crystal X-ray diffraction.[®) The reaction conditions,
namely heating at 100 or 180°C for several hours, are also
inconsistent with the thermal properties of our ReO,Cls,
which decomposes at lower temperatures.

In attempts to produce a largely uncoordinated ReO;* ion
by chloride-ion abstraction from ReO;Cl, we treated ReO;Cl
with AICl; [Eq. (1)]. This reaction was already tried in 1979,
but only the adduct ReO;Cl-AlCL; was identified by elemental
analysis at that time.'”’ We observed a slow reaction at room
temperature in CFCl;, with the formation of an orange-
colored solution of ReO,Cl; (ReO;Cl is colorless, and AICl; is
nearly insoluble). At elevated temperatures, ReOCl, is
formed, as evidenced by the intense dark red color of the
solution. Alternatively, Re,O; can be treated with AlCI; to
produce ReO,Cl; [Eq. (2)]. Moreover, the use of BCl; instead
of AICl; is advantageous, as the reaction proceeds homoge-
nously without solvent, and ReO,Cl; can be recrystallized
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directly from the excess BCl; [Eq. (3)]. The orange-colored
product solutions contain ReO,Cl;, as well as small amounts
of ReOCl,. Purification can be accomplished by fractional
crystallization.

ReO;Cl + AICL, — ReO,Cl; + (AlOCI),
Re,0, + 3 AICI, — 2Re0,Cl; + 3 (AlOCI),

ReO,Cl + BCl, — ReO,Cl, + (BOC),

The large orange crystals of ReO,Cl; are easily distin-
guished from the dark red needles of ReOCl, and its adducts,
and from the colorless platelets of ReO;Cl. According to the
single-crystal structure determination, ReO,Cl; is composed
of cyclic chlorine-bridged {ReO,Cl;}, dimers with nearly
perfect D,, symmetry (Figure 1). The cis orientation of the

Figure 1. Molecular structure of ReO,Cl; (ORTEP representation, with
thermal ellipsoids set at 509% probability). Selected interatomic
distances [pm] and angles [°], along with their calculated values
(italics), are indicated.

two double-bonded oxygen atoms at each rhenium center is
typical for dioxo compounds of transition metals. Terminal
chlorine atoms complete the (distorted) octahedral environ-
ments of the rhenium atoms. The melting point of 35-38°C is
reached without decomposition. Further heating results in
decomposition and dark coloring. A congruent boiling point
is not observed. Upon longer storage at room temperature,
progressively more ReOCl], is formed.

The vibrational spectra of the solid are in accord with the
D,;, molecular structure and, thus, with the mutual exclusion
rule. The structure and vibrational spectra of ReO,Cl; can be
reproduced well with a density functional theory (DFT)
calculation.! If the calculated energy values are assumed to
be similarly trustworthy, an energy of dimerization of
AH=—-03kcalmol™ is obtained for the equilibrium
2Re0,Cl; (Cy) #Re,0,Clg (D). This low value indicates
that the monomer could be observed as well. Indeed, the
compound seems to be monomeric in CCl, or Cl, solutions, as
the Raman spectra of dissolved ReO,Cl; are considerably
different from that of the solid. The calculated structure of
monomeric ReO,Cl; is trigonal bipyramidal, with the double-
bonded oxygen atoms in equatorial positions (Scheme 1). A
square-pyramidal structure, and a trigonal-bipyramidal struc-
ture with the double-bonded oxygen atoms in the axial

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Calculated structures of monomeric ReO,Cl;. Selected interatomic
distances [pm] and angles [°] are indicated.
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positions are transition states with considerably higher
energies.

In the presence of small amounts of water, the mono-
hydrate ReO,Cl;-H,O is formed (Figure 2). The ability to

Figure 2. Molecular structure of the hydrate ReO,Cl;-H,O (ORTEP
representation, with thermal ellipsoids set at 50% probability).
Hydrogen atoms are in assumed positions. Selected interatomic
distances [pm)] are indicated.

form a detectable hydrate, in spite of hydrolytic sensitivity, is
common to ReO,Cl; and ReOCl,."" If the reaction temper-
ature is too high, a large amount of ReOCl, is produced as a
byproduct, and the adduct ReO,Cl;-ReOCl, crystallizes. This
adduct also contains a {ReO,Cl;}, dimer, in this case with
slightly asymmetric chlorine bridges (Figure 3). Two
{ReOCl,} molecules are coordinated by oxygen atoms from
the dimer to form a {ReO;Cl‘ReOCl,}, tetramer.

A preference for a coordination number of 6 is often
observed in oxide halides of the transition metals, especially
in the oxide fluorides: ReO,F; exists as a fluorine-bridged

Figure 3. Molecular structure of the adduct ReO,Cl;-ReOCl, (ORTEP
representation, with thermal ellipsoids set at 50% probability).
Selected interatomic distances [pm] and angles [°] are indicated.
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polymer, and also as cyclic fluorine-bridged trimers and
tetramers; "' in ReO;F, the rhenium atoms reach a coordi-
nation number of 6 through oxygen and fluorine bridges.'" Tt
is anticipated that ReO,Cl; can be transformed into a
ReO,Cl," cation and a cis-ReO,Cl,” anion.

Experimental Section
ReO,Cl;: a) ReO;Cl (1 mmol, 270 mg), prepared according to
reference [4], was combined with excess AICl; (10-15 mmol, 1.3—
2 mg). Upon mixing, the color of the solution changed to orange.
After 30 min, the components that are volatile at room temperature
were transferred under dynamic vacuum into a trap at —196 °C. CFCl,
(3 mL) was then condensed onto the mixture. By slowly cooling the
solution to —78°C, large orange crystals of ReO,Cl; (ca. 100 mg,
31 %) were obtained, which could be easily separated from unreacted
ReO;Cl (colorless platelets) and ReOCl, (dark red needles). M.p. 35—
38°C, with color change to red. Elemental analysis (%) found for
ReO,Cl;: Cl 32.95; caled: 32.74. b) Re,O; and AICl; were mixed in
the molar ratio 1:15 and shaken at room temperature. The product
was isolated as described above, but with poorer yield and purity.
¢) ReO;ClI (0.55 mmol, 150 mg) and BCl; (256 mmol, 3 g; free of HCI)
were condensed into a glass ampoule. The mixture was briefly
warmed and mixed at room temperature. Slow cooling of the red-
green BCl; solution to —60°C afforded orange crystals of ReO,Cly
(175 mg, 97 % ). Longer reaction times and the presence of HCl led to
the formation of ReOCl,, which crystallizes as red needles that are
easily distinguished from ReO,Cl;.

IR (solid, NaCl, polyethylene): #=964.1 (m), 934.9 (s), 371 cm™"
(s, br); calculated values:' 7 =1013.6 (228), 993.3 (206), 371.5 (125),
365.1 (9.6), 348.7 cm™' (1.6), and eight other absorptions in the range
278-76 cm™'. Raman (solid): #=979 (100), 948 (40), 385 (95), 357
(30), 283 (45), 261 (90), 255 (sh), 180 (sh), 164 (25), 123 (45), 105 (10),
82 cm™' (14); calculated values: #=1016.5 (136), 981.9 (76), 366.3
(24.4), 356.1 (0.7), 348.7 (27.2), 266 (24.5), 246.6 (5.4), 245.6 (0.1),
175.1 (0.14), 149.4 (9.7), 122.7 (4.5), 107.2 (2.1), 90.5 (1.1), 46.9 cm™*
(0.26). Raman (Cl, solution): #=1000 (40, p), 950 (5, dp), 539, 546
(Cl,), 400 (100, p), 338 (20, p), 309 (10, dp), 264 (30, dp), 215 (2, dp),
195 (15, dp), 158 cm™" (30, p); calculated values: 7= 1016.7 (48.3, p),
982.2 (14.3, dp), 381.8 (20.8, p), 354.4 (0.0, dp), 321.1 (9.3, p), 292.5
(8.1, p), 272.7 (7.5, dp), 263.9 (9.1, dp), 213.2 (0.2, dp), 191 (1.7, dp),
145.7 (4.0, p), 36.5cm™"' (1.3, dp). MS: most abundant fragment at
mlz =308 ['Re*CL,0]", as well as isotopomers of "*""¥Re and **’Cl.

Crystal structures: crystals were mounted at —100°C on a Smart
CCD diffractometer; full spheres of data were collected, 1800 frames
separated by Aw =0.3°; the structures were solved and refined with
the SHELX programs.'” ReO,Cl,: orange crystal; 26,,,. = 61°, 8385
measured, 822 independent reflections; a =797.3(1), b=813.2(1),c =
774.1(1) pm, Pnnm, Z=4, R=0.014, wR,=0.039. ReO,Cl;-H,0:
brown needle; 26, =61.0°, 3459 measured, 1657 independent
reflections; a=543.4(2), b=616.9(2), ¢=944.5pm, a=93.42(1),
B=10439(1), y=98.0(1)°, PI, Z=2, R=0.067, wR,=0.166.
ReO,Cl;ReOCl,: black needle; 26, =83.6°, 29579 measured,
7210 independent reflections; a=615.7(1), b=1087.7(1), c¢=
1617.0(2) pm, f=94.939(4)°, P2\/n, Z=4, R=0.048, wR,=0.097.
Further details on the crystal structure investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail: crys-
data@fiz-karlsruhe.de), on quoting the depository numbers CSD-
416056 (ReO,Cl;), CSD-416057 (ReO,Cl;-H,0), CSD-416053
(ReO,Cl;ReOCl,), and CSD-416429 (ReO,Cl-ReOCl,, P1).
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Vanadium oxides are employed as efficient oxidation cata-
lysts in various processes such as the oxidative dehydrogen-
ation of propane and the formation of maleic anhydride from
butane.l! Nevertheless, mechanistic details of the surface
reactions, in particular of the initial C—H activation remain to
be elucidated. To obtain more information about intrinsic
structure-reactivity correlations of vanadium oxides, a
number of vanadium oxide ions have been studied in the
gas phase both theoretically®™ and experimentally.” " Here,
we report experimental results on the oxidation of propane
and 1-butene by mass-selected [V;0,]", corroborated by
quantum chemical calculations using density functional
theory (DFT). The cation [V;0;]* was chosen because it
represents the smallest polynuclear V/O cluster cation con-
taining only formal VV.***9 In addition to propane, 1-butene
was selected as a representative of a small hydrocarbon that
binds more strongly with [V;0,]". In general, oxidative
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dehydrogenation (ODH) of hydro-
carbons involves reduction of the

Table 1: Experimentally observed, normalized intensities and relative reaction rates for various ion—
molecule reactions relevant in the present context.

metal center ([V;0;]" + 2H" +

Reactants

Productst! k

rel

2e”— [V50;H,]"). This is brought
about by transfer of two hydrogen
atoms (or equivalently, two pro-
tons and two electrons), thus
resulting in the dehydrogenation
of propane to give propene
(GHg—C;Hy + 2H) and of 1-
butene to butadiene (C,Hy—C,Hg
+ 2H). In a mass spectrometric
experiment, two alternative prod-
uct channels could indicate ODH.
Either propene and butadiene are
lost as neutrals concomitant with

[\/30714r + GH; —

V5Ot + n-GH,0H —

[V307Hz]* + GHe —

[Vs0;]" + CHg —

[V,Od" + i-CH,C(OH)HCH; —

[V30,(CsHg)]™ (100) 0.03

1.00t4
[V304(C;H,OH)|™ (25)

[VsO;H,]" + GHs (75)

[Vs0,H,]" + C3Hq (82) 0.63
[V304(CsH,OH)]" (18)

[V50;H,(C3He)]" (100) 0.24

[VsO,H,]" + C,Hq (64)9 0.24
[Vs0;(CHA)I" + CH, (8)
[V30;(CHs)" (7)
[CiHs]" + [V305] (4)
[CHT™ + [V50;H] (17)

two hydrogen atoms being trans-
ferred to [V;0,]" to form
[V50,H,]*, or neutral water may
be eliminated while the dehydro-
genated hydrocarbon remains
bound at the metal oxide cation
to yield [V304(C;Hy)]* and [V;04-
(C,Hg)]™, respectively.

The experimental investigation of the [V;0;]*/hydro-
carbon systems uses a quadrupole-based mass spectrometer
equipped with an electrospray-ionization source.'¥ Ion-
molecule reactions (IMRs) of mass-selected [V;0,]" with
propane formally result in molecular addition of the hydro-
carbon to the vanadium oxide ion to form [V;0,;(CsHg)]*
(Figure 1a) and yields no products indicative for an ODH
process. In contrast, oxidative dehydrogenation to yield
[V50;H,]* concomitant with formation of neutral butadiene
is indeed observed in the reaction of mass-selected [V;0,]*
with 1-butene (Figure 1b, Table 1). In addition, four minor

)
)A [V3071*
1]
% E
. [V307(C3Hg)l*
| : A
b) | .
(V3071 [v307H,1*
1/
% A +
[V307Hy(C4Hg)l
[V307(CoHI* [V3O7(C4\H8)]7
SRV R
250 270 290 310 330
m/z

Figure 1. IMRs of [V50,]" with a) propane and b) 1-butene. p(hydro-
carbon) =2.5x10~* mbar. The signal denoted with an asterisk in
Figure 1a is due to residual gases present in the hexapole.
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[a] Branching ratios in brackets. [b] Relative rates normalized to this reaction. [c] The reaction of bare Pt
with CH, was used as a reference to convert the relative rate constant (k) into absolute values, which
leads for the reaction of [V;O4" with C;H,OH to k,=(1.3+£0.2)x107° cm®*s."¥ The collision rate
constant amounts to 1.4x107° cm®s™" ' [d] The primary ionic products rapidly add butene to yield
[Vs0;H,(C4Hs)]; see Figure 1b.

product channels are associated with C—C bond cleavage to
lead to the corresponding [V;0,(C,H,)]" cation with parallel
elimination of ethene, mere association to form [V;0,-
(C4Hy)]*, and electron as well as hydride transfers to yield
purely organic cations and neutral vanadium species." For
the oxidative dehydrogenation of 1-butene, labeling experi-
ments demonstrate that the two hydrogen atoms transferred
to [V50;]" originate specifically from the C3 and C4 positions
of 1-butene. We note in passing that the product ion
[V50,H,]* displays a dihydroxide structure rather than that
of a water complex, that is, [V;05(OH),]* rather than
[V5O4(OH,)].

To understand why ODH is not observed when [V;0;]*
reacts with propane, but occurs for 1-butene, we apply density
functional theory (DFT). Calculations show that the reac-
tivity difference can be traced back to the initial C—H
activation step. It is not the aim of this communication to
discuss the entire mechanism, which forms the subject of a
separate computational full paper.!"”

The reaction of propane with [V;0;]* starts with forma-
tion of the remarkably stable (—107 kJmol ') ion-molecule
complex 1 (Scheme 1, Figure 2). The secondary carbon atom
of propane attaches to a vanadium site, and the [V;0,]"
structure deforms such that one oxygen atom of the cluster
changes its coordination from three- to twofold. The next step
corresponds to a formal [2+2] addition of a secondary C—H
bond onto the V=0 wunit yielding intermediate 2
(—166 kJmol™). These steps involve only closed-shell singlet
species. The transition structure TS 1/2 lies 13 kJ mol™" above
the separated reactants. In the reaction of ethane and propane
with the formal V¥ compound [VO,]", addition of C—H bonds
across a V=0 unit has also been identified as an initial step,
although in these systems the transition structures are below
the respective entrance channels because [VO,]" binds
alkanes more strongly.'"™"** In a thermal gas-phase reaction,
TS1/2 constitutes a bottleneck because dissociation of the

Angew. Chem. Int. Ed. 2006, 45, 4677 -4681
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o

. _® +1-butene
e

+ propane

3/3

Scheme 1. Reaction intermediates and transition structures in the oxidative dehydrogen-
ation of propane and of 1-butene by [V;0,]". Selected distances are given in pm, and
triplets are indicated by a superscript t. <S?>: spin operator value (see the

Experimental Section and the Supporting Information).

Figure 2. a) Relative energies (Ez at 0 K) for the reaction pathways for oxidative
dehydrogenation of propane by [V50;]". The transition from '3 to '4 involves a complex
rearrangement over several steps which will be described elsewhere."”! b) Free energies
(AGag) for the initial C—H activation steps. Triplets are indicated by a superscript t.

reactant complex 1 (AG,e = —63 kImol ™) into the reactants
(AGys=0kJmol™) is entropically favored compared to
passage via TS1/2 (AG,e =59 kJmol™; see the Supporting
Information).

Another conceivable mechanism commences by abstrac-
tion of a hydrogen atom from a secondary C—H bond by a V=
O unit of [V;0;]*. This requires decoupling of the electron
pair in the C—H bond and proceeds via a biradicaloid TS1/3 to
give the radical pair [V;0,H™C;H;| (structure 3 in
Scheme 1). With the exception of an elongated V—C bond
(249 instead of 200 pm), structure 3 is similar to 2. The
existence of two minima along the V—C bond coordinate can

Angew. Chem. Int. Ed. 2006, 45, 4677 —4681

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

be attributed to an avoided crossing of the
potential energy surface (PES) for the dissoci-
ation of the C—V o bond into two o radicals, C—
V—C + 'V, and that for formation of the
[V5O0,H"C;H;] pair from the separated rad-
icals with the single electron on [V;O,H]"
occupying a stable d orbital instead of a o
hybrid orbital, thus creating a V™V(d') site.

On the singlet PES, the energy barrier for
this step is computed to be in the range of —5 to
6kJmol™' relative to the entrance channel.
The Gibbs free energy barrier amounts to a
range of 33 to 44 kJ mol'; this also implies that
back dissociation of 1 into the reactants is
favored over crossing TS1/3. Whereas the
triplet analogue of intermediate 3 has a lower
energy (triplets are indicated by a superscript
t), in the region of TS1/3 the triplet surface is
located ca. 50 kJmol ' above the singlet PES.
Hence, we expect the minimum-energy cross-
ing point from the singlet to the triplet surface
to be located between TS1/3 and 3, but we did
not calculate it explicitly."®!

Starting from the triplet biradical '3 a low-
energy intermediate ‘4 (Figure 3) is reached in
a complex, but energetically facile rearrange-
ment. Again, complete details will be given
elsewhere." Here, it may suffice to note that
the highest point between 3 and ‘4 is
90 kJmol ™ below the entrance channel of
separated [V;0;]" + C;Hs.

In conclusion and in agreement with the
experimental observations, neither of the two
pathways of initial C—H activation allow the
system to cross the barrier. The DFT calcu-
lations further suggest that the observed
formal [V;0,(C;Hg)]" adduct does indeed
correspond to the association complex 1 and
does not contain new subunits, such as a
propene ligand together with two OH groups.

For the reactions of 1-butene with [V;0,]"
(Figure 1b), DFT calculations for the closed-
shell singlet state predict the reaction to be
more exothermic than for propane (—1741 vs,
—158 kJmol ") and also predict formation of a
substantially much stronger association com-
plex with [V;0,]" (6, Scheme 1, Figure 4). The
intrinsic barrier for the [2+2] addition to the V=0 bond is also
lower for the allylic C—H bond in 1-butene (TS 6/7, Scheme 1)
than for the secondary C—H bond of propane (91 vs.

199 281 173
b—ir 1 %
4 © 5

Figure 3. Structures of intermediates ‘4 and '5.
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Figure 4. Initial C—H activation steps in the reaction of 1-butene with
[VsO;]*. a) Relative energies (Ez at 0 K) and b) free energies (AGaps).

120 kJmol™"). As a result, TS6/7 is so much below the
entrance channel of [V;0,]* + 1-butene (Figure 4) that this
energy difference is not compensated for by the entropy gain
for the back decomposition into reactants as seen from a
strongly negative AG,y =—56 kImol~'. This computational
result is in perfect agreement with the experimentally
observed efficient ODH of 1-butene by [V;0,]" (Table 1).
For completeness we note that the open-shell transition
structure for hydrogen abstraction, TS 6/8, is higher in energy
than TS6/7, but is also still significantly below the entrance
channel (Figure 4).

In order to further test the DFT-based predictions
experimentally, the potential energy surface of the [V;0,]*/
propane system has also been approached from the product
side. Thus, exclusive formation of [V;0;H,]" concomitant
with neutral propene is observed in the reactions of [V;04]"
with 1- and 2-propanol (Table 1). The slightly enhanced
reactivity of 1-propanol is consistent with linear alcohols
being less sterically hindered than branched alcohols. The
complementary process, that is, addition of the propene
ligand to [V;04]" concomitant with loss of neutral water, is
not observed with either of the isomeric alcohols. This result
can be attributed to the fact that an electron-deficient species
such as a high-valent metal oxide cation prefers coordination
with water as a better o-donor ligand rather than with a
typical m ligand such as an alkene."”! Furthermore, the
reaction of mass-selected [V;0,H,]* with propene leads to
mere molecular addition of the olefin. These results fully
support the computational predictions, in that the reaction of
[V;04]" and propanol can smoothly proceed from the
entrance channel to the products [V;0;H,]" and propene,
while deoxygenation of the alcohol to yield [V;0,]" + C;Hg
via the entropically disfavored TS1/2 (AG,es =59 kJmol ™) is
unable to compete (Figure 2).

In summary, although the ODH reaction of propane by
[V50,]" is exothermic, this vanadium oxide cation is not
capable of dehydrogenating propane because of the presence
of a significant barrier associated with the initial C—H
activation. In marked contrast, 1-butene reacts with [V;0,]*
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at thermal energies. These experimental results perfectly
agree with the DFT calculations, which predict C—H activa-
tion as the rate-determining step. The differences between
propane and 1-butene can mostly be traced back to the energy
gained upon initial coordination of the hydrocarbon by the
vanadium oxide cation and the more facile activation of an
allylic C—H bond.

Experimental Section

The experiments were carried out using a tandem mass spectrometer
with QHQ configuration (Q: quadrupole, H: hexapole) equipped
with an electrospray-ionization (ESI) source as described else-
where.?”! Briefly, [V,,0,]" clusters of interest were generated by
ESI of V;0,(OCHj;),, dissolved in CD;0D,?"? mass-selected using
Ql, allowed to interact with propane or 1-butene, at pressures on the
order of 10~*mbar, which approximately corresponds to single-
collision conditions, and the ionic products were then mass-analyzed
using Q2. Ion-reactivity studies were performed at an interaction
energy in the hexapole (E,;) nominally set to 0eV. The reaction
products formed rapidly decline at elevated collision energies,
thereby justifying the assumption that these processes occur at
quasi-thermal energies.']

The calculations were performed using the hybrid density func-
tional B3LYP! with triple- plus polarization basis sets (TZVP)?!
employing Turbomole 5.7.) B3LYP was shown previously to de-
scribe [V,,0,] clusters in good agreement with available experimental
data as well as quantum chemical methods that explicitly include
electron correlation.®™ The unrestricted Kohn-Sham scheme was
used to deal with triplet spin states. For open-shell singlets, broken-
symmetry calculations were performed,” and the low-spin energy
was obtained from the triplet and broken-symmetry energies by spin
projection.”” When the expectation value of S significantly deviated
from one (indicating an increasing overlap between the unpaired
electrons), as was the case for TS1/3, spin-projection was ques-
tioned®! and both energies were then taken as limiting estimates, as
indicated by the gryy-shaded boxes in Figures2 and 4. All inter-
mediates and transition structures were characterized by frequency
analysis, and the energies include corrections for zero-point vibra-
tions. Energies, entropies, and Gibbs free energies at room temper-
ature can be found in the Supporting Information.
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Selective activation of C—H bonds and functionalization of
hydrocarbons, in particular of methane, have been referred to
as one of the “holy grails” in chemistry.] A number of factors
make the activation of saturated hydrocarbons quite difficult,
for example, the significant energies required for both
heterolytic and homolytic bond cleavage, negligibly small (if
not negative) electron affinities, large ionization energies,
huge HOMO/LUMO gaps, and the extremely high pK, values
of the organic substrates.”) However, in the past two decades
researchers have found that transition-metal complexes can
be used to surmount some of these obstacles ™% to the
extent that “with detailed knowledge of the underlying
reaction mechanisms, the rational design of C—H activation
and functionalization systems can become a realistic goal
instead of a ‘holy grail’.”[*l Nevertheless, the large-scale use of,
for example, methane as a chemical feedstock and its selective
functionalization by affordable and environmentally benign
reagents, avoiding harsh and expensive reaction
conditions,*™" is still limited by currently available technol-
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ogy, and economically competitive and attractive processes
have yet to be developed.®*¥

Greater progress has been made in understanding the
elementary steps involved in these reactions.”” Detailed
insight has been obtained into the particular role of electronic
structures of transition metals in C—H bond activation, and
mechanistic aspects have been studied in well-designed gas-
phase experiments using advanced mass-spectrometric tech-
niques in conjunction with theoretical studies,® in which
relativistic effects were demonstrated to be crucial.l”

These effects, which may also explain the unique role
platinum ions play in the Shilov and related systems,*! are
also responsible for the different behavior of 5d versus 3d
transition-metal oxides. For example, [PtO]" reacts with CH,
at the collisional limit (reaction efficiency, ¢ =1) to yield the
carbene complex [Pt(CH,)]* and H,O as the predominant
products,”® whereas the isoelectronic [NiO]" reacts five times
more slowly and gives rise to Ni* and CH;OH only.”!
Similarly, [FeO]" oxygenates methane,” while its third-row
congener [OsO]* (¢ =0.6) exclusively dehydrogenates meth-
ane to yield [Os(O)CH,]"."" With regard to the role of formal
oxidation states of [MO,]" ions (n =1-3), Kretzschmar et al.
discovered a strong dependence on the number of oxygen
atoms: Whereas the bare metal cation Mo* and the lower
valent oxides [M0O,]" (n=1, 2) do not react at all with CH,,
the radical cation [MoO;]" promotes homolytic C—H bond
activation [Eq. (1)].' Similar results were reported by
Irikura and Beauchamp for gas-phase reactions of [OsO,]*
(n=0-4) with CH,,'" [Eq. (2)~(6)].

CH, + [MoO;]* — [MoO,(OH)]* + CH;, (1)
CH, + Os*=%3,[0s(CH,)]* + H, 2)
CH, + [0sO]**22%[0s(0)CH,]* + H, (3)
CH, + [050,]"*=2%,[0s(0)CH,]* + H,0 (4)
CH, + [0sO;]* £ (5)
CH, + [050,]"*22%[0s0,(OH)]* + CH; (6)

Clearly, the driving force in the osmium reactions
[Eq. (2)—(4)] is the tremendous energy of the Os™—CH,
bond. In contrast to [MoO;]"," [ReO;]* " and [0sO,]",
[OsOs]* is not capable of methane activation. Undoubtedly,
in reactions with CH, the particular electronic structures of
[MO,]* are important;®7!2 in a different context® the
cluster size of the transition-metal oxides was proposed to
play a role. In this communication we focus on the latter
aspect.

Here, we will describe the reactivity of vanadium oxide
cluster cations as a prototypical example for early 3d
transition-metal oxides. Not unexpectedly, owing to their
large M™—O bond energies,"? practically none of the diatomic
3d early-transition-metal oxides react with CH, under ther-
mal conditions or at best only sluggishly.” As will be
demonstrated, this finding cannot be extrapolated to poly-
nuclear oxide clusters, which have been suggested to be more
appropriate models for surface-mediated hydrocarbon bond-
activation processes. 4l
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We performed out experiments with a quadrupole-based
mass spectrometer equipped with an electrospray ionization
(ESI) source. The latter is used to generate various di-, tri, and
tetranuclear vanadium oxide ions of the general formula
[V,,O,H,* (m=1-4, n=1-11, 0 = 0-1)."1 Of the numerous
mass-selected vanadium oxide and hydroxide cations inves-
tigated, only the d° radical cation [V,0,,]" reacts spontane-
ously with methane [Eq. (7)], resulting in the abstraction of

[V4Oy]* 4+ CH, — [V,0,0H]" + CH; (7)

one hydrogen atom to produce the hydroxide cluster oxide
[V,O,(OH)]" and a neutral methyl radical (Figure 1a). Like-

a) [V404ql*

[V4O1 OH]+

NN

360 370 380
miz

Figure 1. Reaction of mass-selected [V,O,0]" with a) CH, and b) CD,.

wise, labeling experiments using CD, (Figure 1b) yielded
[V.O,(OD)]" and CD;. Further, an intramolecular kinetic
isotope effect (KIE) of 1.35+0.28 can be derived from the
ratio of the products [V,O;0H]" and [V,O,,D]" from the
reaction of [V,0,,]" with CH,D,. A slightly larger KIE of 2.0
was reported for the [MoO;]*/CH,D, system,'! thus pointing
to a common bond-activation mechanism. In the multipole
set-up used for the present experiments, absolute rate
constants (k,) for the reactions cannot be determined directly.
Therefore, we used the well-studied reaction of bare Pt* with
methane as a reference to convert the relative rate constant
k.., into absolute values. We found k,(V,0,,") = (5.5 £ 0.69) x
107 cm®s™! (¢ = 0.6).5519

Further, we attempted to enter the potential energy
surface of the reaction from a different entry by reacting
mass-selected [V,O]" with neutral methanol. The channel
affording [V,O,(H]" + CH; is also observed here, although it
is a minor contributor [ <3%; Eq. (8)]. The predominant

[V,04]* + CH;OH — [V,0,,H]* + CH, (8)

reaction was molecular addition to generate [V,O4
(CH;0H)]* (38%). Other reactions include oxygen transfer
to form [V,Og]" possibly with concomitant formation of
CH,O + H,0 (12%), elimination of formaldehyde to form
[V,OH,]" (9%), liberation of dihydrogen to generate [V,Oq-
(CH,0)]" (8 %), elimination of water to produce [V,0,CH,|*
(21%), addition of methane concomitant with loss of one
oxygen atom (9 % ), and formation of [V,O,,H]" concomitant
with generation of CH; (3 % ). The occurrence of reaction (7)

Angew. Chem. Int. Ed. 2006, 45, 46814685
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implies that the bond energy of the newly formed O—H bond
in the ionic cluster exceeds the C—H bond energy of methane
(439 kJmol);7 further, OH abstraction from methanol in
reaction (8) implies a lower limit of 367 kJmol™" for the
strength of the V—(OH) bond in the [V,0,0H]" cluster.!!

As insight into the mechanistic details of the C—H bond-
activation step is difficult to obtain by experimental means,
computational studies were carried out. According to B3LYP
calculations, the most stable isomer of the [V,0,,]" ion has a
slightly distorted tetrahedral cage structure with C,; symmetry.
This structure was previously predicted to be the most stable
isomer among many different structures for neutral V,0,,"”
and confirmed by IR spectroscopy for the corresponding
anion, [V,0,]”.% In the radical cation [V,O,,]" one valance
electron is missing from one V=O bond, leading to an
elongation of the vanadyl bond (see Figure 2). The spin
density has the shape of a p orbital and is mainly localized at
the vanadyl oxygen atom. A small amount of the spin density
is also delocalized over the two closest framework oxygen
atoms.

Figure 2. Structure of the most stable isomer of [V,0,,]" with spin
density (blue areas). V-0 distances for [V,0,0]" and V,0,, (in
parentheses) are given in A.

The coordination of methane to the cluster and smooth
hydrogen-atom abstraction is associated with a remarkably
large gain of energy, 122 kJ mol ™" (Figure 3). It has to be noted
no encounter complexes of the type [V,0,,]"-CH, were found

Figure 3. Energy diagram for the reaction of [V,0,,]" and methane. The
values are relative to the entrance channel, corrected for zero-point
energy, and given in k) mol™".
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in the structure optimizations, suggesting that the reaction
proceeds without a noticeable reaction barrier by direct H-
atom abstraction to form the intermediate [V,0,,H]"-CHj;. In
the latter, the methyl group is very loosely coordinated to the
hydrogen atom of the newly formed, metal-bound hydroxy
group (C—H distance: 1.819 A), and the reaction is completed
by loss of a methyl radical concomitant with formation of
[V,O,(H]* as the ionic product. The computed reaction
exothermicity of 87 kJmol ' and the absence of barriers are in
full accordance with the experimentally observed occurrence
of the ion-molecule reaction under thermal conditions.
According to the calculations, the reaction of [V,O,|" with
methanol yields a very stable addition complex with an
interaction energy of —193 kJmol~'. This high energy gain is
attributed to solvation of the unfavorable threefold-coordi-
nated vanadium atom in [V,O,]*. The energy of separated
[V,O,0H]* + CHyj is virtually equal to the entrance channel
energy of separated [V,O,]" + HOCHy;; thus loss of a methyl
radical can hardly compete with the other observed reaction
channels, and it is expected that [V,O,]" + HOCHj; yields
[V,O,0OH]* merely as a marginal product, in agreement with
the experimental findings.

To clarify whether reaction (7) is indeed barrierless,
molecular dynamics (MD) simulation was performed
(Figure 4). The starting point is an optimized structure of

Figure 4. Evolution of the potential energy and bond lengths in the
MD simulation of the reaction of [V,0,,]" and methane. The energy is
shown in black, d(C—H) in blue, d(O—H) in red, and d(V—C) in green.
The fluctuations after 450 fs result from vibrational motions, mainly of
the OH group.

[V,O,0]" and CH, in which the V—C distance is constrained to
6 A to prevent the methane from reacting with the cluster.
The simulation is started with zero initial velocities when this
constraint is lifted. Thus the reaction is driven only by the
small attractive forces between methane and the cluster;
vibrational and rotational energies are nonexistent. For the
first 450 fs of the simulation the potential energy decreases
steadily, indicating a barrierless process. In parallel the O—H
and V—C distances decrease and the C—H distance increases,
indicating the progress of the reaction. After 450 fs when the
system contains 102 kJmol™ of kinetic energy, energy is
transferred into CH and OH stretching vibrations, corre-
sponding to an oscillation of the hydrogen atom between the
vanadyl O atom and the methyl C atom. This is evident as
fluctuations of the potential energy. The plot in Figure 4 also
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shows the V—C distance, which decreases up until =470 fs
and then slowly increases. This indicates the beginning of the
expulsion of the CH; radical, which would be completed only
after significantly longer simulation times.

The progression of the reaction can also be seen by
inspection of the spin densities shown in Figure 5. In the

Figure 5. Spin density for the reaction of [V,0,,]" and methane after
a) 0 fs and b) 443 fs. c) Spin density of the optimized product struc-
ture. C—H and O—H distances are given below the structures.

initial state (structure a in Figure 5), the spin density is similar
to that of the isolated [V,O,]* ion (Figure 2) and only slightly
more delocalized. Structure b was obtained from MD simu-
lation after 443 fs. The O—H and C—H distances are almost
identical, and the spin density is distributed between the
vanadyl oxygen and the carbon atoms and polarized along the
O-H-C axis. Finally, in product c the spin density is completely
transferred to the methyl radical, and the shape is again p-
orbital-like with only slight distortion towards the newly
formed OH group. One explanation of the lack of energy
barriers in this reaction is that [V,0,]" is highly reactive
owing to its radical-cation nature.?"

Our combined experimental and theoretical studies
provide the first example for the thermal activation of
methane by a polynuclear transition-metal oxide. This
observation is not trivial, for it had been noted earlier™'*!
that the often extremely reactive mononuclear metal
oxides!"” are not ideal model systems relevant for an under-
standing of a real-life oxidation catalyst; larger systems, that
is, cluster oxides, are better suited to serve this purpose.

Experimental Section
The experiments were carried out using a tandem mass spectrometer
with QHQ configuration (Q: quadrupole, H: hexapole) equipped
with an electrospray ionization (ESI) source as described else-
where. Briefly, vanadium oxide clusters were generated by ESI of a
solution of V,0,(OCHj),, in CD;OD. Then, V,0,,* was mass-
selected using Q1 and reacted with methane in the hexapole at
pressures on the order of 107* mbar, which approximately corre-
sponds to single-collision conditions. The reaction was followed by
detection of the ionic products using Q2. Ion-reactivity studies were
performed at an interaction energy in the hexapole (E,,,) nominally
set to 0 e V.3

Calculations were performed using the hybrid density functional
theory method B3LYP®?* with triple-¢ plus polarization basis sets
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(TZVP)®! employing Turbomole 5.7.%° B3LYP has been shown
previously to describe vanadium oxides in good agreement with
available experimental data and the results of quantum chemical
methods that explicitly include electron correlation.”” MD simula-
tion was performed with zero initial velocities from an optimized
structure with a fixed distance between the vanadium and carbon
atoms.
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The construction of a m-conjugated macrocycle around a
central m-system raises fascinating opportunities for energy or
charge transfer between the core and periphery. Further, if
the ring—core dyad assembles to a columnar superstructure, it
can form a so-called coaxial cable. This is a long sought-after
motif in materials science, since it gives rise, for example, to
separate energy- and charge-transport pathways along the
column. In view of the difficulties in efficiently synthesizing
large macrocycles, the core might also serve as a template for
the build-up of the ring. Shape-persistent macrocycles with
porous cavities, capable of forming ordered columnar struc-
tures have been synthesized both by a geometry-driven and a
templated approach,*'” however, only few of them possess
an extended m-conjugation.['1?

Poly(9-alkyl-2,7-carbazol)s (Scheme 1) are stable and
processable conjugated polymers with favorable optical
properties, such as emission with high color stability.'*
The inherently bent shape of the monomer allows for the
formation of macrocycles with low torsional strain and
extended m-conjugation, a situation which does not hold for
many cyclic oligophenylenes and cyclic 3,6-oligocarba-
zoles!'*!"l owing to the presence of meta-phenylene units. A
prerequisite for the formation of hollow supramolecular
columnar structures is to prevent the macrocyclic building
blocks from collapsing, which in flexible ring systems can be
avoided by the creation of host-guest complexes.'¥! The
formation of a tubular structure from a rigid carbazole
macrocycle is particularly attractive as its inside can be
functionalized through the introduction of functional groups
at the carbazole nitrogen atoms.®!*!]

Herein, the template-assisted synthesis of a fully conju-
gated cyclododeca-2,7-carbazole around a meso-tetraphenyl-
porphyrin template is presented, to afford 1 (Scheme 1).
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Poly(9-alkyl-2,7-carbazole) Poly(9-alkyl-3,6-carbazole)

Scheme 1. Structures of poly(9-alkylcarbazole)s, templated cyclodo-
deca-2,7-cabazole 1, and corresponding vacant macrocyclic carbazole
ring 2.

Removal of the porphyrin template from the interior by
hydrolytic cleavage of the ester groups of the spacers yields
the vacant macrocycle 2. Although its flexible alkyl chains
only point towards the interior, columnar superstructures can
be formed by fiber extrusion. Single-molecule detection of the
new macrocycle and visualization of its doughnut shape are
possible by scanning tunneling microscopy (STM).2"

The key to the synthesis of the tris(carbazole) building
block 3 is the hetero functionalization of a 2,7-disubstituted
carbazole derivative, to yield the intermediate 8 (Scheme 2).
From the commercially available 4-chlorobenzeneboronic
acid and 2-bromo-5-methoxynitrobenzene, a Suzuki coupling
generated the biphenyl derivative 6 in 87 % yield. Cadogan-
type reductive amination gave the 2-chloro-7-methoxycarba-
zole which could be isolated in 58 % yield.®! Alkylation of the
nitrogen atom (97 %), and subsequent deprotection of the
methoxy group with BBr; (74 %) and esterification, afforded
2-chloro-7-trifluoromethanesulfonyl-N-(2-hexyldecyl)carba-
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Scheme 2. a) [(PPh;),Pd"], aqueous K,CO; (2 M), toluene, reflux for

12 h, 87%; b) triethylphosphite, reflux for 15 h, 58 %; c) 1-bromo-2-
hexyldecane, NaH, DMF, 97%; d) BBr;, dichloromethane, —78°C for

3 h, RT for 12 h, 74 %,; €) trifluoromethanesulfonic anhydride, dimethyl-
aminopyridine, pyridine, 0°C for 2 h, RT for 24 h, 86 %; f) bis(pinaco-
lato)diboron, [PdCl,(dppf)], potassium acetate, DMF, 80°C for 12 h,
86%; g) [(PPh,),Pd°], aqueous K,CO, (2m), toluene, reflux for 12 h,
67%; h) LiAlH,, THF, RT for 1 h, 94%. dppf=1,1"-bis (diphenylphos-
phanyl)ferrocene.

zole (10) in 86% yield.? The triflate group underwent
selective conversion into the corresponding boronate ester 11
(86 %) under palladium-catalyzed conditions. The function-
alized tris(carbazole) 13 was synthesized by a Suzuki coupling
of 11 with 12 (67 % ). Reduction of 13 with LiAlH, gave the
carbazole trimer 3 with a hydroxy tether on the central
carbazole (94 %).

Four equivalents of 3 were coupled with meso-tetra(4-
carboxyphenyl)porphyrin in the presence of diethylazodicar-
boxylate and triphenylphosphine to afford the porphyrin 4
(73 % yield; Scheme 3), which was then complexed with zinc
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Scheme 3. a) meso-Tetra(4-carboxyphenyl)porphine, diethyl azodicar-
boxylate, PPh;, THF, RT overnight, 73 %; b) ZnOAc,:2H,0, CH;0OH,
dichloromethane, reflux for 2 h, 94 %,; c) bis(1,5-cyclooctadiene)-
nickel(0), 2,2"-bipyridine, cyclooctadiene, toluene, DMF, 70°C for 3 h,
80°C for 3 h, 100°C for 8 h, 9%; d) KOH, H,0, CH;OH, THF, reflux
for 24 h, 18%.

by heating under reflux with zinc acetate to generate 5 (94 %).
The final cyclization of § was performed by a nickel-mediated
Yamamoto coupling reaction for which two experimental
details are crucial: 1) high dilution (8 x 107> M) to prevent the
intermolecular aryl-aryl coupling, and 2) use of a microwave
reactor to increase the efficiency of the Yamamoto reaction.
Separation of the desired compound from the mixture of
products by preparative thin-layer chromatography (TLC)
resulted in the isolation of 1 (9% ). The MALDI-TOF mass
spectrum of the product exhibited one intense signal corre-
sponding to the calculated mass of 1 (see Supporting
Information). The template was readily removed from the
ring by hydrolysis with KOH to generate the fully conjugated
macrocyclic carbazole dodecamer 2 which is soluble in

Angew. Chem. Int. Ed. 2006, 45, 4685-4690
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common organic solvents, thus enabling purification by
preparative TLC and HPLC (18 % yield).

Compounds 1 and 2 were characterized by UV/Vis and
fluorescence spectroscopy, MALDI-TOF, atomic force micros-
copy (AFM), STM, two-dimensional wide angle X-ray
scattering (2D WAXS), and 'H and *C NMR spectroscopy
measurements. Figure 1a illustrates the MALDI-TOF spec-
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Figure 1. a) MALDI-TOF spectrum of 2 b) section of the experimental
spectrum b) section of the simulated spectrum.

trum of 2 together with an expanded view of the molecular-
ion region. A comparison of the measured (Figure 1b) and
the calculated (Figure 1c¢) isotopic distributions of 2 shows a
good agreement.*’

The absorption and emission spectra of 1, 2, and poly[9-(2-
decyltetradecyl)-2,7-carbazole] (M, =1.9 x 10*, polyparaphe-
nylene (PPP) standard), as a linear model compound, in
dichloromethane (10 °m) are shown in Figure 2. Compound 2
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Figure 2. Comparison of normalized absorption (A,,m) and emission
(Ihorm) spectra of templated 1, 2, and poly[9-(2-decyltetradecyl)-2,7-
carbazole] in dichloromethane. PL = photoluminescence.

gives an absorption maximum at 363 nm, which is blue-shifted
by 27 nm compared to the linear polymer. This shift is
attributed to a stronger twist between successive carbazole
units in the macrocycle, since all the carbazole moieties are
arranged in a cis fashion. However, the emission spectra of
both 2 and the linear polymer are almost identical, which
indicates similar excited state geometries. Compound 1 gives
an absorption at 369 nm, corresponding to the m—m* transition
of the carbazole macrocycle, and at 405 nm, corresponding to
the Soret band of the zinc-complexed porphyrin, with the Q-
band absorptions at 533 nm and 571 nm. The n—* transition
of 1 is slightly red shifted (6 nm) compared with 2. This shift
indicates that the “anchored” carbazole macrocycle around
the porphyrin template is slightly planarized owing to the
restricted torsion. Upon excitation of 1 (4,=370nm),
emission is observed from both the carbazole ring, at
433 nm, and the porphyrin template, at 600 nm and 647 nm.
The spectral overlap between the emission of the carbazole
ring and the absorption of the porphyrin core demonstrates
that there is Forster energy transfer from the peripheral
carbazole 7 system to the central porphyrin core (calculated
energy transfer efficiency 83 % ).

Information on the size and shape of 2 was obtained after
spin coating its dilute THF solution on a freshly cleaved,
highly oriented pyrolytic graphite (HOPG) surface and
visualization of the ad-layer by AFM.** Figure 3 shows
two- and three-dimensional presentations of self-assembled
molecules of 2 forming extended domains with an average
height of 0.3 nm (determined from the difference between the
domains and the smooth and flat regions of the uncovered
HOPG surface between the domains). The constant thickness
of 0.3 nm as well as the hexagonal lattice of spots having a
uniform size distribution gives evidence that the domains are
composed of a monolayer of single-molecules facing the
surface. The average center-to-center distance of 4.1 nm
between the molecules and their compact and round shape
confirm the cyclic structure and suggest that the alkyl chains
are directed towards the center of the macrocycle. The bulky
alkyl chains seem to fill the inner space (see Supporting
Information), which explains why the macrocycles in Figure 3
do not appear flat or empty in the center. This result is in
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Figure 3. a) 2D and b) 3D-AFM images of a monolayer 2 on a HOPG
surface.

agreement with the calculated molecular structure; semi-
empirical calculation at the AM1 level showed that 2 has a
diameter of 3.6 nm (see Supporting Information).

A submolecular resolution of 2 was obtained by STM
investigations at the solid/air interface. Similar to AFM, the
STM sample was prepared by spincoating a dilute THF
solution of 2 on a fresh HOPG surface. Figure 4b, c illustrate
three-dimensional representations of single-molecules of 2 on
a partially covered HOPG surface. Remarkably, the thermal
movement of some molecules at the surface is slow enough
relative to the scan speed to achieve measurements of single-
molecules even at room temperature. The picture in Fig-
ure 4b shows additional unresolved objects which originate
from the measurement of moving macrocycles. On the same
sample, small domains of macromolecules pack in a hexag-
onal arrangement (Figure 4a). The average diameter of the
ring-shaped objects is 4.0 nm. The contrast in the STM
pictures of 2 is provided by the conjugated cyclic aromatic
; system, as aromatic moieties show a higher tunneling
efficiency than the aliphatic parts.” Thus, the STM pictures
give clear evidence for the perfect cyclic structure and
visualize the m system composed of carbazole subunits with
an “electronic hole” in the core.

The 3D-supramolecular organization of 2 was investi-
gated by 2D-WAXS experiments on a mechanically aligned
sample.”'The equatorial reflections at ambient temperatures
(Figure 5a) indicate a self-assembly of the macrocycles into a
hexagonal array of columns with a packing parameter of
47nm (Figure 5¢). In these structures the ring-shaped
molecules have their molecular planes orthogonal to the
columnar axis. The appearance of multiple meridional
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Figure 4. STM images of 2 on a HOPG surface at solid/air interface
(tunneling current: 1.3 pA, bias voltage: 800 mV). a) 2D view of a
monolayer with hexagonal packing of 2. b) 3D view of individual
macrocycles. The unresolved objects originate from the movement of
molecules. c) 3D view of a single macrocycle showing the “electronic
hole” in the center.

reflections indicates a complex intracolumnar arrange-
ment.?”) The first meridional reflection and the stacking
distance of 0.4 nm between neighboring cycles implies a
correlation between every fourth molecule along the columns.
Therefore, each macrocycle is rotated by 22.5° towards the
adjacent building block leading to an identical positional
order after rotation by 90°. This structure is in good agree-
ment with the molecular structure, where every third
carbazole unit in the 12-membered ring has a hydroxyalkyl
chain on the nitrogen atom. This helical arrangement is the
result of an intracolumnar packing optimization arising from
the nonplanarity of the core. In contrast to discotic and
macrocyclic columnar systems,”?! the space between rigid
stacks of 2 cannot be filled by the flexible aliphatic side chains,
as the side chains point towards the molecular center. The
optimal columnar arrangement should be hexagonal, which is
indeed observed. This remarkable self-organization of the
macrocycles into superstructures occurs in spite of the
nonplanarity of the molecular rings. This arrangement
opens the opportunity for a charge-carrier transport along
the m-stacking direction as observed for many columnar
thermotropic discotic compounds, but with the difference that
in this case the columnar periphery is not filled by the
insulating alkyl substituents. The charge carriers are not
necessarily transported on only one column, they are able to
change their percolation pathways spontaneously thereby
decreasing the influence of single defects.

In conclusion, the synthesis of a fully conjugated, mono-
disperse, 2,7-carbazole-based macrocyclic dodecamer, using a
template approach, is presented. AFM measurements of a
monolayer of 2 on HOPG displayed a hexagonal lattice
composed of spots of uniform size distribution. Additional
evidence for the conjugated ring-shaped structure of 2 was
obtained by STM investigations. It is remarkable that even
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Figure 5. a) 2D-WAXS of 2 at ambient temperature (inset: small-angle
region at different contrast), b) schematic illustration of the helical
organized macrocycles (the units containing the hydroxyalkyl chain are
indicated in yellow), c) hexagonal arrangement of the columnar
structures with 4.7 nm as the 2D lateral packing parameter.

single-molecules and small domains with ordered structures
can be measured at ambient conditions; this provides
evidence that 2 is perfectly round with a conjugated cyclic
n-system. 2D-WAXS experiments on a mechanically aligned
sample indicated self-assembly of the macrocycles into
columnar structures. The molecules are rotated laterally
towards each other, as induced by the molecular geometry.
Our template approach towards conjugated macrocyclic
oligocarbazoles holds promise for the design of further
nanoscale m-systems: 1) as a result of the functionalized
cavities of 2, guest molecules, such as electron acceptors, can
be introduced by noncovalent interactions or chemical
reactions, 2) thanks to the low mobility of 2 on surfaces
STM characterization of similar systems should be possible,
and 3) other templates can pave the way to larger oligocar-
bazole macrocycles.

Received: March 22, 2006
Published online: June 21, 2006

www.angewandte.org

Chemie

4689


http://www.angewandte.org

Communications

4690

Keywords: macrocycles - oligocarbazoles - scanning probe
microscopy - template synthesis - X-ray diffraction

[1] J.S. Wu, M. Baumgarten, M. G. Debije, J. M. Warman, K.
Miillen, Angew. Chem. 2004, 116, 5445—-5449; Angew. Chem. Int.
Ed. 2004, 43, 5331 -5335.

[2] S. Hoger, A. D. Meckenstock, S. Miiller, Chem. Eur. J. 1998, 4,
2423-2434.

[3] S. Hoger, Chem. Eur. J. 2004, 10, 1320-1329.

[4] D. H. Zhao, J. S. Moore, Chem. Commun. 2003, 807-818.

[5] W. Zhang, J. S. Moore, J. Am. Chem. Soc. 2004, 126, 12796 -
12796.

[6] S. Hoger, J. Polym. Sci. Part A 1999, 37, 2685 -2698.

[7] S. Hoger, K. Bonrad, A. Mourran, U. Beginn, M. Méller, J. Am.
Chem. Soc. 2001, 123, 5651 -5659.

[8] M. Fischer, S. Hoger, Eur. J. Org. Chem. 2003, 441 —446.

[9] M. Fischer, G. Lieser, A. Rapp, I. Schnell, W. Mamdouh, S.
De Feyter, F. C. De Schryver, S. Hoger, J. Am. Chem. Soc. 2004,
126,214-222.

[10] S.Hoger, A. D. Meckenstock, Chem. Eur. J. 1999, 5, 1686 —1691.

[11] G. Fuhrmann, J. Kromer, P. Biuerle, Synth. Met. 2001, 119, 125 -
126.

[12] J. Kromer, I. Rios-Carreras, G. Fuhrmann, C. Musch, M.
Waunderlin, T. Debaerdemaeker, E. Mena-Osteritz, P. Biuerle,
Angew. Chem. 2000, 112, 3623-3628; Angew. Chem. Int. Ed.
2000, 39, 3481 —3486.

[13] J. F. Morin, M. Leclerc, Macromolecules 2001, 34, 4680—4682.

[14] J. E. Morin, M. Leclerc, Macromolecules 2002, 35, 8413 -8417.

[15] J. E. Morin, P. L. Boudreault, M. Leclerc, Macromol. Rapid
Commun. 2002, 23, 1032-1036.

[16] J. Ostrauskaite, P. Strohriegl, Macromol. Chem. Phys. 2003, 204,
1713-1718.

[17] S. Maruyama, H. Hokari, T. Wada, H. Sasabe, Synthesis 2001,
1794 -1799.

[18] A. Liebmann, C. Mertesdorf, T. Plesnivy, H. Ringsdorf, J. H.
Wendorff, Angew. Chem. 1991, 103, 1358 -1361; Angew. Chem.
Int. Ed. Engl. 1991, 30, 1375-1377.

[19] M. Fischer, S. Hoger, Tetrahedron 2003, 59, 9441 —9446.

[20] O. Shoji, H. Tanaka, T. Kawai, Y. Kobuke, J. Am. Chem. Soc.
2005, 127, 8598 - 8599.

[21] F. Dierschke, A. C. Grimsdale, K. Miillen, Synthesis 2003, 2470 —
2472.

[22] The small signals in the region below 4000 gmol™' can be
explained by fragmentation of one or two branched alkyl chains
(—=Cy¢Hzs, 225 gmol ™). Such fragmentations in MALDI-TOF
experiments are related to the strong UV absorption of the
macrocycle at the wavelength of the nitrogen desorption laser
(337 nm), which causes a high internal energy of the analyte
molecules in the gas phase and thus a higher tendency for
fragmentation. L. Przybilla, J. D. Brand, K. Yoshimura, H. J.
Riéder, K. Miillen, Anal. Chem. 2000, 72, 4591 -4597.

[23] T. Forster, Ann. Phys. 1948, 2, 55-75.

[24] M. Namba, M. Sugawara, P. Buhlmann, Y. Umezawa, Langmuir
1995, 11, 635-638.

[25] S. De Feyter, A. Gesquiere, M. M. Abdel-Mottaleb, P. C. M.
Grim, F. C. De Schryver, C. Meiners, M. Sieffert, S. Valiyaveettil,
K. Miillen, Acc. Chem. Res. 2000, 33, 520-531.

[26] W. Pisula, Z. Tomovic, C. D. Simpson, M. Kastler, T. Pakula, K.
Miillen, Chem. Mater. 2005, 17, 4296 —4303.

[27] J. S. Wu, M. D. Watson, L. Zhang, Z. H. Wang, K. Miillen, J. Am.
Chem. Soc. 2004, 126, 177-186.

www.angewandte.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2006, 45, 4685-4690


http://www.angewandte.org

Cover Picture

George John, Guangyu Zhu, Jun Li, and Jonathan S. Dordick*

Enzymatically synthesized symmetrical trehalose diesters self-assemble into fibrous
gel networks in a wide range of organic solvents and at very low gelator
concentrations. Gels containing acrylate functionalities can be further stabilized
through polymerization. In the presence of added water and the same enzyme, the
gels degrade into trehalose, as shown in the cover picture. In their Communication on
page 4772 ff., J. S. Dordick et al. describe how combining the principles of
supramolecular chemistry and the selectivity of biocatalysis represents a powerful
strategy to develop defined functional materials.

Concept of Selectivity

In his Essay on page 4724 ff., J. A. Berson describes the reception by the scientific
community in the first half of the 20th century of the principles of kinetic versus
thermodynamic control and explains the physical basis of selectivity.

Asymmetric Heterogeneous Catalysis

An overview of the concepts of asymmetric heterogeneous catalysis is given in the
Review by F. Glorius et al. on page 4732 ff. The central themes are metal-organic

catalysts, chiral modifiers, noncovalent immobilization, and the application of solid
supports.

Composite Materials

In their Communication on page 4764 ff., K. Sada, S. Shinkai, and co-workers
describe how the anisotropy of L-cystine single crystals leads to their face-selective
decoration by gold nanoparticles.
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Symmetry and molecular recognition: The
presence of C; symmetry in nature has
recently inspired the first biomimetic C;-
symmetric catalyst for asymmetric synth-
eses (see picture). Threefold symmetry
also features in a recent approach to
modulating the function of the tumor
necrosis factor receptor superfamily.

Enantiomers?
trast to previous arguments, recent
reports have demonstrated that C;-sym-
metric receptors can bind chiral sub-
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Symmetry and chiral recognition: In con-

strates with high enantioselectivity (see
picture: H=host, G= (S) or (R)-config-
ured guest; colored spheres represent
different-sized substituents).

Angew. Chem. Int. Ed. 2006, 45, 4702 —47M
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Why so slow? Why did it take several
decades for the concept of selectivity to
develop into a fundamental consideration
in organic chemistry? The Essay describes
the reception by the scientific community
in the first half of the 20th century of the
principles of kinetic versus thermody-
namic control and explains the physical
basis of selectivity (see picture: energy
diagram for the reaction of penta-
methylenefulvene (A) and maleic anhy-

dride (B)).
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Mirror, mirror on the wall, who is the best
asymmetric catalyst of all? The field of
heterogeneous asymmetric catalysis is
multifarious, vibrant, and creates new
possibilities. For example, the use of
mesoporous solids (see picture) allows
selective immobilization in the pores,
which results in improved catalytic prop-
erties in a number of cases. The most
important methods are discussed in the
Review.

Face to face: The hexagonal {001} or {007}
faces of single crystals of L-cystine were
selectively decorated by dipping them into
a solution of gold nanoparticles (see
picture). The selectivity results from an
anisotropic molecular packing of L-cystine
in the single crystal.
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An inside job: A Lewis acid induced
intramolecular Diels—Alder (IMDA) reac-
tion is used as the key step in the
formation of symbioimine, an iminium
alkaloid. The intermediate octahydro-
naphthalene is obtained from the IMDA

The long and short of it: A regioselective
enzyme-catalyzed acylation of the disac-
charide trehalose generated a family of
low-molecular-weight gelators with
unprecedented properties. The selectivity
of enzymatic catalysis enables direct con-
trol over gelation properties by simply
varying the acyl-chain length to give
gelation in solvents ranging from the
highly hydrophilic acetonitrile to the highly
hydrophobic cyclohexane.

Scaling down the activity: An efficient
recyclable palladium-based catalyst has
been developed for the aerobic oxidation
of alcohols (see scheme). The combina-
tion of a substituted bipyridyl ligand and
ordered mesoporous channels (in SBA)

Angew. Chem. Int. Ed. 2006, 45, 4702 — 4711

(*)-symbioimine

reaction, after which extension of the
aldehyde to a nitrile, alkylation of the

nitrile, and imine formation allows for an

efficient route to the target compound
(see scheme; TBS =teri-butyldimethyl-

silyl).

causes a synergistic effect that results in
enhanced activity, the prevention of
agglomeration of the palladium nanopar-
ticles, and the generation of a durable
catalyst.

DNA deposits with submicrometer fea-
tures can be prepared by micromolding in
capillaries on a mica plate (see picture).
Upon evaporation, surface properties of
the DNA solution and the support come
to the fore. The morphology of the DNA
deposit can be controlled simply by
adjusting the concentrations of the DNA
solution and added salt.
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Highly active and selective: A supported
RusPtSn nanoparticle cluster (the picture
shows an axial projection of a tomogram),
prepared from the carbonyl cluster
[PtRus(CO),5(u-SnPh,) (us-C) ], is an excel-
lent catalyst in the single-step hydroge-
nation of dimethyl terephthalate to cyclo-
hexanedimethanol under mild conditions
(100°C, 20 bar H,).

In groups of three: Monodisperse clusters
of WO, were prepared on a TiO,(110)
surface through direct sublimation of
WO; onto the substrate at 300 K followed
by annealing to 600 K (see image). Com-
bined evidence from scanning tunneling
microscopy, X-ray photoelectron spec-
troscopy, quartz crystal mass balance, and
density functional theory strongly indi-
cates that the clusters are cyclic (WO;);
species.

Sequential decoration of silica spheres by
covalent bonding of magnetite nanopar-
ticles (blue) and attachment of functional
nanoparticles of Au, CdSe/ZnS, or Pd
(red) afforded multifunctional assemblies
exhibiting combinations of magnetism
with surface plasmon resonance (Au),
luminescence (CdSe/ZnS), and catalytic
activity (Pd), respectively.

Communicating better over a long dis-
tance: The bis(ferrocenylethynyl)ethene 1
undergoes E—Z photoisomerization
upon excitation of a charge-transfer band

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

with visible light (546 nm). This structural
change leads to a decrease in the
“through-bond” mixed-valence interaction
between the two ferrocene units.

Angew. Chem. Int. Ed. 2006, 45, 4702 —47M
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Bronsted, Brassard, Diels, and Alder:
Aldimines 1 undergo aza-Diels—Alder
reactions with Brassard’s diene 2 in the
presence of a chiral cyclic phosphate

Deck the walls: The principles of coordi-
nation chemistry and multidentate ligand
design have been used to functionalize
the surface of highly inert MoS, nanopar-
ticles. In this approach the tetradentate
nitrilotriacetic acid ligand was coupled
either to a fluorescent ligand (for detec-
tion) or to a reactive polymer, which
serves as an anchor to the sulfide and
oxide surfaces of inorganic fullerene/
MoS, and TiO, nanorods, respectively
(see picture).

Angew. Chem. Int. Ed. 2006, 45, 4702 — 4711

pyridinium salt 4 as a chiral Brgnsted acid
to give a,B-unsaturated d-lactams 3 with
excellent enantioselectivity.

Caged up: A family of isopolyoxotungstate
clusters of the form [H,W,,04,]®~ with a
cluster cage (blue) identical to that of the
Dawson-type heteropolyacids (red) has
been discovered. These comprise a single
trigonal-prismatic or octahedral {WOg}®-
moiety in place of the two heteroanions
found in the Dawson structure.

Biofunctionalized ceramic nanowires: A
reactive ester polymer has been used to
immobilize silicatein, a hydrolytic enzyme
involved in the biomineralization of SiO,,
on the surface of TiO, nanowires. The
surface-bound protein retains its original
hydrolytic properties and also acts as a
reductant for AuCl,~ in the synthesis of
hybrid TiO,/silicatein/Au nanocompo-
sites.
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Sensitive ELISA: A new enzyme-labeled
immunosorbant assay (ELISA) protocol
has been developed that makes use of two
enzymatic reactions to detect antibody—
antigen interactions: 1) the conversion of
prothrombin to thrombin by ecarin and
2) the hydrolysis of a nonfluorescent sub-
strate 1 to a fluorescent product 2 by
thrombin. The system was used to detect
bovine serum albumin, telomerase, and
DNA with high sensitivity.

Shiny silver: A superstructure consisting
of Ag nanoparticles and CdTe nanowires
connected by a streptavidin (SA) and b-
biotin (B) affinity pair displays twofold
enhancement of the nanowire lumines-
cence. The optical process involved could
also be operative in other metamaterials
and could serve as a basis for applications
in a variety of optoelectronic devices.

Nobody does it better: A comparative
study indicates that water, rather than
room-temperature ionic liquids (RTILs), is
still the solvent of choice for accelerating
Diels—Alder reactions. Both the hydrogen-
bonding ability and the viscosity of the
solvent are thought to play a role.

OR or OOR? The oxygenation of ZntBu, in
the presence of donor ligands demon-
strates the tendency of zinc dialkyls to
undergo oxidation of only one Zn—C bond
under controlled conditions (see
scheme). The formation of alkoxide or
peroxide species is influenced by the type
of donor ligand employed, and these
divergent pathways offer a glimpse into
the general mechanism of dioxygen acti-
vation.

Angew. Chem. Int. Ed. 2006, 45, 4702 —47M
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Ru, can do it! Substitution of the OH
moiety in propargylic alcohols by hydride
proceeds smoothly with triethylsilane by
catalysis with the thiolate-bridged di-
ruthenium complex 1 (see scheme;
Cp*=n’-CsMe;). This reaction gives the
corresponding alkynes in good to high
yields with complete selectivity, in con-
trast to a monoruthenium-catalyzed
hydrosilylation of propargylic alcohols
with silanes.

Just add a twist: Metallosupramolecular
architecture design is used to create anti-
cancer agents with high activities in
human breast cancer cell lines. Three
isomers, which comprise a nonhelical
metallocyclophane, an unsaturated
double helicate, and a new type of double
helicate, bridge the fields of metallosu-
pramolecular architecture and anticancer
drug design (picture: double-helical trans/
cis isomer; red Ru, green Cl).

Designer elegance: The transannular aldol
reaction of a cyclooctene diketone is the
key step in this total synthesis of the
natural enantiomer of merrilactone A (see
scheme). The configuration of the two

Angew. Chem. Int. Ed. 2006, 45, 4702 — 4711

Straightened out: The first binary Group 5
azides were prepared by fluorido—azido
exchange starting from MF; (M =Nb, Ta)
and characterized by vibrational spec-
troscopy. The crystal structure of the
acetonitrile adduct [Nb(N;)5(CH;CN)]
(see picture) provides the first experi-
mental evidence for the existence of linear
M-N-N coordination for azido complexes.

stereocenters generated in the formation
of the central bicyclo[3.3.0Joctane frame-
work of the natural product was estab-
lished using a specially designed bulky
protecting group.
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Copper makes the difference: An umpo-
lung reactivity of Michael acceptors is
observed when alkenyl carbene complexes
react with copper ketone enolates and
electrophiles. This reaction allows the

Attachment of low-energy electrons to
p-ribose triggers a series of complex
decomposition reactions associated with
the loss of neutral water molecules as well
as the excision of C-containing units
leading to the degradation of the cyclic

Help from the neighbors: Palladium-cat-
alyzed allylic alkylations are extremely
suitable for the stereoselective introduc-
tion of unsaturated side chains to pep-
tides (see scheme; TFA=trifluoroace-

Size does matter: When treated with
Me,AlCl, highly soluble bis(aluminate)
complexes [Cp*Ln(AIMe,),] (Ln=Y, La,
Nd; Cp* = CsMe;) undergo intrinsic alkyl/
chloro ligand-exchange reactions to give
products of variable Ln nuclearity,
depending on the size of the Ln"' metal.
The reproducible formation of Y,Al,,
LagAl,, and NdsAl heterobimetallic alkyl
clusters leads to novel AIMe, coordination
modes (see picture: LagAl, cluster).

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

straightforward synthesis of functiona-
lized three-component coupling products
in a completely regio- and diastereose-
lective way.

structure of the sugar. This excision of C-
containing neutral fragments involves C5
exclusively. The sugar unit is thought to
play a key role in the mechanism of DNA
damage by low-energy electrons.

tate). The chiral information of the pep-
tide can be used to control the formation
of the new stereogenic center. In general,
S amino acids induce the formation of R-
configured amino acids.

Angew. Chem. Int. Ed. 2006, 45, 4702 —47M
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llluminating results: A novel microwave-
assisted synthesis in ionic liquids
produces highly luminescent and
dispersible LaPO,:Ce,Tb nanocrystals
(see picture: ethanol dispersion of the
nanocrystals in daylight (A) and with UV
excitation (B)). This preparation method
offers the possibility of synthesis-
independent surface conditioning of the
nanocrystals.

Angewandte
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Microwave-Assisted Synthesis of

Luminescent LaPO,:Ce,Tb Nanocrystals
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Meeting Reviews

474

Although the island of Cyprus is rela-
tively small, its position in the Mediter-
ranean Sea at the crossroads of three
continents has assured it a starring role
throughout the course of recorded
human history, both as a locus for the
spread of ideas between disparate
cultures and as a strategic base of
operations for those empires seeking to
expand their conquests into neighboring
territories. Indeed, over the centuries
many nations and nationalities—from
the Greeks, Romans, Persians, Egyp-
tians, Italians, and British, to the Euro-
pean Union—have shaped, and been
shaped by, Cyprus.

A few weeks ago, the scientific
community had the opportunity to
follow suit when nearly 400 participants
gathered at the Elysium Beach Resort in
the coastal town of Paphos for an
international symposium organized to
honor Cypriot-native K. C. Nicolaou on
the occasion of his 60th birthday. The
theme of the meeting, one with a broad-
ness befitting Cyprus’ history, was to
explore the increasingly interrelated
fields of chemistry, biology, and medi-
cine from both academic and industrial
perspectives.

Each of the four days of the confer-
ence featured a series of engaging lec-
tures covering the most exciting areas of
research being pursued today along the
chemistry, biology, and medicine con-

[*] Prof. Dr. S. A. Snyder

Columbia University
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tinuum. Academic speakers described
some of the latest developments in
asymmetric catalysis, biocatalysis, tran-
sition-metal catalysis, supported synthe-
sis, structure-based drug design, and
target-oriented synthesis (see Table 1).
A theme shared by many of these talks
was the unique capability of natural
products to serve as catalysts for inno-
vation, not only for discovering reactiv-
ity but also as a means to identify novel
ways to modulate and eradicate disease.
Speakers from industry, many of whom
were former graduate or postdoctoral
researchers with Nicolaou (see Table 1),
talked about a number of research
programs at leading pharmaceutical
companies to discover small molecules
that can selectively engage essential
biological targets, as well as efforts to
develop technologies to speed up the
entire drug-discovery process.

In between sessions, participants had
the opportunity to peruse over 100 post-
ers, to explore the surrounding country-
side and take in Cyprus’ history through
organized excursions, and to participate
in an informative panel discussion on
new trends in chemical outsourcing.

K. C. Nicolaou offered the final
words of the conference in a plenary
lecture covering his entire career—one
which has made an impact on the fields
of chemistry, biology, and medicine
through natural product synthesis. His

Table 1: List of speakers.

lecture took the audience on a journey
encompassing virtually every class of
natural product architecture known,
including complex carbohydrates, ene-
diynes, heterocycles, and macrolides,
showcasing how each target molecule
afforded his group with opportunities to
discover new reactions and novel syn-
thetic strategies and make fundamental
contributions to our understanding of
human biology. Special focus was paid to
the topic of cascade reactions leading to
complex architectures, a subject that will
be discussed in a forthcoming Review in
Angewandte Chemie.

Without doubt, the lecture was a
fitting close to a conference sure to be
long-remembered by those who partici-
pated, especially the 80 or so former
students of Nicolaou who had the
opportunity to share in the occasion.
Whether the conference will become a
regular event remains to be seen (whis-
pers to that effect were heard), but, in
any event, this symposium has set a high
standard for future efforts to discuss
these diverse fields in a single meeting.
And, though I dare not suggest that its
participants left an indelible impression
of Cyprus, the island certainly left its
mark on those who visited its shores for
the first time.

DOI: 10.1002/anie.200602427

Phil Baran (Scripps Research Institute); Stefan Brise (University of Karlsruhe); Francois Diederich
(ETH Zurich); Peter Garratt (University College London); Rodney Kip Guy (St. Jude Children’s
Research Hospital, Memphis); Steven Hanessian (University of Montreal); Madeleine Jouillié
(University of Pennsylvania); Steven Ley (Cambridge University); Nicos Petasis (University of
Southern California); Floris Rutjes (Radboud University); Masakatsu Shibasaki (University of
Tokyo); Nigel Simpkins (University of Nottingham); Erik Sorensen (Princeton University); David
Tanner (Technical University of Denmark); Emmanuel Theodorakis (University of California, San
Diego); F. Dean Toste (University of California, Berkeley); Jun-ichi Uenishi (Kyoto Pharmaceutical
University) ; Nicolas Winssinger (Université Louis Pasteur, Strasbourg); Zhen Yang (Peking

University).

Magid Abou-Gharbia (Wyeth Research, Princeton); Mark Bunnage (Pfizer, Kent); David Claremon
(Vitae Pharmaceuticals); Rolf Jautelat (Schering AG, Berlin); Philippe Nantermet (Merck and Co.,
West Point); Swaminathan Ravi Natarajan (Merck and Co., Rahway).

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2006, 45, 4714



Highlights

Threefold Symmetry (1)

DOI: 10.1002/anie.200600776

C; Symmetry: Molecular Design Inspired by Nature
Susan E. Gibson* and M. Paola Castaldi

Keywords:

asymmetric catalysis - biomimetic design - molecular
recognition - molecular symmetry - trivalent systems

4718

The principles of symmetry have in-
spired and directed the design of mole-
cules for many years.'! While twofold
rotational symmetry has been success-
fully employed in a large number of
chiral ligands and catalysts,? there is
still comparatively little known about
the efficiency of systems of higher rota-
tional symmetry in this and other areas.
For this reason there is an ongoing
interest in the application of C;-sym-
metric molecules in areas as diverse as
asymmetric catalysis,®l molecular recog-
nition,™ and materials science.P!

In the area of asymmetric catalysis,
for example, the current state of the art
is typified by the use of a Ti"¥ complex of
the chiral Cj;-symmetric ligand 1 to
catalyze an enantioselective alkynyla-
tion of aldehydes (up to 92% ee)
(Figure 1).1) However, a significant de-
velopment in the use of C; symmetry in
asymmetric catalysis, which was inspired
by nature, was described recently by
Gade and co-workers.”! Guided by the
use of tripodal N-donor ligands as
models of the tris(histidine) binding
sites found in many zinc-containing
enzymes,®! Gade and co-workers con-
sidered chiral tris(oxazolines) to be
good candidates for mimics of zinc-
dependent transesterases. Although the
Cs;-symmetric dinuclear zinc complex 2,
derived from ligand 3, showed only
modest enantioselectivity in the kinetic
resolution of various phenyl ester de-
rivatives of N-protected amino acids by
transesterification with methanol, the
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Figure 1. a) The C;-symmetric tris((3-hydroxy
amide) ligand 1. b) Synthesis of the dinuclear
complex 2 from C;-symmetric tris(oxazoline)
ligand 3.%71 OTf=trifluoromethanesulfonate.

principle of using C;-symmetric ligands
to mimic Cs;-symmetric active sites
found in enzymes to inspire the design
of new asymmetric catalysts was estab-
lished and is predicted to lead to exciting
developments in the future.

In the area of molecular recognition,
several key studies that feature archi-
tectures constructed around C;-symmet-
ric cores suggest that C; symmetry has
an important role to play in this area.
Moreover, a recent report by Guichard

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and co-workers! that was inspired by
C; symmetry found in nature perhaps
points the way to exciting future devel-
opments. For example, an early demon-
stration of the power of C; symmetry in
a biological context was provided by
Whitesides and co-workers, who showed
that tris(vancomycin carboxamide) (Fig-
ure 2) binds a trivalent ligand derived
from D-Ala-pD-Ala with exceptionally
high affinity: its binding constant is 25
times higher than that for the biotin—
avidin interaction, which is one of the
strongest known in biological systems.”!
Whitesides and co-workers recognized
that trivalent systems (and indeed poly-
valent systems in general) are funda-
mentally different from monovalent sys-
tems in that dissociation of the complex,
which occurs in stages, can be acceler-
ated by addition of competing monova-
lent ligand, thus adding an extra degree
of flexibility to potential applications of
such systems.

Precedent for a somewhat different
use of C; symmetry in a biological con-
text was provided by the studies of
Nishida et al. on carriers for the Lew-
is* antigen.""! Widespread interest in
polyvalent structures that carry human
oligosaccharide antigens led to the syn-
thesis of 4 (Figure 3), in which three
Lewis® antigen trisaccharides are at-
tached to a Cs-symmetric core. The
Lewis™ antigen is typically located on
cell-membrane lipids and leads to asso-
ciation in the presence of calcium
ions;!"? it is thus of interest to develop
probes to investigate this recognition
phenomenon. Although other poly-
valent systems including dimers, lipo-
somes, gold nanoparticles, and self-as-
sembling monolayers have previously
been used as multivalent probes in this
area, it was reasoned that C;-symmetric
probes were attractive because they

Angew. Chem. Int. Ed. 2006, 45, 4718 — 4720



Figure 2. Structures of the trivalent derivatives of vancomycin (left) and of p-Ala-p-Ala (right).
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Figure 3. A Cy-symmetric Lewis” antigen trisacchar-

ide.l"

should produce significant multivalent
effects without generating the complex
analysis problems associated with non-
symmetric or dendritic models. The
preliminary analytical results reported
were encouraging, and more detailed
analyses derived from this system are
awaited with anticipation.

The high affinity and selectivity that
can be achieved using trivalent com-
plexes has been exploited by Anslyn and
co-workers in the design of a very
promising assay for heparin."® The
concentration of the clinical anticoagu-
lant heparin is routinely monitored dur-
ing and after surgery to prevent compli-
cations such as hemorrhages, but cheap-
er, more reliable, and more practical
methods for analyzing heparin concen-
trations than those currently available
are desirable. The large cavity receptor §
(Figure 4) was designed to envelop a
large surface of the oligosaccharide, thus

Angew. Chem. Int. Ed. 2006, 45, 4718 — 4720

= @—NHCO(CHZ)ZCONH(CHZ)4NH—

Vancomycin (V)

[10]

Angewandte

Figure 4. a) Heparin receptor 5. b) The major unit of heparin.™!

maximizing affinity and specific-
ity by maximizing the number of
possible interactions. Use of a
fluorescent scaffold, 1,3,5-tri-
phenylethynylbenzene, enabled Anslyn
and co-workers to generate calibration
curves for heparin in serum at clinically
relevant dosing levels, thus demonstrat-
ing that synthetic receptors of this type
function successfully under physiologi-
cal conditions and can be used to target
complex bioanalytes.

The examples of the uses of
C;symmetry in a biological context
described above are based on the in-
ventive introduction of C;symmetry
into molecular design to enhance or
create desirable characteristics, for ex-
ample, high affinity, good selectivity, and
relatively easy analysis. The report by
Guichard and co-workers!” describes
the design of a system that benefits from
all of these advantages but differs from
previous studies insomuch as the inspi-
ration for the use of C;symmetry is
derived from nature itself.

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Signaling through receptors of the
tumor necrosis factor receptor super-
family relies strongly on the formation
of Csy-symmetric complexes.™ One
member of the family, the receptor
CDA40, interacts with its natural ligand
CD40L by self-assembly of CDA40L
around a threefold symmetry axis to
form a noncovalent homotrimer that
binds to three CD40 receptor molecules
(Figure 5). The geometry of the result-
ing 3:3 complex favors the formation of
a signaling complex, which ultimately
leads to a range of regulatory effects.
Moreover, CD40 antibodies with ago-
nist activity were previously used to
increase immune response in infectious
diseases, and in cancer immunothera-
py."! It was thus postulated that the
development of small-molecule CD40
agonists that mimic the action of the 39-
kDa natural ligand CD40L may lead to
important therapeutic applications.

Guichard and co-workers designed
low-molecular-weight CD40L mimetics
with C;-symmetric architectures not on-
ly to provide the correct geometry for
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Figure 5. Model of the 3:3 complex between CD40 (surface
representation) and CD40L (ribbon) viewed down the C; axis, and
a magnified view of the polar CD40-binding surface and the “hot-
spot” region Lys143-Tyr146 of CD40L identified as the CD40-

binding motif.*®

receptor binding and subsequent signal-
ing but also to achieve tight binding
between the small low-surface-area li-
gand and the receptor CD40.”) A C;-
symmetric D,L-a-hexapeptide and a f3*-
tripeptide were used as core structures
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Figure 6. Synthetic C;-symmetric CD40L mim-
etics.
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to distribute receptor-binding
elements with geometries and
distances that could match
those of the homotrimer form
of CD40L. The CD40-interact-
ing region Lys143-Gly-Tyr-
Tyr146 of CD40L was selected
as a CD40-binding motif and
tethered by an aminohexanoic
acid (Ahx) residue spacer to
the central core structures to
give compounds 6 and 7 (Fig-
ure 6).

A range of in vitro experi-
ments revealed that these mol-
ecules interact with CD40,
compete with the binding of
CD40L to CD40, and repro-
duce, to a certain extent, the
functional properties of the
much larger natural ligand
CD40L. This work not only
paves the way to using rela-
tively small C3-symmetric CD40 ligands
to amplify immune responses in vivo,
but also suggests that modulation of the
functions of other members of the tumor
necrosis factor receptor superfamily
may be successfully achieved by using
C;-symmetrical small molecules.

To conclude, C;-symmetrical func-
tional molecules provide perhaps an
optimum balance between enhanced
properties, such as binding and selectiv-
ity, and ease of synthesis and analysis.
The work of Guichard and co-workers,
inspired by nature’s exploitation of
C; symmetry, has provided interesting
and exciting results and suggests that
biomimetic applications of C; symmetry
in the area of molecular recognition may
lead to further significant advances in
the future. In parallel, recognition of
nature’s use of C; symmetry in enzymes
has inspired the first biomimetic C;-
symmetric asymmetric catalyst, and the
approach of Gade and co-workers is
predicted to stimulate many new devel-
opments in this area in the future.
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Can C;-Symmetric Receptors Differentiate

Enantiomers ?**
Christina Moberg*

Chiral recognition is a key issue in both
living and artificial systems. It is essen-
tial for biological function and has a
central role in asymmetric synthesis and
chiral separation. A combination of
attractive and repulsive interactions,
the former including hydrogen bonds,
ion—dipole and dipole—dipole interac-
tions, &t stacking, and hydrophobic inter-
actions, is responsible for such chiral
recognition.

Synthetic receptors that can differ-
entiate enantiomers have been the sub-
ject of recent intensive studies. Symme-
try properties of the receptor may play
an important role in the recognition
process. Artificial chiral receptors en-
dowed with rotational axes have been
frequently employed as a result of their
ability to simplify the procedure for
their preparation and occasionally also
to improve the selectivity by reducing
the number of diastereomeric substrate—
receptor interactions.

The role of threefold rotational
symmetry in chiral recognition has been
a matter of some confusion. The ability
of C;- or Dj-symmetric receptors to
differentiate the two enantiomers of a
chiral ammonium (or some other analo-
gous) guest molecule was questioned
some time ago.l'! It was argued that the
steric requirements of the two host—
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guest complexes obtained from the two
enantiomers of the guest and the chiral
receptor are the same and that chiral
recognition therefore must be absent or
at least poor. Although this statement
might have hampered the development
of receptors with threefold symmetry, a
number of C;-symmetic artificial recep-
tors have recently been described.?
Over the last few years, Ahn and co-
workers have presented a number of
tripodal oxazoline-based artificial re-
ceptors of general structure 1 by em-
ploying 1,3,5-R-2,4,6-R’-hexasubstitut-
ed arenes as a platform, thereby taking
advantage of the alternating ababab
geometric pattern that favors proper
organization.”! Contrary to their expect-
ations,*! the receptors exhibited high
enantioselectivity in their complexation
to a-chiral primary ammonium ions.
That C;-symmetic receptors are capable
also of enantiofacial discrimination was
demonstrated upon complexation of
caffeine to 2 by Waldvogel and co-
workers."’

A different strategy for the prepara-
tion of tripodal receptors was presented
by Haberhauer et al. Instead of using an
achiral platform for the construction of
the receptor, chiral arms were attached
by means of N-alkylation to a chiral
platform, 3 (in similar fashion to the
construction of the siderophore enter-
obactin).[’! Also, a chiral tren derivative
(tren = tris(2-aminoethyl)amine)  was
recently used as a platform for a calix-
[6]arene, thereby producing a pseudo-
C;-symmetric receptor.”

Successful examples of enantiodis-
crimination by chiral receptors with
threefold symmetry prompted a recon-
sideration of the previous statements.'!!
The arguments for the predicted failure
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of this type of receptors to differentiate
enantiomeric guests were as follows: If
we take a C;- or D;-symmetric receptor
H (Figure 1) and the two enantiomers of
a chiral guest molecule (G and Gy),
then these compounds form the two
diastereomeric complexes H-G; and H-
Gg. In the analysis of the steric require-
ments of the two complexes, the envi-
ronment of the small, medium, and large
groups of the guest were compared and
evidently found to be the same (Fig-
ure 2).

It is indeed obvious that the seg-
ments compared are isometric and even
identical. However, this simple analysis
does not take into account the chirality
of the guest molecule. One substituent
of a chiral compound is compared to the

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. C;-symmetric host (H), enantiomeric
guests (G and Gg), and diastereomeric host—
guest complexes. The green, dark blue, and
pale blue spheres represent large, medium,
and small substituents, respectively, in the
guest.

Figure 2. |solated, isometric segments of dia-
stereomeric host—guest complexes. L, M, and
S denote large, medium, and small, respec-
tively.

same substituent in its enantiomer. This
situation is like comparing a methyl
group in L-alanine with the methyl
group in D-alanine; obviously they are
identical. Instead, the order in space—
the direction—of the three substituents
of the guest has to be taken into account.
The interactions of the large substitu-
ents in G and Gy and their clockwise
neighbors, as well as the interaction of
the large and small substituents in the
two complexes with the chiral host, are
shown in Figure 3. The latter segments
are obviously non-isometric (diastereo-
meric).

All the segments that should be
compared in the two complexes are
shown in Figure 4. It is clear that the
steric requirements in the two com-
plexes are different and that the number
of favorable and unfavorable interac-
tions is different. Some favorable inter-
actions are more important than others,
and some unfavorable interactions are
more severe than others, with the inter-
actions that involve the large and small

www.angewandte.org

Figure 3. Non-identical segments of diastereo-
meric host-guest complexes.

Figure 4. A guest exhibits one favorable and
two unfavorable interactions with the host,
while its enantiomer exhibits two favorable
and one unfavorable interactions.

substituents probably being more im-
portant than those that involve other
pairs of substituents.

There is thus no principal reason
why C;- or Dj;-symmetric hosts would
not be able to recognize chiral ammoni-
um ions. This argument was indeed
stressed by Ahn and co-workers upon
observing the high selectivity of the
trisoxazoline receptors 1.1 It may cer-
tainly be the case that the energy differ-
ence between the host-guest complexes
of enantiomeric ammonium ions with a
host with lower symmetry (C, or C,) is
larger, but there is no fundamental rule
governing these differences. To further
study the role of symmetry, Ahn and co-
workers recently prepared a receptor, 4,
with reduced symmetry in which one of
the substituents was replaced by one

with opposite chirality.! This led to
lower selectivity but also to a different
type of binding (2:1 host-guest com-
plex) owing to the different structures of

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the ligands. Conclusions regarding the
influence of symmetry alone are difficult
to make.

One advantage of Cs;-symmetric li-
gands is that their host—guest complexes
give rise to three identical situations,
that is, only one complex (Figure5),
thereby frequently resulting in more
efficient discrimination of the enantio-
meric guests.

Figure 5. C; symmetry reduces the number of
different complexes as compared to C; and
C, symmetry.

Symmetry is not in itself a property
that determines the ability of a receptor
to recognize a chiral guest. However,
symmetry reduces the number of differ-
ent complexes obtained from a receptor
and a substrate. This factor may, but
does not necessarily have to, lead to
improved selectivity.”! Rules based ex-
clusively on the symmetry properties of
host compounds are therefore irrele-
vant.
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This Essay examines the response of
organic chemists to the need for appli-
cation of the principles of physical
chemistry to competing reactions. Both
mechanistic investigations and multistep
chemical synthesis benefited through
the eventual establishment of those
principles.

1. Understanding Selectivity
Requires Physical Chemistry

New ideas in science typically devel-
op on the basis of previous theories and
observations. There is much we can
learn by examining that process. This
Essay examines the problem of selectiv-
ity in organic chemistry and how chem-
ists’ awareness of it grew over decades.
That advance required the incorpora-
tion of some important theoretical ideas
from physical chemistry, namely the
concepts of reaction rate and equilibri-
um that control the ratios of products in
competing reactions. Thus, the selectiv-
ity may be determined either by com-
peting rates (if under kinetic control) or
by the position of the equilibrium
among the products (if under thermo-
dynamic control). The concept is com-
monplace today and one that every
student in organic chemistry is required
to learn.

However, that was emphatically not
the case even as late as my student years

[*] Prof.J. A. Berson
Department of Chemistry
Yale University
P.O. Box 208107
New Haven, CT 06520-8107 (USA)
Fax: (+1)203-432-6144
E-mail: jerome.berson@yale.edu

in the 1940s. Many undergraduate and
even graduate textbooks of that period,
although concerned with the problem of
selectivity, make no mention of this
critically important distinction. Al-
though one can point to instances in
which a kind of rough-and-ready per-
ception of kinetic versus thermodynam-
ic control was helpful in the work of a
few chemists, the organic chemistry
community on the whole did not alert
itself to the broad reach of these ideas
until the late 1950s. This left chemists
with only dim insights into the physical
and chemical consequences of the inter-
relationships of energy, rate, and equi-
librium. Of course, it would be the
height of condescension to claim on
behalf of today’s chemists that we are
more able than our predecessors to
handle issues on the forward edge of
discovery. Accordingly, I believe that we
can be instructed by imagining ourselves
in the surroundings of that time.

2. From Affinity to Rate and
Free Energy

During the first half of the 19th
century, chemists used the rather vague
and highly controversial concept of
affinity to explain the course of reac-
tions."?) The malleability of the idea
lent it a spurious utility in systematizing
experimental facts, but because the
underlying physical basis was unknown
the concept was not suited to make
quantitative conclusions and was open
to a variety of oppositional arguments.

The modern formulation of rates
and equilibria began to emerge as early
as the 1860s and continued well into the
next century. These advances were thor-
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oughly reviewed, publicized, and em-
ployed by some of the founders of
modern physical chemistry, notably
van’t Hoff®> Arrhenius,” and Ost-
wald,! who acted as advocates for the
new ideas by virtue of their positions
among the leading researchers in the
field. Among the most significant devel-
opments were the differential formula-
tion of the rate equation and the sub-
sequent quantitative expression of the
relationships of rate, temperature, and
activation energy. These equations pro-
vided the means to compare reaction
rates on a common basis. Similarly, the
thermodynamic driving force of a reac-
tion, that is, the physical reason why
some reactants are transformed to prod-
ucts essentially completely whereas oth-
ers reach equilibrium short of comple-
tion, could be explained by the concept
of free energy.

3. Kinetic or Thermodynamic
Control of Selectivity?

The fundamental laws of physical
chemistry led to a number of statements,
some of which will be of particular
relevance in our examination of selec-
tivity:

Corollary 1

If the competing reactions are each
essentially irreversible, the products will
be formed in the same ratios as the
ratios of the respective rate constants,
provided that Corollary 2 is fulfilled and
provided that the products are not
differentially consumed by other side
reactions.
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Corollary 2

Those relative rates, however, will
only be time-independent if the com-
peting reactions are all of the same
kinetic order. To my knowledge, this
idea was first stated by Ingold et al. in
1931.%1 If the rates are of different
orders, the product ratio in general will
change with time, as not all of the
concentration terms in the rate equa-
tions for the competition will cancel.

Corollary 3

If the reactions are reversible, a
channel exists through which products
can interconvert with each other by
reverting to starting materials.

a) If this interconversion process is
fast compared to the initial reaction, the
product ratio will be the same as the
equilibrium ratio.

b) If the interconversion is only
moderately fast, the product ratio will
change with time.

Corollary 4

However, the products may inter-
convert by some other independent
process, even if the reactions by which
they are formed are essentially irrever-
sible.

a) If this other process is fast com-
pared to the initial reaction, the product
ratio will be the same as the equilibrium
ratio.

b) If the interconversion is only
moderately fast, the product ratio will
change with time.

Corollaries 1 and 2 are the basis of
kinetically controlled reactions, whereas
corollaries 3 and 4 come into play for
thermodynamically controlled (3a and
4a) or thermodynamically influenced
(3b and 4b) reactions. These corollaries
were not set out in detail in the early
reports, but they were implied by the
basic theory. In the following years,
chemists sometimes invoked one or
another of the corollaries to justify their
procedures. However, it is difficult to
find a statement of the complete set of
corollaries in books or journal articles of
the time.
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4. A Slow Learning Process

Thus, whether chemists were aware
of it or not, they had proper intellectual
tools at hand since about 1900 or even
earlier to think clearly about these
concepts. Looking back on the subse-
quent developments, one asks why then
did another half-century have to pass for
them to diffuse broadly throughout the
organic chemical community. We return
to this question later. First, we address
how slow the learning process was.

The basis for a (very crude) estimate
of how slowly the process occurred can
be derived from Chemical Abstracts,
which covers the period from 1907 to
the present. A search therein for the
term “kinetic control” during the period
1907-1930 gleans only one hit, whereas
for the term “thermodynamic control”
no hits are obtained. These results
increase only to two and 18, respectively,
during 1930-1950, but by 1950-1970 an
exponential growth is apparent, with 65
and 124 references, respectively. Of
course, too much cannot be read into
this data; the apparent increase in hits
may overestimate the true extent of
cognitive growth if some of them simply
reflect an autocatalytic expansion of the
community’s familiarity with the specif-
ic identifying terms “kinetic control”
and “thermodynamic control.” On the
other hand, there would be a counter-
vailing deficiency of the search for those
terms if there were instances (as we will
discuss later) in which the investigators
were fully aware of the concept but used
other nomenclature or simply did not
include the term in the abstract.

With the exception of Walter Hiick-
el, no author of textbooks before about
1940 seems to have incorporated any
systematic discussion of the corollaries.
Even Hiickel’s treatment in the 1935
version (2nd edition) of his Theoretische
Grundlagen der Organischen Chemie!”
is fragmentary, as he states that the ratio
of the rates of two competing reactions
is given by the ratio of the products,
provided that the reactions are irrever-
sible. The statement is literally correct,
but it is incomplete in defining the
selectivity because it overlooks the pro-
viso of Corollary 2. In the postwar trans-
lation” of the Grundlagen, this flaw
was pointed out by the translator, Rath-
mann. Such important pedagogical texts
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as Hammett’s Physical Organic Chemis-
try™™! and Frost and Pearson’s Kinetics
and Mechanism"™ do not treat compet-
itive reactions as a general category at
all, although Hammett does give a very
brief mention of one group of them in a
discussion of the Friedel-Crafts reaction
(see Section 6).

5. Kinetically Controlled Aromatic
Substitutions

Holleman at the University of Am-
sterdam was one of the first organic
chemists to incorporate the new con-
cepts. He made important progress in
determining product ratios in aromatic
substitutions, mostly through the con-
struction and use of Gibb’s phase dia-
grams.'*¥l His strength in physical
chemistry, probably gained in his expe-
rience as an assistant in the laboratory of
van’t Hoff," led him to adopt the work-
ing principle that the product ratios
were measures of the relative rates of
the competing reactions. This idea,
which now seems obvious to the modern
chemist, apparently was a substantial
intellectual leap in the first decade of
the 20th century. Following on from the
earlier work of van’t Hoff¥ and Lap-
worth,!*! it was one of the first applica-
tions of the new quantitative concept of
reaction velocity to organic chemical
phenomena. Beginning in about 1910,
Holleman and co-workers studied the
absolute reaction rates of various sub-
stitutions to make quantitative the gen-
eralizations that meta-directing groups
deactivate the ring (decrease the rate of
substitution), whereas ortho/para-di-
recting groups activate the ring (in-
crease the rate of substitution). Subse-
quently, Holleman and Caland”
showed that the sulfonation of toluene
is kinetically controlled. It was a rare
and perhaps unprecedented instance in
which the explicit attention of the in-
vestigators to the central issue of selec-
tivity was clearly manifested.

Note, however, that the experiments
by Holleman and Caland did not come
to grips with the requirement of identity
of kinetic order of the competing reac-
tions (Corollary 2). Also, a modern
chemist might be concerned about the
sensitivity of Holleman’s analytical
method for determining the product
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ratios by phase diagrams. Nevertheless,
the sophisticated level of reasoning in
this early mechanistic study is impres-
sive; very few other experiments of
comparable quality were to be found
during that era. Despite that, the in-
sights reported by Holleman did not
seem to make much impact on organic
chemists for many years to come.

6. Thermodynamically Controlled
Aromatic Substitutions

Not all aromatic substitutions are
kinetically controlled, as can be seen in
the literature regarding Friedel-Crafts
alkylation of aromatic compounds!'s2")
which provides compelling examples of
thermodynamically controlled systems.
The reaction of benzene with chloro-
methane in the presence of aluminum
chloride is difficult to stop at the stage of
monomethylation to toluene because
the product is quickly alkylated further
to dimethylbenzenes (xylenes) and high-
er alkylation products.”?! However,
the significant point in the present con-
text is that the distribution of the three
xylene products (ortho, meta, and para)
changes during the time they are al-
lowed to remain in contact with the
aluminum chloride. Similarly, in the
methylation of toluene, the three prod-
ucts initially comprise mostly ortho- and
para-xylene, together with small
amounts of meta-xylene, but over time
the amount of the meta product increas-
es, mainly at the expense of the ortho
derivative.

It was only in 1939 that the Lewis
acid facilitated interconversion of the
isomeric xylenes was examined in some
detail by Norris and co-workers. Their
work had an empirical and preparative
motivation, not a mechanistic one.>?!
The papers by Norris and co-workers
report the influence of time, temper-
ature, and other variables on the ratio of
xylene isomers but do not attempt to
discuss the results in kinetic or thermo-
dynamic terms. Even later (1946) in a
review article on Friedel-Crafts reac-
tions,'” Price gives no discussion in
terms of physical chemistry principles
and describes the variations in product
composition by the following statement:
“[...] in general, the more vigorous the
conditions with respect to the activity of
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the catalyst or the alkylating agent or the
severity of the time and temperature
factors, the greater is the tendency for
the formation of the abnormal m-deriv-
atives.”

This terminology invoking the “vig-
or” of the conditions was quite wide-
spread, even if not universal,® during
that period, but it is seen to be lacking a
precise physical foundation. The review
by Price even omits any mention of the
landmark study by Pitzer and Scott in
1943 which definitively showed that
some of the Norris—Vaala®! xylene
mixtures corresponded closely in com-
position to the equilibrium mixture pre-
dicted directly from the measured ther-
modynamic properties of the individual
components.

Despite the clearly laggard pace of
adoption of the underlying physical
principles of selectivity in aromatic sub-
stitutions, it should not be assumed that
the entire community of chemists failed
to recognize the importance of those
ideas. A few early examples may be
found in which one or more of the
concepts were fully understood. Among
these were several studies of allylic
rearrangements.”*%*=% In the interest
of brevity, we omit a detailed descrip-
tion of those important results in order
to focus on a stereochemical issue of
broad significance (Section 7).

7. Kinetics versus Thermo-
dynamics in Other Systems: The
Puzzle of the Walden Inversion

Walden’s astonishing discoveries,
which were reviewed in 1911,B' of
stereochemical inversion of configura-
tion in several substitution reactions (for
example, OH replacing Cl or vice versa)
of aliphatic compounds are now well
understood, as a result of studies carried
out by Phillips, Kenyon, Hughes, and
Ingold, among others.’”” Modern chem-
ists therefore must exert some imagina-
tion to reproduce the widespread con-
fusion that prevailed when the results
were new. In both his review?'! and
book,¥ Walden considers several now-
abandoned theories proposed by his
contemporaries, some of which were
imaginative but none of which survived
further examination.
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From the point of view of this Essay,
the most interesting of those abandoned
theories was a proposal by Noyes and
Potter™ in 1912 which was essentially a
restatement of a hypothesis that Walden
had already considered and rejected.
Noyes and Potter stated: “The rational
view seems to be that the Walden inver-
sion is merely a limiting case of ordinary
rearrangements, where the interatomic
forces are such that the equilibrium in the
formation of two possible forms lies far
on the side toward the formation of one
of these.”

Walden criticized this proposal on
the following grounds: “This conclusion
of Noyes, however, is only another for-
mulation of the facts as those which
Walden first established and has present-
ed as inexplicably opposed to theory. The
question of course remains open as to
what kind of force must exist by which
this extreme case of equilibrium, which
defies kinetic and thermodynamic con-
siderations, can be kept in place when
otherwise it should strive to exit from this
state and lead to a true equilibrium.”"?

Apparently, the idea that “direct”
displacement of one group by another
could be accompanied by clean inver-
sion of configuration was so strange that
Walden could not conceptualize it and
therefore thought that it amounted to a
complete overshoot of the equilibrium
position, which of course was a thermo-
dynamic impossibility.

Walden ended his reviewP! with a
comparison of the views of two of the
leaders of physical chemistry. Ost-
wald,® Walden’s postdoctoral mentor,
asserted that “/...] this phenomenon
appears to me in opposition to the
fundamental principles of stereochemis-
try. One cannot invoke here the assis-
tance of a transposition, which in princi-
ple, always gives only the racemic com-
bination but not the optical inverse.
Obviously, one cannot pretend that the
problem does not permit of a solution,
but each worthy solution actually con-
sidered shakes or modified the bases of
stereochemistry.”

In contrast, Arrhenius was not ready
to abandon the fundamentals, as he put
it in his book:®! “It is even more
probable that from the consequences of
more extensive research, a new hypoth-
esis in agreement with the principles of
stereochemistry will explain the Walden
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inversion [...] allowing for the formation
of intermediate products, this singular
result will no longer remain inexplica-
ble.”

A direct challenge to Walden’s pes-
simistic position of 1911 on the inversion
phenomenon appeared later that same
year, when Le Bel wrote a short notel®
based on a private letter sent earlier
from Le Bel to Walden, proposing what
turned out to be a prescient explanation.
Le Bel began by saying that the phe-
nomenon of Walden inversion “/...J
astonished me like everyone by its nov-
elty, but I do not believe that one must see
it as being in disagreement with the
principles of stereochemistry.” He imag-
ined that in certain cases the attacking
reagent, X', could approach the asym-
metric carbon center which bears the
groups X, Y, Z, and U (1, Scheme 1)

X
T Y

z ’ u — z u
i "
w 1 2

Scheme 1. The Walden inversion according to
Le Bel.

from the direction opposite to the posi-
tion occupied by the leaving group X,
rather than from the same side. In effect,
if X' pushes Y in front of itself with
sufficient force, racemization need not
result but instead the restoration of the
tetrahedral structure may take place,
with Y occupying the place originally
held by X and with X' occupying the
original place of Y, as in 2. A similar
argument appeared in a paper by Emil
Fischer in the same year.””

Le Bel and Fischer both went on to
consider, as a plausible but not obliga-
tory possibility, that the actual mecha-
nism may involve a “product of addi-
tion” as an intermediate stage. Although
neither of them used the specific term,
the context of their remarks seem to
point to a pentavalent carbon atom as
the key structural feature of the inter-
mediate. Le Bel ended his discussion, “/
therefore conclude that the Walden in-
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version [...[] does not modify the bases of
stereochemistry.”

Eight years later, in his book
Walden still held to his doubts that his
inversions could be reconciled with
fundamental physical theory. Regarding
Le Bel’s idea, he remarked that “/...] it
has the merit of simplicity which is
inherent in the chosen mechanical pic-
ture. One can hardly claim that it also
possesses the characteristic of complete-
ness.”

Missing from the theory, according
to Walden, was an explanation of why
some substitutions at asymmetric cen-
ters gave largely retention, others gave
inversion, and still others gave some of
each or even a near-racemic mixture,
even when after-the-fact racemization
could be shown to be absent.

To the present-day chemist, the
Le Bel-Fischer hypothesis bears a
strong resemblance to the later ideas
about Walden inversion pioneered pri-
marily by Ingold and the English school
during the period 1920-1940.° What
was the insight that Walden needed to
grasp in order to accept the Le Bel-
Fischer hypothesis as the basis for
further progress in elucidating the
mechanism of inversion? In my view, it
was precisely the necessity to distinguish
between kinetic and thermodynamic
factors. Walden met an impasse at the
point in his argument when he could not
understand how one could overshoot
equilibrium. Possibly he was influenced
by his former mentor Ostwald, who also
was confused by the problem. What
both of them apparently failed to rec-
ognize was that the substitution reac-
tions are under kinetic control. If the
product ratio is determined by the ratio
of competing rates, one does not reach
equilibrium. This point had been made,
notably by Holleman for aromatic sub-
stitutions (Section 5), but Walden did
not make the conceptual connection of
that work to his own.

[33]

8. The Pedagogy of Selectivity

Scattered evidence of awareness of
the kinetics versus thermodynamics
problem in selectivity is evident during
the period up to 1940, notably in several
papers on allylic rearrangements from
several different laboratories.?%82730
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However, formal attempts to communi-
cate the general principles in a concise
way were rare until the appearance of a
paper on the Diels—Alder reaction by
Woodward and Baer,* who reported in
1944 that the addition of pentamethyle-
nefulvene 3 to maleic anhydride 4
(Scheme 2) gives both endo and exo ad-

[¢]

4 e}

ol
Z

'

(e}

5 O

endo exo

Scheme 2. Addition of pentamethylenefulvene
(3) to maleic anhydride (4) to give the
endo adduct 5 and exo adduct 6.

ducts (5 and 6, respectively). The en-
do adduct § is formed in greater amount
at low temperature, but the product
composition gives increasing propor-
tions of exo product at higher temper-
atures. Furthermore, even in cold solu-
tion, the endo adduct, but not the exo
product, dissociates to the addends—a
reaction that is readily visible because of
the yellow color of the fulvene. They
proposed that the rate of formation of
the endo adduct is faster than that of the
exo adduct at low temperature, but the
exo adduct is more stable than the
endo adduct and therefore accumulates
at equilibrium. Woodward and Baer
summarized their proposal in the energy
diagram shown in Figure 1.

Alder and Trimborn had made sim-
ilar observations and interpretations,
perhaps as early as 1943, during the
war in Germany, but apparently they
were unaware of Woodward and Baer’s
paper. Eventually a referee called it to
Alder’s attention,* and Alder and
Trimborn finally published in 1950, after
the end of the war, the results of Trim-
born’s dissertation from 1943.4!) They
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E*p exo
1 E*AB endo
En+p
EpB endo
EAB exo
X —

Figure 1. Diagram of energy versus reaction
coordinate for the reaction of pentamethylene-
fulvene (A) and maleic anhydride (B). Adapted
from Ref. [39] with permission of the Ameri-
can Chemical Society.

reported essential agreement with
Woodward and Baer in all of the rele-
vant experimental and interpretive
points.

Obviously, these events raise a ques-
tion of priority for the discovery of the
temperature dependence of the Diels—
Alder reactions of fulvenes, but of great-
er interest here is the appearance of the
energy diagram shown in Figure 1. This
diagram is one of the first—perhaps the
very first—pictorial aid expressing the
problem of kinetic versus thermody-
namic control in chemical selectivity.

Although the Woodward-Baer dia-
gram preceded by four years a paper on
allylic rearrangements by Catchpole,
Hughes, and Ingold,*” the latter authors
were apparently unaware of the earlier
work and presented an essentially
equivalent diagram representing selec-
tivity in allylic rearrangements. A num-
ber of chemists had mastered the basic
concepts of the selectivity problem, but
it is curious that, as far as I can
determine, the actual terms themselves
did not make an appearance until the
paper by Ingold in 1948.%2 By then,
Ingold apparently was concerned to
teach chemists the basic ideas in a
pedagogically compelling way. The ab-
stract of that paper contains the state-
ment, “the distinctions between the ki-
netic and thermodynamic control of the
rearrangement are emphasized.” Still
later, Zimmerman used essentially the
same kind of graphic illustration to
display the energy relationships that
control the stereochemistry of ketoniza-
tion of enols, again with no mention of
either of the previous published dia-
grams.[*!
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I believe that the repeated presenta-
tions plausibly represent the urgency the
authors felt to disseminate the basics of
kinetic—thermodynamic principles to
the community. This illustrates how
spotty they must have seen the recog-
nition of these principles to be at that
time.

9. Why so Slow?

One of the reasons for the slow
learning curve may have been socio-
logical. Segregation of organic and phys-
ical chemistry was endemic during the
19th century, especially in Germany,
where the traditional academic organ-
ization of chemistry into separate insti-
tutes for each disciplinary unit pre-
vailed. A more practical issue before
1950 was the difficulty of analyzing
product mixtures to obtain accurate
product ratios. Although solutions to
this problem ultimately could be found
in carefully chosen cases (see Section 5),
there were no accurate analytical meth-
ods of general applicability until the
advent of sophisticated chromatograph-
ic methods and of nuclear magnetic
resonance spectroscopy, among other
powerful tools. Still another stimulus to
productive thinking about kinetic and
thermodynamic issues after 1950 was
the tremendous flowering of multistep
organic synthesis, a discipline for which
control of selectivity is required at every
step. Examples of successful regiospe-
cific applications abound in the recent
literature on synthetic organic chemis-
try, but also worthy of mention are the
numerous enantiospecific syntheses now
appearing in response to government
requirements that a chiral drug be
enantiomerically pure. Satisfaction of
this requirement can be achieved only
by the choice of conditions that avoid
the thermodynamic trap of racemiza-
tion.
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Asymmetric Heterogeneous Catalysis

Limited natural resources and an increasing demand for enantio-
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merically pure compounds render catalysis and especially heteroge-

neous asymmetric catalysis a key technology. The field has rapidly
advanced from the initial use of chiral biopolymers, such as silk, as a
support for metal catalysts to the modern research areas. Mesoporous

supports, noncovalent immobilization, metal-organic catalysts, chiral

modifiers: many areas are rapidly evolving. This Review shows that
these catalysts have more to them than facile separation or recycling.

Better activities and selectivities can be obtained than with the

homogeneous catalyst and novel, efficient reaction mechanisms can be
employed. Especially fascinating is the outlook for highly ordered
metal-organic catalysts that might allow a rational design, synthesis,
and the unequivocal structural characterization to give tailor-made

catalysts.

1. Introduction

Catalysis of organic reactions is key for an efficient
synthesis and, thus, represents one of the most economically
important technologies.!! The growing demand for enantio-
pure compounds in the life sciences has stimulated an
increased interest in asymmetric catalysis.”! Although homo-
geneous catalysts are often expensive and their separation
and recycling troublesome, the field of asymmetric catalysis
has been dominated for a long time by homogeneous catalysis
because of the excellent selectivities and activities obtained.
In more recent years, significant developments in the area of
solid-phase chemistry has resulted in enormous progress
being made in interdisciplinary research on stereoselective
heterogeneous catalysis.”! The potential advantages of heter-
ogeneous catalysis, such as easy separation, efficient recy-
cling, minimization of metal traces in the product, and an
improved handling and process control, that finally result in
overall lower costs are well known. Furthermore, in some
cases heterogeneous catalysts are even more selective than
their homogeneous counterparts. Ideally, the advantages of
homogeneous and heterogeneous catalysis, such as high
activity and selectivity on one hand and separation and
recycling on the other, should be combined.”! However, the
different areas of asymmetric heterogeneous catalysis have
reached widely different levels of maturity. Whereas the
immobilization of homogeneous catalysts on solid supports
represents an established field that is on the verge of being
applied in industry, the young field of metal-organic catalysts
is in a rapidly growing development phase.

It is the goal of this Review to give an overview of
asymmetric heterogeneous catalysis from the point of view of
an organic chemist—presenting the state of the art and
discussing their potential and limitations. Heterogeneous
asymmetric catalysis has been subdivided into three major
categories: 1) application of immobilized homogeneous cata-
lysts (Sections 2 and 3), 2) catalysis on surfaces that are chiral
themselves or modified with chiral modifiers (Sections 4 and
5), and 3) diastereoselective reactions of chiral substrates
promoted by achiral catalysts (Section 6).
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In contrast to the first group of catalysts, whose profile
closely resembles that of homogeneous catalysts, those of
groups two and three show unique mechanisms that do not
have a counterpart in homogeneous catalysis. A simplified
overview of the advantages and disadvantages of the different
methodologies is given in Table 1.

2. Immobilization of Chiral Homogeneous Catalysts

Homogeneous asymmetric catalysis® has already proven
its usefulness in a number of industrial applications, and the
chemists involved in the pioneering breakthroughs were
recently awarded the Nobel prize."! Nevertheless, the effi-
ciency of these processes can be improved even further
through the employment of the corresponding heterogeneous
catalysts that are derived from their homogeneous counter-
parts by immobilization, since the catalyst can be easily
separated and recycled, and contamination with metal traces
minimized. Immobilization occurs by covalent or noncovalent
attachment of the chiral ligand, the metal, or the preassem-
bled complex to the support (Figure 1). The ligand can even
be synthesized on the support, thus allowing the efficient
synthesis and screening of a library of ligands.["’ The choice of
a suitable support plays an important, although not fully
understood, role and remains challenging. Numerous prob-

[*] Dipl.-Chem. M. Heitbaum, Prof. Dr. F. Glorius
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Table 1: Evaluation of the different types of asymmetric heterogeneous catalysts.

Advantages Disadvantages
immobilized homogeneous catalysts
+ many homogeneous systems known for immobilization — additional functionalization of ligands renders their synthesis
+ a variety of linking techniques exist more costly
+ various supports to choose from — limited access to the active catalysts decreases the reaction rate
+ suited for fast ligand screening — low catalyst loadings
+ a few ligands are commercially available — leaching possible
+ broad spectrum of reactions — restriction of degrees of freedom of the catalyst can result in
+ in some cases higher selectivities can be obtained with the heterogeneous than ~ decreased enantioselectivities
with the homogeneous catalyst
+ rather mature methodology giving predictable results
metal—organic systems
+ relatively easy immobilization technique — synthesis of modified ligands necessary
+ no support necessary — structure of the network is hard to predict
+ high density of active catalyst centers
+ crystalline catalyst (still rare), structure can be determined by X-ray structural
analysis
+ high levels of porosity
+ often no leaching
chiral modifier

+ synthetically rather facile — only a few successful modifier/catalyst systems are known
+ inexpensive — the high complexity of the catalyst system complicates the
+ unique mechanisms that have no counterpart in homogeneous catalysis de novo design

— challenging analysis of the mechanism makes optimization of

reaction conditions difficult
— limited substrate scope
macromolecular catalysts

+ simple synthesis of catalyst, suited for scale-up (polypeptides) — only a few successful systems known
-+ unique mode of action — relatively low turnover frequencies (TOFs)

— challenging analysis of mechanisms

— substrate limitations

diastereoselective catalysis

+ known mechnism — cost of the chiral auxiliary
+ robust and reliable — demanding substrate synthesis
+ often rationally designed — additional steps for the attachment and cleavage of the auxiliary

necessary

lems can occur during the immobilization of a homogeneous
catalyst and diminish its performance:

e undesired interactions between the support and the metal—
ligand complex,
o the optimal geometry of the catalyst, crucial for high
enantioinduction, is disturbed by the support,
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unsatisfactory stability of the linkage between the catalyst
and support or the catalyst itself which results in leaching,
limited accessibility of the active site,

undesired isolation of catalyst centers that need to
cooperate during the reaction.®!
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Figure 1. Strategies for the immobilization of chiral homogeneous
catalysts (symbolized by stars).

In this section, the different strategies of immobilization
are introduced briefly, followed by modern, representative
examples of immobilized privileged ligands.’! There are
numerous relevant examples, but only a few have been
selected in which the selectivities that were obtained were
comparable or superior to the homogeneously catalyzed
reaction. The article focuses on immobilized metal-ligand
complexes,”’! while immobilized enzymes,'” soluble polymer-
bound,”*' and dendritic catalysts,'"? which have all shown
remarkable results in recent years, are not included.

2.1. Covalently Immobilized Catalysts

A classical method to immobilize a chiral homogeneous
ligand or its metal complex is copolymerization with a
monomer, or its covalent linkage to a suitable support, such
as functionalized polymers, inorganic oxides, nanotubes, etc.
The modification of the chiral ligand, the length and flexibility
of the linker, as well as the catalyst loading, the accessibility of
the active catalyst center, and the choice of the solvent are
only a few parameters that influence the immobilization of a
metal complex.
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Interestingly, two opposite strategies—the avoidance and
the willful causation of interactions of the catalyst with the
solid support—can be advantageous for the performance of
the catalyst. To achieve minimal levels of interaction, which
has been the predominant strategy, the anchoring point in the
ligand structure should be as far away from the active site of
the catalyst as possible. Furthermore, a long and flexible
linker between the catalyst and support or a highly swellable
polymer should be chosen. However, the catalyst can also be
attached to the support in proximity to the active site, which
has led to improved catalytic performances in a few cases.

2.1.1. Covalent Immobilization on Polymeric Resins

The success of the solid-phase peptide synthesis devel-
oped by Merrifield in the 1960s has resulted in the covalent
attachment of chiral ligands onto a functionalized polymer
becoming a popular approach. In addition to only slightly
cross-linked Merrifield resins (poly(styrenedivinylbenzene)-
polymers),l®! other resins such as JandaJEL (polystyrene
polymers containing a tetrahydrofuran-derived
linker),™  TentaGel  (polystyrene-poly(ethyleneglycol-
OGC,H,-NHCOG,H;),™ and other PS-PEG (polystyrene-
polyethyleneglycol) resins'’® have been employed success-
fully for anchoring metal-ligand complexes.

Han and co-workers developed ligand 2, a variation of the
chiral Trost ligand 1, in which the cyclohexyldiamine moiety
was replaced by a pyrrolidinediamine unit so as to allow facile
anchoring onto the support and minimal disturbance to the
catalytic site (Scheme 1).'"! It was shown that the use of

Cross-

Scheme 1. Trost ligand 1 and immobilized variants 2a and b.

different resins results in significantly different catalytic
performances in the palladium-catalyzed desymmetrization
of 1,4-bis(benzoyloxy)cyclopent-2-ene with dimethyl malo-
nate (Scheme 2). The JandaJEL-supported ligand 2b gave
results comparable to those obtained with the homogeneous
catalyst, whereas the polystyrene-bound catalyst derived from
ligand 2a was clearly less active and selective. In contrast to
the classical Merrifield resin, the JandaJEL resin contains
long and flexible, tetrahydrofuran-derived cross-linkers. It is
assumed that the resulting higher swellability of the resin in
organic solvents gives the attached complex more degrees of
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Scheme 2. Palladium-catalyzed desymmetrization.

freedom and consequently allows it to perform more like a
homogeneous catalyst.

In one of the rare examples in which interactions with the
polymeric support were found to be beneficial, Chan and co-
workers chose an amide linkage in proximity to the catalyti-
cally active site to anchore a modified binol (1,1'-bi-2-
naphthol) through its 3,3-position to polystyrene
(Scheme 3).1"8! Clearly higher ee values were obtained at full

Scheme 3. Binol, attached through its 3,3'-position to polystyrene (PS).

conversion in the titanium-catalyzed addition of diethylzinc
to aldehydes in the presence of this ligand than with
homogeneous binol (benzaldehyde: 97 versus 91.5% ee,
respectively). The authors attribute the positive effect of the
polymer to its proximity to the catalytically active site, thus
resulting in an increased conformational rigidity of the metal
complex. However, the ligand’s bite angle might also be
affected by the performance of the polymer.

2.1.2. Covalent Immobilization by Copolymerization

Copolymerization of suitable monomers allows for the
introduction of the chiral information into the backbone of
the heterogeneous catalyst. Radical polymerization of vinyl-
modified ligands with styrene and divinylbenzene!"
(Scheme 4) or polymerization of amines with isocyanates to
polyurethanes™ are commonly used methods. The accessi-
bility of the active site, which depends heavily on the degree
of cross-linkage in the copolymer, is crucial for the activity
and selectivity of the final catalyst. In general, the swellability
of the copolymer in organic solvents decreases as the degree
of cross-linkage increases.

Alternatively, a ligand library can be synthesized effi-
ciently by first preparing a functionalized copolymer which
can be used as the key building block in the final synthesis of
the chiral ligands. For example, the opening of enantiomer-
ically pure epoxides immobilized on a copolymer with
different amines gave a series of immobilized amino alcohols.

www.angewandte.org
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Scheme 4. Radical copolymerization of a PyBox derivative. AIBN =azo-
bisisobutyronitrile.

These ligands were screened successfully in the ruthenium-
catalyzed asymmetric transfer hydrogenation of acetophe-
none.*!

2.1.3. Covalent Immobilization on an Inorganic Support

The application of inorganic materials as heterogeneous
supports offers a number of advantages: their rigid structure
does not allow the aggregation of active catalysts, they do not
swell, and are insoluble in organic solvents.”” The last two
properties are interesting in regard to their application as
stationary chiral phases in a continuous process. In addition,
inorganic supports possess better thermal and mechanical
stability under catalysis conditions.

Among others, zeolites and other mesoporous materials
(pore size between 2 and 50 nm),”! which are characterized
by their high surface area and easily accessible pores, have
been used successfully for the covalent immobilization of
asymmetric catalysts.’! Prominent examples are MCM-41
(“mobile crystalline material”, ordered hexagonal, usually
30-40 A pore diameter; its very high porosity renders it less
mechanically stable than other inorganic materials),”
MCM-48 (ordered cubic), Grace332 (ca. 19 A pore diame-
ter), USY (“ultrastabilized zeolite y”, 12-30 A pore diame-
ter), SBA15 (ordered hexagonal, 46-300 A pore diame-
ter),”® and nonporous silica such as carbosil. The linker
(for example, a trialkoxysilane) is attached through the silanol
moieties on the surface or at the inner walls of the pores of the
support. Afterwards, the ligand or metal-ligand complex is
attached. Alternatively, a presynthesized linker—ligand build-
ing block can be used to allow for a rapid immobilization on
different supports (Scheme 5).”* In the case of ligands 5, the
best results in the ruthenium-catalyzed transfer hydrogena-
tion of various aromatic ketones were obtained with the
ligand immobilized on silica gel (5a; Scheme 6).°

In the case of mesoporous supports, the catalyst can be
immobilized on the surface or in the pores of the inorganic
support. The ligand can be immobilized only in the pores by
treating the surface silanol groups with a silylating agent such

Angew. Chem. Int. Ed. 2006, 45, 47324762
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Scheme 5. Immobilization on different inorganic supports.

Scheme 6. Ruthenium-catalyzed transfer hydrogenation.

as diphenylsilyl dichloride prior to attaching the chiral ligand.
Such a site-selective immobilization of the catalyst can have a
positive effect on the selectivity of the catalysis. Either the
active complex is conformationally confined by the interior of
the pore?”?! or the access of the substrates to the catalyst is
restricted.?”) Remarkably, Thomas and co-workers found that
the chiral ligand (R,R)-diphenylethylenediamine (dpen)
anchored to the inner walls of porous MCM-41 led to
enhanced enantiomeric excess in the Rh-catalyzed asymmet-
ric hydrogenation of phenylcinnamic acid relative to that of
the homogeneously catalyzed reaction (93 versus 81 % ee,
respectively; Scheme 7a).”! This improvement was not
observed with the catalyst immobilized on the convex surface
of nonporous silica (carbosil, Scheme 7b) and was attributed
to the restricted approach of the reactant to the active catalyst
in the concave pore. Furthermore, 66MCM-41 was recycled
and reused two times (90 % ee).

The influence of the pore diameter on the performance of
the immobilized chiral, cationic rhodium and palladium
complexes was investigated. These complexes were bound
electrostatically to a number of commercially available
silicates with various pore sizes (38-250 A pore diameter)
by a surface-supported triflate counterion. Interestingly, the
selectivity of the asymmetric hydrogenation of methyl
benzoylformate decreased as the pore size increased.l")

Not only can passivation be used to block all of the surface
silanol groups and to direct the immobilization to the pores,
but it can also be used to modify the surrounding of the
anchored catalyst and improve the properties of the catalyst.
Very recently, Lemaire and co-workers showed a linear
correlation between the increasing degree of passivation and
the enantioselectivity obtained in the Diels—Alder reaction of
cyclopentadiene with N-acryloyloxazolidinone catalyzed by

Angew. Chem. Int. Ed. 2006, 45, 4732 — 4762
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Scheme 7. Asymmetric hydrogenation of phenylcinnamic acid. cod =
cycloocta-1,5-diene.

the bisoxazoline 7 immobilized on silica gel (increase from 58
to 80% ee, Scheme 8).*!l This improvement in selectivity has
been observed before,*” but can not be generalized.’™ The

—OTMS
—0O, OEt
Si (
—0 NH “

2 o
—OTMS o)/_ O>{N
0
—Et =N

>_O o
—Q, SNH
Si
—O OEt

—OTMS

Silica

7

Scheme 8. A bisoxazoline ligand immobilized on a passivated silica
surface. TMS =trimethylsilyl.

authors speculate that the silylation of the free OH groups on
the silica prevents the formation of catalytically active, achiral
metal-silanol complexes.

In addition to these mesoporous supports, crystalline
nanoparticles possessing a high surface area have also been
employed. Very recently, Lin et al. used super-paramagnetic
magnetite nanoparticles (Fe;O,) as a support for the [Ru-
(binap)(dpen)] complex (binap: 2,2"-bis(diphenylphosphine)-
1,1'-binaphthyl).’¥ These magnetite nanoparticles are intrins-
ically not magnetic, but can readily be magnetized by an
external magnet. Two different types of nanoparticle were
employed: one obtained by thermal decomposition (8a) and
the other by co-precipitation (8b). Slightly higher enantiose-
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lectivities were obtained in all cases when catalyst 8a was
used in the asymmetric hydrogenation of ketones compared
to those obtained with the homogeneous [Ru(binap)(dpen)]
catalyst (Scheme 9).° In the asymmetric hydrogenation of 1-

Scheme 9. Asymmetric hydrogenation of acetophenone derivatives
with magnetically separable, immobilized catalysts (results of the
homogeneous [Ru(binap) (dpen)] complex are given in brackets).

acetonaphthone, the heterogeneous catalyst 8b could be
separated by simple “magnetic” decantation and was recycled
up to 14 times without a decrease in the conversion or
enantioselectivity (100 % conversion, 97-98 % ee).

2.2. Noncovalently Immobilized Catalysts
2.2.1. Immobilization by Adsorption

The simple physisorption of a chiral ligand or metal-
ligand complex on a support through van der Waals inter-
actions is an attractive approach, since it renders a synthetic
modification of the chiral ligand unnecessary. However, this
concept has only had limited success, because the complexes
are only weakly bound. Therefore, the optimization of the
reaction conditions, especially the choice of the right solvent,
is a difficult task. The stability can be improved significantly if
the chiral metal-ligand complex is immobilized by hydrogen
bonding®! on a polar support such as silica. Hydrogen
acceptors such as sulfonates need to be introduced into the
ligand structure to make use of hydrogen bonding with the
polar silanol moieties (Scheme 10a). Alternatively, a cationic
complex can be bound by a surface-supported counterion,
such as a triflate. In this case no modification of the ligand
structure is necessary. (Scheme 10b).5"!

1
,—O0-H---0,
i—O-H--0=8 (a)
'—0-H---0
sio, |~ OH
‘—OH
'—OH
1—0-H---0,
'—0-H- -0=S-CF; (b)
1—0-H---0

Scheme 10. Immobilization of metal-ligand complexes by hydrogen
bonding of the support with a) the ligand or b) the counterion.
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In an interesting alternative approach, a hydrophilic
phase, such as water or ethylene glycol, in which the chiral
complex has been dissolved is immobilized on a hydrophilic
support such as silica gel or controlled pore glass (SAPC:
supported aqueous-phase catalyst).’”) The catalysis takes
place at the interface of the immobilized hydrophilic layer
and the immiscible organic solvent. The heterogeneous
support promotes the reaction by increasing the surface
contact area between the two phases significantly. The
appropriate chiral ligand needs to be hydrophilic, which can
be achieved by the incorporation of sulfonate groups into the
ligand structure (Scheme 11).*¥! The immobilized complex

—0-H
—O-H substrate
—0-H ¢

Si0, 797 H 0%

—QO—-H 7

—o-H ©- :

—O-H . product
—O-H Na

N N . J

Y _
adsorbed hydrophilic organic solvent

layer

Scheme 11. Mode of action of an SAP catalyst.

can be recycled by simple filtration and reused immediately.
Even if only a few asymmetric applications of SAPCs have
been reported so far, for example, in the synthesis of
naproxen (Section2.3.1.2), this technique is likely to
become more and more popular in transition-metal catalysis.

2.2.2. Immobilization by lon Exchange

Ion exchange between a chiral, cationic metal-ligand
complex and an acidic resin represents an elegant method for
immobilization through electrostatic interactions. For exam-
ple, this methodology has been applied successfully in copper-
catalyzed aziridination of alkenes,* enantioselective dehy-
drogenation,*”) Diels-Alder reactions," and imino—ene reac-
tions!*! (see also Section 2.3.3.2). Moreover, ion exchange is
the only method that allows the direct immobilization of the
metal itself. Therefore, it is a method of choice for the
recycling of expensive or very toxic metal derivatives such as
osmium tetroxide.¥! Choudary etal. were the first to
immobilize OsO,*~ in layered double hydroxides (LDHs).[*!
LDHs contain alternating cationic M(II),_,M(III),(OH),**
and anionic A""-zH,O layers.*” The exchange of chloride
anions for OsO,*” in Mg,_,Al,(OH),(Cl),-z H,O crystals (x =
0.25) gives the LDH-OsO, catalyst. Interestingly, the metal is
localized on the surface and not in the interlamellar space of
the LDH (Scheme 12a).

The LDH-OsO, catalyst did not only show very high
activity and selectivity in the asymmetric dihydroxylation
reaction of trans-stilbene (96 % yield, 99 % ee), but also gave
excellent results with cinnamates (93-96 % yield, 99 % ee)
and 1-naphthyl allyl ether (94 % yield, 77 % ee) that were
comparable to those obtained with the homogeneous catalyst.
LDH-OsO, could be recycled in the presence of N-methyl-
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resin

NEt;  EtN
05042

resin-0sOy

Si02-0504

Scheme 12. Immobilization of OsO,>™ by ion exchange.

morpholine-N-oxide (NMO) as cooxidant three times with-
out loss of selectivity in the asymmetric dihydroxylation of a-
methylstyrene. The significant deactivation observed when
using K;[Fe(CN)4] or molecular oxygen as the cooxidant was
explained by a competitive exchange of the OsO,*~ ions for
ferrocyanide or phosphate ions.*! Catalysts prepared by the
immobilization of OsO,*” on quaternary ammonium groups
supported on a polymer such as chloromethylated styrenedi-
vinylbenzene copolymers (Merrifield resin, resin-OsO,;
Scheme 12b) or silica gel (SiO,-OsO,; Scheme 12¢) did not
show any undesired leaching of osmium in the presence of
K;[Fe(CN)g] (Table 2). A higher activity was observed with

Table 2: Asymmetric dihydroxylation with LDH-OsO, and resin-OsO,.

catalyst (1 mol %)

o OH
P (DHQD),AQN (1 mol %) Phj)\Ph
K3Fe(CN)g/K,CO3 or NMO o
tBuOH/H,O
Entry  Olefin Catalyst Cooxidant  Yield [%] ee [%]
1 Phpn LDH-0sO, NMO 9% 99
2 Phpn resin-0sO,  K;[Fe(CN)J 95 99
3 Ph LDH-0sO, NMO 97 97
4 Ph~ resin-OsO, K;[Fe(CN){ 92 98
5 /M resin-OsO,  K;[Fe(CN)¢] 85 82

resin-OsO, than with SiO,-OsO,, which was attributed to the
better swelling properties of the polymer in organic solvents.
Resin-OsO, is also an excellent catalyst for the asymmetric
dihydroxylation of aliphatic olefins such as 1-octene (90 %
yield, 84 % ee).*" LDH-OsO, has also been applied in the
asymmetric oxidation of sulfides (up to 51% ee).l*"!

2.2.3. Other Noncovalent Interactions
The encapsulation of chiral catalysts in a support, often
referred to as “ship in a bottle”, is the only type of

immobilization that does not require any favorable interac-
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tion between the metal-ligand complex and the support. In
general, chiral complexes can either be successively assem-
bled in the pores of a mesoporous material® or the
presynthesized complex is entrapped by polymerization in a
sol-gel process or in a polydimethylsiloxane (PDMS) film. In
both cases, synthetic methods are required that are well
tolerated by the support and the metal-ligand complex. If the
support is assembled around the presynthesized complexes,
the diameter and the openings of the pores formed can differ
significantly, often accompanied by a negative impact on the
selectivity of the immobilized catalyst. The openings of the
pores of the support need to be smaller than the enclosed
complex to avoid leaching (Figure 1). As a consequence, the
accessibility of the active complex is generally limited and
results in significantly longer reaction times.””! For these
reasons, only a few highly selective encapsulated catalysts can
be found in the literature. An example is the application of a
Rh-Meduphos complex embedded in a PDMS membrane for
the asymmetric hydrogenation of C=C bonds. This catalyst
still resulted in high enantioselectivity (96 % versus 98 % ee
for the homogeneously catalyzed reaction), however, the
reactions were ten-times slower (Section 2.3.2.1).°!

A different, very effective approach was developed by
Davies etal. They immobilized dirhodium complexes by
coordination and employed them in the asymmetric, inter-
molecular cyclopropanation and C—H activation of donor/
acceptor-substituted carbenoides.”? Specifically, a pyridine
tethered to a highly cross-linked polymer (argopore) by the
Wang linker binds to the catalytically active chiral dirhodium
complex (Scheme 13). Part of the immobilization was attrib-

Scheme 13. Coordinatively immobilized dirhodium complex used in
asymmetric cyclopropanation.

uted to microencapsulation, whereas a capture-release (boo-
merang) mechanism could be excluded. An immobilization
by coordination has the advantage that: 1) no modification of
the chiral ligands on the rhodium is necessary, thus the
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structure of the chiral complex that is necessary for the
selectivity is not impaired, 2) although one rhodium atom is
deactivated by coordination, the other remains active for
catalysis, and 3) this methodology can be applied successfully
to numerous chiral dirhodium complexes.”? For example, the
immobilized catalyst used in the cyclopropanation of styrene
was recycled up to 15 times without loss of selectivity and
yield—only a slight decrease in the reactivity was observed
(Scheme 13). Coordinative metal-ligand interactions are also
used for immobilization in metal-organic frameworks (see
Section 3).

2.3. Immobilization of Privileged® Chiral Catalysts

The following chapters are organized according to the
order used for the different immobilization techniques
described in Sections 2.1 and 2.2.

2.3.1. Metal-Binap Complexes
2.3.1.1. Covalent Immobilization of Binap

The binap ligand is arguably one of the most prominent
and successful chiral ligands for asymmetric catalysis, and
therefore it has often been used for the investigation of new
immobilization techniques. Bayston etal. obtained high
activities and enantioselectivities in the ruthenium-catalyzed
hydrogenation of p-ketoesters (for example, for
CH,CH,COCH,CO,Me, 99% yield, 97 % ee)* with binap 9
connected to polystyrene (PS) through an alkyl amide at its 6-
position.’ Using the same PS-binap ligand 9, Noyori and co-
workers obtained excellent enantioselectivities and also high
turnover numbers (TON) in the ruthenium-(R,R)-dpen-
catalyzed hydrogenation of ketones; for example, in the
hydrogenation of acetonaphthone a TON of 33000 was
obtained in a total of 14 experiments (Scheme 14).1%)

Immobilized binap on polystyrene (10) is commercially
available and has been applied successfully in many reactions
such as the palladium-catalyzed Mukaiyama-aldol reaction
and the asymmetric Mannich reaction.” In the industrially
interesting isomerization of (E)-diethylgeranylamine (11) to
(S)-citronellal (12), catalyst 10
did not only give activities and

F. Glorius et al.

Scheme 14. Enantioselective ruthenium-catalyzed hydrogenation with
the PS-bound binap ligand 9.

\(\/\K\/NB?

1

1) 10, [Rh(cod),]CF3SO3 H

(0.25 mol%), THF, 66 °C, 20 h WO
H

2) AcOH, H0, Et,0

12

100% conversion
98% ee

Scheme 15. |somerization of (E)-diethylgeranylamine (11) to (S)-citro-
nellal (12).

Lemaire and co-workers favored the immobilization of
6,6'-diaminomethyl-binap by copolymerization with diisocya-
nates to polyureas (13, Scheme 16) instead of tethering the
complex to an existing polymer.’**! As the rigidity of the
linker moiety R increased, the enantioselectivities obtained
with the Ru complexes in the asymmetric hydrogenation of
methyl acetoacetate increased from good to excellent. More-
over, polymer 13 ¢ could be recycled three times without loss

;electivities comparable (tloo 0tl;/e HoN O O iPrO‘f{ L
omogeneous  system o ] HN— : '—N N
ppn, 1) OCN E'—Nco. CH,Cly N
- PPh,

conversion, 98% ee) but could

PPh i
also be recycled and reused up  H:N OO 2 2.)iPrOH

to 37 times by simple decant-
ation or filtration
(Scheme 15).57

Although good results have
been obtained with binap-
derived catalysts that are anch-
ored to polymers such as poly-

%N PPh,
13a, R = (CHy)s n\H OO
13b,R =

13¢,R = ©

esters and PEG that are soluble o o [RuCI(n®-CgHg)L*ICI OH O *=13a; 52% conversion, 88% ee

: g (0.1 mol%), H, (40 bar) *=13b; 97% conversion, 99% ee
under the reaction confiltlonF, )J\/U\OMe )\)J\OMe L — 130 100% comvardion. 99% ca
they are not covered in this MeOH. 50 °C. 14 h ' '

Review.l!!!

Scheme 16. Immobilization of 6,6"-diaminomethyl-binap by copolymerization with diisocyanates.
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of activity and reactivity. Additional cross-linking with
triisocyanatotoluene (30 %) resulted in a significant decrease
in the activity and selectivity (35% yield, 9% ee). These
polyureas also sometimes gave good results in the ruthenium-
catalyzed hydrogenation of olefinic double bonds.™”!

Pu and co-workers utilized poly(binap) (prepared by
Suzuki-Miyaura coupling of 1,4-dibromo-2,5-dialkylbenzene
with a chiral binap-boronic ester) in the ruthenium-catalyzed
reduction of aryl methyl ketone in the presence of (R,R)-
diphenylethylenediamine (99 % conversion, 90 % ee).[")

Sterically demanding substituents in the 4,4’-position of
binap derivatives can improve the asymmetric induction in
the ruthenium-catalyzed hydrogenation of p-ketoesters.°!
Anchoring binap through the 4,4'-position to the inner surface
of a mesoporous SBA-15 pore (BJH-measured pore size after
immobilization of 14: 96 A) has also been shown to be
especially rewarding (14, Scheme 17). Methyl acetoacetate
was hydrogenated with 98.6 % ee and the chiral catalyst 14
could be recycled three times with full conversion and a
slightly reduced ee value (96.2-98.6 % ).1*?

Scheme 17. Ru complex 14 immobilized in a pore of SBA-15.

Convincing results have also been afforded with chiral
porous binap-zirconium phosphonates in the ruthenium-
catalyzed asymmetric hydrogenation of [-ketoesters (see
Section 2.3).1%%!

2.3.1.2. Noncovalently Immobilized Binap

Compared to the homogeneous catalysts, attempts to
immobilize binap complexes by noncovalent methods such as
embedding in membranes,”**! by sol-gel polymerization,’*”
or by impregnation of silica gel®®! were accompanied by a loss
in activity or enantioselectivity. However, the binap complex
15 dissolved in ethylene glycol and adsorbed on glass (CPG-
240, controlled pore glass-240, pore diameter 242 A) gave
good results in the ruthenium-catalyzed hydrogenation.”!
Similar to the homogeneous catalyst, this binap-SAP catalyst
afforded 96 % ee in the synthesis of naproxen (16; TOF =
41 h™' (heterogeneous); 131 h™! (homogeneous); Scheme 18).
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NaOsS\Q SOsNa

SeNFe
\Ru/CI

SOPEL

SO3Na
COOH
MeO

Scheme 18. Synthesis of naproxen (16).

NaO3S
15

15-CPG 240 :

COOH
MeO

16
100% conversion
96% ee

94-101 bar Hy, 3°C,
cyclohexane/CHCI3 1:1

Binap-palladium nanoparticles have also been prepared
by the reduction of K,PdCl, with sodium borohydride in the
presence of binap (dispersity 2.0+0.5 nm). Strikingly,
whereas the homogeneous palladium-binap complex does
not promote the reaction, the nanoparticle-based catalyst
gave up to 95% ee in the hydrosilylation of styrene (the
ee value was determined after oxidation to the alcohol,
Scheme 19).168!

Ph”Xx e 3 —
HSIiCl;, 0°C,5h PN KHCO3 Ph
89% yield 95% ee

> =Pd nanoparticle

Scheme 19. Asymmetric hydrosilylation of styrene.

2.3.2. [Rh{(R,R-Meduphos}] Complexes

Both covalent® and noncovalently immobilized duphos
complexes have been used successfully in asymmetric catal-
ysis. Noncovalently immobilized strategies have proved to be
especially successful, and will be discussed in more detail in
the following section.

2.3.2.1. Noncovalently Supported [Rh{(R,R)-Meduphos}]
Complexes

The immobilized cationic [{(R,R)-Meduphos}Rh-
(cod)]OTf complex was prepared by simple mixing the
complex with MCM-41 in CH,Cl,. Presumably, it is bound
through the hydrogen bonding of the triflate counterion to the
support.® In the asymmetric hydrogenation of olefins in
hexane, the heterogeneous catalyst gave superior selectivities
than the homogeneous system that performed in methanol
(Scheme 20). Remarkably, this impregnated, heterogeneous
catalyst could be recycled and reused up to four times without
loss of activity and selectivity.
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Scheme 20. Asymmetric hydrogenation with impregnated [{(R,R)-
Meduphos}Rh(cod)]OTf; results obtained with the homogeneous cata-
lyst are given in brackets (in hexane/methanol). Tf=triflate.

In a different approach Augustine et al. used phospho-
tungstic acid (PTA) as the linker between the support and the
chiral metal-ligand complex.™ The immobilization is based
on the interaction of both the metal-ligand complex as well as
the support with an oxygen atom or a hydroxy group of the
PTA. Therefore, a synthetic modification of the ligand
structure is not necessary for the immobilization. In the Rh-
catalyzed asymmetric hydrogenation of methyl 2-acetami-
doacrylate (17) similarly high selectivities were obtained
using [Rh(Meduphos)]-PTA-alumina as under homogeneous
conditions (up to 95% ee after three cycles, Scheme 21Db).

0
/Oj‘J\NJ\
I H

17 18

catalyst, H,

a) [(R.R-MeduphosRh(cod)]BF (homog.) 96-99% ee'

b) (R,R-Meduphos)Rh-PTA-alumina 83-95% ee!’
¢) (R,R-Meduphos)Rh-AITUD-1, MeOH > 98% ee[7

0]
2]

2]

d) (R,R-Meduphos)Rh-AITUD-1, MTBE 90% ee'’

4]

7.
e) (R,R-Meduphos)Rh(cod)Al-MCM-41 92-99% ee[

;
f) [(R,R-Meduphos)Rh-PDMS ]

5
97% ee[

Scheme 21. Hydrogenation of methyl 2-acetamidoacrylate (17).

Remarkably, the enantioselectivity obtained increased with
the progressing recycling in up to 15 cycles going from 67 to
97% ee (homogeneous 76% ee) by using [Rh(dipamp)]
immobilized by PTA on montmorillonite K[ without any
decrease in activity.[*)

Rh-Meduphos complexes have also been supported
successfully by ion exchange. By utilizing tetraethylene
glycol as a template Maschmeyer and co-workers prepared
a mesoporous, Brgnsted acidic alumosilicate (AITUD-1, pore
diameter 20-500 A) with an unusually low Si/Al ratio of 4:1 to
allow for a tetrahedral coordination of aluminum (Si/Al,
9:1).'7 After ion exchange with [{(R,R)-Meduphos}Rh-
(cod)|BF,, the resulting catalyst afforded >98% ee in the
asymmetric reduction of methyl 2-acetamidoacrylate (17) in
methanol, similar to the homogeneous counterpart. Unfortu-
nately, a significant leaching of ruthenium was observed
(49mgL™!, 17%). The leaching could be reduced to
0.0l mgL™" by using the apolar solvent methyl tert-butyl
ether (MTBE) without affecting the conversion and reaction
rate (100 % conversion, TOF >350h7!, 90 % ee,
Scheme 21c¢,d). Nevertheless, it was not possible to recycle
the catalyst successfully. This was attributed to an intrinsic
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instability™ of the Rh-duphos complex under the reaction
conditions.

In contrast, Hutchings and co-workers were able to
prepare a stable [{(R,R)-Meduphos}Rh(cod)]AI-MCM-41
catalyst by ion exchange of [{(R,R-Meduphos}Rh(cod)]BF,
with acidic (H")AI-MCM-41. Excellent enantioselectivities
and activities were reported for the asymmetric hydrogena-
tion of dimethyl itaconate (substrate/Rh =250:1, cycle 1 to 5:
1h, >99% conversion, >99% ee, Scheme 22a). Moreover,

MeO c\)\*
€2 CO,Me

20

catalyst, H,
MeO c\)L
o2 CO,Me
19

[74]
>99% ee

74]

a) [(R,R-Meduphos)Rh(cod)]-MCM-41

[
98% ee

[75]
92% ee

b) [Rh(cod)]BF4, MCM-41, R,R-Meduphos (in situ)
¢} [(R,R-Meduphos)Rh(cod)Cl]/ MCM-41 adsorbed

Scheme 22. Hydrogenation of dimethyl itaconate (19).

the catalyst was recycled up to eight times (cycle 8: 1 h, 99%
conversion, 95 % ee)."!! Similarily good results were obtained
in the reduction of methyl 2-acetamidoacrylate (17; 92—
99% ee in five cycles compared to 99 % ee under homoge-
neous conditions, Scheme 21a,e). Instead of having to
exchange the presynthesized chiral complex, an in situ syn-
thesis of the complex in the pore of MCM-41 is feasible. First
[Rh(cod),]BF, is exchanged, followed by treatment with the
chiral Meduphos ligand (dimethyl itaconate/rhodium=
1000:1, 100% conversion, 98 % ee, Scheme 22b). In general,
this insitu synthesis allows a rapid and efficient catalyst
screening of multiple chiral ligands.

The adsorption of [{(R,R)-Meduphos}Rh(cod)Cl] in the
pores of AI-MCM-41 led to active and stable heterogeneous
catalysts that could be recycled up to four times. However,
only 92 % ee was obtained in the hydrogenation of dimethyl
itaconate (19; 100 % conversion, TON > 4000,
Scheme 22¢).["

{Ru(Meduphos)} occluded in a polydimethylsiloxane
matrix catalyzes the hydrogenation of methyl 2-acetamido-
acrylate in water with good enantioselectivity (heterogeneous
96.9 %, homogeneous 99 %), but with significantly reduced
activity (TOFppuswarer = 12.6 h ™3 TOFhomogencousMeon =
320h7!, Scheme 21f) as a result of mass transfer limita-
tions.!

2.3.3. Metal-Salen Complexes
2.3.3.1. Covalently Anchored Salen Complexes

Salen is yet another privileged ligand in asymmetric
catalysis and has been immobilized frequently, most often
through covalent binding. Jacobsen and co-workers attached
chiral [Co(salen)] complexes through a carbonate linker" to
polystyrene (21a, 160 umol [Co(salen)] per gram polymer)
and through a bifunctional linker to silica gel”” (21b,
scheme 23). Very good results were obtained with these
catalysts in the kinetic hydrolytic resolution of epoxides in up
to five reaction cycles (Table 3).%%
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Scheme 23. Immobilized [Co(salen)] complexes.

Table 3: Kinetic resolution with immobilized [Co(salen)] complexes.

16} catalyst OH oH + (o)
R H0 (07-15equyy R R
22 RT (S)-23 (R)-22
Entry Catalyst R Yield of 23 ee (S)- ee (R)-
(mol %) (Conversion) [%] 23 [%)] 22 (%)
1 21a (0.25) CH,CI 41 (51-52) 92956 > 99kl
2 21a (0.5)  CH,Br 940! 96! -
3 21a (0.4) (CH,),OH 36 (40) 94! 596!
4 21b (0.3)  Ph (50) 96 90
5 21b (0.4)  (CH,),0H (34) 93 48
6 21b (0.5)4  (CH,),0H (36-39) 94 54-61
7 [Co(24)]PF;  Ph 32 96 98
(0.5)
8 [Co(25)]PFs  CH,CI 43 98 99
(0.5)

[a] Result over 5 cycles. [b] Dynamic kinetic resolution of epibromohy-
drin. [c] Applied as a stationary phase in a continuous flow reactor.

The inflexibility and noncompressibility of
the silica support renders 21b the catalyst of
choice for application as a stationary phase in
a continuous flow reactor (Table 3, entry 6).
Overall, better results were obtained with
highly loaded silica gel. This result supports
the assumption that the reaction proceeds by
a cooperative bimetallic mechanism that
profits from a high local concentration of
catalyst (highly loaded silica gel) or a flexible
support (polystyrene).

Kwon and Kim polymerized existing salen
derivatives by a nucleophilic substitution or
built up the salen moiety by imine formation
through the reaction of suitable dialdehydes
with chiral diaminocyclohexane in the poly-
merization step (24 and 25, Scheme 24).>% Very good
results were obtained in the cobalt-catalyzed hydrolytic
kinetic resolution of epoxides with these catalysts (Table 3,
entries 7 and 8). Remarkably, these copolymers can be
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recycled and reused up to seven times without any loss of
activity and selectivity, and do not need to be regenerated.

In addition, epoxides can be opened highly enantioselec-
tively with phenols in the presence of catalyst 21a
(Scheme 25). This transformation was the key step in a
parallel synthesis of a small, pharmaceutically interesting
library of compounds.®!!

Immobilized [Mn(salen)] complexes have been utilized
repeatedly in the epoxidation of alkenes, but recycling has
often proved to be a problem because of the intrinsic
instability of the complex under the reaction conditions.”*?
However, Li and co-workers were able to immobilize [Mn-
(salen)] complexes 26 by binding them axially to phenoxy or
phenylsulfone ligands on a highly cross-linked PS
(Scheme 26). These catalysts were reused up to three times
without any loss in activity or selectivity in the epoxidation of
olefins.[®!

Seebach and co-workers used radical copolymerization of
salen dendrimers 27 with styrene to give spherical beads of
cross-linked polystyrene (400 um diameter; swelling factor:
2.5 (CH,Cl,) and 4 (THF)).® The polymers generated by this
method contain cavities around the active site within the
polymer matrix that are likely to be chiral.®™ After con-
version into the corresponding Mn and Cr complexes, good
results were obtained in the asymmetric epoxidation of
olefins (Scheme 27) and also in the hetero-Diels—Alder
reaction of Danishefsky’s diene with different aldehydes
(50-70 % ee). Interestingly, and in contrast to homogeneous
Mn-salen catalysts, the catalyst prepared by copolymerization
of monomer 28 could be stored and was stable to air. Thus, it
could be reused up to 10 times without any loss of activity and
selectivity in the asymmetric epoxidation of styrene (quanti-
tative conversion after 30 min; 62 % ee).

Garcia and co-workers compared salen ligands 29 cova-
lently bound to different supports in the vanadium-catalyzed
asymmetric cyanosilylation of aldehydes (Table 4).5% For the

HO—@—OH

HN  NH

n
@ = Salen 25

first time, the corresponding [VO(salen)] complexes were
attached to the tip of single-walled nanotubes (SWNT, & =
1.4 nm, lengths of bundles =5 um). Compared to the results
obtained under homogeneous conditions with SWNT-[VO-
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Scheme 24. Salen copolymers.
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©/OH* \/\/<(I)

OH
(R,R)-21a (0.8 mol%) O\/kA/
(CF3)3COH (0.2 equiv)
RT,4h
98% yield
>99% ee

Scheme 25. Asymmetric opening of an epoxide with phenol.

Scheme 26. Epoxidation of an unfunctionalized olefin.

(salen)], similar TOFs but reduced enantioselectivities were
obtained in the cyanosilylation of benzaldehyde, while silica
gel-[VO(salen)] afforded similar  enantioselectivities
(Table 4).

2.3.3.2. Noncovalent Immobilization of Salen Complexes

Since the synthesis of metal-salen complexes is high
yielding, this class of ligands is especially suited for immobi-
lization by assembly within the pores of a mesoporous
material such as zeolites.’”? However, the selectivities and
reaction rates so far reported are reduced compared to those
obtained with the corresponding homogeneous catalysts.

The physisorption of salen complexes on silica gel was also
investigated. The impregnated heterogeneous catalysts were
shown to have stability problems that were accompanied by a
continuous fragmentation of the silica support as a result of
severe abrasive forces in the stirred reactor.® The deterio-
ration of the silica support not only increased significantly the
time needed for separation of the catalyst but also led to
increased leaching. Therefore, a recovery of the [Cr(salen)]
catalyst by desorption followed by impregnation on new silica
gel was favored.

Choi and Kim circumvented these kinds of problems by
using a membrane reactor. They reported the kinetic
resolution of epoxides with the [Co™(salen)] complex 33
immobilized in a membrane (Schemes 28 and 29).*) The
membrane consists of a ZSM-5-zeolite film on porous
anodisc47. The chiral metal complex is impregnated on
anodisc47. It is in contact with the aqueous phase while the
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R'" R? R> R!

R2 R?
o] HQ'H [e]

o] O
Bu Bu
R? R?
R'" R? 27a:R'=H,R2=H R? R
27b: R' = vinyl, RZ=H
27c: R'= H, R?= OCHZCGH5
27d:R'=H, R2= OCH,CgH,CH=CH,,

Ph Ph

—N N=
/
o o~ ) )
H
Bu Bu
28

0.2 equiv catalyst

2 equw mCPBA

5 equiv NMO

CH,Cl,, —20 °C

conversion [%] ee [%]

27a-Mn(CI) 90 92
copolymer of 27b-Mn(Cl) 75 86
27¢-Mn(Cl) 83 90
copolymer of 27d-Mn(Cl) 72 80

Scheme 27. Epoxidation of 1-phenylcyclohexene. mCPBA = meta-chloro-
perbenzoic acid.

Table 4: Asymmetric cyanosilylation of benzaldehyde.

Entry Catalyst Conversion [%] TOF [h™"] ee[%]

1 [VO(salen)], homogeneous 85 3.5 89
2 SWNT-[VO(salen)] 67 3.1 66
3 activated carbon-[VO(salen)] 81 3.75 48
4 silica gel-[VO(salen)] 78 2.7 85

ZSM-5-zeolite film is adjacent to the organic phase (CH,Cl,),
in which the racemic epoxide is dissolved. No leaching is
observed because complex 33 is insoluble in water and also
too large to diffuse through the pores of the ZSM-5 film. The
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Scheme 28. Anodisc 47/ZSM-5-membrane reactor for the kinetic
resolution of epoxides.

o 33aor 33b 0 OH
R/ﬂ\J membrane reactor R/<l ’ R/\/OH
27-56 h
rac-34 34 35
38-45%
84-99% ee  70-98% ee

R = CH,CI, Ph, (CH2)3CH3
or rac-34 = a-pinene

Scheme 29. Kinetic resolution of epoxides in a membrane continuous
flow reactor.

membrane is necessary to immobilize the catalyst and at the
same time allows the separation of organic compounds with
significantly different polarities by continuous extraction. In
this case the hydrophilic diol, which diffuses through the
membrane into the aqueous phase, is separated elegantly
from the epoxide during the course of the reaction. Various
terminal epoxides were converted with high yield and
selectivity (Scheme 29). The membrane could be reused up
to four times without loss of activity and selectivity in a
continuous-type membrane reactor, in which the aqueous and
the organic phase were circulated in a countercurrent flow. It
can be expected that membrane reactors will be applied more
frequently in asymmetric catalysis.

Kureshy et al. immobilized dicationic [Mn"(salen)] com-
plexes by ion exchange in the interlayers of montmorillonite
(Scheme 30)."

R? R?
montmorillonite
=N, N= 37a-d
/Mn\ EtOH, 48 h, RT
o | +
R%I\Il Cl NR] @ R" = isooctyl, R? = Ph
or fBu tBu o b: R" = isooctyl, R%-R? = -(CHy)4-
c:R'=ethyl, R2=Ph
36a-d . 2
d:R'=ethyl, R%R?=-(CHp)s
Scheme 30. Immobilization by ion exchange.
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The heterogeneous catalyst gave reduced yields but
improved enantioselectivities in the epoxidation of styrene
compared to the results obtained under homogeneous con-
ditions (Scheme 31). The improved enantioselectivity was

= O,N ~
‘O ' : :o: \
38 39 40

68-74% yield 99% vyield 99% yield
69-70% ee 50-69% ee 89-99% ee

99% vyield 98-99% vyield 99% yield
41-52% ee 59-72% ee 84->99% ee

Scheme 31. Substrates for the asymmetric epoxidation with 37 a—d
(results obtained with the homogeneous catalyst are given in
brackets).

explained in terms of the unique spatial environment of the
confined medium. Furthermore, the flexibility of the lamellar
structure of the montmorillonite allows for the selective
conversion of sterically more demanding substrates such as 39
and 40, with results comparable to thoses obtained with the
homogeneous catalyst.

2.3.4. Metal-Bisoxazoline Complexes

Chiral bisoxazolines have proven to be excellent catalysts
for a number of transition-metal-catalyzed processes.*
However, the often relatively high catalyst concentrations
required (up to 10 mol %) demand for an efficient recycling
strategy.’!

2.3.4.1. Covalently Immobilized Bisoxazoline Complexes

Bisoxazolines have often been immobilized by copoly-
merization with styrene.”? Salvadori and co-workers
obtained > 90 % ee (in up to 5 cycles) in the copper-catalyzed
cyclopropanation of styrene with ethyl diazoacetate by using
the highly cross-linked (ca.54%), heterogeneous, chiral
ligand 42 (Scheme 32)."*! Although the C, symmetry of the
ligand is lost upon attachment to the support, the results
obtained are comparable to those obtained with the homoge-
neous catalyst. Similarly good results were obtained with 43 in
the copper-catalyzed glyoxylate—ene reaction (Scheme 32).5!

Bisoxazolines covalently anchored to silicates have been
applied among others in the asymmetric Diels-Alder reac-
tion®*! and cyclopropanation.” Corma et al. immobilized
bisoxazolines on silica gel (Scheme 33) and MCM-41 through
a long flexible linker to minimize spatial restrictions by the
support. Application of catalyst 45, which exhibits a high
degree of conformational freedom, in a Friedel-Crafts
hydroxyalkylation resulted in up to 92% ee, compared to
72% ee under analogous homogeneous conditions.”!
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5 §$5*

=(x=54,y=42, z=42) I I\)
R=Bu N N~

43=(x=52,y=28,z=45 R R
R=Ph

Cu catalyst
o bisoxazoline ligand
Ph CO,Et

N
zvkOEt CH,Cly, 0 °C
44

ligand 42: 60% yield, 93% ee for trans-44, 90% ee for cis-44

R'\_H 0

.
sz/\/m HJ\COQEt
representative products:

Ph COEt COLEt

90% ee

Ph/\

|
43-Cu(OTf), (10 mol%) 1 M
CHyCl,, 0-25°C, 12-48 h R? 7~ TCOEt

R3

88% ee

95% ee

Scheme 32. Copolymerized bisoxazolines in the cyclopropanation and
glyoxylate—ene reactions.

H3CO HiCO HO CF4
Q 45 (10 mol%) CO,CHjy
R
FsC” “CO,CH; CH.CN, RT
HsCO ® e M H,CO
72% conversion
92% ee
O/ﬁ‘ Ph
O =N,
sT"s “cu(oTh)

HsCO OCHs "7 =N

OSi(CHz)3

45

Scheme 33. Enantioselective Friedel-Crafts alkylation with heterogene-
ous catalyst 45.

2.3.4.2. Noncovalently Immobilized Bisoxazoline Complexes

The immobilization of a chiral metal-ligand complex by
ion exchange is an attractive strategy, since no structural
modification of the chiral ligand is required.””” This important
methodology was intensively investigated by using chiral
bisoxazolines and has been applied successfully to many
asymmetric catalysts. Hutchings and co-workers immobilized
chiral copper(bisoxazoline) complexes on zeolite Y through
the electrostatic interactions of the copper cations with the
anionic support. These catalysts proved to give comparably
high or improved selectivities as the homogeneous catalysts in
the copper-catalyzed aziridination of styrene (Schemes 34 and
www.angewandte.org
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g

N N

CuHY/ligand or
Cu(OTf),/ligand

o™
0 X o
| |
S/N N\)
Ph  46a Ph

78% (96%) yield
85% (81%) ee

e

Ph

PhI=NNs, 25 °C, CH3CN

Bu  46b Bu

68% (79%) yield
83% (43%) ee

e

Bu Bu

47a

80% (85%) yield
82% (54%) ee

a7b
72% (42%) yield
77% (31%) ee

Scheme 34. Effect of the zeolite on the ee value (results obtained with
the corresponding homogeneous catalystis are given in brackets).

35),5°%1 the Diels—Alder reaction,” as well as the carbonyl-
and imino—ene reactions.””) EPR spectroscopic studies indi-
cate that the copper(bisoxazoline) complexes are located in

Scheme 35. Enantioselective aziridination of styrene derivatives with
immobilized ligand 46a.

the pores of the zeolite. Depending on the reaction, the
improved enantiodifferentiation has been attributed to either
the enhanced confinement of the substrate®™ or the cata-
lyst.101

Similar or higher enantioselectivities (72-99 %), but with
reduced yields (Scheme 36), could be obtained in the
carbonyl- and imino-ene reaction with the heterogeneous
catalyst compared to the homogeneously catalyzed reaction.
In contrast to the homogeneously catalyzed reaction, the
imino—ene reaction surprisingly did not require imine sub-
strates with electron-deficient substituents under heteroge-
neous conditions.""" Also, the heterogeneous catalyst could
be recovered and reused up to four times without any loss of
activity and selectivity.

2.4. Conclusion
For a long time, the immobilization of homogeneous
chiral catalysts had been accompanied by a loss in activity and

selelectivity. Today, by choosing a suitable support, especially
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R* R
oj)Kro
R

RS RS
46a: R* = CHg, R® = Ph

46b: R* = CHa, R = Bu
47a:R*=H, R°=Bu

2 3
R‘Y X RTR

CuHY/ligand R1WR3
X=0,N XH

23-91% yield

72-94% ee
alkenes:
5 < \/\/Y /\/\)\
enophiles:
CO,Et

e
H CO,Et COM |
T T e N

o} 0

HYCOQEt H
| Y
N N

Bn~ Bn~
Ph

Scheme 36. Carbonyl— and imino—ene reactions.

mesoporous materials, a heterogeneous catalyst can be
prepared that gives similar or even enhanced selectivities
and activities. In other words, the role of the support has
changed from an inevitable appendage to a well-defined
material that can be used to beneficially influence the
outcome of a catalyzed reaction. This has been demonstrated
impressively by Thomas and co-workers in the enantioselec-
tive hydrogenation of phenylcinnamic acid (Section 2.1.3).*’]
However, more mechanistic investigations are needed for a
better understanding of the interactions between the chiral
complex, substrate, and support. Nevertheless, industrial
applications, improved overall properties, as well as a rational
design of immobilized homogeneous catalysts are becoming
realistic.

Is a covalent or a noncovalent immobilization of the
catalyst preferential? For a long time, covalent immobiliza-
tion of chiral complexes was unrivaled because of the stability
and recyclability of the resulting catalysts. In contrast,
catalysts prepared by the often synthetically more facile
noncovalent immobilization strategy most often suffered
from severe stability problems. However, recent results with
cationic complexes immobilized by surface-supported coun-
teranions (Section 2.2.1)P" or ion exchange (Section
2.3.2.1)" have demonstrated that these noncovalently immo-
bilized catalysts can show good stabilities, can be recycled
several times, and in addition result in good selectivities and
activities.

3. Chiral Metal-Organic Catalysts
In the last five years another exciting class of immobilized
catalysts has emerged. In the classical immobilization

approach described in the previous sections, the chiral
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ligand is anchored covalently or noncovalently to the support.
This new immobilization technique is based on the skillful
application of multitopic ligands and metals and allows for a
simple and efficient assembly of solid metal-organic struc-
tures by complexation without the need for an additional

supported homogeneous catalysts:

solid support
A~ py!

|

ligand

®

metal-organic catalysts:

a)

ligand

0 _"®— - ﬂ
L @l

ligand 1

@ metal 1

metal 2
(catalytically active)

c)

—@— ligand 2

L n

Figure 2. Comparison of a supported homogeneous catalyst and
metal-organic polymers.

support (Figure 2). This self-assembly can give highly porous,
in some cases very regular, coordination polymers that mainly
consist of the metal and the chiral ligand."® Numerous
reports show that inorganic-organic networks are suitable
achiral catalysts."® %1% Very recently this fascinating class
of immobilized catalysts has been applied in enantioselective
catalysis.'”®! Since this area showed high potential and
developed rapidly from the beginning, it will be discussed in
greater detail in this Review. The catalyst systems reported so
far can be subdivided into three categories (Figure 2 a—c).

In the most simple scenario the metal-organic polymer
consists of one metal ion and one ligand, both possessing at
least two coordination sites (Figure 2, type a). Polymeric
chains, layers, or networks are formed depending on the
number of these coordination sites. In 2000, Kim and co-
workers were the first to report the application of such a
metal-organic material in enantioselective catalysis.'™ The
chiral carboxylic acid 48 + H functions as the organic ligand
and can easily be prepared from tartaric acid. The chiral
ligand reacts with Zn’"ions to give the metal-organic
polymer 49. It is characterized by trimeric subunits, in which
three zinc ions are connected by six carboxylate groups of the
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building block 48 and one additional oxygen atom
(Scheme 37). The formation of a three-dimensional network
is realized by linking these subunits through the coordination

o o
o " ZnNOs)2 _ (71,(115-0)484]- 2H50-12H,0
7 HoO/MeOH
00 )
48+H 49
=N

%//O-_M‘O o%o

oQ e \M/ ©0 S 07/_ NH
H.0” \o o g SOH, / 7\
00 48 =N
K used for trimer
R formation

bridging between

trimeric subunit different trimers

Scheme 37. Synthesis of the metal-organic polymer 49 and analysis of
its structural elements.

of the pyridine nitrogen atoms to the zinc ions of neighboring
trimers.

The resulting porous polymer 49 (Figure 3) has been
tested in the transesterification of ester 50 with alcohols and

Figure 3. View along the c-axis of 49. Clearly visible are the large chiral
channels, with the accessible surface highlighted. (Reproduced from
Ref. [105].)

gave enantioselectivities up to 8% ee (Scheme 38). Despite
this low level of enantioinduction, this report was the starting
point for the rapidly growing field of asymmetric metal-
organic catalysts.

The research groups of Sasai and Ding later developed
chiral, heterogeneous catalysts of type a that gave good to
excellent enantioselectivities in the carbonyl-ene reaction
(Scheme 39).%! Both research groups used differently con-
nected dimeric binol units as ligands and titanium as the
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©/Y
©/Y

8% ee

ON i

50
NO,

/©/OH

53

CCI4 27°

Scheme 38. Enantioselective transesterification with catalyst 49.

catalytically active metal (54 and 55). Sasai and co-workers
were able to carry out the reaction of aldehyde 56 with a-
methylstyrene in air and reuse the coordination polymer
54.0%1 Fyrthermore, the catalyst could be recycled and
reused up to five times without affecting the enantioselectiv-
ity. Modification of the metal-organic networks 59 by
addition of water resulted in catalysts that effected the
asymmetric oxidation of aryl sulfides 60 with up to 99.9 % ee
(Scheme 39).[1%]

Wang and Ding used this self-assembly strategy to
immobilize monodentate phosphoramidites (Scheme 40).1%24
The chiral polymeric catalyst 62 was shown to catalyze the
asymmetric hydrogenation of olefins with higher enantiose-
lectivity (Scheme 40) than the corresponding homogeneous
monophos/Rh catalyst (R'=H, R*=Ph; homogeneous:
89% ee).

Ding and co-workers treated differently linked binol
ligands 63 (Scheme 41) with La(OiPr); to give heterogeneous
analogues of the Shibasaki catalyst.'”! These -catalysts
epoxidized numerous chalcones 64 with excellent yields and
enantioselectivities in the presence of molecular sieves and
triphenylphosphine oxide as additives (Scheme 42). Interest-
ingly, the structure of the linker has a strong influence on the
performance of the catalyst. Decreasing the length of the
linker which reduces the angle between the ligands is
detrimental to the enantioselectivity. High activities and
enantioselectivities were obtained (92-95% ee for R'=R*=
Ph) with the planar tridentate ligand 63d or the three-
dimensional tetratendate ligand 63e.

Lin et al. immobilized functionalized Ru-binap deriva-
tives by self-assembly with one equivalent of soluble Zr-
(OrBu), to give chiral, porous zirconium phosphonates 66
(Figure 2, typeb) for asymmetric hydrogenation
(Scheme 43).[1%] The two metals incorporated fulfill differ-
ent functions. While zirconium is responsible for the immobi-
lization, ruthenium is the catalytically active metal in the
hydrogenation. Scanning tunneling microscope (STM) images
of the catalyst have shown the catalysts to be amorphous and
highly porous, with a large pore distribution. The BET surface
of catalyst 66 was found to be 400 m?g " and the microscopic
surface 81 m*g~!. The pore volume of the material was
98 cm’g ™!

The performance of this self-supported catalyst 68 is
convincing: Higher selectivities in the hydrogenation of
aromatic ketones were obtained than with the corresponding
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Sasai, 2003

Ding, 2004
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I
Cro " ot

75, O
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ligand 67 with CdCl,
gives the crystalline
solid 68. X-ray analysis
of 68 reveals that the
cadmium(Il) ions  are
surrounded octahedrally
and are bridged by two
chloride atoms, thus
resulting in one-dimen-
sional zigzag chains of
the formula [Cd(p-
Cl),],. The metal center
is also coordinated by
two pyridine nitrogen
atoms, thus leading to
the formation of a
three-dimensional net-
work with large chiral
channels (ca. 1.6 x
1.8 nm). While some hy-
droxy groups are
shielded, two binol hy-
droxy groups are placed

/
o | ﬁo
OiPr
X
-n - 55a-d “n
a: X =H, Y = 1,4-phenylene
b: X=H, Y = 1,3-phenylene
i N )\ 54 or 55a-d oH OFt c: X =H,Y = single bond
Et0,C~ “H Ph Ph d: X =Br, Y =1,4-phenylene
56 57 58 ©
up to 98% ee
Ding, 2005
O L
i “R2 a, 5 mol% i X S‘Rz
OO OO T CMHP (2 equiv) R _
CCly, 72 h
(Hz0)m 60 N 61
m=5,6 30-45%
76->99.9% ee
59a-d

a: Y = single bond R' = H,4-Me, 4-Br, 4-F, 3-Br, 4-NO,
b: Y = 1,4-phenylene R2 = Me, Et
c: Y = 1,3-phenylene
d: Y = 1,2-phenylene

Scheme 39. Chiral metal-organic polymers for the enantioselective ene
cumene hydroperoxide).

o LT
—[Rh]—
eiiaes

62a-c
a: Y = single bond
b: Y = 1,4-phenylene
c: Y = 1,3 phenylene
[Rh] = [Rh(cod)]BF4
RIS R? 62a-c (1 mol%) _ R1/\:/R2
NHAc M2 (40 bar), toluene NHAG
10h
R'=H, CHs, Ph >99% conversion

R2 = CO,CHj3, Ph 94-97% ee

Scheme 40. Asymmetric hydrogenation with an immobilized, mono-
dentate phosphoramidite ligand.

homogeneous ruthenium complex.'” Moreover, as little as
0.005 mol % of the catalyst was sufficient for full conversion
and high ee values of up to 98.6% ee (reaction time 40 h,
TOF=500h""). The heterogeneous catalyst 66 could be
recycled and reused up to eight times without loss of
enantioselectivity.

Recently, Lin and co-workers introduced another catalyti-
cally active, porous metal-organic network.'”! Treatment of
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at regular distances in
the channel. Reaction of
the free binols with Ti-
(OiPr), gives the active
catalyst. The Lewis-

reaction or oxidation of sulfides (CMHP: e
acidic titanium complex

63c L

AN

63d

Scheme 41. One-, two-, and three-dimensional multidentate binol
ligands.

catalyzes the addition of diethylzinc to aromatic aldehydes
with comparable conversions and enantioselectivities as the
homogeneous binol/Ti(OiPr), catalyst (Scheme 44). By using
highly sterically demanding, dendritic aldehydes (up to 2 nm)
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La cat. (5 mol%)
0 PhsPO (15 mol%) 0

B 0
RwA\)LRz 4-AMS, THF, RT Rw/\f)ng

CMHP (1.5 equiv)
65
64 91 t0 >99 % yield
85-97.6% ee
R' = Ph, 4-FCgHa, 4-CICgH4, 4-BrCgHa, 4-NOsCgHa, 4-CNCgH,, Ph, iPr
R? = Ph, 4-MeOCgH,

Scheme 42. Epoxidation of chalcones 64 catalyzed by La-63.

0 66 (0.1 mol%), H, OH
R1)LR2 KOBu (1 mol%), iPrOH R‘/'\RZ
20 h
91-99% ee

R' = Ph, 1-naphthyl, 2-naphthyl, 4-BuCgHs, 4-MeO-CgHg, 4-Cl-CgHa, 4-Me-CH.:
R2 = Me, Et, cyclopropyl

Scheme 43. Self-supported ruthenium-binap catalyst in enantioselec-
tive hydrogenation.

N_=<------- primary functional group for cross-linking

= , secondary functional group for catalyst activity

cl p
QA
OH

cdcl
OH Meonpu  [CasCla(67)cl-4DMF-6MeOH3H;0
OO 3 days (R)-68
cl

=

- i (R)-68 (13 mol%) OH

+ ZnEt 1- h—C,

N" t.naph” H TP, 120 P WE
(R)-67

>99% conversion
93% ee (94% ee)

Scheme 44. Titanium(IV)-catalyzed ZnEt, addition to aromatic alde-
hydes (ee values obtained with the corresponding homogeneous
conditions are given in brackets).

as starting materials, it was shown that the catalytically active
sites are located in the channels. Whereas good conversions
(>95%) were obtained for these bulky substrates under
homogeneous conditions, the conversion decreased to zero
when the heterogeneous catalyst was used.
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The third type of a metal-organic polymer (Figure 2,
type ¢) is formed by the alternating complexation of one
metal M with two different ligands L' and L% as recently
exemplified by Ding and co-workers with the immobilization
of Noyori’s catalyst."""l The synthesis of the metal-organic
network proved to be facile: The reaction of binap and dpen
dimers with the ruthenium complex [{(C¢Hgs)RuCl,},] selec-
tively provided the desired heterocomplexes 69 (Scheme 45,
Figure 4). High selectivities, comparable to those obtained
under homogeneous conditions, were obtained with this
catalyst in the hydrogenation of acetophenone (Scheme 45).
Moreover, the heterogeneous catalyst 69b could be recycled
by simple filtration and was reused seven times without
significant loss of enantioselectivity (95% ee in the seventh
cycle). Furthermore, the catalyst’s concentration could be
reduced to 0.01 mol % in the hydrogenation of acetophenone
(95% ee, 500 h™"). Several experiments convincingly demon-
strated that catalyst 69b is insoluble in isopropanol. No
ruthenium was detected in solution by inductively coupled
plasma (ICP) spectroscopy, the supernatant was shown not to
be catalytically active, and the product obtained after filtra-
tion contained less than 0.1 ppm ruthenium. This type of
catalyst prepared from two different ligands and one metal
seems to be especially suited for the efficient synthesis of
heterogeneous catalyst libraries.

The attractive properties of these metal-organic catalysts
are their ready separation from the product and their
reusability. Moreover, in contrast to homogeneous catalysts
immobilized on an external support, they have the advantage
of possessing an especially high density of catalytically active
units. The enantioselectivities obtained are often comparable
or better than those obtained with the corresponding
homogeneous complexes. In some cases, the structure of
these systems is highly ordered on the microscopic level.
Therefore, in contrast to most other heterogeneous catalysts,
their structure can be solved and the information used for a
better mechanistic understanding. It is expected that further
research will allow for a better predictability of the structures
of the catalysts which will consequently lead to this research
area becoming increasingly attractive.

4. Chiral Modifiers

Catalysis at chiral surfaces is a fascinating research goal.
In a few cases, enantiospecific adsorption!" has been
reported on chiral metal surfaces.!"?! This effect was utilized
in an enantioselective electrooxidation of D- and L-glu-
cose;"* however, these systems are no way near a synthetic
application thus far. In a completely different and very
successful approach, an achiral heterogeneous catalyst and
small enantiomerically pure, organic molecules—chiral modi-
fiers—work together as catalysts. This kind of “tandem
catalysis” is one of the most fascinating areas of asymmetric
catalysis, which lies at the boundary between homogeneous
and heterogeneous catalysis.""” Organic compounds such as
cinchona alkaloids, chiral acids, and glucose were already
utilized as modifiers in the heterogeneous hydrogenation of
C=C, (=N, and C=0 bonds in the middle of the last century,
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69b Ar = 3,5-(CH3)2CeHa

Angewandte

Pt/C catalyst in the presence of
the alkaloid cinchonidine,""”
while the §enantiomer was
i obtained by using pseudoenan-
N tiomeric cinchonine.'” There-
after, many research groups
began to investigate and opti-
mize this reaction, which finally
resulted in selectivities of up to
97% ee (Scheme 46).115 18]
Suitable  substrates are
ketones bearing an electron-
pair donor in the o position.
High enantioselectivities have
been obtained only with o-
ketoacid derivatives 70-
72,8191 trifluoromethyl-sub-
stituted ketones 73,*7 a-keto

L —1n
acetals 74,'*" and a-keto ethers
o . catalyst (0.1 mol%) OH R= Zh'i_(];-f;'apllﬂ”glléanazhéhg, y 75221 (Scheme 47). A less
R)K KO#Bu (2 mol%), PrOH RN 4-Me%s?44, 4-MgO‘66H4 64 important, related palladium—
alkaloid catalyst system for the
69b: 94.5-98.1% ee . ) .
enantioselective hydrogenation
for R = Ph: 69a: 78.2% ee (80% e€) of some olefins has been
69b: 97.4% ee (96% ee)
reported, but only moderate
Scheme 45. Enantioselective hydrogenation of aromatic ketones (results of the corresponding homoge- selectivities were
neous catalyst are given in brackets). obtained.[116:123.124]
Pt catalyst
% cinchona alkaloid OH
OEt OEt
Hy, solvent
e} 0

Figure 4. a) Self-supported ruthenium(ll) catalyst 69b (pale brown
solid) in 2-propanol. b) SEM image of the self-supported ruthenium(ll)
catalyst 69b. The scale bar corresponds to 2 um. (Reproduced from
Ref. [111].)

although the observed stereoselectivities were quite low.
Investigation of the mechanisms remains limited because
spectroscopic methods are difficult to apply and small
variations in the reaction conditions often have a dramatic
effect on the outcome.

4.1. The Platinum—Cinchona System!"'* "%

In 1979 Orito et al. reported that methyl pyruvate can be
enantioselectively hydrogenated to (R)-methyl lactate with a
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ethyl pyruvate (R)-ethyl lactate

up to 97% ee

Scheme 46. Enantioselective hydrogenation of pyruvate (97 % ee); 5%
Pt/Al,O;, O-methyl dihydrochinine (O-Methyl-83), AcOH, 10 bar H,,
25°C, ultrasound.®

Heterogeneous platinum catalysts were found to give the
best results in the hydrogenation of ketones, with different
supports such as Al,Oj, SiO,, TiO,, and zeolites being equally

) o Q
S e oo Oﬁi«
© o)
70 71 72
96-98% ee 92% ee 91% ee
R'=Me, Ph, Ph(CH,)s,
EtO,C(CHy),
R? = Me, Et
o o}

0 )H/OR
o
FaCJ\R )H/ ~
OR

73 74 75
92-96% ee 97% ee 98% ee
R = Ph, CH,CO,Et R = Me, -(CH3)s-

Scheme 47. Suitable substrates for ketone hydrogenation with plati-
num/cinchona alkaloids.

www.angewandte.org

Chemie

4751


http://www.angewandte.org

Reviews

4752

well suited. Platinum colloids have also proven to be
successful.'®! The size of the platinum particles and their
morphology plays an important role in obtaining optimum
results; a flat shape of these particles is particularly favor-
able 2]

The cinchona alkaloids cinchonine (76), chinidine (78),
cinchonidine (80), and chinine (82; Scheme 48), isolated from

76: R" = vinyl, R? = H (cinchonine)

77: R' = Et, R? = H (dihydrocinchonine)
78: R" = vinyl, R = OMe (chinidine)

79: R' = Et, R? = OMe (dihydrochinidine)

80: R" = vinyl, R2 = H (cinchonidine)

81: R" = Et, R? = H (dihydrocinchonidine)
82: R' = vinyl, R? = OMe (chinine)

83: R' = Et, RZ = OMe (dihydrochinine)

Scheme 48. Natural cinchona alkaloids and simple derivatives.

the bark of different cinchona trees, are inexpensive and
available in high quantities. The corresponding dihydro
derivatives 77, 79, 81, and 83 have also been applied
frequently with great success. Interestingly, the cinchona
alkaloids promote the reaction rate of the ketone hydro-
genation of pyruvates often to such an extent (10 to 100 times)
that high substrate/modifier ratios of typically 300:1 to
>1000:10"" can be used.'™ The chiral auxiliary does not
cover all the active sites of the catalyst during catalysis but
rather activates the substrate for hydrogenation. Good results
have been obtained when a ratio of 5 to 12 surface platinum
atoms per modifier molecule is used, whereas much higher or
lower loadings lead to significantly lower selectivities.'?*!

The choice of solvent also has a great impact on the
enantioselectivity of the hydrogenation. The best results were
obtained with cinchonidine in acetic acid, but alcohols and
nonpolar solvents such as toluene can also be used.!!

What are the reasons for the surprisingly high enantiose-
lectivities and which structural elements of the cinchona
alkaloids are essential?!'*! Variations of the structure of
cinchonidine (80) and the resulting influence on the selectiv-
ity in the hydrogenation of ethyl pyruvate gives an important
insight into the structure-activity relationship. (Scheme 49).
While the hydrogenation of the vinyl moiety or the methyl-
ation of the alcohol function does not have a great influence, a
partial hydrogenation of the chinoline system leads to a
decrease and the N-alkylation to a total loss of enantioinduc-
tion. Besides the cinchona alkaloid derivatives,!'* epicin-
chona alkaloids,*? chiral amino alcohols,*® and amines,['*¥
as well as amino acids and amino acid derivatives have been
employed.'™ Nevertheless, the selectivity and activity
obtained with the natural cinchona alkaloids is still unrivaled.
In conclusion, a successful chiral modifier has to have an
expanded aromatic ring system, a basic N atom, and a
properly located asymmetric center.'® Three different
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H,C=CH 76% ee
H3C-CH,  80% ee
HO-CH, 80% ee

_| R=H  OMe OAc
80% ee 80% ee 20% ee

N methylation:
0% ee

partially hydrogenated:
30-50% ee

X=N:66% ee
X =CH: 75% ee

Scheme 49. Influence of the structure of the modifier on the enantio-
selectivity in the hydrogenation of ethyl pyruvate.'?>'%

models have been proposed for the mechanism of the
platinum-catalyzed hydrogenation of pyruvates with cincho-
nidine (80): the adsorption model, the shielding model, and
the zwitterion model (Figure 5).1%”

Figure 5. Adsorption model of the interaction between the platinum-
adsorbed chinchonidine and methyl pyruvate on the basis of DFT
calculations. (Reproduced from Ref. [138].)

Experiments and theoretical calculations suggest that the
chinoline moiety of the cinchona alkaloid adsorbs on the
metal surface. On the basis of the adsorption model, the
stereoselectivity is attributed to the different stability of the
diastereomeric 1:1 complexes formed between the surface-
bound cinchonidine (80) and the pyruvate adsorbed through
either of its two enantiotopic = faces. In protic solvents such
as acetic acid, a protonation of the chinuclidine N atom occurs
and a NH--O hydrogen bond with the ketone is formed. The
formation of a N--HO hydrogen bond between the non-
protonated N atom and a “partially” hydrogenated pyruvate
was also proposed in aprotic solvents.”**! Such hydrogen
bonding together with steric repulsion are responsible for the
formation of a preferred conformation of the starting material
on the surface of the catalyst. Consequently, hydrogenation
takes place predominantly from one of the two enantiotopic
faces.

Less popular is the shielding model, which proposes a
complexation of the substrate and the modifier in solution.
This complex is proposed to be selectively hydrogenated on
the metal surface. The selectivity is attributed to the bulky
aromatic substituents of the modifier shielding the opposite
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face of the substrate.'*! However, some experimental evi-
dence, such as the observed saturation effect that also occurs
at low concentrations, contradict this model.[**")

Recently, more attention has been payed to the zwitterion
model,"! which has also been supported by theoretical
calculations."* According to this model, the chinuclidine
N atom of the cinchonidine attacks the ketone moiety of the
pyruvate as a nucleophile to give the zwitterion 86 on the
platinum surface (Scheme 50). The modifier (NR;) could then
be substituted by platinum with subsequent hydrogenolysis of
the Pt—C bond.

Me
+
Me CO,Me bt R3N+COQM9
RN = L 0.
@] H
84 85 86

Scheme 50. Formation of zwitterionic adduct 86.

It is still too early to come to a final decision in favor of
one of these models. It is important to note that depending on
the substrate and the reaction conditions employed, more
than one mechanism could be involved. Changing the solvent
from acetic acid to toluene in the hydrogenation of ethyl
pyruvate over P-isocinchonine-modified Pt/ALO; led to a
reversal of the enantioselectivity, thus indicating a switch
from one reaction mechanism to another.!**!

4.2. The Nickel Tartaric Acid/NaBr System

Tartaric acid modified nickel catalysts!'**! are important
catalysts, especially for the enantioselective hydrogenation of
B-functionalized ketones 87, B-diketones 88,'*! and steri-
cally demanding methyl ketones 89*! (Scheme 51). The

87 88 89
84-98.6% ee 85-91% ee 63-85% ee
R = alkyl, cycloalkyl R = alkyl R = alkyl

R2 = alky!

Scheme 51. Substrates for ketone hydrogenation with modified nickel
catalysts.

practicability of this catalyst was demonstrated by the
industrial synthesis of tetrahydrolipstatine/orlistat (up to
92% ee, 100 kg), a potent inhibitor of pancreatic lipase.'*’!
Preferentially, freshly prepared Raney nickel is treated with
tartaric acid, the modifier of choice, to give the active catalyst.
To obtain high selectivities NaBr needs to be present as a co-
catalyst. Once again, the mode of action of this catalysis is not
well understood.*! The nickel surface consists of highly
ordered, crystalline and additional amorphous areas. Only the
ordered, crystalline parts can successfully be modified by
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tartaric acid and result in high enantioselectivities. The
amorphous areas cannot be modified efficiently with the
chiral modifier and therefore produce racemic product.
Hence, it is thought that the co-catalyst NaBr, which is
essential for the high selectivity, binds to the amorphous
sections of the nickel surface thereby reducing their catalytic
activity. In addition, tartaric acid is thought to be adsorbed on
the nickel surface in the form of nickel sodium tartrate. The
tartrate influences not only the preferred conformation of the
substrate through hydrogen bonding and steric interactions
but also by the way it approaches the heterogeneous
catalyst. /115143149

4.3. Other Catalyst-Modifier Systems

The application of chiral modifiers is not limited to
transition-metal catalysts. New catalyst-modifier systems
have been developed successfully by Choudary et al. for
numerous asymmetric reactions (Scheme 52).° They

a) Asymmetric epoxidation

o NAP/MgO, TBHP %

0
Ar1)1\/\Ar2 L-DET, PhMe, 25 °C Ar2/<')J\Ar1

Ar! = Ph, 4-MeCgHa, 4-CICgH4, 4-MeOCgHa, 52-70% yield
2-C4H38, 2'C4H3O 53-98% ee
Ar2 = Ph, 4—C|C6H4, 4—MeCaH4, 2-C5H4N 4 examples with >89% ee

b) Asymmetric Henry reaction

0 OH
O+ cHNOy NAP/MgO Mo
R™H (8)-(-)-binol, =78 °C RN

70-95% yield
60-98% ee

3 examples with >89% ee

R = cyclohexyl, nBu, Bu, Ph (90% eg), 4-NO>CgH, (98% ee),
2-NC)2(.‘16H47 4'C|C5H4 (980/0 ee), 2-C|CGH4, 4-MeOCGH4,
2-MeOCgHa, 4-MeCgHa, 2-MeCgH,

Scheme 52. NAP/MgO-catalyzed asymmetric reactions (DET: diethyl
tartrate, TBHP: tert-butylhydroperoxide).

employed NAP/magnesium oxide (nanoactive MgO plus:
magnesium oxide with 590 m*mg~' prepared by an aerogel
process) as the heterogeneous catalyst, modified by small
amounts of a bidentate ligand. L-Diethyl tartrate proved to be
a good modifier in the asymmetric epoxidation of chalcone
derivatives and gave good yields and enantioselectivities even
after five recycles (Scheme 52a). The Henry reaction of
aldehydes can be catalyzed with up to 98 % ee by using binol
as the modifier (Scheme 52b). The best results in the
asymmetric Michael addition of chalcone derivatives were
obtained using the basic (R,R)-1,2-diaminocyclohexane as a
modifier."™ The authors attribute the stereoinduction of
these catalyst systems to a hydrogen bonding of the modifier
with a hydroxy group at the surface of the MgO and with the
substrate. However, additional investigations are required to
gain a better understanding of the mechanism.
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4.4. Conclusion

The examples shown above illustrate clearly that the
cooperation between an achiral heterogeneous catalyst and a
chiral modifier has enormous potential for asymmetric
catalysis. It can be expected that the field of chiral modifiers
(organocatalysts!) will benefit from the rapidly developing
field of organocatalysis.®!) New mechanistic insights into the
existing systems will hopefully lead to the rational design of
these catalyst systems in the future.

5. Di- and Polypeptides as Chiral Macromolecular
Catalysts

One of the first attempts to prepare asymmetric hetero-
geneous catalysts was by the treatment of chiral biopolymers
such as silk fibroin with transition metals.®? Cyclic dipeptides
are suitable organocatalysts for the hydrocyanation of aro-
matic aldehydes.* High enantiomeric excess values of over
90 % were obtained using electron-rich aromatic aldehydes as
substrates, especially with diketopiperazine 920
(Scheme 53).%1 These catalysts are readily synthesized

HO, CN

0 H

R\@)LH + + HCN

Scheme 53. Enantioselective hydrocyanation of aromatic aldehydes
with cyclic dipeptides as catalysts.

H
N.__O
N
07N
H R
90

91->98% ee
R =H, O-Ph, OCH=CH,

from the corresponding amino acids but need to be activated
before use, and intriguingly the catalyst needs to be hetero-
geneous to be active. The best results in terms of activity and
selectivity are obtained if the catalyst is precipitated in the
form of an amorphous clear gel from a rapidly stirred
methanol/diethyl ether solution.

The mechanism of this reaction remains unclear, although
a few fascinating models!'"™¢ have been suggested on the
basis of numerous investigations. Kinetic results indicate a
cooperation of two molecules of the catalyst.""*! For a
number of reasons, interest in this area has faded somewhat:
on the one hand the development of new catalysts has proven
to be difficult, while on the other hand only HCN can be
employed as the cyanide source and the substrate spectrum is
limited.

Larger synthetic polyamino acids have also been
employed successfully as catalysts in different asymmetric
reactions such as Michael additions, oxidations, and reduc-
tions.'* The most important reaction catalyzed by polyamino
acids is the epoxidation of o,B-unsaturated ketones with
hydrogen peroxide under basic conditions to give epoxy
ketones (Julia—Colonna epoxidation).l'"*! The most commonly
used polyamino acid catalysts poly-(S)-alanine (91) and poly-
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(S)-leucine (92; Scheme 54) can be pre-
pared on a multi-kilogram scale, and are
commercially available.['*515¢]

Julia and Colonna initially reported a
highly enantioselective epoxidation of
chalcone with polyamino acid catalysts,
the best results being obtained with poly-
(S)-alanine (91) with a degree of poly-
merization of n=30 (Scheme 55).""
Since the reaction takes place in a three-

91: R = CH3
92: R = CH,CH(CHa)»

Scheme 54. Suc-
cessfully employed
peptide catalysts
poly-(S)-alanine
(97) and poly-(S)-

phase system (water, organic solvent, leucine (92).
insoluble catalyst), vigorous stirring is
important for the proper mixing of the
reactants.
o) H20, / NaOH J?
22 (o] H
Ph—" /o
o o1 H”  “Ph
solvent

toluene: 85% vyield, 93% ee
CCly:  96% yield, 96% ee

Scheme 55. Julia—Colonna epoxidation of chalcone.

The development of a biphasic system by Robert and co-
workers was a great improvement for the practical application
of the Julia—-Colonna epoxidation.'*® The use of a solid urea/
hydrogen peroxide complex as the oxidant allows for water-
free reaction conditions and results in a significant enhance-
ment in the reaction rate of up to a hundred times relative to
the original three-phase system (Scheme 56).

o] urea/H,05 O
-0
Ph/\/U\R 92 Ph/\z)]\ R
DBU, THF 71-00%
82-96% ee

R = Et, Pr, C(CHsg)s, CH(CH3)CHs, Ph, 2-naphthyl

Scheme 56. Water-free Julia—Colonna epoxidation. DBU =1,8-diaza-
bicyclo[5.4.0]undec-7-ene.

In contrast to most other heterogeneous catalysts, the
separation of the polyamino acid catalyst after the reaction is
often problematic, because it remains as a viscous “paste”.
Therefore, filtration becomes laborious and time consuming
on a large scale. A solution to this problem is the adsorption
of the catalyst on polymeric!™®! or silica gel supports.'] As a
consequence, the supported catalysts can be readily sepa-
rated, and a rate enhancement as well as an increase in
enantioselectivity has often also been observed.

The Julia—Colonna epoxidation is synthetically useful and
has been applied in numerous total synthesis, such as for
SK&F 104353 (an active ingredient for the treatment of
asthma) and diltiazem (an antihypertensive drug).'®! How-
ever, the substrate spectrum is limited to a,p-unsaturated
ketones, especially E-configured, disubstituted ones, and a
few cyclic enones.

A detailed analysis of the mechanism in the enantiose-
lective epoxidation reaction catalyzed by polyamino acids
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would speed up the development of new, highly selective
catalysts. The suggestion of the involvement of hydrogen
bonding is supported by the fact that no enantioinduction is
observed if the reaction is conducted in methanol. Moreover,
poly-(S)-proline or N-terminal-protected polyamino acids
that lack any amide protons are catalytically inactive.['*>*157"]
Berkessel etal. reported an increase in the yield and
enantioselectivity with an increasing degree of polymeri-
zation when they used supported poly-(S)-leucine.'®?! More
than 90% ee was obtained in the epoxidation of chalcone
when the supported tetrapeptide, which can already form a
helical structure, was employed. The maximum ee value
obtained with the pentapeptide was 98 %, but unfortunately
this was accompanied by a low yield of 50 %. These results
together with additional calculations suggest that the enone is
activated by binding to the N terminus of the polyamino acid
through hydrogen bonding.['"®! However, more investigations
are needed to gain a deeper understanding of the underlying
mechanistic principles. Hopefully, the application of polypep-
tides in catalysis will profit from the increased interest in
organocatalysis."”! Mechanistic insight will likely be the key
to the development of new catalysts and expansion to other
reactions.

6. Diastereoselective Heterogeneous Catalysis

Besides enantioselective catalysis, which was the focus of
the previous chapters, heterogeneous catalysts can also be
applied in the stereoselective conversion of compounds that
bear one or more stereocenters. The interaction of the
heterogeneous catalyst with the substrate can be sterically
disfavored or electronically favored. In both cases the
interaction determines which diastereotopic face of the
substrate will preferentially bind to or react with the catalyst
surface. (Scheme 57).1'! It is thus understandable that cyclic
compounds with their limited degrees of freedom have been
the preferred substrates for highly diastereoselective hetero-
geneous hydrogenation reactions.

Besides a few reactions catalyzed by solid Lewis acids,
such as Diels—Alder, ene reactions,"® and epoxidations,*”
the research area of highly diastereoselective heterogene-
ously catalyzed reactions is clearly dominated by hydro-
genations.!'1< Although, homogeneous asymmetric hydro-
genation can be achieved with a very high level of selectivity
for the conversion of numerous substrate classes,”'*’! diaste-

Scheme 57. Schematic presentation of: a) steric and b) electronic influ-
ences on the facial selectivity.
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reoselective, heterogeneous hydrogenation can still offer
more efficient solutions in some cases. Commonly employed
catalysts are supported or unsupported transition metals or
their derivatives, for example, PtO,, Pt/AL,O;, Pd/C,
Pd(OH),/C, Rh/C, Rh/Pd/C, and Raney Ni.

Of the plethora of highly selective reactions, the hydro-
genation of (185,55)-2-pinene (93) to (1S52R,5S)-pinane (94) is
a representative example for the steric influence of the
backbone of the substrate on the diastereoselectivity obtained
(Scheme 58).% The rigid bicyclic ring system provides a
strong shield to the bottom face of the double bond, thus
resulting in a highly selective hydrogenation from the top
face.

: RhC,MeOH
7 14 bar H, 7$
93 94

99% de

Scheme 58. Diastereoselelective hydrogenation of pinene (93).

Functional groups such as amines or alcohols can influ-
ence the diastereoselectivity through an attractive interaction
with the surface of the catalyst (see Scheme 57b).'*! Hydro-
gen transfer occurs from the site of the interacting OH group,
and therefore the cyclopentanol derivative 95 is hydrogenated
with good diastereoselectivity to product 96 (Scheme 59). As

— Raney-Ni [ \... /
69 bar
OH OH
95 96

92% de

Scheme 59. Diastereoselective hydrogenation influenced by the
adsorption of the alcohol moiety on to the surface of the catalyst.

the polarity of the solvent increases, alcohols lose their ability
to bind to the surface of the catalyst; thus, the use of a highly
polar solvent such as DMF or ethanol results in a reversal of
the diastereoselectivity.'"!

Diastereoselective hydrogenations can also employ cleav-
able, chiral auxiliaries. In 1961, p-valine was already synthe-
sized with a moderate ee value of 39% by hydrogenation
using enantiomerically pure oa-methylbenzylamine as the
chiral auxiliary.'”!! The utilization of proline and proline
derivatives as chiral auxiliaries in similar hydrogenations
improved the ee value of the amino acid products signifi-
cantly."”” The hydrogenation of diketopiperazines or cyclic
dehydrodipeptides allows the formation of enantiomerically
pure amino acids (Scheme 60).1"

B-Amino acid derivatives can be prepared with high
efficiency by the heterogeneous hydrogenation of auxiliary-
substituted Z enamines.!"’* Treatment of the corresponding f-
ketoester or -amide with the chiral auxiliary (S)-phenyl-
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o  H
Ho(,:fN P 1 bar H, Me NH_, iPr
HN—CH MeOH i IN—CH

HH O H N

|

H H
H | 98.4% de

[ Pd

Scheme 6Go. Selective hydrogenation of a cyclic dipeptide on a palla-
dium surface.

glycinamide provides the substituted Z-enamide 99. Hydro-
gen bonding results in a rigid conformation of 99, with the
phenyl substituent on the auxiliary shielding the top face of
the molecule, which results in stereoselectivities of up to 200:1
being obtained in the hydrogenation over PtO,
(Scheme 61).7% Pretreatment of the catalyst with acetic

R = Me, iPr, benzyl, phenyl,
p—MeOCBH4, p-F3CCBH4

o 0] (0]
Ph\Hj\NHQ + R1)j\)J\R2

NH,
R? = OMe, NH,, N-piperidyl
97 98
H,N_ O
2 I s CONH,
H.
Ph N O PtO,, 6 bar Hy  Ph NH O
R17NOR? THF R’ R?
99 100

mostly >90% ee

Scheme 61. Synthesis of $-aminoacids with (S)-phenylglycinamide (97)
as an auxiliary.

acid was found to be very important for good catalytic activity.
Since acid would lead to an undesired E/Z isomerization, and
hence, reduced selectivities, the catalyst was carefully dried
after acid treatment and only used in conjunction with a small
amount of NEt;. The reaction products without an aromatic
R! group can undergo hydrogenolysis to give the free f-amino
acid esters and amides.

Oxazolidinones were successfully employed as chiral
auxiliaries for the diastereoselective hydrogenation of
double bonds.'™ Prashad et al. developed a stereoselective
synthesis of (25,2'R)-erythro-methylphenidate (103) by using
this approach. The key step—the diastereoselective hydro-
genation of a tetrasubstituted double bond—is controlled by a
chiral oxazolidinone. The excellent diastereoselectivity
obtained was attributed to a number of effects (Scheme 62).
First of all, the conformation of 101 is locked by hydrogen
bonding. In addition, the minimization of the dipole moment
results in a preferred antiparallel orientation of the carbonyl
moieties in 101. As a consequence, the benzyl group of the
oxazolidinone selectively shields the bottom face of the
molecule in the hydrogenation step.

The stereoselective synthesis of substituted cyclohexanes,
piperidines, or other saturated heterocycles is of high
synthetic interest because they are common building blocks
of numerous biologically active compounds. One approach
towards an efficient synthesis of these rings is the asymmetric
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Scheme 62. Asymmetric hydrogenation of a highly substituted double
bond.

hydrogenation of the corresponding aromatic or heteroaro-
matic compounds. However, so far, only a few highly selective
examples have been reported.['’*!

Our research group obtained good results in the asym-
metric hydrogenation of pyridines."””! 2-Oxazolidinone-sub-
stituted pyridines that can be readily prepared from 2-
halogen-substituted pyridines by copper catalysis, are the
substrates of choice. Remarkably, the hydrogenation of 2-
oxazolidinone-5-methylpyridine (104) provided (S)-3-meth-
ylpiperidine (105) in high enantiomeric excess (Scheme 63).

Scheme 63. Asymmetric hydrogenation of pyridine.

According to the proposed mechanism, a hydrogen bond
rigidifies molecule 107 and results in a shielding of the top
face of the substrate by the R' substituent (Scheme 64). An
efficient H, transfer to the pyridine ring then provides aminal
108. The auxiliary is subsequently cleaved under the same
reaction conditions and results in the direct formation of the
N-unsubstituted piperidine 110, isolated in the form of a
hydrochloride salt. An attractive feature of this method is that
the auxiliary can be separated from the insoluble piperidine
hydrochloride by simple extraction with organic solvents and
recovered in high yield. This method can be applied to the
highly selective hydrogenation of numerous differently sub-
stituted pyridines, except pyridines substituted in the 3-
position (4 % ee for 3-methylpiperidine). This limitation can
be explained by an unfavorable steric interaction between the
substituent in the 3-position and the chiral auxiliary. This
method allows the synthesis of natural products and the
generation of multiple stereocenters in the ring, as exempli-
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Scheme 64. Postulated mechanism for the asymmetric hydrogenation
of pyridines.

fied in the formation of 108 with four newly formed stero-
centers in the ring.”"!

Benzene derivatives can also be hydrogenated heteroge-
neously with diastereoselectivities of up to 96 %. However,
the spectrum of substrates is very limited, and 2-methylben-
zoic acid derivatives have almost always been used
(Scheme 65).1¢11 The substrates have to adopt highly
preferred conformations (minimization of the dipole
moment) or have rigid cyclic structures to obtain high
selectivities, such as in tricycle 114.17%* However, the hydro-
genation of aromatic substrates remains a challenging prob-
lem. The implementation of new strategies such as the
innovative utilization of readily accessible chiral auxiliaries
might advance this field to the next level of sophistication.['’!

Besson, 1994

Me
Me O
G
(¢}
-
0 Me

111 112
10% de up to 68% de

Besson, 1997

CO,Me

Besson, 1998 Prins, 1999

o}
OQ‘COZMe : oy
Cr :

Me H O

113
up to 95% de

114
up to 96% de

Scheme 65. Substituted benzenes as substrates for diastereoselective
hydrogenation.
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7. Conclusion

In this Review we have given an overview of the current
important areas of asymmetric heterogeneous catalysis, which
is a rapidly developing, highly interdisciplinary, and multi-
farious research area. The main topic is the immobilization of
chiral homogeneous metal-ligand complexes (Section 2), an
area which has grown rapidly in the last few years by profiting
from the development and investigation of new innovative
supports. This area has now reached a certain level of
maturity, and thus these catalysts will find increasing appli-
cation in industry. Furthermore, the young area of asymmetric
metal-organic catalysts (Section 3) with their easily assem-
bled, highly porous, and in a few cases even crystalline
structures, is developing rapidly. Crystalline catalysts would
be especially attractive, since they can easily be characterized
by X-ray structural analysis which would greatly facilitate
mechanistic investigations and a rational catalyst design.
These asymmetric metal-organic catalysts deserve even more
research interest and will most likely become a very
important class of catalysts.

The use of chiral modifiers (Section4) and peptides
(Section 5) as heterogeneous asymmetric catalysts is fascinat-
ing since they involve new mechanisms that are unparalleled
by any other reaction. A better mechanistical understanding
would be required for a new rational design of catalyst
systems of this kind. Hopefully, new developments and
principles in the area of organocatalysis will have a positive
impact on this area of heterogeneous, organocatalyzed
reactions.

Finally, diastereoselective heterogeneous catalysis (Sec-
tion 6) often enables remarkably selective transformations in
cases where all other asymmetric methods fail.

Although some of the discussed methods give good
results, most areas of heterogeneous asymmetric catalysis
are probably just beginning to show their full potential. Newly
developed analytical and preparative methods as well as the
interaction of organic and inorganic structures during catal-
ysis offer new opportunities for catalysis. In addition to the
methods discussed in this Review, numerous other fascinating
but less efficient methodologies exist, such as catalysis at
inherently chiral metal surfaces®"'">!"* and the application of
artificial antibodies, derived from the imprinting!"*”! of organic
or inorganic compounds as transition-state analogues.

The possibility to separate and recycle the catalyst as well
as high activity and selectivity are the main criteria for the
quality of a heterogeneous asymmetric catalyst. Thus, the
following research trends are especially important for the
advancement of the field of heterogeneous asymmetric
catalysis:

e Investigation of the structure of heterogeneous catalysts
and their reaction mechanisms;

e improvement of the catalyst performance;

e simplification of the catalyst system and their synthesis;

e taking advantage of the special properties of solid supports
and the unique mechanisms of heterogeneous catalysis.

The ongoing research will no doubt increase the impor-
tance of catalysis as an essential technology for the future!"

www.angewandte.org

Chemie

4757


http://www.angewandte.org

Reviews

4758

and eventually allow the rational design of heterogeneous
asymmetric catalysts.
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Anisotropy, various polyhedral shapes with well-defined
faces, and a wide range of sizes from nano- to millimeter are
characteristic features of organic single crystals. The aniso-
tropy is attributed to the anisotropic packing of organic
molecules in the crystalline state, and each face has different
surface properties. Therefore, organic single crystals should
play a key role in making multicomponent composites
through their face-selective association with other materials.
Anisotropic adhesion of organic single crystals by other
organic molecules is the first step toward the preparation of
such composites and has been studied mainly from the
viewpoint of crystal growth and dissolution.) More recently,
face-selective dyeing of inorganic single crystals by dye
molecules in solution has been documented® and controlled
aggregation of inorganic mesocrystals has been discussed for
the formation of inorganic superstructures as models of
biomineralization.”~

Gold nanoparticles are a fascinating material as a result of
their unique optical (plasmon band), electronic, catalytic, and
supramolecular properties, as well as their wide applications
for nanotechnology and biotechnology.!! Composite materi-
als with one- or two-dimensional arrays of gold nanoparticles
have attracted considerable interest in a bottom-up approach
for nanometer-sized devices. They are generally prepared by
treatment of gold nanoparticles with inorganic substrates,”!
polymer surfaces®! and single atomic monolayers,” as
examples. However, utility of organic single crystals remains
in its infancy.'” Only recently, Moore and co-workers
reported inorganic microcrystals coated with gold nanopar-
ticles developed by crystal-lattice-mediated self-assembly
(CLAMS)." In this composite material, the whole surfaces
were covered by gold nanoparticles as a result of the isotropic
nature of the inorganic crystals. Therefore, anisotropic coat-
ing of gold nanoparticles onto the selective faces has not yet
been reported. Here we demonstrate the first example of a
composite crystalline material of organic single crystals with
gold nanoparticles and anisotropic face-selective adhesion of
gold nanoparticles onto the crystal faces of the organic
crystals.

Single-crystal transparent hexagonal prisms of L-cystine
(1; Figure 1) were immersed in a solution of gold nano-
particles at room temperature by both a batch method and a
mounted method. After two hours, the crystals were stained
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Figure 1. Hexagonal single crystals of L-cystine (1) before (a) and
after (b) immersion in a solution of gold nanoparticles.

purple although their hexahedral shape remained unchanged.
After washing with water, composite crystals of L-cystine
decorated with gold nanoparticles were obtained by both
methods. Under the microscope, all the surfaces of the
crystals appeared slightly rough and a few small hexagonal
crystals were deposited on the hexagonal faces. The two
hexagonal faces of the hexagonal prism were stained purple
and all the six rectangular side surfaces remained colorless.
This result was confirmed by the absorption spectra, which
were dependent on the crystal surfaces. As shown in Figure 2,

Figure 2. UV/Vis absorption spectra of a single crystal of 1 decorated
with gold nanoparticles, showing the absorption perpendicular (L)
and parallel (||) to the hexagonal face.

the absorption spectrum from the direction perpendicular to
the hexagonal face revealed an absorption maximum around
700 nm assignable to the surface plasmon band of the
aggregated gold nanoparticles'” whereas that from the
parallel direction displayed no apparent absorption maxi-
mum. The anisotropy of the absorption spectra was attributed
to the adhesion of the gold nanoparticles. This result indicates
that the gold nanoparticles were deposited selectively on the
hexagonal faces of 1.

To investigate the face-selective decoration of the gold
nanoparticles by electron microscopy, we carried out the
decorating experiments on micrometer-sized crystals. The
smaller crystals were prepared by a similar method and were
analyzed by scanning electron microscopy (SEM) and atomic
force microscopy (AFM). Figure 3 shows the SEM images of
the hexagonal micrometer-sized single crystals, which
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Figure 3. SEM images of a) the hexagonal crystals decorated by gold
nanoparticles, b) the {001} face, and c) the {100} face. d) A drawing of
the orientation of the crystallographic axes deduced from X-ray
crystallographic studies.

revealed well-defined shapes with sharp edges. The crystal
faces could be easily assigned by the similar shape of the
micrometer-sized crystals to those of the millimeter-sized
crystals. Interestingly, deposition of the nanoparticles was
observed only on the hexagonal surfaces while the rectangu-
lar faces remained smooth. The diameters of the nano-
particles were the same magnitude as those of the added gold
nanoparticles. Moreover, the AFM image (Figure 4) of the

Figure 4. AFM image of the {001} face of the hexagonal crystal
decorated by gold nanoparticles.

hexagonal faces illustrated aggregation of the smaller nano-
particles on the hexagonal surface. X-ray photoelectron
spectroscopy (XPS) data of the single crystals indicated the
presence of Au(4f) on the colored crystals of 1. These results
indicate that the hexagonal faces were selectively decorated
with gold nanoparticles. The side rectangular faces were intact
even in the solution of gold nanoparticles.

The cell parameters and the Miller indices of the crystal
faces of the hexagonal single crystals were determined by X-
ray diffraction studies. The hexagonal crystals revealed the
same cell parameters as those of the previously reported
example.'” The hexagonal faces were assigned to the
crystallographic {001} or {001} faces and the rectangular
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faces were assigned to {100} and {010} faces, and so on. This
result indicates that the gold nanoparticles selectively inter-
acted with the {001} and {001} faces. The molecular packing
diagrams of 1 are shown in Figure 5."% In the crystal structure,

Figure 5. Crystal packing diagram!"! of the hexagonal form of 1: a) the
{001} face viewed from the crystallographic ¢ axis and b) the {100}
face viewed from the crystallographic a axis. H atoms are shown as
small white spheres.

the molecules 1 are arranged in layered structures by the two-
dimensional hydrogen-bonding network between primary
ammonium cations and carboxylate anions. The hydrogen-
bonding network runs parallel to the hexagonal faces, and the
zwitterionic groups are exposed on the surface of the {001} or
{001} hexagonal faces. They have the potential to interact with
gold nanoparticles by an electrostatic interaction. On the
other hand, the rectangular faces are constructed by the
alternative stacking of the hydrophobic disulfide layers and
the hydrophilic zwitterionic layers, with a periodic distance of
about 9 A. Therefore, the gold nanoparticles were attached
selectively on the surfaces of the {001} and {001} faces as a
result of the higher density of polar residues on the hexagonal
faces than on the rectangular ones.

In conclusion, we prepared a composite crystalline
material containing gold nanoparticles and organic crystals
of L-cystine (1). The anisotropic decoration that arises as a
result of different functional groups on the crystal faces
should lead to further decoration of other materials by other
intermolecular interactions, which might induce anisotropic
aggregation of the single crystals by the attractive or repulsive
interaction between the uncoated or coated faces.”) As the
surfaces of organic single crystals should be more varied than
those of inorganic ones and partially controllable by recent
advances in the crystal engineering of organic molecules,' a
wide variety of composite materials may be prepared by
organic crystals as a nucleus. Moreover, the wide variations in
the shapes and sizes of the organic crystals should provide
various polyhedral composite materials decorated by nano-
particles.'!! Details of the anisotropic adhesion onto the {001}
or {001} faces and screening of multicomponent composite
materials from organic crystals and nanoparticles are cur-
rently under investigation.

Experimental Section

Materials: Single crystals of L-cystine (1) were prepared by recrystal-
lization from 0.5 % hydrochloric acid solution. Single-crystal trans-
parent hexagonal prisms of 1 were deposited from the solution by
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cooling to room temperature. The sizes of the single crystals were in
the range of a few micrometers to 2 mm in length.

General procedure of the batch method: Several single crystals of
1 were immersed in a solution of gold nanoparticles (1.0 mL, diameter
20 A; BB International) at room temperature. After immersion for
two hours, the crystals were collected by filtration or isolated using
forceps and washed with water.

General procedure of the mounted method: A single crystal of 1
was mounted in a glass capillary such that the hexagonal faces were
parallel to the side walls of the capillary. Then the capillary containing
the mounted crystal was placed in a solution of the gold nanoparticles
such that the hexagonal faces were vertical, eliminating the effect of
gravity, and immersed for two hours. The mounted crystal was then
taken out from the solution and washed with water.
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