Cover Picture

Oliver M. T. Pearce, Kerry D. Fisher, Julia Humphries,
Leonard W. Seymour,* Alberto Smith, and Benjamin G. Davis*

Sugar-specific mechanisms of cell transfection can be created by the controlled
glycosylation of the surfaces of adenoviruses, which have an icosahedral structure, as
depicted in the cover picture. In their Communication on page 1057 ff., L. W.
Seymour, B. Davis, and co-workers describe how derivatives of adenoviruses with
galactose or mannose selectively transfect human macrophages rather than the
standard human endothelia and how this dramatic retargeting holds promise for gene
therapy.

Natural Products Synthesis

To err is human! Even with modern analytical methods mistakes can be made in the
structural elucidation of natural products. K. C. Nicolaou and S. A. Snyder show how
chemical synthesis can help to solve these molecular puzzles in their Review on
page 1013 ff.

Enzyme Selection

In their Communication on p. 1048 ff. S. Q. Yao et al. describe a new method for the
simultaneous selection of mRNA-bound enzymes and for their identification with the
aid of a DNA-microarray.

Phosphorus Compounds

A simple access to the rare B-functional phosphinine compounds from readily
available phospholide ions is described by F. Mathey and J. Grundy in their
Communication on p. 1082 ff.
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The following Communications have been judged by at least two referees to be

important papers” and will be published online at www.angewandte.org soon:
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Ralf Haiges,* Jerry A. Boatz, Robert Bau, Stefan Schneider,
Thorsten Schroer, Muhammed Yousufuddin, Karl O. Christe*
Polyazide Chemistry: The First Binary Group 6 Azides, Mo(N,),,
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[NMo(N,),] lons

Hans A. Bechtel, Jon P. Camden, Davida . Ankeny Brown,

Marion R. Martin, Richard N. Zare,* Konstantin Vodopyanov
Effects of Bending Excitation on the Reaction of Chlorine Atoms
with Methane
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Palladium Reagents and Catalysts Jiro Tsuji

Biophysical Chemistry Alan Cooper

Highlights

A. Lutzen* 1000-1002

Self-Assembled Molecular Capsules—
Even More Than Nano-Sized Reaction
Vessels

Reviews

NMR Tomography

P. C. Lauterbur* 1004-1011

All Science Is Interdisciplinary—From

Magnetic Moments to Molecules to Men
(Nobel Lecture)

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Merely by chance, says Paul Lauterbur,
one of the recipients of the Nobel Prize for
Physiology or Medicine in 2003, were
NMR imaging techniques his main
research focus for many years. In his
Nobel Lecture, he describes important

www.angewandte.org

Liang Deng, Hoi-Shan Chan, Zuowei Xie*
Synthesis, Reactivity, and Structural Characterization of the First
14-Vertex Carborane

Xuejun Liu, Gaosheng Chu, Robert A. Moss,* Ronald R. Sauers,*
Ralf Warmut*

Fluorophenoxycarbene Inside a Hemicarcerand: A Bottled
Singlet Carbene

Silvio Aime,* Carla Carrera, Daniela Delli Castelli, Simonetta
Geninatti Crich, Enzo Terreno
Light-On/Light-Off of Cells Labeled with MRI-PARACEST Agents

Novartis Award to J. S. Clark and J. P. Clayden 996
reviewed by S. S. Stahl 997
reviewed by M. Kahms 998

Far from exhausted is the potential of
molecular capsules (a tetranuclear gal-
lium complex is shown as an example).
Previously these self-assembled units
served as receptors and tiny reaction
vessels. In recent work they were used as
sensitizers in photochemically induced
reactions and as catalysts for rearrange-
ments.

facets of his life and his scientific carrier
that led him from silicones to the clinical
application of NMR spectroscopy and
later to the question of how chemistry can
help in explaining biology.

Angew. Chem. Int. Ed. 2005, 43, 986994
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The expression display method is devel-
oped, which combines two techniques,
ribosome display and DNA microarray, to
express a mixture of proteins from their
corresponding cDNA. Upon functional
selection using an activity-based probe,

Staying in shape: The second and third
generations of a new dendron system
switch from left-handed to right-handed
helical conformations upon a change in
solvent from THF to water (picture; left).

For the USA and Canada:

ANGEWANDTE CHEMIE International

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

Angew. Chem. Int. Ed. 2005, 43, 986 —994

It is a commonly held belief that the
process of assigning structures to newly
isolated natural products (see picture) is a
relatively routine endeavor, one that offers
little opportunity for adventure and does
not require the art of chemical synthesis.
This Review seeks to question the veracity
of such a position and makes the case that
there is plenty of room in the process of
structural elucidation for intellectual
challenge, chemical synthesis, and drama.

multiple target enzymes are simulta-
neously isolated and subsequently identi-
fied by hybridization to a DNA microarray
(see scheme; RT =reverse transcription,
PCR = polymerase chain reaction).

This inversion occurs in tandem with
conformational shifts about the O—C—C—
O bonds of a subset of terminating glycol
chains, from gauche,gauche™*,anti to anti,-
gauche,anti (picture; right).
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Modeling the mechanisms of protofibril
twisting: Molecular-dynamics simulations
of simian viral peptide aggregates show
that  sheets of 10 to 30 chains form left-
handed helical ribbons with saddlelike
curvature (see picture). These structures
are highly dynamic, with oscillations
around an average twist angle of 9-10°,
and a pitch of 15-20 nm, depending on f-
sheet length. The peptides studied are key
to viral entry into host cells.

Cells in motion: Multifunctional nano-
particles, with a unique combination of
magnetic and fluorescent properties,
coupled with biocompatibility are pre-
pared. The uptake of the magnetic nano-

Angew. Chem. Int. Ed. 2005, 43, 986 —994

A sugar-specific transfection mechanism
is introduced by the glycosylation of
adenoviruses (AVs, see picture), and
manipulation of the glycosylation pattern
allows the selective transfection of human
macrophages in favor of the usual target.
This dramatic retargeting holds promise
for the fine-tuning of adenoviruses for
applications such as gene therapy.

Picking out probes: A novel approach
permits isolation of standard DNA apta-
mers by in vitro selection and conversion
into fluorescence signaling probes. This
method comprises the isolation of DNA
aptamers capable of duplex-to-complex
structure switching and labeling the
derived aptamers with a pair of short DNA
strands with a fluorophore F and a
quencher Q to create a reporter system for
real-time sensing (see picture).

particles by cells is investigated, and an
external “magnetic motor effect” on the
cells containing the nanoparticles is
observed (see scheme).
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Glycoviruses

O. M. T. Pearce, K. D. Fisher,
J. Humpbhries, L. W. Seymour,*
A. Smith, B. G. Davis* ____ 1057 -1061

Glycoviruses: Chemical Glycosylation
Retargets Adenoviral Gene Transfer

Fluorescent Probes
R. Nutiu, Y. Li* 1061 -1065

In Vitro Selection of Structure-Switching
Signaling Aptamers

Peptide Modeling

P. Soto, J. Cladera, A. E. Mark,
X. Daura* 1065 -1067

Stability of SIV gp32 Fusion-Peptide
Single-Layer Protofibrils as Monitored by
Molecular-Dynamics Simulations

Bionanotechnology

T.-). Yoon, J. S. Kim, B. G. Kim, K. N. Yu,
M.-H. Cho,* ).-K. Lee* ____ 1068 -1071

Multifunctional Nanoparticles Possessing
A “Magnetic Motor Effect” for Drug or
Gene Delivery
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Host—Guest Chemistry

Y. Molard, D. M. Bassani, J.-P. Desvergne,*

P. N. Horton, M. B. Hursthouse, [ _n 2 HN' .
J. H. R. Tucker* 1072-1075  ,_tm :;H{O HN o

?(13 ()1 o o
Photorelease of an Organic Molecule in Q o - NH O HM

Solution: Light-Triggered Blockage of a OO OOO X '®
2

Hydrogen-Bonding Receptor Site

Radical Carbonylation

Y. Uenoyama, T. Fukuyama, O. Nobuta,
H. Matsubara, I. Ryu* ____ 1075-1078

Alkyne Carbonylation by Radicals:
Tin-Radical-Catalyzed Synthesis of
a-Methylene Amides from 1-Alkynes,
Carbon Monoxide, and Amines

Computer Chemistry

S. Erhardt, G. Frenking,* Z. Chen,
P.von R. Schleyer* 1078 -1082

Aromatic Boron Wheels with More than
One Carbon Atom in the Center:
C,Bg, C;By*t, and C;B,*™

Phosphorus Heterocycles Me Me e
Me. . -C(OR
@ 1) RC(O)CI |
J. Grundy, F. Mathey* _____ 1082-1084 P 2) tBUOK 7~
3) CH,Br,
One-Pot Conversion of Phospholide lons R =Me. Ph
into B-Functional Phosphinines
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Bathed in light, the acyclic receptor 1 that
binds a neutral guest molecule through
hydrogen bonding (1-2) undergoes an
intramolecular anthracene photodimeri-
zation reaction to yield a macrocyclic
structure. The dramatic change in the
structure of 1 from open to cyclic affects
the binding properties of the receptor
sites and leads to the exclusion of the
guest molecule.

A convergent synthesis of a-methylene
amides exploits a hybrid radical/ionic
concept in which radical carbonylation of
alkynes is followed by ionic trapping of the
resulting carbonyl-containing radical spe-
cies with amines (see scheme). The reac-
tion of substituted terminal alkynes with
pressurized CO, Bu;SnH, and 2,2"-azobis-
isobutyronitrile in the presence of a large
excess of amines gave good yields of the
corresponding a-methylene amides.

Computational exploration of carboranes
of formula C,B,,7* reveals that more than
one hypercoordinated carbon atom can be
enclosed by a peripheral ring comprising a
suitable number of boron atoms. The
C,Bg, C3B**, and CsBy;* species (the
LUMO of the latter is shown) are stabi-
lized by substantial Hiickel 7t aromaticity.
Furthermore, multicenter o bonding helps
bind the inner carbon units to the boron
perimeters, though they can freely rotate
relative to one another.

Only a few 3-functional phosphinines are
known. As a result, the reactivity of this
class of compounds is almost unexplored.
A straightforward access to such com-
pounds from the readily available phos-
pholide ions is described (see scheme)
and the reaction mechanism is explored
by theoretical methods.

Angew. Chem. Int. Ed. 2005, 43, 986994
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Simply mixing the complex [{RuCl,(1,3,5-
CeH3iPr3)},] (1) with PCyj; is sufficient to
generate a catalyst suitable for highly
efficient atom-transfer radical addition
and polymerization reactions at excep-
tionally low temperatures (see scheme).
The steric congestion at the metal caused
by the bulky ligands is thought to be
essential for the reactivity of the catalyst.

All three coinage metals are present in the
supramolecular compound created from
Dp-penicillamine (p-H,pen) by stepwise
reaction with Au', Ag', and Cu" in the
presence of Cl~. In this compound, 20-
nuclear monocationic [AugAggCu,Cl-
(H,0)s(p-pen);,]t and 21-nuclear mono-
anionic [AugAgsCuCl,(H,0)¢(D-pen)q,]~
(see picture) supramolecular cages, each
of which accommodates a Cl~ ion (green),
are linked so as to form a giant rock-salt-
like lattice structure.

Patch work: Through attachment of chro-
matic polydiacetylene (PDA) nanopatches
onto the plasma membrane, real-time
visualization of surface processes in living
cells is possible (see picture; scale bar:
10 um). The membrane-incorporated
polymer patches did not adversely affect
cell vitality for several hours and respon-
ded to structural perturbations of the

Interior decorating: Polymerization of
styrene sulfonate monomers on the inner
surface of polyelectrolyte hollow capsules
results in polymers having molecular
weights an order of magnitude higher

Angew. Chem. Int. Ed. 2005, 43, 986 —994

plasma membrane both through induc-
tion of fluorescence as well as by under-
going blue-red color changes.

than those produced in solution. The
shape of the capsules after polymerization
can be manipulated by varying the styrene
sulfonate content (see SEM images;

a: 25 wt%, b: 40 wt%).

www.angewandte.org
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Living Polymerization

L. Quebatte, M. Haas, E. Solari,
R. Scopelliti, Q. T. Nguyen,
K. Severin* 1084 -1088
Atom-Transfer Radical Reactions under
Mild Conditions with [{RuCl,(1,3,5-
C¢HsiPr;)},] and PCy, as the Catalyst
Precursors

Supramolecular Chemistry

A. Toyota, T. Yamaguchi,
A. Igashira-Kamiyama, T. Kawamoto,
T. Konno* 1088 - 1092

A Rock-Salt-Like Lattice Structure
Consisting of Monocationic and
Monoanionic Au'Ag'Cu" Supramolecular
Cages of p-Penicillaminate
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Cell Imaging

Z. Orynbayeva, S. Kolusheva, E. Livneh,
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R. Jelinek* 1092 -1096
Visualization of Membrane Processes in
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Materials Science
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Radical Polymerization

OAc OAc
A. Debuigne, J.-R. Caille,
R. Jérome* 1101-1104 Reversible end-capping of the growing
polymer chains to form dormant species
(see scheme) lowers the radical concen-
tration. Thus, cobalt(i1) acetylacetonate
efficiently controls the bulk radical poly-

merization of vinyl acetate. The molar

Highly Efficient Cobalt-Mediated Radical
Polymerization of Vinyl Acetate

Surface Polymerization

Q. ). Cai, G. D. Fu, F. R. Zhu, E.-T. Kang,*

K.-G. Neoh 1104-1107

A sulfanylhexanol coupling agent is cru-
cial for the preparation of GaAs—poly-
(methyl methacrylate) (PMMA) hybrids by
surface-initiated atom-transfer radical
polymerization (ATRP) of methyl metha-

(CeF5)sB—0 =0+ .
— /Ni“,'

Y. Chen, G. Wu, —N

G. C. Bazan* 1108-1112 @

1

GaAs—Polymer Hybrids Formed by
Surface-Initiated Atom-Transfer Radical
Polymerization of Methyl Methacrylate

Homogeneous Catalysis

Remote Activation of Nickel Catalysts for
Ethylene Oligomerization

Ammonia Oxidation

). Pérez-Ramirez,*
B. Vigeland 1112-1115
Perovskite Membranes in Ammonia
Oxidation: Towards Process
Intensification in Nitric Acid Manufacture

Heterogeneous Catalysis

Gold can activate propene or influence
titania such that a reaction occurs in
which bidentate propoxy species are
formed on the catalyst (see picture). In the
absence of gold this reaction is not
possible. This observation brings the
understanding of this unique catalyst
system one step further.

T. A. Nijhuis,* T. Visser,

B. M. Weckhuysen 1115-1118

The Role of Gold in Gold-Titania
Epoxidation Catalysts

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

*M/"\' + Cofacac)y ~——— h*"\(

Co(acac),

OAc OAc

mass of the poly(vinyl acetate) increases
linearly with monomer conversion, poly-

dispersity is as low as 1.15, and polymer-
ization can be resumed by preformed vinyl
acetate oligomers. acac = acetylacetonate.

crylate (see scheme) as it passivates the
GaAs surface and also immobilizes the
ATRP initiator. The surface states of GaAs
are not significantly affected by the ATRP
process.

Remote control: A novel molecular design
is described and used to probe the
activation of transition-metal-based ethyl-
ene polymerization and oligomerization
initiators by the action of a Lewis acid
across an electronically delocalized struc-
tural unit. Compound 1 which has a Lewis
acid attached to a site removed from the
trajectory of the incoming substrate,
shows high activity for ethylene oligo-
merization.

Intensified nitric acid production is pos-
sible when NH; is oxidized with Ca- and
Sr-substituted lanthanum ferrite perovs-
kites in a membrane reactor with NO
selectivities of up to 98 % (see picture). In
this new process atmospheric N, is
rejected by the oxygen-conducting mem-
brane, expensive noble metal catalysts are
unnecessary, and no environmentally
harmful N,O is produced.

Angew. Chem. Int. Ed. 2005, 43, 986994
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H, /1
MeOH

R1/\KCOOH

R2

High and wide: The high rigidity and large
dihedral angle of chiral, spirobifluorene-

based diphosphane ligands lead to excel-
lent reactivity and enantioselectivity in the

ruthenium-catalyzed asymmetric hydro-
genation of a,fB-unsaturated carboxylic
acids (see scheme).

OH O biosynthetic OH O
= A0
CO,H ,, -COH
OH ©
1 2

Compelling evidence for the intermediacy
of the free B-keto acid 1, rather than the
corresponding enzyme-bound thiolate as
previously proposed, in the biosynthesis
of the antibiotic actinorhodin (2) was
obtained from studies of the enantiose-

Tin caps: A straightforward synthetic
pathway leads to a series of trihydroxy tin
capped trinuclear nickel clusters. The
Sn(OH), groups of the clusters resist
oligomerization. They display high
nucleophilicity leading to reversible for-
mation of an n?-carbonato tin capped
cluster in the presence of CO, (see
scheme) and ring opening of 1,2-epoxy-
butane to the corresponding tin coordi-
nated diolate.

No vinyl ether by-products are formed in
the palladium(0)-complex catalyzed
hydroalkoxylation of hexafluoropropene
(see scheme). Saturated hydrofluoro-
ethers are selectively synthesized with

Angew. Chem. Int. Ed. 2005, 43, 986 —994

lective reduction of a range of B-keto acids
by the engineered strain of S. coelicolor
CH999/plJ5675. This excellent whole-cell
biotransformation system gave the
desired S B-hydroxy acids with >95% ee.

co, H0

alcohols or phenols under neutral condi-
tions in the presence of [Pd(PPh;),]/dppb.
dppb =1,4-bis (diphenylphosphanyl) bu-
tane.

www.angewandte.org
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E. Simén-Manso,
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An expedient total synthesis of aurisi-
des A and B (1), unusual cytotoxic mac-
I. Paterson,* G. J. Florence, rolide glycosides isolated from the Japa-
A. C. Heimann, nese sea hare D. auricularia, takes advan-
A.C.Mackay —— 1130-1133 tage of a highly convergent aldol-based
route for the stereocontrolled construc-
Stereocontrolled Total Synthesis of tion of the common macrolide core. This
(—)-Aurisides A and B is followed by a-selective glycosylation to

introduce the sugar moieties.

Oxidic Nanotubes An inorganic oxo salt,
Ki[(UO,);(Se0,)s](NO;) (H,0);5, forms a
S. V. Krivovichev,* V. Kahlenberg, R. Kaindl, structure based on nanoscale uranyl sel-
E. Mersdorf, I. G. Tananaev, enate tubules (see picture; @ {UO*}
B.F. Myasoedov — 1134-1136 bipyramids, o {SeO,*"} tetrahedra). The
interiors of the nanotubules are occupied
Nanoscale Tubules in Uranyl Selenates by K* ions and H,O molecules.
Service
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B. L. Feringa Receives Spinoza
Award

The Spinoza Award of the Netherlands
Organisation for Scientific Research
(NWO) is considered by some as the
Dutch Nobel Prize. The award has
been presented annually since 1995 to
three or four researchers from The
Netherlands of any academic discipline.
Each award winner receives a research
grant of € 1500000. Benedictus de Spi-
noza (1632-1677), after whom the
award is named, was a Jewish Dutch phi-
losopher of Portuguese origin whose
name stands for the freedom of the
researcher in the face of restrictions
posed by institutions.

Ben Feringa (University
of Groningen, The Nether-
lands) is one of four award
winners for 2004. His
research focuses on stereo-
chemistry and encompasses
organic synthesis, asymmet-
ric catalysis, molecular
switches and motors, self-
assembly, and nanosystems.
Feringa completed his PhD
in 1978 in Groningen under
the guidance of H. Wynberg
on the topic of asymmetric
phenol oxidation and then worked for
Shell in Amsterdam and Sittingbourne
(UK). He returned as a lecturer to the
University of Groningen in 1984 and
became full professor there in 1988.
Since 2003 he has been Jacobus H.
van 't Hoff Professor of Molecular Sci-
ences. Feringa is a member of the Aca-
demic Advisory Board of Advanced
Synthesis & Catalysis and the author of
a book on molecular switches.'"l He

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

recently reported in Angewandte
Chemie on the direct visual measure-
ment of the stereoselectivity of a cata-
lytic reaction by using liquid crystals.[']
In 1999 he discussed in a Review the
state of asymmetric synthesis in chiral
crystals and through photochemistry
with circularly polarized light, as well
as mechanisms for the amplification of
chirality.l']

Novartis Award to J. S. Clark and
J. P. Clayden

Novartis has awarded the Novartis
European Young Investigator Award in
Chemistry since 2002. The award, with
a monetary value of SFr 100000, is pre-
sented annually to scientists resident in
Europe and under the age of 40 who
have made outstanding achievements
in organic or bioorganic chemistry. The
recipients for 2004 are J. Stephen Clark
(University of Not-
tingham, UK) and
Jonathan P.  Clay-
den (University of
Manchester, UK).
Stephen Clark
studied chemistry
at the University
of Edinburgh
(UK) and com-
pleted his PhD in
1988 on natural
products synthesis
under the supervi-
sion of A.B. Holmes at the University
of Cambridge (UK). He then joined
the research group of D. A. Evans (Har-
vard University, USA). In 1990 he took
up a position as lecturer at the Univer-
sity of Nottingham, where he has been
Professor of Organic Chemistry since
2001. His research interests include the
total synthesis of natural products and
the development of stereoselective
methods for the synthesis of carbo- and
heterocycles, as well as metal-mediated
and asymmetric catalytic reactions.
Clark received the award for the devel-
opment of new synthetic methods
based on carbenoids and metathesis,
and their application in natural products
synthesis. In Angewandte Chemie he

J. S. Clark

DOI: 10.1002/anie.200500007

reported on the synthesis of polycyclic
ethers by double ring-closing metathe-
sis.?l

Jonathan Clayden studied chemistry
at the University of Cambridge and
completed his PhD there in 1992 under
the guidance of S. Warren. He then car-
ried out postdoctoral research with M.
Julia at the Ecole Normale Supérieure
in Paris. In 1994 he
became a lecturer
at the University
of Manchester,
where he has been
professor since
2001. His research
covers various as-
pects of organic
synthesis and ster-
eochemistry, for ex-
ample, asymmetric
synthesis,  atrop-
isomerism, organo-
lithium chemistry, conformation control,
and remote stereocontrol. The award
recognizes his development of new syn-
thetic methods based on dearomatiza-
tion reactions and non-biaryl atropisom-
ers. He described dearomatizing disrota-
tory electrocyclic ring-closing reactions
of lithiated N-benzoyloxazolidines in
Angewandte Chemie, and his Commu-
nication on the use of dipole moments to
control the relative orientation of func-
tional groups will be published in issue
8/2005.5

J. P. Clayden
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Self-Assembled Molecular Capsules—Even More Than
Nano-Sized Reaction Vessels

Arne Liitzen*
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The inclusion of molecules in defined
cavities implies the exciting possibility
of subsequent modification, since the
included molecule is greatly affected by
the specific steric conditions and ar-
rangement of functional groups in the
cavity. In analogy to enzyme-catalyzed
reactions, such complexes can result in
accelerated reactions or even in com-
pletely new reactions. Container mole-
cules like cryptophanes and (hemi-)car-
cerands can encapsulate small mole-
cules and even facilitate the formation
of and studies on reactive compounds
such as cyclobutadiene, benzyne, cyclo-
heptatetraene, and anti-Bredt bridge-
head olefins within their interior.™!
Although synthetic organic chemis-
try has had tremendous success in the
last years® the huge effort associated
with the fabrication of complicated
structures is a severe limitation. An
attractive alternative is the application
of synthetic strategies in which covalent
bonds are not formed, but rather revers-
ible, self-assembly processes dictated by
“weak” intermolecular interactions such
as hydrogen bonds and metal coordina-
tion lead to complex structures.’! This
strategy has a number of benefits: The
high degree of convergence usually
makes this synthesis easier than that of
the covalently assembled analogue (if
such a structure is indeed conceivable).
Depending on the reaction conditions,
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P.O. Box 2503
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the assembly is highly precise, because
these equilibrium-controlled processes
are self-controlling and self-repairing,
and the resulting thermodynamically
stable aggregates often show interesting
dynamic behavior. In addition, cooper-
ative effects are often observed such
that after an initial rate-determining
nucleation, the assembly is rapid since
the formation of several bonds becomes
easier the than formation of just one.
Following this approach, capsular
aggregates could also be obtained.”
Figures 1-3 show some examples of
capsules that can not only stabilize
reactive species or molecules in uncom-
mon conformations through encapsula-
tion but also act as molecular reaction
vessels for encapsulated substrates. The
first examples were described in the late
1990s by the group of J. Rebek, Jr. with
their hydrogen-bonded assemblies!™
(Figure 1). They demonstrated that
Diels—-Alder reactions could be acceler-
ated and even catalyzed within the so-
called softball 1.° Several years later the
same group found that the cylindrical
capsule 2 can be used to control reac-
tions like the formation of amides in a
very elegant manner. Small differences
in the encapsulation of single reactants
and reagents lead to a temporary com-
partmentalization of the species in-
volved in this model transformation.”
Similar results were obtained with
supramolecular metal complexes pre-
pared by self-assembly.! Figure 2 shows
systems described by Fujita et al., which
were used as molecular reaction cham-
bers.*? Stoichiometric [2+2] cycload-
ditions could be performed in both
hexanuclear palladium(ir) complexes 3
and 4, leading to products that could not

DOI: 10.1002/anie.200462272

Figure 1. PM3-minimized structures of softball
1 and the cylindrical capsule 2 from the group
of ). Rebek, Jr. and some of the successful ap-
plications of these dimeric aggregates.*”! The
long alkyl chains of the glycoluril units of 1
and of the lower rim of the resorcin[4]arenes
in 2 have been omitted.

be obtained without the capsules.”>

Furthermore, 3 could be employed as
an inverse phase-transfer reagent in
Wacker oxidations of styrene deriva-
tives in aqueous solution.’” Recently,
M. Fujita and co-workers were able to
add another interesting feature to this

Angew. Chem. Int. Ed. 2005, 44, 1000-1002
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Scheme 1. In the photochemically induced oxidation of adamantane encapsulated in 3, capsule
3 acts as a sensitizer. Although four molecules of adamantane are encapsulated in 3, only one

undergoes the reaction shown.

Figure 2. X-ray crystal structures of the hexanuclear

metal coordination compounds 3 and 4 synthesized by
8,9
s.

M. Fujita et al. and some of their application

Counterions, solvent molecules, and guest molecules
have been omitted. Complex 3 is shown with 2,2-bipyri-
dine ligands; however, most of the studies were per-
formed with ethylene diamine as the chelating ligand.

list of applications: they used capsule 3
as a sensitizer in photochemically in-
duced oxidations of encapsulated ada-
mantine molecules.'”l The assumption is
that the triazene ligand is photochemi-
cally excited in the first step. Subsequent
electron transfer from one of the four
encapsulated adamantane molecules to
the host cage leads to the formation of a
proton, an adamantyl radical, and a
deep-blue radical anion of 3 (in fact,
the former overall twelve-fold positively
charged complex is transformed into an
overall eleven-fold positively charged
radical). Finally, these reactive species
are then quenched by oxygen and water
to give regenerated capsule 3 and the
encapsulated oxidation products
(Scheme 1).

A common problem in the applica-
tion of molecular capsules as reaction
vessels is that the products themselves
are typically good guests. Consequently,
the product inhibits further reaction,
and the host does usually not show
catalytic activity. This was also the case

Angew. Chem. Int. Ed. 2005, 44, 1000 -1002

for the C—H activation mediated
by an iridium complex encapsu-
lated by the tetranuclear supra-
molecular gallium compound 5
(Figure 3), which was reported
by Bergman, Raymond et al.
only a few months ago.!"! More
recently they have circumvented
this problem in an extremely elegant
manner. Again they employed the high-
ly charged anionic assembly 5, whose
spectacular properties, for example, its
special affinity to sterically complemen-
tary ammonium ions and its “structural
memory”, were already demonstrated in
the past.'”” In this new account they
describe another important application:
aza-Cope rearrangements can be accel-
erated within this capsule by a factor of
almost 1000 and can even be performed
in a catalytic fashion (Scheme 2).["* This
reaction is not necessarily one of the
most important chemical transforma-
tions, but the authors were clever to
choose it because the previously report-
ed properties of the capsule fit this
reaction almost perfectly. The substrate,
the quaternary ammonium ion 6, is an
excellent guest for the anionic capsule.
The confining cavity of 5 forces 6 to
adopt a conformation that is barely
populated in bulk solution but very
favorable for the desired rearrange-

www.angewandte.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ment. The reversible rearrangement
gives iminium ion 7, which, like 6, is a
good guest. Subsequently the included

Figure 3. X-ray crystal structure of the tetranu-
clear gallium complex (A,A,A,A)-5 synthe-
sized by Raymond et al. and some of the ap-
plications achieved with these supramolecular
assemblies.®* 14 Counterions, solvent mole-
cules, and the guest molecule have been omit-
ted for clarity.
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Scheme 2. Catalytic cycle of the aza-Cope rearrangement within 5. Since 5 was used in racemic
form, 8 was also obtained as a racemate, even though only one enantiomer is shown above.

product equilibrates with the free prod-
uct in the bulk solution. Free 7 under-
goes irreversible hydrolysis in the aque-
ous solution to furnish neutral aldehyde
8, which is not a good guest for 5§ and
thus does not compete with 6 for
encapsulation. Alternatively, one could
also consider that 7 is hydrolyzed inside
the cavity almost instantaneously, be-
cause water is able to enter the cavity
rather easily. The resulting aldehyde 8 is
then subsequently exchanged for 6. In
both cases, the catalytic cycle is com-
pleted.

It is possible to create molecular
capsules with distinct properties that
meet the requirements of a given reac-
tion—even though the exact mechanism
of guest exchange is not yet fully under-
stood and the activity of the catalyst is
far less than that of enzymes. It will be
very interesting to see which reaction
will be studied next within anionic,
cationic, or neutral self-assembled mo-
lecular capsules. The topic of stereo-
chemical control of reactions within
chiral aggregates will certainly be ad-
dressed in future work in this area.
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P. C. Lauterbur

All Science Is Interdisciplinary—From Magnetic
Moments to Molecules to Men (Nobel Lecture)**

Paul C. Lauterbur*

Biography

My ancestors apparently emigrated from Europe in the
middle of the 19th century; the Lauterburs probably from
Luxembourg, and my mother’s people, Wagners and Wein-
gartners, from Baden-Baden in Germany or nearby. They
settled in northern Ohio, where my mother’s father, Hans
Christian Wagner, married Margaret (Maggie) Weingartner.
They lived in Tiffin, Ohio when I was a child, where they had
raised my mother, Gertrude Frieda Wagner, her twin brother
Joseph, and their youngest child, who became a nun with the
name Mary Monica. Nearby lived my grandfather Paul
Lauterbur who married a woman of Irish descent, Margaret
Hillan. They eventually moved south to Sidney, Ohio and had
a number of children, of whom my father, Edward Joseph
Lauterbur, was the youngest. He later married Gertrude
Wagner (the families seem always to have been acquainted)
and they had four children, Thomas who died shortly after
birth, me, my younger brother Edward Joseph Lauterbur II
(Joe) and my sister Margaret. We grew up in a house in Sidney
complete with a series of dogs, and as the years went by, birds,
turtles, newts, fish, snakes, and other animals, and with
interesting yards full of trees, bushes and flowers, as well as a
nearby park, open spaces, and neighbors, some of whom did
not resent children trespassing on their property. It was, in
memory, an idyllic time. My father worked in the town, as an
engineer and part-owner of the Peerless Bread Machinery
Company, and my mother kept house with help of a young
woman who did some domestic chores and sometimes cared
for the children. Although I attended a parochial school, Holy
Angels School, I recall little of it except that the nuns who
taught there seemed to value order and discipline over all
else, which made it especially desirable to evade their control.
More influential in my later interests was, I believe, my aunt
Anna Lauterbur, who taught in Burris Laboratory School at
Ball State Teachers College (now Ball State University) in
Muncie, Indiana, just west of the Ohio-Indiana border. She
was fascinated by natural history, always kept a terrarium in
her elementary school classroom, and gave me a subscription
to the magazine Natural History. A very gentle person, always
willing to listen to a child, she was my favorite aunt.

My parents’ hobby was horseback riding, and so they
bought a farm outside of town, and we moved there just as I
was transferring to the public high school. The farm, with an
old but remodeled house, a barn, various outbuildings, fields,
woods, and a little creek, was a small paradise to a teen-age
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boy, even though I acquired many duties, such as caring for
the horses, mowing the lawn, cultivating the garden, and
helping with harvesting. There was also time, of course, for
hunting and fishing, collecting snakes, turtles, and caterpillars
to raise to butterflies or moths, and for general exploration.
School was now more interesting also. Not only did I take up
the game of chess as a freshman, but I beat the local
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champions at it, to their great disgust because they were
seniors, and then moved on to play a local adult expert, one of
the teachers. Classes were a mixture of pleasure and boredom.
One of my teachers, who taught biology and chemistry, had
the foresight to excuse me and some of my classmates, who
were members of the local science club, from his lectures, so
that we were free to use the time to do experiments, both
standard and wild, in the school lab. He also had the courage
to intervene when some of the dangerous ones came to the
attention of the school authorities and we could have been
expelled.

I met him again recently, and his son recalled that when
told of my Nobel Prize, he said, “I always knew he would do
something like that”. After graduating from high school, I
went on to Case Institute of Technology, an engineering
school now part of Case Western Reserve University, in
Cleveland, Ohio, about 200 miles north-east of Sidney. My
father had recommended it, because, as he observed, he didn’t
know what scientists did for a living, but engineers could
always get a job. But, given a choice of majors, I chose
chemistry.

I had had so-called “chemistry sets” of simple chemicals
and apparatus since my earliest years (I particularly liked the
pungent smell of burning sulfur), and my own home
laboratories even before high school. The curriculum at
Case was quite general, including all forms of science (except
biology) and engineering, including civil, electrical, mechan-
ical, and chemical, and all of the related technologies such as
surveying, mechanical drawing, as well as seemingly endless
labs of all kinds, for which I have always been grateful. In
addition to the excitement and drudgery of academics, there
were also the pleasures and stresses of fraternity life, girls, and
culture, as well as new friends and foods. Continuing my habit
of doing things a little differently than expected, I wrote a
Senior Thesis on my attempt to make an organosilicon free
radical, but the advisor for it was an organic chemist who
specialized in natural products.

When I graduated (with a BSc in chemistry, because I did
not qualify for an engineering degree as I had replaced a Unit
Operations laboratory course with a graduate course in
Quantum Chemistry), I was tired of lectures and professors,
and determined to get back to lab work. I knew little about
graduate study and the structure of a scientific career, so I
accepted an offer to work for the Dow Corning Corporation
in their Mellon Institute laboratories, where the emphasis was
more scientific than technical. I was also told that I could take
graduate courses at the University of Pittsburgh free as an
Institute employee. There was much interesting work, I
found, in our group at the Institute. Organosilicon synthesis,
theories of rubber elasticity, techniques of vacuum distilla-
tion, elastomer testing, all were new to me and endlessly
stimulating. I was particularly fascinated by the puzzle of how
small particles strengthened rubber.) T even managed to
overcome my distaste for academics and took a few courses.

It had long been known that “carbon black” dramatically
improved the properties of natural or synthetic organic
rubbers, and it had been found that the same was true for
silicone elastomers if small particles of silica were used
instead of carbon, but it was not clear whether surface
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chemistry was involved or simply physical properties. I
addressed one aspect of the problem by substituting phtha-
locyanine dyes for silica, and they worked perfectly, with their
effectiveness decreasing as predicted when the particle size
was increased by recrystalization from liquid hydrogen
fluoride. Unfortunately, I never achieved a theoretical under-
standing of the effect, despite intense study of elastomer
theory, but I had bright blue rubber and skin.

During that period, I also began to learn about nuclear
magnetic resonance (NMR) from various visitors and speak-
ers and to read a little about that new form of spectroscopy as
well. It seemed ideally suited, even at that early date, for
investigating the structures and electron distributions in
molecules, and various physical properties of materials.
Therefore, as part of my graduate education at the University
of Pittsburgh, in addition to a “literature seminar” on
interstellar molecules, I gave one on a paper describing
NMR properties of rubber. Before I could begin a planned
collaboration on the hydrogen NMR spectroscopy of silicon
compounds, however, my deferments came to an end and I
was drafted into the Army and my eventual assignment was
proposed to be in the SPP (Scientific and Professional
Personnel) program, which my BSc and two years of work
experience qualified me for.

First, however, I was assigned by mistake to a tank
battalion at Fort Knox, Kentucky. After hastily correcting
that error, I was given eight weeks of minimal basic training
and was assigned to the SPP program, as planned, at the Army
Chemical Center in Edgewood, Maryland. My specific
assignment there was in the Medical Laboratories, where 1
learned to operate an electron microscope to measure the
properties of small aerosol particles meant to carry chemical
warfare agents deep into the lungs, and I also proposed, and
began to set up, a light-scattering apparatus to quantitate
vapor adsorption on aerosol particles. Another aspect of my
duties was to capture and weigh experimental animals meant
for the testing of chemical weapons, so that I became skilled,
for example, at catching goats in an open field, for which my
farm experience was useful.

In time, I learned, from a fellow draftee in my barracks, a
Columbia PhD, that his unit had purchased an NMR machine,
but didn’t know how to use it. I said, “Hey, I know all about
that!”, and managed a transfer to help set it up, and arranged
for one of my science club buddies, Marlan Shepard, from
high school, who had also just been drafted, to join me in the
lab, where, among others, we had a drafted Harvard PhD in
physical chemistry, Norbert Muller, later a professor at
Purdue for many years. We got to work enthusiastically, and
I eventually published four papers®® from our work there,
which had turned into a rather unusual opportunity for a
young soldier. Perhaps, even more important for my future, I
received at least second-hand scraps of a Harvard education,
especially the attitudes towards scientic work, from Nobby
Muller.

When I was mustered out of the Army, I had to decide
where to go next. I even considered regular full-time graduate
school, but the appeal of Mellon Institute as a familiar
supportive working environment won out, especially after my
group agreed to buy me my own NMR machine. When I
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returned to the Institute I arranged that requisition, tested the
machine on a standard organosilicon compound (polydimeth-
ylsiloxane) at the manufacturer’s laboratory and factory, and
impatiently did the initial installation itself when the machine
was delivered. The first critical experiments I did, however,
were on CNMR by retuning the instrument, as I had
calculated that, if Si resonances could be seen, so could those
of *C, and a much larger variety of stable carbon compounds
existed than of silicon compounds.

My first work in that area, a broad survey of carbon
compounds,”! led to many other publications on various
classes of organic chemicals,™*%!% work that absorbed much
of my attention for several years and eventually provided the
basis for my PhD dissertation. Finally completing those
requirements was stimulated in part by my learning of an
academic job offer to me that was planned but never made,
because the department learned that I did not yet have the
degree, and I had begun to be dissatisfied with Mellon
Institute because of some restrictions they had placed on my
activities. After I obtained that degree, I looked at several
opportunities and selected one in academia, because, as I
remarked, “I wanted to be free to try any silly thing I decided
to do”. One unexpected feature of the job offer, at the State
University of New York at Stony Brook, was that it was for
the rank of associate professor, so that I went directly to that
level, and almost automatic tenure soon after, without even a
postdoctorate appointment. I set up an NMR lab there, and
also began to learn the duties and problems of university life
while helping to build the department and the institution, and
especially, learning to work with students, by that time having
gotten over my own distaste for professors by becoming one
myself.

During the academic year 1969-1970, I took my first
sabbatical leave, spending it in Palo Alto, California, in the
group of John Baldeschwieler in the Chemistry Department
at Stanford. In addition to the scientific opportunities and
satisfactions, there were personal activities as well. I had
married Rose Mary Caputo in 1962, and although she was not
in good health, we sometimes visited San Francisco and we
had two children, Dan and Sharon (who later renamed herself
Sharyn) who enjoyed the nearly perpetual summer there. I
had an undergraduate student doing work back in Stony
Brook who began a new project in my lab there, calculating
hypothetical ?C NMR spectra of denatured proteins from
data for amino acid spectra. Two graduate students, José
Ramirez and Skip Hutton, also remained to continue their
research, mostly of isotope effects on NMR spectra,'!l and I
flew back to Stony Brook almost once a month to stay in
touch with these activities.

Back in Stanford, I was trying some new NMR-related
things. I went up to the Syntex research labs nearby and began
research on *H NMR spectroscopy of tritium-labeled phar-
maceuticals. Only one paper on tritium NMR spectroscopy of
organic compounds, by George Tiers, had appeared, so our
discovery that one of the “standards” provided to us by
Syntex was apparently not labeled in the position they
thought it was, interfered with our publishing those observa-
tions in the limited time we had available, but led to my later
setting up a lab, with a chemistry colleague at Stony Brook, to
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do more such work. I also began collaborative studies at
Varian Associates, in that manufacturer’s service labs, of
natural-abundance *C NMR spectroscopy of the protein
lysozyme in their experimental new superconducting spec-
trometer, and published the first paper on that subject. I was
also working in a lab in the Stanford Medical Center to learn
to label a protein, ribonuclease A, with '*C at each of its four
methionine residues for eventual NMR studies. And, I
suppose just to keep busy, I was working with my host, John
Baldeschwieler, and Barry Shapiro, a previous visitor to his
group and friend of mine from Mellon Institute days, to
commercialize *C-isotope-enrichment technology developed
at Los Alamos National Laboratories. We even started a
company, “Kivatec”, to use Los Alamos underground distil-
lation methods for that purpose.

It is clear that I was actively beginning to consider
biomedical NMR spectroscopy as a new area for application
of my skills and knowledge of NMR, partly stimulated by the
activities of Oleg Jardetzky, a new member of the Stanford
faculty. My intense and detailed involvement in biomedical
applications of NMR came, however, from an entirely
unexpected direction.

After I returned to Stony Brook, by a long, leisurely
automobile drive from California with my family, and settled
in again to my department (where I found the same argu-
ments continuing that had been going on when I left) an
unexpected event occurred. It had its beginning several years
earlier, when a field service engineer for Varian, the leading
NMR company, saw an opportunity and asked for my opinion
on his idea of starting his own company to make or distribute
specialized NMR equipment and supplies. His business plan
seemed reasonable, and I encouraged him to go ahead. For a
time the company thrived, and I was a member of the Board
of Directors.

In May of 1971, however, some other members of the
board compared notes with the company’s banker and found
that the company had engaged in some very dubious business
practices and was, in fact, bankrupt. At a hastily called Board
meeting, appropriate actions were weighed, and the banker,
there as a guest, threatened to close the company that day
unless someone he trusted could be persuaded to take over as
President, Chairman of the Board, and Chief Executive
Officer. I was the only academic on the Board, the semester
had just ended, and the others believed that I was free for the
summer, so that I was asked to take the job. I agreed, flew to
the company headquarters in New Kensington, Pennsylvania,
near Pittsburgh, at the beginning of each week and back to
Stony Brook and my family and students for the weekend.

The developments at the company could supply the plot
for a novel, but the incident that is important for my purpose
here is that a postdoc arrived with tumor-bearing rats to check
the proton NMR relaxation times of their tumors and normal
tissues and organs. I was there to observe the experiments,
and noted that large and consistent differences were obtained
for specimens from all parts of the sacrificed animals and that
the experiments seemed well-done. Some individuals were
speculating that similar measurements might supplement or
replace the observations of cell structure in tissues by
pathologists, but the invasive nature of the animal procedure
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was distasteful to me, the data too complex, and the sources of
differences too obscure, to be relied upon for medical
decisions. As I pondered the problem that evening, I realized
that there might be a way to locate the precise origins of NMR
signals in complex objects, and hence to form an image of the
distributions of the nuclei in two or even three dimensions.
That story, and its consequences, is told more fully elsewhere.

Shortly afterwards, I returned to my university for the fall
semester, and a colleague took over my company responsi-
bilities. The beginning of the new academic year was a very
busy time, and I found some quiet moments to test my ideas
about a mathematical approach to such imaging during
attendance at seminars and then to consider practical aspects
of the idea as the semester proceeded. In the meantime, I
began dropping in on the new medical library of the
university, which I passed each morning on the way to work,
to spend a few minutes reading, in journals and books, about
new developments, problems, and questions in medicine that
a new imaging method might address. As I became more
confident that these techniques could be both practical and
useful, I gradually reoriented most of my research in that
direction, then spent almost 30 years on developing the
techniques and applications of NMR imaging, while chemis-
try as such became mostly a subject to be taught to students.

An exception, later to be significant, was my general
interest in evolution and the origin of life, a topic that I
addressed in guest lectures at my university and in selected
teaching experiments for undergraduate laboratories. During
this period, of course, my children were growing up, as they
do, but my marriage was disintegrating. I began to be
recognized for my imaging work, and my earlier scientific
accomplishments began to be overshadowed by this new
direction. At the same time, my efforts to expand the imaging
studies, now named MRI by medical doctors, began to be
seriously inhibited by administrative and political problems at
Stony Brook. My marriage ended in divorce, and I formed a
new personal attachment with Joan Dawson, an American
physiologist, working at University College, London, whose
field was muscle biophysics and physiology, as studied mostly
by NMR. If we were to be together, either she needed a new
position at Stony Brook or we both needed new jobs
elsewhere. After looking at several possibilities, and getting
married in 1984, we accepted offers at the University of
Illinois.

We moved to Urbana in 1985, with a new baby and high
hopes for our professional lives, which were immediately
dashed. A plan to share our time between the Urbana and
Chicago campuses was foreclosed by technical and political
problems in Chicago, and my intended equipment in Urbana,
a new whole-body MRI machine associated with a hospital
there, was unavailable because of a legal dispute. That
problem was never resolved. The hospital eventually sold
the machine, but I obtained a small animal-scale machine
from the university and began new experiments. My labo-
ratory was organized as the Biomedical Magnetic Resonance
Laboratory, initially located in a rented building near campus.
When the landlord, a hospital, decided to demolish the
building to further its own plans, a small new building was
built for my laboratory.
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In the late nineteen nineties, that building, including my
office, my laboratories, my staff, and all of my equipment,
including that provided from university funds in 1985 and
those items purchased from external grants over the years,
were transferred to another university operation. My wife and
I considered looking for new positions, but, in addition to
having spent a great deal of time and money building a house,
our daughter was in a very good high school, so we stayed. 1
had a joint appointment in the Department of Chemistry, and
moved there, because I had already begun to think about a
new approach to the origin of biology from chemistry and
wanted to pursue that line of research. Thus, by the time the
long-awaited Nobel Prize for MRI was awarded, I had left
that field for another (and my daughter had entered college).
I am now not only actively pursuing my new research
interests, but learning the new skills in time management
required of a Nobel Laureate.

Science

The title is not a tribute to some trendy hybrid field, but an
introduction to a lecture on a Nobel Prize for Physiology or
Medicine that is shared by a chemist and a physicist. Few
events could illustrate more clearly the blending both at the
boundaries, and sometimes through the bodies, of our
disciplines. For that is what they are, disciplines, not natural
categories with rigid boundaries to be defended against
intrusions, but guides to instruction and efficient administra-
tion.

Historically, the record is clear. Chemistry, for example,
was cobbled together from mystical alchemy, metallurgy,
physics, mineralogy, medicine, and cookery, eliminating
incompatibilities as it evolved and consolidated into a more-
or-less unified discipline. Physics has been formed, and
enriched, by contributions from astronomy, mechanics, math-
ematics, chemistry, and other sciences. We have recently
observed the rationalization of much of biology by chemistry,
with the help of physics.

Nuclear magnetic resonance began within physics, at a
confluence among particle physics, condensed matter physics,
spectroscopy, and electromagnetics. The discovery of ways to
observe the subtle properties of atomic nuclei in solids,
liquids, and eventually gases, earned Felix Bloch and Edward
Purcell a Nobel Prize in Physics in 1952. Applications to
studies of molecular motions and structures began almost
immediately. The discoverers themselves, it is told, even used
their own bodies as samples. In an early predecessor to MRI,
Jay Singer measured blood flow in a human arm, and actual
medical measurements were started when Erik Odeblad, a
Swedish MD, constructed apparatus and devised methods to
study very small quantities of human secretions for medical
purposes. Biological studies followed, in other labs, using
animal tissues, including hearts, and entire small animals.

In 1971, Raymond Damadian observed that some malig-
nant tissue, obtained from tumors implanted into rats, had
longer NMR relaxation times than many normal tissues. This
observation caught the attention of several people, and Hollis
decided to attempt to confirm and extend it by a study of a
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related system, Morris hepatomas in rats, readily available to
him at Johns Hopkins University. At one point, a postdoctoral
fellow in his laboratory, Leon Saryan, brought some of the
animals to the small company in western Pennsylvania which
had actually carried out the earlier Damadian work. There,
the rats were sacrificed and dissected and the tissue samples
studied by NMR. I happened to be present to observe the
entire process, for reasons described before, and, as a chemist
not ordinarily involved with animal experiments, found them
rather distasteful. All such NMR experiments were subject to
error from nonuniformities in sample composition, the static
magnetic field, and the radiofrequency magnetic field. How-
ever, the differences in the NMR signals from one tissue to
another, normal as well as diseased, seemed robust in the
experiments [ observed. I thought they might actually be
reproducible and useful, especially if the signal intensities,
relaxation times, etc. could be measured from outside the
living body with sufficient spatial resolution.

That evening, over dinner, it occurred to me that, as the
frequencies of NMR signals depended on the local magnetic
field, there might be a general way to locate them in a
nonuniform magnetic field. I knew, however, that the strength
of a static field could not have a unique value in each location
in three dimensions, but that the complex shape of such a field
could be represented by an expansion in a set of functions
such as those provided by the correction fields (“shim” fields)
available on NMR machines to cancel unwanted magnetic
field nonuniformities, term by term, with linear gradients,
quadratic ones, etc. Could this be the answer? A little
reflection made me doubt it. I recalled that single-center
expansions of molecular wave functions had been tried in
quantum chemistry, but converged on useful solutions slowly
and poorly. An alternative occurred to me. What if one used a
large set of simple linear gradients, oriented in many
directions in turn in three dimensions? I knew of no examples
in any field. This was early September 1971, and X-ray
computer tomography was not yet widely known, and neither
had I encountered the similar ideas that were being tested in
radioastronomy by Bracewell and in electron microscopy by
Herman and Gordon, and by others in different fields. Nor
did I know of any mathematics to solve such problems, but I
recalled another idea from quantum chemistry, that when
equations were not solvable in analytic form, an iterative
method, in which approximate solutions were compared to
known properties and systematically adjusted to a closer and
closer fit, could be used.

To test this idea, I wrote down numbers such as 1s and Os
in small arrays 4 x4 or even 8x8 square and added them
along the vertical and horizontal directions, representing the
one-dimensional data that would be generated by linear
magnetic field gradients perpendicular to those directions;
data at 45 and 135° was generated similarly. The “data” could
then be “back-projected” across the image space as a series of
bands and summed where they crossed, from which the trial
image of summed intensities could be projected in each of the
original directions for comparison with the actual “data”, and
modified by added or multiplicative terms to agree with it.
The procedure might then be repeated, in hopes that the next
computed trial image would be a closer approximation on
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each cycle to the synthetic original one. I asked local
mathematicians whether such a procedure was known and
would work. All said they knew of no examples, and some said
it was obviously valid, while others said it was clear that it
would not converge, so I just tried it myself, with pencil and
paper calculations. The result, with such simple mathematical
“phantoms” (test objects) at least, was that the calculations
converged very rapidly indeed. Later, a computer scientist
with whom I had consulted came across a paper in a
subsequent issue of a journal that used exactly my algorithm.
This simultaneously validated the method and eliminated my
claims to priority. I later learned that much work on the so-
called “reconstruction from projections” problem had been
published, by many people in many contexts, in recent years,
almost all done independently in different fields. My real
interest, however, was in the magnetic resonance imaging
problem, and that remained unique.

I then turned my attention to the question of whether
there would be enough NMR signal-to-noise ratio with large
enough radiofrequency coils to surround a human body and
the low magnetic fields I thought might be practical in
resistive magnets over such large volumes. The standard
reference, Nuclear Magnetism, by Abragam provided equa-
tions that suggested that the answer was favorable. At about
the same time, my review of the magnet literature revealed
that resistive magnets with fields of the order of 1000 G
(0.1 T) and diameters of about 1 m could be constructed and
operated economically with enough field uniformity to
support the NMR experiments I had in mind.

Before I could start my research, there was another matter
to resolve. A patent attorney at the company had advised me
to do no experiments at my university, as they would
compromise my patent position. He and I had been actively
working on preparing patent application documents, in
exchange for his fee of a percentage of any financial returns
that might result. Unfortunately, a business dispute developed
between us in connection with the company, and he declined
to continue with our agreement. When that happened, I made
a patent disclosure to my university, which in turn sent it to
the organization they used to evaluate such documents and
prepare patent applications.

In the meantime, I began experiments, preparing test
objects by attaching 1-mm diameter glass melting point
capillaries to the inside of 5-mm glass NMR sample tubes, the
capillaries filled with ordinary water (H,O) and the outer
tubes with heavy water (D,0). The reason for the D,O was to
roughly match the magnetic susceptibility across the sample
so that the capillary signals would be less distorted than they
would have been with air in that space. I first tried three
capillaries, but the signals were too complex for easy
interpretation, so I tried just two. I also tried using the
linear gradients in the magnetic field supplied by the
appropriate shim controls on a small analytical NMR
spectrometer in the Chemistry Department, with 5-mm
sample tubes filled with ordinary water. As expected, their
projections were half-ellipses, or semicircles for the proper
adjustment of the strength of the gradient.

For an actual test of the image mathematics on real data, I
attached a paper disc, marked at intervals of 45°, to the outer
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tube containing two capillaries and rotated it to orientations
of 0, 45, 90 and 135° relative to the gradient direction while
recording the NMR signal on a pen and ink recorder. I then
digitized the recordings by measuring the height of the curves
at intervals with a ruler and recording the numbers on a piece
of paper, with the intervals corresponding to the projections
of a square grid for each angle. The numbers were then
transferred manually to punch cards that could be fed to a
reader attached to the departmental instrument control
computer, originally intended only to operate an X-ray
diffractometer for single crystal structure determinations. Its
memory (ferrite cores) was so limited that all calculations had
to be made in integer (fixed point) mode, and intermediate
results had to be punched out on a deck of cards to be
reentered later for the next step, and each subprogram had to
be kept on a separate deck of punched cards. The final result
was then printed by a typewriter as a 20 x 20 array of numbers,
and the “image” produced by hand-drawn contours on that
array.

This seems tedious on later description but was exciting
then because the whole process and its results were being
encountered for the first time, especially as I recognized that
the “pictures” were a new kind of image, based on principles
completely different from those behind other imaging meth-
ods. To emphasize this point, I coined the new word
“zeugmatography” (zeugma, Greek: connection, yoke) as a
description, checking with a classical scholar for its fidelity to
ancient roots and with a speaker of contemporary Greek to
ensure that the meaning of “zeugma” had not shifted during
later centuries.

Reassured, I used it in a manuscript I wrote for the journal
Nature, which was summarily rejected. I felt this was a
mistake, not because I foresaw all of the medical applications
that would follow, but because of the physical uniqueness of
the concept. I was also trying to think of another example that
would work in practice, but it was to be over a quarter of a
century later that an example, involving the differential shift
of the spectra of two closely spaced atoms in an inhomoge-
neous electric field, was published, but the authors did not
notice the similarities. My appeal to Nature was followed by
submission of a revised version of my manuscript containing
references to cancer and other more obviously relevant topics,
and this time it was accepted."! (Almost thirty years later,
Nature publicly celebrated its appearance there.) Slightly
earlier, I had presented my results in a short contributed
paper at an American Physical Society meeting, which then
had a policy of accepting any meeting talk by a member, but it
was attended by only a handful of listeners, one of whom was
a graduate student who told me that his professor had done
the same thing, but I never found any evidence that he had. A
similar pattern repeated itself several times in later years, with
people telling me that they had the same ideas but had not
followed them up with experiments and publication.

This work, and its subsequent elaborations, became the
subject of my lectures afterward at most meetings I attended,
including seminars. Before I began describing it in detail
everywhere, however, the university’s agent rejected the
patent application because they felt that it could not generate
enough funds to pay for the application process. I then asked
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my university for permission to pursue the application
independently but never received a reply. I was not in a
financial position to quit my job and defy the university, and
the grace period for applying for a US patent after publication
had nearly expired, so I abandoned that idea and decided
instead to encourage others to pursue this new technology,
inviting everyone interested to visit my laboratory to observe
our efforts and learn from us. People did come, from industry,
academia, and government laboratories, foreign and domes-
tic, and I began supplying a bibliography of such work to all
and helping to organize meetings on the subject to compare
our methods and results. Among these people were Professor
Raymond Andrew and members of his group at Nottingham
University, and Drs. Mansfield, Moore, and others there, as
well as representatives of medical instrument companies and
medical doctors and medical physicists themselves. As I
hoped, interest began building as many other groups were
involved.

We continued our work, which shortly involved graduate
students and postdoctoral fellows as well as undergraduate
research students, and, as I had hoped, more contributions
were published by other laboratories, with some remarkable
early images from Waldo Hinshaw in Andrew’s group at
Nottingham. As the depth and breadth of application grew,
both large and small companies began to see opportunities,
and within less than ten years commercial instruments began
to come to market, large enough to hold a human being and to
support true clinical research. Competitive pressures among
physicians, industrial interest, and multiplying applications
and techniques began to generate the explosive growth that
was to characterize the past twenty years, leading, among
other things, to the recognition of this phenomenon by the
Royal Swedish Academy of Sciences. I and my group
continued to make contributions through this period as well,
some of them significant, but the most gratifying experiences
emotionally were those when a stranger would volunteer “you
saved my daughter’s life”, or “your machine saved me from
an unnecessary operation”. By the end of the millennium,
despite the continuing excitement of the field, almost thirty
years of a detour from chemistry to medical imaging began to
pall, and I changed my focus to a field of chemical research,
just in time for my past to catch up with me in the form of a
Nobel Prize. All detours should be so productive!
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Natural Products Synthesis

Over the course of the past half century, the structural elucidation of
unknown natural products has undergone a tremendous revolution.
Before World War 11, a chemist would have relied almost exclusively
on the art of chemical synthesis, primarily in the form of degradation
and derivatization reactions, to develop and test structural hypotheses
in a process that often took years to complete when grams of material
were available. Today, a battery of advanced spectroscopic methods,
such as multidimensional NMR spectroscopy and high-resolution
mass spectrometry, not to mention X-ray crystallography, exist for the
expeditious assignment of structures to highly complex molecules
isolated from nature in milligram or sub-milligram quantities. In fact,
it could be argued that the characterization of natural products has
become a routine task, one which no longer even requires a reaction
flask! This Review makes the case that imaginative detective work and
chemical synthesis still have important roles to play in the process of
solving nature’s most intriguing molecular puzzles.

1. Introduction

During all of the 19th century and most of the early half of
the 20th century, natural product structure elucidation was an
art that depended almost entirely on the power of chemical
synthesis, or, more specifically, on the effectiveness of
degradation or derivatization processes, to reveal the archi-
tectural design of a molecule. Assuming both that gram
quantities of the substance under investigation were available
and that the chemical transformations employed proceeded
along expected lines, researchers of that era might have
expected to solve their molecular puzzles after a few years of
painstaking effort. The assignment of absolute or relative
configuration was, of course, essentially out of the question in
most cases.

Needless to say, this intellectually difficult and physically
tedious approach had its limitations, and was often attended
with errors. For example, during the 1920s there was
tremendous interest in establishing the structures of a
number of steroids. Although a formidable task that stymied
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(verified by X-ray crystal-structure analysis)

many, two researchers in Germany, Wieland and Windaus,
rose to the challenge and unraveled several of the key
structural motifs of these molecules, leading them to propose
a number of architectures, such as structure 1 for cholesterol
(Figure 1)."! So impressed was the chemical community with
this work that it ultimately served as part of the basis for their
separate receipt of the Nobel Prize in Chemistry in 1927 and
1928, respectively. Unfortunately, as anyone today can
instantly recognize, their proposals had a number of inaccur-
acies in terms of the core structure—mistakes that were
revealed in 1932 when Bernal obtained the first X-ray crystal
structure of a steroid (ergosterol (2), Figure 1).2
Nevertheless, the near-exclusive use of chemical synthesis
for structural elucidation did score a number of remarkable
successes, such as correct assignments for the natural products
quinine (4)®! and haemin (5)" prior to the start of World
War II, and strychnine (6) in 1946 (Figure 2).”) Equally
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3. correct structure of cholesterol (1932)

Figure 1. A classical misassignment: Wieland and Windaus were
awarded the Nobel Prize in Chemistry in 1927 and 1928, respectively,
for deriving structures of natural products, such as their proposed
structure 1 for cholesterol.
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important, if not more so, these efforts also served as the
principle driving force for the discovery of new chemical
reactivity. Indeed, much of our present knowledge regarding
heterocyclic chemistry was established through structural
work directed towards the targets shown in Figure 2, among

OMe

HO,C CO,H

4: quinine

5: haemin 6: strychnine

Figure 2. Quinine (4), haemin (5), and strychnine (6): The elucidation
of the structures of these natural products inspired a great deal of new
chemistry.

others, just as work focused on confirming the connectivities
of the steroids afforded insight into how carbon—carbon bonds
could be forged and cleaved. Phrased differently, as recently
formulated by Doering: “In the beginning, the isolation of
chemicals from natural sources provided an unceasing
stimulus to the creation and development of science.”®!

By contrast, total synthesis played almost no role as a
vehicle for chemical discovery during these early days.
Instead, it served as the means to obtain a final proof of
structure once degradative work had been completed, under
the belief that if synthetically derived material matched its
natural counterpart in all respects, then the proposed
structure must be correct. This assumption was an accurate
one for the most part, though it, too, could lead to misassign-
ments. A classic example resides in work directed towards
patchouli alcohol, a natural product that had been assigned
structure 10 (Scheme 1) in 1961 by Biichi and his colleagues at
the Massachusetts Institute of Technology (MIT) after several
years of careful study.” In 1962, the Biichi group felt that they
had confirmed their structural proposal by obtaining synthetic
material that corresponded fully to authentic patchouli
alcohol in just four steps from another natural product, a-
patchoulene (7).l As shown in Scheme 1a, those operations
were: 1) epoxidation of the double bond in 7 followed by
nucleophilic ring opening to generate diol 9; 2) acetylation of
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a) proposed sequence

CH3CO3H,
NaOAc, 1-4 °C
—_———

1) AcO, py, A
-
- 2) 300 °C, 30 min
ud A 3) Hy, PLO,
10: proposed structure
for patchouli alcohol
b) actual sequence
Me
CH3CO3H,
NaOAc, 1-4 °C
_—
Me M
7. a-patchoulene
Me
/ 1) Ac,0O, py, A
-
2) 300 °C, 30 min
3) Ha, PtO,

Me
12: correct structure of
patchouli alcohol

Scheme 1. The total synthesis of patchouli alcohol by Buchi et al.
caused faith to be placed in the wrong structure for the natural
product (they postulated 10 instead of 12). The error occurred as a
result of an unexpected skeletal rearrangement.

the resulting secondary alcohol; 3) thermally induced elimi-
nation of the newly formed acetate; and 4) hydrogenation of
the resulting olefin.

Although this synthesis should have provided the final
verdict on the structure of patchouli alcohol, the case was
reopened a year later when Dunitz and his colleagues at the
Eidgenossische Technische Hochschule Ziirich obtained an
X-ray crystal structure of a diester derivative that suggested
that 12, rather than 10, was the structure of patchouli
alcohol.”’ What had happened? Well, the problem did not
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lie with the crystal structure or with the sequence employed
by the MIT team. Instead, the discrepancy resulted from an
unanticipated skeletal rearrangement that had occurred in the
Biichi synthesis when 7 was treated with peracid, an operation
that fortuitously generated the correct architecture of the
natural product as represented by 11.% A lucky coincidence,
indeed!

By the late 1960s, the chances of encountering such an
unanticipated outcome during efforts towards structure
elucidation dropped precipitously as the “classical” chemical
approach was gradually replaced by a far more accurate
battery of nondestructive methods, such as nuclear magnetic
resonance (NMR), ultraviolet (UV), and infrared (IR)
spectroscopy, circular dichroism (CD), and mass spectrome-
try (MS).["!l Today, these methods have grown both in number
and power to the extent that a researcher seeking to
characterize a few milligrams of an unknown natural product
would probably rely entirely on spectroscopic techniques to
obtain a complete structural assignment. The benefits, at least
based on some recently assigned natural product structures,
are clear: Far more complex molecules can be tackled in far
less time, even when the compounds are isolated in miniscule
amounts. Furthermore, for synthetic chemists, discovery has
become intricately linked to processes other than degrada-
tion, such as total synthesis. Even as early as 1963, the
chemical community keenly perceived the power of these
changes, as evidenced by the following remarks:

If penicillin were discovered today the scientific
problems of studying a pure crystalline compound with a
molecular weight of about 350 would not have been nearly so
difficult. The conclusion is that a good graduate student would
probably work out the structure of penicillin in a day or so.
Just a generation ago, that same scientific feat took the best of
us years of intensive work.

John C. Sheehan (1982)!"

We have now reached the stage where often we have
insufficient material for a retention sample; where crystal-
lization is not worth attempting; where determination of a
melting point may be a prohibitive waste of material; and yet,
where we have learned more about the structure of that
molecule than we did years ago with grams of substance.

Carl Djerassi (1980)[**!

While it is undeniable that organic chemistry will be
deprived of one special and highly satisfying kind of
opportunity for the exercise of intellectual élan and exper-
imental skill when the tradition of purely chemical structure
elucidation declines, it is true too that the not infrequent dross
of such investigations will also be shed; nor is there any reason
to suppose that the challenge for the hand and the intellect
must be less, or the fruits less tantalizing, when chemistry
begins at the advanced vantage point of an established
structure.

R. B. Woodward (1963)P%

At the same time, these advances have also left some
(especially those who “grew up” during the classical era) with
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a lingering sense that something important and valuable has
been lost, that the practice of structure elucidation can never
again provide the drama it once did:

Today ... spectroscopic methods have almost entirely
supplanted this classical approach, and therewith deprived
the science of a nigh inexhaustible source of unpremeditated
discoveries.

W. von E. Doering (1999)!

Until the mid-1960s, structure determination was an art
that could be likened to solving a complicated detective case,
but with the spectacular advancement in spectroscopy it has
become less inspiring, and since the mid-1980s, in most cases,
structure determination has become rather “routine”.

Koji Nakanishi (1991)4

In any event, progress can not be reversed, and, at present,
our spectroscopic abilities have converted chemical synthesis
into its own highly specialized and rewarding discipline, one
that has little to do with structure elucidation apart from the
assignment of absolute or relative stereochemistry in those
cases where spectroscopy or X-ray crystallography can not
provide the answer. We might be able to gauge the current
state of the field of structural elucidation by considering
molecules such as palytoxin (13, Figure 3), a compound whose
highly ornate architecture was established almost completely
by spectroscopic means with synthesis filling in the missing
stereochemical information. A number of other examples
could also be used as a barometer. To mention just one,
synthesis has not yet made its final mark on amphidinolide N
(14). With nine unassigned stereocenters, the correct structure
is one of 512 possible isomers !

Certainly a rosy picture, but is it completely accurate?
Are structural elucidations mostly uneventful endeavors?
Have spectroscopic techniques made the process of charac-
terization one almost devoid of errors? Is there no role for
total synthesis beyond stereochemical assignment? Herein we
address these issues and hope to succeed in convincing you
not only that chemical synthesis still has much to offer, but
also that there is a long way to go before natural product
characterization can be considered a process devoid of
adventure, discovery, and, yes, even unavoidable pitfalls.

2. The State of Modern Structure Elucidation

As a starting point for tackling some of the questions
listed above, we searched a variety of scientific databases for a
series of keyword terms, such as “structural misassignment”
and “revised structure”, to ascertain just how frequently
natural products have been incorrectly assigned during the
past few years.l'’l We expected to find only a few errors, with
most of these arising from a misassigned stereocenter or two,
and those in only the most complex or unique of structures.
The actual output proved to be very different. Limiting our
search to literature published from January 1990 to April
2004, we uncovered the existence of well over 300 structural
revisions, many of which extended far beyond simple stereo-
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Figure 3. Determination of absolute/relative configuration: the last frontier of chemical-stucture
elucidation? The structure of palytoxin (13) was ultimately determined by chemical synthesis.
In the proposed structure of amphidinolide N (14) the configurations of nine stereocenters remain

13: palytoxin ~ OH

14: amphidinclide N

unassigned.

1016

chemical problems into the realm of profound, and sometimes
complete, constitutional changes. Tables 1 to 8 present 50
members of this collection in no particular order. Amazingly,
the examples cover virtually every compound class, including
steroids, terpenes, indole alkaloids, and peptides, and encom-
pass molecules of all sizes and levels of stereochemical
complexity.

Clearly, this diverse array of structures reveals that
mistakes are still a common occurrence despite our present
advantages. But why do so many errors occur? The answer
certainly does not place into question the skills of the
scientists who made the original structural determination.
On the contrary, it is amazing just how many complicated
natural products have been assigned correctly, especially
when only limited material was available or the natural
substance in question was unlike any other ever observed.
Instead, the number of errors simply reflects the fact that
every method for assignment has its weaknesses, some of
which can not be resolved even if every other tool for
structural elucidation is also applied.

For example, although X-ray crystallography is tradition-
ally viewed as an infallible technique, it can occasionally lead
to misassignments because it does not reveal the positions of
hydrogen atoms (those shown in any crystal structure have
always been drawn in). Consequently, it is sometimes difficult
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to discern between O atoms and
NH groups, as discussed at some
length with an example in Section 4.
X-ray crystallography can also confuse
the identity of atoms within certain
functional groups devoid of hydrogen
atoms. Table 4 shows an example in
which the assignment of a Catom
instead of an N atom (a cyano rather
than a diazo group) led to a long-
standing incorrect structure for the
kinamycins.["7

NMR spectroscopy, too, can only
provide so much of the overall picture,
especially in the case of molecules with
insufficient hydrogen atoms to obtain
the 'H,"*C correlations needed to assign
their deeper domains properly. Many of
the structural revisions in the tables fall
into this category, even though a
number of powerful two-dimensional
techniques, such as INEPT, HMBC,
HMOQC, and TOCSY, were applied. In
some cases, even NMR spectroscopy is
of little use as a tool despite its awe-
some power, and more basic methods,
such as IR spectroscopy, become the
principal source of structural informa-
tion. Such was the case with the
unnamed coumarin shown in Table 2,
a compound whose structure proved
exceedingly difficult to ascertain con-
sidering its relatively small size.***!

Of course, structural assignments
are rarely based on just one method and are typically the
culmination of a careful refinement process that considers a
variety of architectural possibilities, pruned only when new
information is added to the overall picture. Consequently,
assignment errors are often the result of faith placed in
spectroscopic data that is actually spurious, as incorrect
structures that should have been excluded early in the process
can then survive. For example, in their effort to assign a
structure to halipeptin A (see Table 1), the research group of
Gomez-Paloma used high-resolution mass spectrometric data
obtained by the fast-atom bombardment (FAB) technique to
identify its molecular formula. Their finding (C;;Hs,N,Oy)
was then combined with information from other sources
(primarily NMR spectroscopy) to generate a proposed
structure that included a unique four-membered ring linked
to a carbonyl group at the core of the molecule.””’ However,
upon reinvestigation of the molecular formula a year later by
using a different high-resolution mass spectrometric techni-
que (electron-spray ionization, ESI), the data now suggested
that the molecular formula C;;H5,N,O¢S was a far better
match for halipeptin A (i.e., the exchange of two oxygen
atoms for a sulfur atom). Consequently, a very different
structural assignment for the central portion of the molecule
resulted.” A similar type of mass spectrometric error was
responsible the misassignment of a portion of didemniser-
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Table 1: Selected structures of misassigned natural products and proposed structural revisions.
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Proposed structure

Methods used

Revised structure and

Verified by

in original basis for revision total synthesis
assignment
Me o 3 NH NMR
N uv Cornella and Kelly
Me e o IR (20042
OMe MS
porritoxin 2D NMR experiments
Suemitsu et al. (1992) Horiuchi et al. (2002)"!
o}
me” SN NMR
O, H N
Me T~G uv
Me IR no
cD
MS
MeH
nomofungin comparison with literature data for
Hemscheidt et al. (2001)%" another natural product
Stoltz et al. (2003)#
NMR
uv no
IR
MS
neomarinone 2D NMR spectroscopy and
Fenical et al. (2000)%! feeding experiments
Moore et al. (2003)2
A X
p NMR
IR Lee et al. (2002)P¢
)\%\ MS
H
lasonolide A chemical synthesis
McConnell et al. (1994)%! Lee et al. (2002)%
Me 0]
(¢} NMR
2 M
HN)\(N\)%MZN © uv
OMe O 06° Y IR no
e 7 O)KrNH e MS
We Me derivatization
halipeptin A reevaluation of MS data

Gomez-Paloma et al. (2001)*"

sclerophytin A
Sharma and Alam (1988)

T
T

Me'

batzelladine F
Faulkner et al. (1997)

NMR
IR
MS

NMR
uv
IR
MS

and chemical synthesis
Gomez-Paloma et al. (2002)%®

2D NMR spectroscopy
and chemical synthesis
Paquette et al. (2000)F°

reevaluation of MS data
and chemical synthesis
Cohen and Overman (2001)"%

Overman, Paquette, et al. (2001)E"

Cohen and Overman
(2001)E3
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Table 2: Selected structures of misassigned natural products and proposed structural revisions.

Proposed structure Methods used in

original assignment

Revised structure and
basis for revision

Verified by
total synthesis

NMR
uv
IR
MS

swinholide A
Carmely and Kashman (1985)24

NMR
EA
uv
IR
CcD
MS
derivatization

physalin K
Ramachandra Row et al. (1980)P”!

Me 0.0 NMR
uv
MeomMe IR

OMe

MS
unnamed coumarin
Atta-Ur-Rahman et al. (1991)P?
N NMR
| H uv
N N~
MS
sinharine
Hofer et al. (1992)"!!
Me NMR
uv

IR
g o o OAc
Me '(/\/7@0?@ MS
Me  Me Me OH degradation

calyculaglycoside A
Rodriguez et al. (1997)1*!

NMR
uv
IR
CcD
MS

harrisonin
Nakanishi et al. (1976)%!

QMe

6Me
reisolation and reexamination
Kitagawa et al. (1990)F*

isolation of related compounds and
more detailed spectroscopic investigations
Kawai et al. (1995)P

Me
MeO O._Me

MeO O

chemical synthesis
Kalinin and Snieckus (1998)1*°l

chemical synthesis
Johnson et al. (1994)2

isolation of related compounds,
biogenetic considerations, and degradation
Rodriguez et al. (2001)14

X-ray crystallography and
2D NMR spectroscopy
Fischer et al. (1997)"

Paterson et al.
(1994)E¢

no

Kalinin and Snieckus
(1998)@

Johnson et al.

(1994)1

no

no
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Table 3: Selected structures of misassigned natural products and proposed structural revisions.

Angewandte

Proposed structure

Methods used in
original assignment

Revised structure and
basis for revision

Verified by
total synthesis

xestocyclamine A
Crews et al. (1993)%

brevifoliol
Tachibana et al. (1991)

isoschizogamine
Renner and Fritz (1965)F"

NH, AN al

Me O CO,Na

FR900143
Kuroda et al. (1980)%4

Me Me,
-r,,EOH
M
Me ©
Me

palominol
Rodriguez et al. (1990)F®

(+)-amphidinolide A
Kobayashi et al. (1991)%

NMR
IR
MS

NMR
IR
MS

NMR
EA
uv
IR
derivatization

NMR
EA
IR
derivatization

NMR
IR
MS
derivatization

NMR
uv
IR
cD
MS
derivatization

isolation of related compounds
and reevaluation
Rodriguez and Crews (1994)1*l

reisolation and reexamination
Georg et al. (1993)P"

reisolation and
2D NMR spectroscopy
Héjicek et al. (1998)F%

reisolation and reexamination
Yasuda and Sakane (1991)"°

isolation of related compounds
and comparison of spectra
Shin and Fenical (1991)F"

chemical synthesis
Trost and Harrington (2004)"

no

no

Hubbs and Heathcock
(1999)F

no

Corey and Kania
(1998)F*

Trost and Harrington
(2004)160

O ‘ NMR
N\ Me Me uv Grossman and Rasne
IR (2001)
O
0 MS
sacacarin chemical synthesis
Maciel et al. (1998)®" Grossman and Rasne (2001)
Angew. Chem. Int. Ed. 2005, 44, 1012—1044 www.angewandte.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 4: Selected structures of misassigned natural products and proposed structural revisions.

Proposed structure

Revised structure and
basis for revision

Methods used in
original assignment

Verified by
total synthesis

MeO NHMe

GE2270A
Ferrari et al. (19971)

Me Me

caespitenone
Asakawa et al. (1980)%°!

antidesmone
Bringmann et al. (1999)

kinamycin C
Omura et al. (1973)1

PO OO OH
:”: .0
MeO

OMe NH meNMe:
O
N= fo) OH
Cl N\ / o] ile)

kedarcidin chromophore
Leet et al. (1992)"!

=N N
Me S7 "Me
(o] (¢]

NMR
EA
uv
IR
MS
degradation

degradation and chemical synthesis
Tavecchia et al. (1995)*

NMR
uv
IR
MS
derivatization
2D NMR spectroscopy
Asakawa et al. (1993)")

NMR

uv

CD

IR

MS

derivatization
feeding experiments
Bringmann et al. (2000)!

X-ray crystallography
NMR
uv
IR
MS
degradation
derivatization
2D NMR spectroscopy and chemical synthesis
Gould et al. (1994)""! and Dmitrienko et al. (1994)"2

NMR
uv
IR
MS
degradation
derivatization

chemical synthesis
Hirama et al. (1997)"4

no[65]

no

no

no

r.|0[75]
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Table 5: Selected structures of misassigned natural products and proposed structural revisions.

Angewandte
Chemie

Proposed structure

Methods used in

original assignment

Revised structure and
basis for revision

Verified by
total synthesis

OH

Me
Me o

sporol
Tempesta et al. (1986)"

tetrapetalone A
Hirota et al. (2003)"!

HO/\/\O
NH,

(+)-didemniserinolipid B

Jiménez et al. (1999)&"

o

(+)-aristolasicone
Husson et al. (1988)®

Me, Me o]
. Me
o P
annuionone A

Macfas et al. (1998)%!

Me ’Me
aplyroseol-14
Taylor and Toth (1997)%!

TAEMC161
Nakajima et al. (2000)®

nemertelline
Kem et al. (1976)""1

NMR
IR
MS

NMR
uv
IR
MS
derivatization

NMR
uv
IR
MS

NMR
uv
IR
CcD
MS
derivatization

NMR
IR
MS

NMR
MS

NMR
uv
IR
MS

NMR
MS

NMR spectroscopy and
chemical synthesis
Ziegler et al. (1988)""")

"H-"N HMBC spectroscopy
Hirota et al. (2003)&

MS and chemical synthesis
Ley et al. (2002)%2

X-ray crystallography
and chemical synthesis
Borschberg et al. (1991)B4

reevaluation of NMR spectroscopic data

Takikawa et al. (2003)%¢

chemical synthesis
Arné et al.
(2003)&8

comparison with literature data
for another natural product
Wipf and Kerekes (2003)"%

X-ray crystallography
and chemical synthesis
Zoltewicz and Cruskie (1995)%

Ziegler et al.
(1992)78

no

Ley et al.
(200284

Borschberg et al.
(1997)84

Takikawa et al.
(2003)¢!

Arné et al.
(2003)&8

no

Zoltewicz et al.
(1995)¢*

Angew. Chem. Int. Ed. 2005, 44, 1012—1044
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Table 6: Selected structures of misassigned natural products and proposed structural revisions.

Proposed structure Methods used

original assignment

Revised structure and
basis for revision

in

Verified by
total synthesis

chemical synthesis
Holmes et al. (1993)®!

2D NMR spectroscopy and
X-ray crystallography
Saito et al (2001)%7!

reisolation and reevalution
Ireland et al. (1992)®)

NMR
uv
IR
MS
ascidiatrienolide A
Lindquist and Fenical (1989)"
NMR
uv
IR
Me X Me
renieramycin H
Parameswaran et al. (1998)"¢
Me
HO
o
Me - o NH
H
o o N;\""e NMR
]C‘/Ov\<o MS
Me Nie
Me
Hoﬁ\/
Me
bistramide A
Hawkins et al. (1989)°%
HN. -0 Me co
HO \ﬁio 0
o R
o 4 Ho,C H R,
Ha° 09y 0.0
HO OH MQF Ho O NMR
HO o O NHAc
o o Ho%ﬁo MS
i C
HO NH degradation
Oﬁ >/OH derivatization
Me
R=# 7 x Xy Me
- Me Me Me Me

moenomycin A
Riemer et al. (1981)'*

NMR
uv
MS

M eWO

bryostatin 3
Pettit et al. (1983)'*™

MS and 2D NMR spectroscopy
Fehlhaber et al. (1990)'"

2D NMR spectroscopy
Schaufelberger et al. (1991)1"%"!

Holmes et al.
(1993)®!

no

no

no

Yamamura et al.
(2000)04
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Table 7: Selected structures of misassigned natural products and proposed structural revisions.

Proposed structure

Methods used
in original
assignment

Verified by
total synthesis

Revised structure and
basis for revision

o)

MOO\/\ <>
e e

Me yo O ‘:OMH

Ho Lo o]

gymnemarsgenin
Zhou et al. (1989)'*!

glabrescol
Reynolds et al. (1995)'7

Me Me
Me

OH 6H 6Me

FD-891
Eguchi, Kakinuma, et al. (2002)""%*9

(+)-tolyporphin A
Moore et al. (1992)"

~"

L ;*n

himastatin
Leet et al. (1996)"*

HO

OHC

robustadial A
Nakanishi et al. (1984)"

NMR
uv
IR
MS
degradation

NMR
IR
MS

NMR
uv
IR
MS
degradation

NMR
uv
MS
derivatization

NMR
uv
IR
MS
degradation
derivatization

NMR
uv
IR
CcD
MS
degradation
derivatization

no

NMR spectroscopy
Cordell et al. (1995)!"%!

Morimoto et al., Xiong and
Corey (2000)!"%%0

chemical synthesis
Morimoto et al. (2000)"%!

no

chemical synthesis and
comparison with literature data
for another natural product
Eguchi, Kakinuma, et al. (2004)"?

Wang and Kishi
(1999)1""

chemical synthesis and
NMR spectroscopy
Kishi et al. (1999)"%

Kamenecka and Danishefsky
(1998)"31

chemical synthesis
Kamenecka and Danishefsky (1998)!""!

Salomon et al.
(1988)"

chemical synthesis
Cheng and Snyder (1988)"""!

Angew. Chem. Int. Ed. 2005, 44, 1012—1044
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Table 8: Selected structures of misassigned
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natural products and proposed structural revisions.

Proposed structure

Revised structure and
basis for revision

Methods used in
original assignment

Verified by
total synthesis

OH OH

dictyostatin 1
Pettit et al. (1995)"

N@
o M
o Me

lepadiformine
Biard et al. (1994)"?

"y

0 o

Me o

HN 5 Me
NH HN Me
Me" o]
I\ ,
Me
Me pe

trunkamide A
Ireland, Bowden, et al. (1996)'%!

Me
Mev Me Me
N O A A 1B
N “
MeN H e}
% Ve
(0]
Me O
antillatoxin

Gerwick et al. (1995)'*!

oscillarin
Martin et al. (1996)"”"

0
Me
S OMe
N N
eO N 4 o) H
N
o o H

o)

yatakemycin
Igarashi et al. (2003)!'?

NMR
uv
IR
MS

reisolation and reexamination
Paterson et al. (2004)!'?"

NMR
IR
MS
derivatization

chemical synthesis
Kibayashi et al. (2000)'*4

NMR
uv
IR
MS
degradation
derivatization

chemical synthesis
Wipf and Uto (2000)!"*4

NMR
CD
uv
IR
MS
chemical synthesis
Shioiri et al. (1999)!'%

NMR
MS

chemical synthesis
Hanessian et al. (2004)'#

NMR
uv
IR
MS

chemical synthesis
Boger et al. (2004)"*

no

Kibayashi et al.
(2000)"*

Wipf and Uto
(2000)124

Shioiri et al.
(1999)0

Hanessian et al.
(2004)028

Boger et al.
(2004)00
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www.angewandte.org

Angew. Chem. Int. Ed. 2005, 44, 1012 —1044


http://www.angewandte.org

Natural Products Synthesis

o)
o>\ N\ <:>
Mo
e
Me o O ‘:O'\f-le

oL

15: originally proposed structure
for gymnemarsgenin

[e]

Me poHOME “-Me
Z4OH

o =L

19: product of partial saponification

6@

o
(OMe \—Me

Ve o Z.OH
HO

18

=

-
HO

Scheme 2. Potential characterization pitfalls: A degradation reaction
leads to an internal migration, and the structure 15 is therefore
assigned (erroneously) to the steroid natural product gymnemarsgenin
(16).

inolipid B (Table 5), although the revision in this case
involved a much smaller constitutional change.-*?

In other instances, the collected spectroscopic data might
have led to the right assignment, if a chemical method had not
led to a mistake. Such was the case in the attempt to assign a
structure to the steroid natural product gymnemarsgenin
(Table 7), whereby a final degradative reaction seeking to
cleave only one of the two ester groups was employed to assist
in confirming the positions of these functionalities within the
molecule. Unfortunately, this experiment led the original
research team to propose an incorrect structure (15, see
Scheme 2), as an internal migration reaction occurred under
the conditions used, an outcome that was not recognized until
well after publication.!%>1%]

We could fill pages with the stories behind some of these
reassignments. Rather than doing this, we encourage you to
explore independently those examples that interest you most,
as they provide a rich source of potential research projects
and a wealth of interesting problems as to how one might
attempt to discern between the original and revised struc-
tures. Instead, we use the examples in Tables 1 to 8 to make
the case that chemical synthesis still has a major role to play in
structural assignments, especially structural revisions. Indeed,
for over half of the reassignments in this sample (27),
chemical synthesis was required to reach a revised architec-
ture, and in 22 cases it was total synthesis that indicated that
there was a problem in the first place. Many of these examples
involved the process of establishing/revising the configuration
of stereocenters, as hinted above, but that should not give the
false impression that such a correction involved little work.
For example, the research group of Lee had to prepare a

Angew. Chem. Int. Ed. 2005, 44, 10121044

Hoos

O

@—\\_/<o o>x—<j>
Me po O >/0“/1|4€

Ho

16: correct structure of gymnemarsgenin

|

Me Ho OMe E/Me

- %» OH
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number of structural isomers of lasonoli-
de A (Table 1) before they realized its
true constitution.?! Similarly, Trost and
Harrington synthesized ten different dia-
stereomers of amphidinolide A (see
Table 3) to assure themselves of its iden-
tity, as differences in the chemical-shift
values in the NMR spectra were only
slight, and no natural sample was avail-
able to enable a direct comparison.”*!
In other cases, chemical synthesis
served to confirm a given motif. For
example, apart from using a different
mass spectrometric experiment to reas-
sign the structure of halipeptin A, the
Gomez-Paloma team also synthesized a
model compound bearing the newly pro-
posed thiazoline motif so that they could
compare its spectroscopic properties to
those of the natural product.?! Similarly,
Hirama and co-workers prepared a sub-
stantial portion of the kedarcidin chromo-
phore (Table 4) to convince themselves of

@O OH

(VOJ\O

Me
24: chloranthalactone A
photodimer

23: chloranthalactone F

25: correct structure of

chloranthalactone A photodimer[m]

Figure 4. Selected examples of natural products isolated independently
by two different research groups, each of whom proposed a structure.
In each case it was ultimately shown that neither proposal was correct.
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Isolation: Hashimoto et al. (1968
Synthesis: Steel et al. (2003)/'%!
Likely problem: sidechain placement

Figure 5. Unsolved mysteries: natural products whose proposed structures have been disproved by synthesis,

the altered connectivity and configuration that they intended
to propose in its revised architecture.’¥ It is inconceivable, of
course, that all these corrections could have been made
without chemical synthesis.

Thus, given our present state, the question becomes: Can
anything be done to limit the number of mistakes made in
structural assignments? In our opinion, apart from perhaps
the isolation of more sample, there is only modest room for
improvement without the introduction of more powerful
spectroscopic techniques. However, one type of unfortunate
error could potentially be avoided if chemists were to deposit
all their spectral data into a universal database similar to that
used for X-ray crystal structures: namely, the proposal of an
incorrect structure for a natural product that has already been
isolated and characterized. There are five examples in the
tables in which this situation occurred: nomofungin,
TAEMCI51, FD-891, renieramycin H, and the unnamed
coumarin. Figure 4 shows two additional examples, whereby
different research teams isolated the same natural product
independently and proposed different structures (and names)
for that compound, only for it to be recognized later that they
were both in error.'%2 Perhaps all these mistakes (and
much work) could have been avoided if it was easier to
determine through a computer search engine whether a given
natural product had already been isolated and/or independ-
ently characterized. Access to spectra (not just tables of data)

Me

Me Oﬂ O,"\\A(?
pogostol
Isolation: Waterman et al. (1997)
Synthesis: Booker-Milburn et al. (2003)1'%4
Likely problem. unknown,
but not simply stereochemical

paesslerin A
[133]

OH

® ©
~NH; O,CCF; Me Me
X =
O._ COxH
0 Me HO
oryzoxymycin corylifolin

Y137 Isolation: Snapka et al. (1998)!'%

Synthesis: Van Vranken et al. (2002)”40]
Likely problem: unknown
and composition

o} Me
0 o Me
1) A
MeO OMe
OMe (¢]

eupomatilone-6
Isolation: Carroll and Taylor (1991143
Synthesis: Gurjar et al. (2004)!"44
Likely problem: stereochemical

but are awaiting a revised proposal.
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Me
Me

Isolation: Palermo et al. (2001)
Synthesis: Ihara et al. (2003)\"*®!
Likely problem: unknown

Isolation: Malik et al. (1989)'41]
Synthesis: Comins et al. (2002)!'42

Me

bruceoside A aglycon
Isolation: Okano et al. (1992)'%%
Synthesis: VanderRoest and Grieco (1 996)”46]
Likely problem: unknown
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could certainly assist in the assignment of newly isolated
members of a given class of natural products and should
facilitate the structural reassignment process in those instan-
ces in which an error has occurred.

Finally, for a considerable number of natural products
whose originally proposed structures have been called into
question through total synthesis, a revised assignment has yet
to be made. Figure 5 shows just a few of these unsolved
mysteries, some of which have been lingering without an
alternative structure for a number of years.

3. The Ramifications of Structural Misassignments

While the story behind any individual reassignment of the
structure of a natural product can afford insight into the
weaknesses of a particular method used for its initial assign-
ment, it is rare that such a misassignment does not also incur a
number of palpable and sometimes far-reaching consequen-
ces. Of these, the most serious might be the temptation to
develop inaccurate biosynthetic proposals for entire classes of
compounds.

For example, in 1925 Pummerer et al. showed that the
one-electron oxidation of p-cresol with K;[Fe(CN),] afforded
the dimeric product 28 (Scheme 3), whose formation was
rationalized as the coupling of two radicals (26a and 26b)
followed by a spontaneous cycliza-
tion. This structural assignment
was further supported by the sub-
sequent reaction of the compound
with acid and acetic anhydride to
generate the biaryl system 29.0147
Although the Pummerer ketone
(28) is not a natural product, the
assignment of its structure was
important because its identity and
mode of formation served as the
basis for a number of biosynthetic
pathways proposed over the next
30 years, such as that proposed by
Robinson for morphine (34).14

These ideas would all be
turned upside down in 1955.
Unable to formulate a mechanism
by which compound 28 could be
converted into 29 and uncertain of
why the cyclization step required
for the formation of 28 from 27
would occur at ambient temper-
ature, Barton!"® proposed an
alternative pathway for the reac-
tion (Scheme 3). He suggested
that the true structure of the
Pummerer ketone was the product
31 derived from the union of the
two carbon-centered radicals 26b
and 26 ¢. Compound 29 could then
be formed from 31 simply by an
acid-induced dienone—phenol

[135)

HO.,.

M e/\

Me
e

M

plumerinine

Likely problem: unknown
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Me 0 Me o}
Ol Fiwwen [“ )Y
J .
O Me O
26b

Me
26a 27
. . |
e OAc Me o
O e
B —
AcO Me S Me
29 28: Pummerer ketone
(1925)
HO
o} e} /3
S e | OO
Me " Me Mé A
26¢ 26b Me 30
Me OAc o
Ac,0, HE
[ S — [¢]
O O (dienone—phenol ’
rearrangement Me
AcO Me gement)  Me
29 31: Pummerer ketone
(1955)
Me._.O Me o
(e}
HO OH  1)KJFe(CN)y] HO o
2)-H,0
Me = Mé& Me
(15%, unoptimized) OH HO Me
OH 3
32 33: usnic acid
O OH O OMe
‘ RSN m— OH
/7 /-
MeN u MeN Q OMe
34: morphine 35: reticuline OH

Scheme 3. A structural misassignment for the Pummerer ketone
served as the basis for numerous errors regarding the biosynthesis of
natural products such as morphine (34). Barton’s reexamination of
this problem led to a structural revision with important ramifications,
including a two-step total synthesis of usnic acid (33).

rearrangement. Within a few weeks, laboratory experiments
proved him right, and he was able to extend the validity of his
alternate mechanism and the new structure for the Pummerer
ketone to a number of other areas, such as the synthesis of the
lichen-derived natural product usnic acid (33) in just two steps
from 32. Barton also used his mechanism to formulate a
biosynthetic pathway for morphine that was entirely different
from those previously proposed, with benzylisoquinoline
alkaloid 35 as a likely starting substrate. Although unknown
at the time, compound 35 was isolated as a natural product a
few years later (named reticuline)'” and shown through

Angew. Chem. Int. Ed. 2005, 44, 10121044
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feeding experiments to be intimately involved in the biosyn-
thesis of morphine.

Such major revisions to biosynthetic pathways occur with
some frequency today. Although there are several elegant
examples we could cite, perhaps one of the most interesting
comes from recent work by the research group of Lich-
tenthaler that disproved a structure established by Barton
himself! The natural product in question is daucic acid, which
was first assigned structure 36 (Scheme 4) based primarily on

OH OH
HO,C™ "O” “CO,H MeO,C O "COMe
36: proposed structure 37
for (-)-daucic acid (1975)!'%%
MeoH, H®

iCrO3

e}
S CO,Me |
MeO,C° O
OH MeO,C° 0" CO,Me
38 39
OH
OH
$ CO,H |
HO,C™ © HO,C™ O° "COH

41: revised structure
of (-)-daucic acid (2003)!'%]

OH
40: osbeckic acid

Scheme 4. Although many aspects of Barton’s original proposed struc-
ture for daucic acid (36) were accurate, the structure was ultimately
proven to be incorrect in 2003 through chemical synthesis.

its conversion into compounds such as 37, 38, and 39, the
second of which fully matched a diester of another natural
product, osbeckic acid (40).°' In 2003, the Lichtenthaler
team was not entirely convinced that the configurations of the
C2 and C3 stereocenters proposed earlier by Barton were
correct, so they synthesized all possible stereoisomers of
daucic acid and proved that 41 was the actual structure.['>!)
The fact that daucic acid has a D-lyxo configuration, rather
than the Dp-xylo configuration originally proposed, has a
number of implications for the biosynthetic pathways through
which plants generate such dicarboxylic acids, a line of study
that is still being investigated today.

Sometimes, though, it need not be an entire pathway that
is wrong. Confusion can also arise when a proposed structure
appears incongruent with known biosynthetic data. A good
example of such a phenomenon comes from the story of the
mitomycins, an especially important group of natural prod-
ucts, one of which (mitomycin C) is employed clinically as an
anticancer agent. In 1967, their structures were fully assigned
(including their absolute configurations) based on a battery of
spectroscopic methods and X-ray crystallography.'*? The
structure of one of these agents, mitomycin A (42), is shown in
Scheme 5. A few years later this assignment seemed ques-
tionable in light of some feeding experiments that revealed D-
glucosamine (43) as the source of most of the “right-hand”
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epimerization?

43: D-glucosamine

42: mitomycin A
(1967 structure based
on X-ray crystallographic analysis

2l

o) OCONH, no HO.. oH
MeO epimerization
HOMe required Hoo ~OH
NH
Me " NH,
© o
44: revised structure 43: D-glucosamine
of mitomycin A (1987)1'%4

Scheme 5. Although established by X-ray crystallography, the absolute
configuration of the structure assigned to mitomycin A (42) in 1967
did not make sense in light of biosynthetic feeding experiments. This
discrepancy would not be reconciled for 20 years.

domain of the molecule. If this were true, a number of the
stereocenters of this building block would have to be
epimerized to produce a mitomycin architecture with the
absolute configuration corresponding to 42.1%) Why was there
this discrepancy? As it turns out, the original X-ray crystal
structure of mitomycin A provided the wrong absolute
configuration (as determined by the R-factor-ratio test). In
1987, a crystal of better quality was obtained, and the
structural and biosynthetic data were finally reconciled with
the revised structure 44.1>%

Incorrectly assigned natural products not only complicate
the determination of biosynthetic schemes, but can have
additional costs in terms of time and money if effort is
devoted toward their synthesis. Perhaps one of the earliest
and best illustrations of this point is the truly profound body
of resources brought to bear by the American and British
governments on the problem of synthesizing penicillin during
World War II in the hopes of increasing its supply. Since these
were the days before the 3-lactam structure 49 (Scheme 6) of

R
= R
s -
—S_Me |:> O>//N§ + HZN\/%Me
) :  Me
O HN / Me Y CHOR COH
CO,H
45: oxazolone-thiazolidine 46 47

proposed structure for the penicillins

H Me

Me H H
N H
o) R N T aS
Me
> /s T
O%N/ZL (0] mMe
O -
R Ho,c EO,H

49: B-lactam structure
of the penicillins

48: tricyclic formula proposed structure
for the penicillins

Scheme 6. Debate surrounding the structure of the penicillins had a
profound effect on synthetic approaches to their total synthesis both
during and after World War 1.
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this agent was verified by Crawfoot-Hodgkin by X-ray
crystallography,'™ the lack of certainty regarding its actual
constitution led synthetic chemists of the period to pursue a
number of potential penicillin structures in the laboratory.
Famous examples include the oxazolone-thiazolidine archi-
tecture 45 favored principally by Robinson and a tricyclic
alternative 48 that was advocated at one point by Wood-
ward."” Each of these structures calls for a unique synthetic
approach (such as the connection of 46 and 47 to generate 45).
However, since neither comes even close to matching the true
architecture of the target molecule, it is not surprising that the
millions of dollars and hundreds of years’ worth of human
effort invested in their synthesis during the war afforded few
dividends on the penicillin-supply front.** Indeed, fermen-
tation remained the only viable source of these powerful
antibiotics until the late 1950s, when Sheehan and his
colleagues at MIT finally completed a total synthesis after
developing a number of novel synthetic methods for the
purpose.['Z

Similar chances exist today for a synthetic chemist to
devote effort to the synthesis of a proposed structure that
bears little relationship to the actual architecture of the
natural product, even though it has been assigned based on a
number of advanced spectroscopic techniques unavailable
during the 1940s and 1950s. Several of the natural products
listed in the eight tables in Section 2 would certainly fit this
bill. As a further example, consider the series of structures 50—
52 proposed between 1982 and 1992 for the relatively
complex and stereochemically rich natural product carzino-
philin (Figure 6)."""'1 These proposals are certainly quite

[oN g e)
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50: originally proposed structure for carzinophilin (1982)“57]
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51: revised structure for carzinophilin (1983)“58]
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52: second revised structure for
carzinophilin = azinomycin B (1992)!'*®!

Figure 6. Progression of structural assignments for carzinophilin.
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disparate, as no structural element apart from the terminal
aromatic motif is shared by all.l®"}

However, a structural reassignment that involves a much
smaller alteration to the molecular architecture can throw a
synthetic approach into a similar degree of disarray. A good
illustration resides in the elucidation of the structure of the
liminoid insect antifeedant azadirachtin. In 1975, the research
group of Nakanishi correctly determined most of its archi-
tecture based exclusively on spectroscopic methods and
proposed structure 53 (Figure 7).''! By the mid-1980s,

Me0,¢” =15

54 first revised structure for azadirachtin (1985)”62]

55 final revised structure for azadirachtin (1985/1986)!'%%!

Figure 7. Progression of structural assignments for the limonoid
insect-antifeedant azadirachtin.

however, the isolation of some structurally related com-
pounds began to suggest that some elements of the central
core were inaccurate. These findings led ultimately to a series
of reassignments, first by Ley and co-workers in 1985, who
proposed structure 54,/'” and then by teams led by Ley and
Kraus a few months later, who finally proposed structure 55
based on X-ray crystallography in the former case and NMR
spectroscopy in the latter.'] Although apparently subtle,
these changes are profound in terms of the strategies that one
would probably employ for the synthesis of the different
structures, especially considering that most published strat-
egies at the time these revisions were made sought to build
the azadirachtin structure by connecting fragments corre-
sponding to its “left-” and “right-hand” domains."*¥
Arguably, the misassignment of the configuration of a
single stereocenter can have similar ramifications. For exam-
ple, if a stereocenter at a ring junction is incorrectly assigned,
as happened with the natural product dictamnol (57,
Scheme 7), then a completely new synthetic approach might
be required.'®'* Similarly, in an age driven by the use of
asymmetric reactions to establish stereocenters, a stereo-
chemical error in another part of the molecule could have an
impact on the strategy/catalyst design. A recent example is a
total synthesis reported by Chan and Jamison at MIT!'®! that
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Me Mé

H H
OH OH
58: proposed structure 57: revised structure
for dictamnol (1993)'6% for dictamnol (1996)!°6!

HO

Me : B
HO R o HO HO

59: revised structure
for siccanol = (-)-terpestacin (2003)

58: proposed structure

for siccanol (2002)11%°1 11681

Me
Me
HO CHCI,
(stored
y over
M H
HO o © Ho T KeCOd)

HO

59 (-)-terpestacin 60: (+)-side product

Scheme 7. When misassigned stereocenters occur at critical positions,
such as ring junctions, profound alterations in the synthetic strategies
are typically required to access the revised structure.

showed that the proposed structure 58 of siccanol™®! was
incorrect and that the natural product is identical to (—)-
terpestacin (59).1""

As a final note, the process by which the structure of (—)-
terpestacin (59) was assigned is also worth mentioning, since a
number of problems were caused by what is normally a
routine step in the characterization process: determination of
the sign of its optical rotation. Terpestacin (59) was originally
reported to have a positive optical-rotation value in chloro-
form. In 2002, the research group of Myers at Harvard
University synthesized the same enantiomer, only to obtain a
negative value when they measured its optical rotation in the
same solvent."”!! What was the problem? The chemists who
had isolated 59 stored their chloroform over K,CO;, a
practice which generated enough elemental chlorine to
convert terpestacin (59) into 60, a product whose optical-
rotation value is positive!

4. Misassignment Case Studies

Structural misassignments, as with all errors in science,
also have an emotional component. Certainly a researcher
would be disturbed to discover that an assignment he or she
had made was incorrect, just as he or she would probably be
pleased to find out that his or her proposal had been verified.
Since our research group is not directly engaged in the process
of isolation and/or characterization, we can not comment on
how a scientist feels in such a position from a first-hand
perspective. We know, however, what it is like as a synthetic
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(Witkop reaction)

Scheme 8. The creative synthetic route of Harran and co-workers led to the proposed structure of
diazonamide A (66), but the spectral data did not match those of the natural product.
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chemist to be in the midst of a total synthesis or at its “end”,
only to find out that the molecule we were chasing was never
there! In this section, we present two personal accounts that
hopefully convey a sense of these emotions, and we hope to
show how misassignments can lead to some benefits as well.
We want to reiterate, however, that these case studies are not
meant to point any blame at structural chemists or indicate
frustration with their efforts. Quite on the contrary, these
pioneers work wonders with often incredibly complex puz-
zles, frequently under severe constraints of material and time
(present cases included).

4.1. Case Study 1: Diazonamide A

The tale of the marine natural product diazonamide A
began in 1991 when the research groups of Fenical and Clardy
first communicated its structure (i.e. 66, Scheme 8) in the
Journal of the American Chemical Society.'™ From that
moment forward, this molecule enraptured the synthetic
community in a way that few others ever match, primarily by
virtue of its highly intricate and structurally novel architecture
and its potential as a new weapon in the fight against cancer.
Over the course of the next decade, nearly a dozen research
groups initiated campaigns to synthesize its diabolically

K. C. Nicolaou and S. A. Snyder

complex structural elements and explore its chemical biology
more fully.'””!

Our own journey of discovery began in June of 1999, when
we embarked on the total synthesis of diazonamide A, armed
with what we thought was a carefully designed synthetic
strategy. Unfortunately, the next few months would teach us
what a number of teams before us had already learned: the
synthesis of the individual domains, such the indole ring or an
oxazole subunit, was relatively simple, but joining these
fragments together to form even one of the two 12-membered
rings was astonishingly difficult."’¥

When the synthetic community at large is fully mobilized,
however, few challenges in total synthesis remain unanswered
for long. At the end of 2001, a team led by Harran at the
Southwestern Medical Center in Dallas was finally able to
assemble all the disparate subunits of diazonamide A, by
using a creative strategy featuring two powerful reactions to
forge the formidable macrocyclic domains of the molecule
(Scheme 8). The first was an acid-induced pinacol rearrange-
ment of chiral diol 61. In this step, contraction of the 13-
membered ring in 61 led to the formation of the 12-membered
AG macrocycle and the daunting C10 quaternary center at
the heart of the molecule. The second key reaction was an
inventive use of the Witkop photocyclization. This operation
converted 64 into 65 with complete atropselectivity as a result

of m stacking between the B and E rings in
the starting material. With these domains in

Me Me place, a few finishing touches then converted
H‘N 65 into diazonamide A ; or at least into what
1) p-TsOH, toluene, CbzHN,, =N was supposed to be diazonamide A (66).
95 °C, 40 min 0 O~—CN Instead, chemical synthesis had uncovered
2) N-(benzyloxy- 10 yet another example of a structural misas-

carbonyloxy)- N signment!

succinimide VaNe) Br

(54%) e & What had gone wrong? The story is
(pinacol rearrangement) Br certainly an interesting one. During the early
62 stages of their structural-elucidation efforts,
u the Fenical and Clardy groups worked
Me Me exceedingly hard to obtain a crystal struc-
H Me H Me ture for diazonamide A to support their
N N ChzHN, N b ?Esitgnn;ent of ;:hstructlire :hat vzas tunlike
at of any other natural product ever
0Oy~ - w 0 Oy 0 isolated. A)l/though that taskp would ulti-
OAG = 2) CI,CCCls, PhyP, OAC = . . . . .
NH ELN. THE N+ mately prove impossible with diazonami-
o] Br (61%) o) Br de A, the conversion of diazonamide B (67,
BnO 64 BnO 63 Figure 8), a structural relative with similar
(32-40%) | hv (300 nm), epichlorohydrin, NMR, UV, and IR spectroscopic data, into a

LiOAC, MeCN/H,O (3:1)

l

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

66: originally proposed structure
for diazonamide A (1991)!'72!
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p-bromobenzamide derivative provided a
beautifully crystalline solid. The structure
of this derivative (68) verified much of the
anticipated general diazonamide skeleton
with only one exception: the presence of an
acetal moiety bridging the F and G rings.
This outcome was surprising, as NMR spec-
troscopic data seemed to indicate the exis-
tence of an open hemiacetal instead (as
drawn for structure 67) based on a small
coupling constant between what was
assigned as the hydrogen atom at C11 and
a hydrogen atom that underwent isotope
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66: originally proposed structure
for diazonamide A

68: structure assigned by X-ray crystallographic analysis
a diazonamide B derivative

Figure 8. Basis for the structural misassignment and reassignment of
diazonamide A.

exchange with D,0. Needing to reconcile this incongruity, the
Fenical and Clardy groups proposed that the closed acetal
observed in crystal structure 68 was an artifact resulting from
the conditions employed to attach the p-bromobenzamide
group to 67. Thus, if a hemiacetal was accepted for the F ring
of diazonamide A, then the one element of diazonamide A
which the X-ray crystal-structure analysis of 68 could not
reveal, namely, the amino acid tethered at the C2 position,

Angew. Chem. Int. Ed. 2005, 44, 10121044

www.angewandte.org

Angewandte

must be a valine residue. This hypothesis would agree with a
signal observed by mass spectrometry corresponding to [M +
H—H,O]*. As a result of these observations, diazonamide A
was assigned structure 66.'"

Armed with the knowledge that both the X-ray crystal
structure of 68 and the formula derived from the mass
spectrometric data of diazonamide A corresponded to the
loss of a molecule of water, the research group of Harran
speculated that perhaps the correct structure for the natural
product differed from 66 simply through the presence of a
closed acetal. This alternate compound would contain all the
critical elements of the crystal structure 68 and would thus
have a signal in the mass spectrum corresponding directly to
[M+H]*. Admirably, this compound was immediately syn-
thesized by the Harran team, but, once again, the physical
data of the synthetic material failed to correlate with data
obtained from the natural sample of diazonamide A.'7
Where was the problem?

The answer resided in the assignment of the crystal
structure that gave 68. By computational analysis, the Harran
group subsequently determined that the oxygen atom in the
Fring of 68 (and thus in 66) should really be an NH group
within an aminal system, as in the revised structure 69.
Consequently, a second modification somewhere else in the
molecule was required to account for the mass spectrometric
profile of diazonamide A. The obvious site for a change was
that occupied by the terminal group attached to the amine
functionality at C2. If this fragment was 2-hydroxyisovaleric
acid, as shown in 69, then all of the previously incongruent
data would appear to be reconciled. Thus, the misassignment
was the result of a series of logical deductions stemming from
a single piece of bad evidence; now it was up to synthesis to
prove whether or not the new proposal was correct.

With little question, this structural reassignment sent
shockwaves to all the research groups that had been
attempting to synthesize this molecule when it was first
published in the last December issue of Angewandte Chemie
in 2001.0™1 Although we certainly admired the beautiful
synthesis of Harran and his team as well as the logic behind
the proposed structural revision, our initial reaction could
only be described as intense disappointment and frustration.
Not only did the molecule that we had been pursuing for over
two years not exist, but we were uncertain whether we could
even apply any part of our developed sequence in a new drive
to access 69, since this new structure was constitutionally
different from 66 at a key position. These feelings were
magnified by a certain sense of irony in that we had just
overcome a major synthetic hurdle which had held us back for
a couple of months, finally reaching the advanced and critical
intermediate 70 (Figure 8) that we thought was only a few
steps away from the final target.

For a few days, we were unsure of just how to proceed.
Questions running through our minds included whether or
not we should go ahead and complete the originally proposed
structure even though it did not represent the natural
substance, and just how we should attempt to tackle the
“new” diazonamide A. The team took advantage of the
convenient timing of the Christmas holiday and came back
together in January of 2002 with a clear battle plan. We would
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69: revised structure of diazonamide A
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Scheme 9. The two synthetic routes developed by the Nicolaou group to verify 69 as the correct structure
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of diazonamide A and ultimately establish the configuration at C37.

tackle the new molecule from two different angles: one based
on the order of macrocycle construction that the Harran team
had employed to great success, and the other based on key
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elements of the strategy we had already
developed to access the original struc-
ture 66. It would take a year for both of
these plans to reach fruition following
the development of some novel syn-
thetic strategies and tactics. Finally the
correct structure of diazonamide A was
proved to be 69 and the absolute
configuration of its C37 stereocenter
was established.'”*!”1 The key ele-
ments of these two total syntheses are
summarized in Scheme 9. Of particular
note are the construction of the quater-
nary carbon center with its adjoining
aromatic systems in the first synthesis
of diazonamide A, and the application
of a novel Sml,-promoted hetero-pina-
col cyclization sequence to create the
heteroaromatic core in the
second.['7817]

Reflecting on our project as a
whole, we realize now that the frustra-
tion we felt at the end of 2001, although
understandable, was misplaced. The
misassignment of diazonamide A
turned out to be more of a reward
than a punishment, even though it
extended the duration of the project
by several months. Indeed, had the
correct structure 69 been known from
the outset, we would probably have
learned much less. For example, our
work towards the “incorrect” F ring led
us to design a novel 5-exo-tet cycliza-
tion reaction to form the quaternary
stereocenter of the target molecule
(namely, to synthesize 88). When
tweaked properly, this reaction can
also deliver 3-aryl benzofurans, such
as 89, in a controlled manner
(Scheme 10a)."™ Furthermore, during
work on manipulating this ring system
we found that titanocene methylidene
compounds can deoxygenate sulfoxides
and selenoxides, and can convert pyri-
dine N-oxides into 2-methylpyridines
(Scheme 10b).'¥"1 None of these dis-
coveries would have been made if we
had been working with indoles or
oxindoles instead. Similarly, had we
not encountered difficulties in our
efforts to form the A ring of 66 from
intermediate 98 with the Burgess
reagent (99; Scheme 10c), we might
never have been inspired to explore the
chemistry of this reagent further. These

explorations recently led to the discovery that the Burgess
reagent is remarkably effective at mediating a number of
nondehydrative transformations, such as the formation of
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Scheme 10. a)—c) During the synthesis of the originally proposed struc-
ture of diazonamide A, a number of new synthetic methodologies were
discovered.
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sulfamidates from 1,2-diols, a- and B-glycosylamines from
carbohydrates, and cyclic sulfamides from 1,2-aminoalco-
hols.!'®? We also may never have been inspired to devise two
distinct strategies to reach diazonamide A (69) in such a short
period of time. That alone was a unique and highly rewarding
experience.

4.2. Case Study 2: Azaspiracid-1

Our second adventure in the area of structural revision
through chemical synthesis concerns the natural product
azaspiracid-1, the flagship member of a family of marine
toxins identified as the causative agents of several incidents of
rather severe shellfish poisoning (termed the azaspiracid
syndrome). First isolated in 1996 as a 2-mg sample from 20 kg
of mussel meat by the research group of Yasumoto, the
structure of azaspiracid-1 was elucidated within a relatively
short period of time through the careful application of
sophisticated spectroscopic techniques. Azaspiracid-1 was
assigned the structure 119 in 1998 (Figure 9)." These
pioneering studies, however, failed to unveil the absolute
configuration of the molecule and the relative stereo-
chemistry between its ABCDE and FGHI domains.

121: revised structure of azaspiracid-1

Figure 9. The revised structure of azaspiracid-1 (121): far more than
just a simple change.

Just like diazonamide A, this molecule quickly caught the
attention of the synthetic community because of its structural
uniqueness. Of particular interest are an unusual azaoxaspiro
ring fused to a 2,9-dioxabicyclo[3.3.1]nonane system, and a
trioxadispiroketal framework attached to a tetrahydrofuran
ring. Indeed, the first reports on synthetic studies towards
structural subunits of this formidable synthetic target already
began to appear within months of its structure being
disclosed."™ A team in our research group also began
exploring means by which to construct this molecule, with a
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full assault beginning in
2001 after some other proj-
ects had been completed.!'s”

By the end of 2002 we
were able to construct the 9
rings and 20 stereogenic
centers of structure 119
through the route summar-
ized in Scheme 11.1%¢ Key
features of the chemistry
developed included a
TMSOTf-induced cascade
spirocyclization to form the
tetracyclic ABCD system
109 from the linear precur-
sor 107, a subsequent
directed epimerization step
to generate the correct
ABCD stereostructure
(110—111), and fragment
coupling steps that made
use of a dithiane subunit
(112+113—114) and a
Stille reaction (115+116—
117). Nevertheless, as you
might have already guessed,
when we finally reached the
coveted structure 119, the
properties of the synthe-
sized material did not
match those of the natural
product. The same news
awaited us when we arrived
at the FGHI epimer of 119
(i.e. 120) through an identi-
cal route by using the enan-
tiomer of 116.

At first, we thought
this unexpected outcome
reflected the fact that some-
thing had gone wrong in our
reaction sequence: that a
stereocenter had  been
inverted by accident or
that an unintended rear-
rangement had taken place.
These fears were quickly
allayed when we obtained
an X-ray crystal structure
for compound 118, an inter-
mediate six steps from the
end of the sequence. This
result verified that all the
preceding steps had gone
according to plan. Thus,
barring an unknown prob-
lem during the final opera-
tions, our synthesis had
revealed that the proposed
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(63%) 113, nBuLi/nBuzMg,
THF, —90 °C, 15 min

1) DIBAL-H
2) TBAF

(28%)
(52%) 1_16, [sz(db?)ﬂ,
LiCl, AsPhs, iProNEt
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120: FGHI-epi-119

-
3) Ac,0, py
4) PhI(OCOCF3),

119: originally proposed structure for azaspiracid-1

Scheme 11. Selected highlights of the synthesis by Nicolaou and co-workers of the originally proposed

structure 119 of azaspiracid-1.
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structure for azaspiracid-1 was incorrect. Where the prob-
lem(s) lay, however, was far from obvious. It would take us
another year of intensive investigations involving synthetic
and degradative work (the latter in collaboration with the
research group of Satake of Tohoku University), a series of
frustrating close calls, and the unearthing of some subtle clues
before we were finally able to determine that the solution was
structure 121 (Figure 9). This assignment was ultimately
verified by total synthesis.!'*”!

Our first foray into the identificaiton of the correct
structure of azaspiracid-1, as guided by discussions with
Professor Satake (a member of the team that isolated the
compound), sought to evaluate the orientation of the hydroxy
group at C20, since a cloud of doubt surrounded its original
assignment. This task proved quite easy to accomplish by
using advanced intermediates from our developed sequence,
and within a few days we were able to generate both 122 and
123 (Figure 10), the C20 epimers of our originally synthesized

o (@]
Me H
122: C20 epimer of 119

123: C20 epimer of 120

Figure 10. The search for the correct structure of azaspiracid-1: The
problem does not lie with the configuration at C20.

compounds 119 and 120. Despite their ready accessibility,
however, compounds 122 and 123 brought us no closer to the
ultimate goal, for their spectroscopic data bore as many
differences to those of the natural sample as the data of the
substances we had made before. Clearly, we needed to adopt a
much more systematic and rational strategy to pinpoint the
location and nature of the errors; guesswork would only waste
time and material resources.

Fortunately, a classical approach to structure elucidation
made a crucial contribution to this analysis. The Satake group
provided the information needed by degrading and derivatiz-
ing natural azaspiracid-1 (the originally miniscule supplies of
which had been somewhat enriched by a series of additional
isolations) into an array of fragments corresponding to both
the “upper” (124, 125, and 126) and “lower” domains (127,
128, and 129) of the molecule (Scheme 12). Consequently, our
next goal became the preparation of synthetic material that

Angew. Chem. Int. Ed. 2005, 44, 10121044

www.angewandte.org

Angewandte

119: proposed structure for azaspiracid-1

1) TMSCH,N,
2) NalO,

Me H V/'Me
127
1) O3, Me,S Me
NaBH, 2) NaOH MeO,C—
3) TMSCH,N,

125

126

129

Scheme 12. Chemical degradation and derivatization of azaspiracid-1:
The structures of all compounds are based on the originally assigned
structure 119 of azaspiracid-1. (Only one of the four possible absolute
configurations based on the original drawings of Satake et al. is
shown.)

corresponded to these products for comparison purposes. We
expected that we could then immediately locate the site (or
sites) of the structural errors. We also hoped that these
endeavors would help define the relative configuration of the
ABCDE and FGHI domains as well as reveal the absolute
configuration of each fragment and thus of the entire
structure.

We began our studies by focusing on the “lower” half of
the structure. Within a few weeks we had synthesized two
compounds which corresponded to the degradation product
represented in Scheme 12 as 127: the compound with the
configuration shown in Scheme 12 and its FGHI epimer 130
(Figure 11). Of these two diastereomers, only 130 was a
perfect match with the degradation product. Thus, we now
knew that there were no structural misassignments in this
region of the molecule, and we knew what the relative
configuration was within the EFGHI domain. To ascertain the
absolute configuration, we then generated 129 through total
synthesis. Since the optical rotation of 129 proved to be equal
in value but opposite in sign to that of the degradation
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Me H Me

127 130: FGHI-epi-127
(correct)

129
synthetic: []3°+49.6
(¢ = 0.4, MeOH)

natural: [o]3°—59
(¢ = 0.016, MeOH)

absolute configuration
of the EFGHI domain of azaspiracid-1

Figure 11. Determination of the relative configuration within the
EFGHI domain and the absolute configuration of the FGHI domain of
azaspiracid-1.

product, we could then assign with confidence structure 130 to
the EFGHI fragment (Figure 11).

With the “bottom” half of the molecule secured, we then
focused our attention on the “upper” framework. Now the
true adventure would begin. Aware that the structural
error(s) must lie within this domain, we began our detective
work with an analysis of synthetic
materials corresponding to the deg-
radation fragment 125 (Scheme 12).
That precise structure had already
been synthesized, and, as expected,
it did not match the sample derived
from the natural product. Interest-
ingly, however, most of the spectro-
scopic discrepancies seemed to
reside within a single domain of
this fragment: the Aring. Yet,
despite careful investigations of
this structural region, the required
correction remained a mystery,
since the use of 2D NMR spectro-
scopic techniques failed to provide
any conclusive hints.

As is often the case, nature had
already solved the problem for us:
Hopmann and Faulkner had iso-
lated and characterized a natural
product, lissoketal (131, Figure 12),
whose NMR spectroscopic data
were beautifully reminiscent of
those of the A-ring region of com-
pound 125 derived from natural
azaspiracid-1."%81  Therefore, we
expected that the structural prob-
lem with azaspiracid-1 might reside  been highlighted.
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simply in the positioning of the A-ring double bond, with 132
being the correct target structure! Filled with excitement that
synthetic azaspiracid-1 would soon be in our grasp, we
prepared 132 as quickly as we could. Its NMR spectrum
would, unfortunately, knock the wind out of our sails, as
although the A-ring signals now appeared to be mostly
correct, the chemical shifts of a number of other resonances
were still incorrect. The fact that we were still dealing with the
wrong structure was further confirmed when the double
bonds in 132 were hydrogenated to give the fully saturated
compound 126, whose 'H NMR spectrum also differed from
that of the hydrogenated derivative of the degradation
product.

We now had to go back to the drawing board. Although
we had conclusively established the positioning of both
double bonds within the azaspiracid-1 framework, we were
now left with 128 possible structures for the ABCD domain,
since we could not be confident in the assignment of any of
the seven stereogenic centers. Not even an army of chemists
could hope to prepare such an array of compounds in a timely
manner, even with unlimited funding (which we certainly did
not have)! The problem seemed insurmountable, but again we
were helped by a clue from nature. That piece of information
related to thermodynamic stability. During the handling of
both azaspiracid-1 itself and the ABCD fragments derived
through degradation we noted that the ABC double-spiroke-
tal unit was stable under acidic conditions. By contrast, our
synthetic compounds that should correspond to this portion of
the molecule had only fleeting lifetimes when exposed to a
pH value less than 5, because of epimerization at the C13

Figure 12. Final steps a)—c) in the assignment of the structure 134 to the ABCD domain of
azaspiracid-1. The differences in all of the proposed structures versus the original assignment have

Angew. Chem. Int. Ed. 2005, 44, 1012 —1044


http://www.angewandte.org

Natural Products Synthesis

center. This tidbit of information
suggested that the problem might lie
in this region. Indeed, molecular
models pointed to structure 133 as a
possible candidate for the degrada-
tion product, since it would be
favored by a double anomeric
effect (an advantage that our orig-
inal targets did not have) and would
be likely to exhibit the obligatory
NOE reported for the natural prod-
uct (see Figure 12¢). However, once
again chemical synthesis would
prove this intuition to be false, as

synthetic intermediates encoun-
tered en route to 133 were not
stable.

There was still one more chance
for success. What if we inverted the
C6 stereocenter in the A ring?
Molecular modeling studies sug-
gested that this variant, 134 (Fig-
ure 12¢), would exhibit both a
double anomeric effect and the
required NOE, whereas alterions
to any of the other potentially
relevant stereocenters in this
domain (i.e. C10, C13, and C14)
appeared less promising. Our next
move was, therefore, to synthesize
compound 134 as quickly as possible, and this time the
"HNMR spectrum fully matched that of the degradation
product!

This outcome was certainly welcome after nearly a year of
intense study, but one question remained: What was the
absolute configuration of this domain? Only synthesis could
answer this question, as the limited amount of material
derived from degradation reactions corresponding to the
ABCD region of the natural product did not permit the
accurate measurement of its optical rotation. Which enantio-
mer to use was a gamble: a bet that we would ultimately lose,
for the wrong stereoisomer was completed first! After a final
retreat (and in the knowledge that we would soon prevail) we
advanced on the alternate “upper-domain” fragment, and on
Monday, May 10, 2004 at 9.00 am. one of us (K.C.N.)
returned from a meeting in Moscow to discover a set of
matching '"H NMR spectra (Figure 13), which indicated that
azaspiracid-1 had finally been synthesized and that its correct
structure was 121 (Figure 9)! This data was accompanied by a
note written half in Greek and half in English from Dr.
Theocharis Koftis, one of the azaspiracid-1 team (Figure 14):
“It contains some nBu,NOH, but the odyssey is over!”

In this long campaign, one which filled us at times with
great excitement and at times with intense disappointment,
the goal was finally reached through the power of chemical
synthesis in a manner not too dissimilar from that used
decades ago for structural elucidation."®”! Although spectros-
copy revealed most features of the structure of azaspiracid-1
with an amazingly small amount of material, ultimately it

same scale).
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Figure 14. The “finalists” of the triumphant team proudly display the
azaspiracid-1 structure and their flags. From left to right: Taotao Ling,
Wenjun Tang, Goran Petrovic, Theocharis Koftis, Stepan Vyskocil,
Michael Frederick.

could not do it all. Only when spectroscopy was combined
with synthesis were all the details finally resolved.
5. Summary and Outlook

Although the past half century has witnessed a remark-
able improvement in our ability to isolate and characterize
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complex natural products, mistakes are still a relatively
common occurrence. However, as the stories in Section 4
relating to our own experiences hopefully indicate, this state
of affairs is far from catastrophic. Indeed, structural mis-
assignments clearly provide opportunities for synthetic chem-
ists to make discoveries through total synthesis, and certainly
show that there is still adventure to be had in the process of
structure assignment. It will be interesting to see just what the
next half century will bring in terms of the isolation and
synthesis of natural products. Only time will tell, but we can
be certain that as long as chemists continue to isolate new and
diverse substances from nature, there will be plenty of
challenges for our intellectual and physical skills. Moreover,
much new science awaits discovery during the struggle to
synthesize such new molecular puzzles.® 1"

List of Abbreviations

AIBN 2,2'-azobisisobutyronitrile

Bn benzyl

Boc tert-butoxycarbonyl

Bz benzoyl

Cbz benzyloxycarbonyl

CD circular dichroism

dba trans,trans-dibenzylideneacetone
DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
DIBAL-H diisobutylaluminum hydride

DMA N,N-dimethylacetamide

4-DMAP 4-dimethylaminopyridine

dppf 1,1'-(diphenylphosphanyl)ferrocene

EA elemental analysis

EDC 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride

Fmoc 9-fluorenylmethoxycarbonyl

HOBt 1-hydroxybenzotriazole

INEPT insensitive nuclei enhanced by polarization
transfer

MOM methoxymethyl

NBS N-bromosuccinimide

NCS N-chlorosuccinimide

NIS N-iodosuccinimide

NOE nuclear Overhauser enhancement

py pyridine

TBAF tetra-n-butylammonium fluoride
TBDPS tert-butyldiphenylsilyl

TBS tert-butyldimethylsilyl

TES triethylsilyl

Tf trifluoromethanesulfonyl

TFA trifluoroacetic acid

THP tetrahydropyranyl

TMS trimethylsilyl

Ts 4-toluenesulfonyl
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Upon selection by using an activity-based small-molecule probe,
multiple target mRNA-bound enzymes are isolated simultaneously and
identified by hybridization to a DNA microarray. The back ground
shows the structure of a protein tyrosine phosphate from the Protein
Databank. For more information on this method called expression—
display see the Communication by S. Q. Yao etal. on the following
pages.
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Analytical Methods

Activity-Based High-Throughput Screening of
Enzymes by Using a DNA Microarray**

Yi Hu, Grace Y. J. Chen, and Shao Q. Yao*

Remarkable advances in genomics have been accomplished,
including the development and application of the DNA
microarray technology,l'! and the recent completion of the
Human Genome Project.”) Consequently, the enormous
amount of genetic information at an organism’s transcrip-
tional level is now becoming available. This situation has
created the tremendous challenge to develop new techniques
capable of studying the between 100000 and 1000000 func-
tionally expressed proteins estimated in the human proteome
alone.P! Despite numerous innovations, to date, no single
proteomic technique can encompass the diverse functional-
ities of proteins in a proteome. For example, two-dimensional
gel electrophoresis (2D-GE), coupled with mass spectrome-
try, is primarily used to study the relative abundance, but not
enzymatic activity, of proteins expressed in a biological
sample.”! Other techniques have been developed for pro-
teome-wide analysis of protein structure,” localization, and
interactions.8! One of them, the protein microarray, offers
the chance to study a variety of protein activities in a large
scale.’”). However, the development of this technology is
largely hampered by the cost and effort needed to generate
many functional proteins in sufficient purity, as well as a lack
of microarray-compatible assays available to screen for
different proteins, for example, enzymes spotted in a micro-
array.'1l

Enzymes are arguably the most important class of
proteins, practically involved in every biological process in
the cellular machinery. Many classes of enzymes, for example,
proteases, kinases, and phosphatases, are linked to a variety of
diseases. Traditionally, enzymes have been individually
screened, identified, and characterized.'”! Recently, activity-
based approaches have been reported for the study of
enzymes in a proteome-wide scale.'”) However, these meth-
ods are based on electrophoretic and other chromatographic
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separation methods,"*"! and require mass spectrometry for
individual protein identification, which makes them less than
ideal for high-throughput studies.

Protein-display technologies, which allow the generation
of a large pool of encoded proteins, their display for func-
tional selection, and rapid decoding of their structures, are
particularly useful for large-scale analysis of protein activ-
ity.'! One such technology, ribosome display, allows the
in vitro expression of > 10" proteins in a cell-free translation
reaction and at the same time the proteins are “tagged” with
their own coding mRNAs."”! Although display technologies
are primarily used to “evolve” proteins from a large pool of
related ones (typically analogues of parental proteins gen-
erated by mutagenesis), in recent years, they have been
modified to express the entire collection of proteins encoded
by the complementary DNA (cDNA) in an organism.!'!
Herein, we show that proteins, when expressed from a
cDNA library and properly displayed (e.g. by ribosome
display), are also useful for the activity-based screening of
enzymes, which, when combined with the DNA microarray
technology, could provide an extremely powerful strategy for
the high-throughput identification and characterization of
enzymes belonging in the same class(es) and, in future, other
classes of non-enzyme proteins.

Our strategy, named “Expression Display”, expresses
proteins (in the form of ribosomal complexes with their own
coding mRNAs) in a single mixture from a cDNA library
(Figure 1a). Upon functional selection of enzymes belonging
in the same class (e.g. PTPs) with a suitable activity-based
small-molecule probe (Figure 1b), again in a single reaction
mixture in the presence of other unrelated proteins, the
isolated mixture (containing the desired enzymes still asso-
ciated with their mRNAs) is subsequently “decoded”, in a
high-throughput manner, by hybridization to a DNA micro-
array (which contains the spatially addressable, entire genetic
complement of the cDNA library) (Figure 1c¢,d). Noted that,
although the DNA-microarray technique has been used for
genome-wide screening of DNA-binding sequences of tran-
scription factors,'”) DNA methylation,”” and histone deace-
tylation,”"! as well as for the decoding of protein ligands
generated from encoded combinatorial libraries,”>*! our
work is, to our knowledge, the first example where it is used
for high-throughput decoding of expressed proteins (from
their mRNAs).

We chose ribosome display over other display technolo-
gies (e.g. phage display and mRNA display) for protein
expression and encoding, as it is in vitro-based (allowing
> 10" proteins in a library) and simple to perform (does not
require DNA/RNA derivatization with puromycin®/). To
demonstrate the strategy, yeast tyrosine phosphatases were
chosen as targets because the yeast proteome is well studied,
and an activity-based probe targeting PTPs is available.”!

To ensure that ribosome display expresses, isolates, and
decodes functional proteins from a pool of other proteins, we
constructed a model system in which streptavidin and EGFP
(enhanced green fluorescent protein; 100-fold excess) were
displayed. Upon enrichment with biotin, the mRNA corre-
sponding to streptavidin was preferentially isolated and
confirmed (see Supporting Information). We tested whether
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Figure 1. a) Schematic representation of expression display; RT =re-
verse transcription, PCR = polymerase chain reaction, see text for full
details. b) The structure of the activity-based probe specific for protein
tyrosine phosphatases (PTPs). c) The hybridization of Cy3-labeled
reverse transcripts from in vitro selection onto a “decoding” DNA
microarray containing 96 yeast ORFs (in duplicate). The spotting pat-
tern is highlighted by white circles. The numbering of spots, their cor-
responding genes, and relative fluorescence intensities are in the Sup-
porting Information. The positive spots, representing YBR267W (in
duplicate), are highlighted in the enlargement. d) Relative fluorescence
intensities (/) of spots from the DNA microarray after hybridization.
The intensity values of replicate spots were averaged.

aribosome-displayed, mRNA-tethered PTP could be isolated
from other proteins with the activity-based probe (shown in
Figure 1b), and subsequently identified by a microarray
spotted with individual “decoding” DNAs (that is, comple-
mentary to the mRNAs tethered to the protein library). We
isolated plasmids containing 96 different yeast open-reading
frames (ORFs), one of which is YBR267W, encoding a known

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

PTP (i.e. positive control). To ensure that all genes were
equally represented in the DNA library, all yeast ORFs were
individually amplified with the same pair of primers. Sub-
sequently, multistep reassembly PCR was performed to
introduce suitable spacers/linkers, as well as the T7 pro-
moter/terminator and other components essential for ribo-
some display. Removal of the stop codon in the genes is
optional, but it was carried out throughout our experiments to
maximize the yield of displayed proteins.””? Upon pooling
into a single mixture, the resulting DNA library was tran-
scribed and translated to generate a mixture of ribosome-
displayed proteins from the 96 genes (Step 1 in Figure 1a).
Subsequently, streptavidin magnetic beads immobilized with
a biotinylated activity-based probe (Figure 1b) were used to
isolate any PTP present in the mixture (Step 2). The probe
reacts irreversibly with PTPs (as well as some alkaline
phosphatases;®!) in a highly specific, activity-dependent
manner. The washing steps were optimized to remove any
residual protein-ribosome-mRNA complex from the beads
without causing dissociation of the complex itself. The
mRNAs from the probe-bound complexes were subsequently
eluted and purified. To decode (Step 3), the isolated mRNAs
were reversely transcribed to generate the corresponding
fluorescently labeled cDNAs which were then hybridized to
the “decoding” DNA microarray, and identified by virtue of
the location of fluorescent spots on the array (Figure 1c,d).
The DNA microarray (constructed in house), contains indi-
vidual cDNA from all 96 yeast genes. Results showed that the
only fluorescent spot on the microarray was that of YBR267W
(i.e. the positive hit). A control hybridization experiment with
a Cy3-labeled PCR product obtained using mRNAs before
ribosome display/selection showed a fairly homogeneous
distribution of fluorescent spots throughout the array (data
not shown). In a separate experiment, isolated mRNAs (after
Step 2) were reversely transcribed, amplified by PCR, and
cloned into pCR2.1-TOPO vector (Invitrogen), subsequent
DNA sequencing showed: 10 out of 10 randomly chosen
clones corresponded to the YBR267W gene. When sodium
orthovanadate, a potent tyrosine phosphatase inhibitor, was
added to the incubation mixture during expression display
(i.e. at Step 2), the selection of YBR267W was abolished (see
Supporting Information). Together, all these lines of evidence
validated our strategy, that is, enzymes expressed from a
cDNA library using ribosome display could be preferentially
isolated on the basis of their enzymatic activity (by the aid of a
suitable activity-based probe) and subsequently identified, in
high-throughout, by hybridization to a DNA microarray.

To assess whether expression display could be used for
high-throughput proteomics mass screening of enzymes in a
class-specific manner, we applied our strategy to a yeast
cDNA library containing 384 different yeast ORFs, including
multiple previously characterized PTPs (four in total; includ-
ing YBR267W, YDL230W, YFR028C, and YPR073C), non-
PTP phosphatases (see below), other classes of enzymes
(proteases, kinases, oxidoreductases), and non-enzyme pro-
teins. Once again, all genes were individually PCR-amplified
and assembled before pooling to ensure equal representation
in the library. Upon in vitro transcription and translation, the
mixture containing the ribosome-display proteins was subject
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to activity-based enrichment, in a single reaction, using the
same small-molecule probe. The isolated mixture was
reversely transcribed, amplified with Cy3-labeled dNTPs,
and hybridized to a “decoding” DNA microarray (containing
384 cDNAs) for parallel identification of PTPs (Figure 2a):
upon subtraction of background fluorescence, the only
significantly fluorescent spots identified from the microarray
were from those genes encoding the four PTPs (Figure 2b).
The identities of these genes were independently confirmed
by DNA sequencing, as described above. The enzymatic
activities of the corresponding proteins were further con-
firmed by successful labeling of the individually purified
proteins with the probe in a gel-based experiment, as well as
inhibition experiments with sodium orthovanadate (see

Figure 2. Rapid identification of multiple yeast PTPs using expression
display. a) The hybridization of Cy3-labeled reverse transcripts from

in vitro selection onto a “decoding” DNA microarray containing

384 yeast ORFs (in duplicate). The spotting pattern is highlighted by
white circles. The numbering of spots, their corresponding genes, and
relative fluorescence intensities are given in the Supporting Informa-
tion. The positive spots are highlighted in the enlargements. Four posi-
tives were identified as A: YFR028C, B: YDL230W, C: YPR073C, and
D: YBR267W, corresponding to the four positive PTPs in the cDNA
library. b) Relative fluorescence intensities (/) of spots from the DNA
microarray after hybridization. The intensity values of replicate spots
were averaged. The four positive PTPs are labeled (A-D). c) Compari-
son of relative fluorescence intensities of the four PTPs (red) to those
of other phosphatases in the cDNA library, including eight Ser/Thr
phosphatases (cyan), two pL-glycerol phosphatases (green), one exo-
polyphosphatase (yellow), one inorganic pyrophosphatase (pink),
three acid phosphatases (dark blue), and three phosphatase homolo-
gues (light blue).
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Supporting Information). Noticeably, the relative intensity
of the fluorescent spots in Figure 2a,b (with 384 genes) was
considerably weaker than those in Figure lc,d (with
96 genes), presumably a result of the decreased expression
of each protein from a larger cDNA library (theoretically
fourfold less expression from the same translation mixture,
assuming equal expression among different genes).

The small-molecule probe used in the above experiments
is highly specific towards PTPs.™ To assess whether proteins
identified from expression display retain a similar fidelity as
defined by the probe (in the specific targeting of PTPs), we
included in the reaction mixture other non-PTP phosphatases.
As shown in Figure 2 c, within a single round of selection, only
the four PTPs emerged as positive hits, as their fluorescence
intensities were clearly enriched over those of the eighteen
non-PTP phosphatases proteins, as well as the rest of proteins
in the library. Together, with the availability of new activity-
based probes,*? our strategy may be readily modified to
accommodate different classes of enzymes which confer
either highly specific or broad-based specificities, thus
providing a novel and general means in high-throughput
enzymology.

In conclusion, we have demonstrated that expression
display could be used for high-throughput screening and
identification of proteins on the basis of their enzymatic
activities: with an activity-based probe, we have shown, for
the first time, multiple enzymes in the same class (e.g. PTPs),
when expressed (from a cDNA library together with other
proteins) in a single mixture as ribosome-displayed com-
plexes, could be isolated, and subsequently identified, in high
throughput, using DNA microarray as the “decoding” plat-
form (this is also the first example of protein decoding). In our
experiments, all genes were individually cloned before pool-
ing into a single cDNA library to preserve their diversity and
equal distribution, and to unambiguously validate our strat-
egy. Other cDNA libraries, either commercially available or
constructed using standard cloning techniques, should be
equally amendable. Our strategy is unique in a number of
ways when compared with existing proteomic techniques:
1) it differs from the electrophoretic/chromatographic protein
profiling  methods  (including activity-based meth-
ods;13152528) by allowing high-throughput identifications of
enzymes without the need for mass spectrometry; 2) by
avoiding the need for parallel cloning, expression, purifica-
tion, and characterization of proteins (as in the case reported
in ref. [12]), it could (in principle) routinely express, screen,
and identify thousands (if not millions/billions) of proteins, all
in a single reaction mixture; 3) by utilizing RT-PCR for the
amplification of isolated mRNAs and subsequently decoding
by hybridization, it should in principle provide a very low
detection limit for target proteins. What remains unaddressed
from this study, is the maximum number of different proteins
allowed in the strategy? Clearly, from our results, shown in
Figure 2, with a single round of protein selection (e.g. no
amplification of the input protein amount), the fluorescence
intensity of positive hits (from DNA microarray screening)
decreased concomitantly with the increasing cDNA library
size. However, with the easy adaptation of multiple rounds of
protein enrichment (as in the case of ribosome display, and
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other display technologies), the capacity of our strategy may
be greatly expanded, thus making it possible in future to
“display” and screen all proteins, including low-abundant
ones, present in a proteome (> 1000000 proteins).

Experimental Section

DNA constructs: Details of the cloning are described in Supporting
Information. Briefly, yeast ORFs were amplified from plasmids of
ExClones (Invitrogen, USA) with the following primers: Exclone-YF
(5-GCGGCGGCCATATGGAATTCCAGCTGACCACC-3') and
Exclone-YR  (5-GGCGGCTGCTCTTCCGCATCCCCGGGAA-
TTGCCATGCCA-3'), which removed the stop codon from each
OREF, and presumably maximized the yield of ribosome-displayed
proteins."”! However, it was shown previously that, without removal
of the stop codon, ribosome display also worked.’” A spacer was
amplified from amino acids 211-299 of gene /II of filamentous phage
M13mp19 with the primers Y-spacer-F (5-GGGGATGCGGAA-
GAGCAGCCGCCCCCTCAACCTCCTGTCAAT-3') and Spacer-R
(5-CCGCACACCAGTAAGGTGTGCGGTATCACCAG-
TAGCACC-3'), and subsequently ligated to the amplified yeast
ORFs: both the ORF and the spacer were digested by Sap I (NEB,
USA) at 37°C for 2 h and subsequently ligated with T4 ligase (NEB)
overnight at 16°C. The ligation products were amplified first by two
primers, Y-SDA (5-AGACCACAACGGTTTCCCTCTAGAAA-
TAATTTTGTTTAACTTTAAGAAGGAGATATATCCATG-
GAATTCCAGCTGACCACC-3') and Spacer-R, followed by ampli-
fication with primers Y-T7B (5-ATACGAAATTAATACGACT-
CACTATAGGGAGACCACAACGG-3') and Spacer-R. All final
constructs were re-amplified with the primers Y-T7B and Spacer-R, if
necessary. Streptavidin and EGFP genes were constructed similarly
(Supporting Information).

In vitro transcription and translation: Depending on the experi-
ments, different DNA constructs were pooled proportionally to
obtain a master mixture. 1-6 pug of the mixture was transcribed with
the RiboMAX large-scale RNA production system T7 (Promega) for
4h at 37°C. The mRNAs were purified by an RNeasy mini kit
(Qiagen). The resulting transcripts were translated in vitro with an
E. coli translation system (Roche) in the presence of magnesium
acetate (10 mm), anti-sstrA (5.6 um; 5-TTAAGCTGCTAAAGCG-
TAGTTTTCGTCGTTTGCGACTA-3) and rRNasin (0.5 uL
40 UpL™"; Promega). The translation was performed in a 35 L
reaction for 7 min at 37°C, before stopping by immediately trans-
ferring the product into an ice-cold binding buffer (220 pL) contain-
ing Tris-acetate (50 mM; pH 7.5 Tris = 2-amino-2-(hydroxymethyl)-
1,3-propanediol), NaCl (150 mm), magnesium acetate (50 mm),
Tween 20 (0.1% (v/v), bovine serum albumin (0.1 mgmL™") and
heparin (2 mgmL™).

Invitro selection: The small-molecule probe! (50 uL, 300 pm)
was incubated with Streptavidin MagneSphere paramagnetic par-
ticles (50 uL; Promega) for 30 min at room temperature with gentle
shaking, followed by washing with 1 x PBS (three times; PBS = phos-
phate buffered saline) to remove any excessive free probe. Sub-
sequently, the above translation mixture, premixed with the binding
buffer, was incubated with the beads for 2 h on ice. For the control
selection with streptavidin/EGFP, immobilized iminobiotin agarose
(20 pL; Pierce) were added to translation mixture and incubated for
1h on ice. After incubation, the beads (agarose for streptavidin
reaction) were washed four times with a washing buffer containing
Tris-acetate (50 mm; pH 7.5), NaCl (150 mm), magnesium acetate
(50 mm) and Tween 20 (0.1% (v/v)). The washing conditions were
optimized to remove residual, displayed proteins without breaking
the ribosome complexes. Subsequently, mRNAs were released from
the ribosome ternary complexes at room temperature with an elution
buffer containing Tris-acetate (50 mm; pH 7.5), NaCl (150 mm) and
EDTA (20 mMm; EDTA =N,N-(1,2-ethanediyl)bis[(N-carboxymethyl)-
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glycine]). The eluted mRNAs were purified by RNeasy mini kit
(Qiagen).

RT-PCR: Reverse transcription was performed using AMV
reverse transcriptase (Promega) with the primer, Spacer-R, according
to the supplier’s recommendation. PCR was performed using Taq
polymerase (Promega) in the presence of 5% (v/v) dimethyl sulfoxide
(5 min at 95°C, followed by 25 cycles of 30 s at 95°C, 30 s at 50°C and
2.5min at 72°C, with a final 10 min of extension at 72°C). PCR
products were analyzed by agarose gel electrophoresis. For fluores-
cent labeling of RT-PCR product, Cy3-dCTP (Amersham Biosci-
ences) was incorporated into PCR products according to the
supplier’s recommendation. The fluorescent DNAs were subse-
quently used as probes for DNA microarray hybridization. For
direct cloning and DNA sequencing, see the Supporting Information

DNA microarray: All DNA templates used for spotting the
“decoding” DNA microarrays were amplified, in 96-well formats with
primers Y-T7B and Spacer-R, from plasmids containing the corre-
sponding yeast ORFs from Exclones. DNA spotting and hybrid-
ization were performed as described elsewhere,™ with the following
modifications: yeast ORFs were spotted in duplicate onto 75 x 25 mm
polylysine-coated glass slides using a CHIPWRITER arrayer
(Virtek), followed by incubation in a humid chamber overnight at
room temperature. After rehydration, blocking, and denaturing, the
slides were dried and ready for DNA hybridization. The probes were
the Cy3-labeled reverse transcripts from earlier in vitro selection
experiments. The hybridization chambers were kept in a humid
environment at 60°C for 2—4 h or overnight. After washing, the slides
were analyzed by ArrayWoRx scanner (Applied Precision). The
values of signal intensity of duplicate spots were averaged for each
OREF (Supporting Information).
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Conformational Analysis

Dendrimer Folding in Aqueous Media: An
Example of Solvent-Mediated Chirality
Switching**

Amanda L. Hofacker and Jon R. Parquette*

Allosteric proteins exhibit highly nonlinear responses to
external stimuli that cause small perturbations of a particular
parameter to effect very large changes in protein structure
and function.™! This behavior is a direct consequence of the
structural cooperativity that correlates the conformational
equilibria of multiple subunits within the protein structure.”!
Such allosteric phenomena are commonly observed in
biomacromolecules and are critical for their function. There
are relatively few synthetic materials, however, that exhibit
this conformational cooperativity.®! The creation of such
conformational adaptability in synthetic systems requires the
allosteric transmission of local structural or chiral information
to the next hierarchical level of structural organization. We
have recently developed a dendrimeric system that adopts a
compact, helical shape governed by the syn,syn conforma-
tional preference of the pyridine-2,6-dicarboxamide repeat
unit.”! We report herein that water-soluble versions of these
dendrons fold in water. Furthermore, the terminal penta-
ethylene glycol chains and the dendron secondary structure
exhibit highly correlated conformational equilibria. Accord-
ingly, solvent-induced conformational fluctuations of the
terminal pentaethylene glycol chains are correlated with an
inversion in the sense of helical chirality expressed by the
dendrons.”’

Information transfer in folded synthetic systems usually
occurs through inter-® or intramolecularly”’ self-organized
assemblies through an ensemble of noncovalent interactions.
Polar protic solvents such as water typically disrupt hydrogen
bonding and electrostatic interactions, thereby compromising
the stability of such assemblies. For example, elements of
peptide secondary structure, independent of the global
protein structure, exhibit only marginal stability in pure
water.®! Similarly, many synthetic foldamers exhibit less
stable conformations in water.”) However, any potential
biological application of folded synthetic materials requires
an ability to adopt conformational order in aqueous media.

The conformational preference of the pyridine-2,6-dicar-
boxamide repeat unit in our folded dendrons is a result of
intramolecular hydrogen bonding present in the syn,syn
conformation, as well as an electrostatic destabilization of
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The circular dichroism (CD) spectra of 2 featured an
intense negative couplet centered at =316 nm (Figure 2b) in
THF and in water, the latter case being slightly lower in
magnitude relative to that from the sample in
THE. This bisignet signal results exclusively from
the excitonic coupling of the m—a* transitions of
the anthranilate chromophores, which are polar-
ized along the axis containing C3 and C6 (Figu-
re 2a).* The presence of the negative couplet
indicates that the first generation dendron 2
adopts an M-type helical conformation, relating
the anthranilate chromophores in both THF and

the alternative syn,anti and anti,anti conformations. Previous
studies strongly suggest that tighter packing of the dendritic
chains in poor solvents plays an important role in the folded

syn,syn synlantl

anti,anti

* minimum dipole
* least surface area

* maximum dipole
* most surface area

conformation of these dendrons.'” Although water should
disrupt the hydrogen bonding interactions of the syn,syn
conformation and decrease the energetic cost of the larger
dipole moments of the syn,anti and anti,anti conformations,
the packing effect should nevertheless dominate, as the
propensity of hydrophobic regions to minimize their exposure
to solvent ultimately results in a hydrophobic collapse of the
dendritic structure.

Chiral pentaethylene glycol 1, prepared from ethyl L-
lactate, was installed at the periphery of the dendrons to
impart solubility in water (Figure 1).*>%! Dendrons 24
exhibited moderate solubility in water, and excellent solubil-
ity in organic media. However, millimolar solutions of
dendrons in water exhibited a lower critical solution temper-
ature (LCST) that induced clouding and precipitation upon
heating to ~25-30°C.’»11

in water. This observation highlights the impor-
tance of packing interactions in determining the
conformational properties of the dendron.

The second generation dendron 3 exhibited a negative
couplet in THF comparable in magnitude with that of
dendron 2, which also indicates an M helical bias. However,
the negative couplet was replaced by an equally intense
positive couplet in aqueous media, which indicates that an
M —P helical transition occurred in water. The third-gener-
ation dendron 4 also displayed a similar M—P helical
transition upon going from THF to water. Varying the THF/
H,O ratio for 3 and 4 at 25°C revealed M — P crossover points
in the range of 10-20% THF for 3 and 30-40% THF for 4
(Supporting Information).

The positive components of the CD couplets in water for 3
and 4 were decreased in amplitude relative to the negative
branches at shorter wavelengths. The unsymmetrical appear-
ance of these couplets is a consequence of the increased

chromophore congestion that occurs in poor, struc-
ture-collapsing solvents and is commonly observed for
this dendrimer system.[! Such structural congestion
induces further mixing of the couplet transitions with
other transitions within the dendron, which results in
desymmetrized couplet intensities."”!

The amphiphilic nature of the dendrons creates a
tendency for aggregation to occur in water, and to a
lesser degree, in THF. Comparison of the hydrody-
namic radii (R,) of 2-4, measured by DOSY NMR

w  spectroscopy,'” to the calculated van der Waals
radii™ (R,,w) indicates that significant aggregation
occurred in D,O solution,™™ whereas monomeric
species were present in [Dg]THF (Table 1). Aggrega-
tion has been shown to play a significant role in the
conformational equilibria of chiral molecules"® and
introduces the possibility for intermolecular excitonic

*  coupling!" in the CD spectra. Therefore, CD and UV/
Vis spectra were recorded for 2-4 as a function of
concentration in THF and H,O (Supporting Informa-
tion). The UV/Vis and CD spectra of all dendrons
were essentially invariant over a 100-fold concentra-
tion range (10~ to 10~°m), thereby ruling out aggre-
gation as a source of or contributing factor to the M —
P helical inversion.

Previous vibrational spectroscopic studies showed

that poly(oxyethylene) (POE) chains experience an

Figure 1. Water-soluble dendrons with chiral, pentaethylene glycol termini.
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increased preference for the C—C gauche conforma-
tion, whereas only a small increase in the C-O anti
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Figure 2. a) Direction of electronic transition dipole moments of the
T—7t* transition at 316 nm and corresponding sign of CD couplet.
b) CD spectra of dendrons 24 in H,O and THF. Spectra are normal-
ized with respect to concentration and the number of chiral terminal
groups.

Table 1: Experimentally determined (R;) and calculated (R,4y) hydro-
dynamic radii [A]

Compound Ry, ([Dg] THF®) R,(D,0) Rygw'
2 (3.5 mm) 5.8 19.7 5.80
3 (3.6 mm) 8.4 43,99 7.45
4 (3.4 mm) 8.3 52.81 9.48

[a] DOSY NMR spectroscopy, 27 °C. [b] DOSY NMR spectroscopy, 10°C.
[c] Van der Waals radii, calcd. [d] Measured in [Dg]THF/D,0O (10%).
[d] Measured in [Dg]THF/D,0 (2%).

population occurs upon progression from nonpolar to aque-
ous media." The preferred conformation of the anti,gauche
O—C—C bond pair in water is consistent with the solid-state
structure of the POE helix.["”
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www.angewandte.org

Angewandte

The effect of solvent on the conformational preference of
the terminal glycol chains of 3 was investigated by IR
spectroscopy with the key bands at 1355-1360 cm ™' (A), and
1335-1320 cm ™' (B) for the respective gauche and anti C—C
conformations; and with those at 1310-1297 cm™* (C), and
1290-1295 cm ™" (D) for the gauche and anti C—O conforma-
tions, respectively.'®! The disappearance of the C—C anti
band (B) and the slight increase in the C—O anti band (D)
upon going from [Dg]THF?? to H,0 for glycol chain 1
(Figure 3a) closely mirrors the spectroscopic behavior

Figure 3. a) IR spectra of 1 and 3 as a function of solvent, measured
with a horizontal ZnSe crystal and a 45° single bounce attenuated total
reflection (ATR) accessory (20% [Dg]THF in H,O was necessary to
attain the 25-mm concentrations of 3 required for IR spectroscopy).

b) Schematic depiction of the lowest-energy conformers of 3 (R=Me).
c) Conformation of terminal glycol chains in CHCl; (left) and H,O
(right) as predicted by conformational searching (MM3).

reported for other POE oligomers."® Molecular dynamics
simulations estimate that similar observations for POE
represent an increase in the C—C gauche population from
76 % in benzene to 100 % in water.?!l However, in contrast to
1, dendron 3 exhibits a significant increase in the C-O anti
band (D) as water is added, whereas the C—C anti band (B) is
missing from the spectra at all H,O/[Dgz]THF ratios.

These observations indicate that the solvation of 3 in
water induces a gauche —anti conformational shift about the

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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C—O bond. Furthermore, a strong preference for the C—C
gauche conformation exists for the dendrons at all solvent
ratios, in contrast to the parent glycol chain 1 and POE. The
fact that the C—C gauche preference of dendron 3 is stronger
than it is for POE or 1 suggests the occurrence of correlated
motions among the terminal glycol chains that shift the
conformational equilibria toward the lower energy C—C
gauche arrangement !

Monte Carlo conformational searching of 3 (R = Me) with
the GB/SA solvation model® predicts an M helical bias in
CHCL*! whereas a P helix is preferred in water, in accord
with the CD studies (Figure 4). Closer inspection of each of
the lowest-energy conformers reveals that the M — P helical
inversion is correlated with a shift of two of the four glycol

Figure 4. Stereograms of the lowest-energy conformers determined by Monte Carlo confor-
mational searching (MM3) using the GB/SA solvation model for a) CHCl; (M helicity) or

b) H,O (P helicity) as implemented in Macromodel 8.5.

1056 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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chains from gauche,gauche*,anti to anti,gauche™ ,anti confor-
mations around the respective O—C—C—OMe bonds (Fig-
ure 3b). The uniformly gauche® preference of all the C—C
bonds in both water and CHCI; and the corresponding
conformational shift of two O—C bonds from gauche to anti
upon going from CHCIl; to water is consistent with the
observed vibrational data.

The results of this study demonstrate that these dendrons
not only adopt a stable folded state in aqueous media, but also
exhibit correlated chain—chain and dendron—chain conforma-
tional equilibria. The correlated chain—chain motions induce
a shift in equilibrium of the terminal chains toward the lower-
energy gauche state, in contrast to the case of an isolated
chain (1). Similarly, solvent-induced conformational fluctua-

tions of the terminal chains are coupled with
dendron helical secondary structure through cor-
related dendron—chain motions. This work suggests
the potential of folded dendrimers to exhibit
nonlinear conformational responses to localized
structural perturbations.
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Glycoviruses

Glycoviruses: Chemical Glycosylation Retargets
Adenoviral Gene Transfer**

Oliver M. T. Pearce, Kerry D. Fisher, Julia Humphries,
Leonard W. Seymour,* Alberto Smith, and
Benjamin G. Davis*

Gene therapy of infectious, vascular, and multifactorial
diseases employs a variety of viruses, which each have specific
qualities that make them suitable for their chosen applica-
tion.!!! Gene therapy provides a means to exploit knowledge
generated under the human genome project by the use of
gene delivery vectors to supplement the function of missing or
mutated genes. Some applications of gene therapy require
therapeutic gene delivery to specific diseased cells, such as the
cystic fibrotic epithelia for treatment of cystic fibrosis,?
whereas others accommodate transgene expression within
nondiseased cells such as muscle cells or liver hepatocytes in a
so-called “cell factory” approach®* In both applications,
successful delivery of the virus requires precise target-cell
specificity, an ability to evade neutralizing antibodies, and
increased blood circulation to the target cell or tissue. Control
of these properties is one of the major challenges facing viral
gene therapy today.”

The adenovirus (AV) is a commonly used vector for
therapeutic gene therapy.’! It has an icosahedral structure
with 12 protruding fiber proteins,” each of which comprise a
knob domain that binds through a three-way interaction with
the coxsackie adenovirus receptor (CAR) of target cell
membranes.”*! CAR binding is currently the major route of
infection, although nonspecific integrin-mediated uptake is
also known." In both cases, critical lysine residues exposed on
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the virus capsid,” particularly on the knob domain and fiber
protein, are responsible for successful interaction and cellular
uptake and gives AV a broad tropism of infection.') We
reasoned that a more-precisely targeted adenoviral vector
might be possible if capsid lysine residues could be modified
so that normal infection pathways (Figure 1a) were disrupted
and a new cell-specific infection was induced (Figure 1b).

Figure 1. a) Currently accepted mechanism of adenovirus (AV) trans-
fection through coxsackie adenovirus receptor (CAR)." Lysine resi-
dues on fiber proteins are believed to be highly involved in the pro-
tein—protein interaction.”) 1) Interaction with CAR-expressing cell;

2) receptor-mediated endocytosis; 3) internalization; 4) trafficking to
nuclear pore through microtubules; 5) further disassembly and import
of viral DNA through interaction of terminal protein with host nuclear
pore complex. b) Proposed effect of glycosylation of AV with carbohy-
drates acting as biological switches.

For this viral retargeting we chose carbohydrates, which
play a critical role in cellular trafficking.'!! Interactions of
carbohydrates with cellular receptors are often highly pre-
cise,'” and important, elegant approaches have explored the
potential of glycosylated nonviral gene vectors.'*'"! Control
of glycosylation also influences protein delivery;"**! indeed,
we recently showed that carbohydrates are powerful targeting

H
X OH PBS (pH 7.4) Y&T&W hiH
Y 0 ; ———— o sj{
Hgg‘ﬁ/ﬂ‘ HoN S X HN
1 2

moieties in a novel protein drug-delivery system called
LEAPT (lectin-directed enzyme-activated prodrug ther-
apy).”? However, to the best of our knowledge, artificial
viral glycosylation in gene delivery has not been explored and
we show here that chemically glycosylated AVs are dramat-
ically retargeted.

Careful control of conditions allowed three different
levels of glycosylation—high (H), medium (M), and low (L)—
of the approximately 1800 available surface lysines.**! The
use of different 2-imino-2-methoxyethyl-1-thioglycosides
(IMEs, 1)?%1 allowed both galactosylation (Gal) and man-
nosylation (Man) to create six novel glycosylated AV
structures: Manyg-AV, Many-AV, Man, -AV, Galg-AV, Galy-
AV, and Gal;-AV (Figure 2).

Remarkably, adenovirus appears very robust under these
conditions of chemical glycosylation, and following purifica-
tion by means of a Microspin S-400HR column, yields of up to
91% ™! of intact adenovirus were obtained. PicoGreen
analysis,”” size-exclusion HPLC, photon correlation spectros-
copy (PCS), and measurements of zeta potentials revealed
that viral integrity is maintained in the purified virus after
glycosylation and that size-exclusion spin column purification
successfully removed degraded particles.*" HPLC chromato-
grams®! for purified, modified, and unmodified samples
showed no differences in retention times which is consistent
with the undisrupted virus and correlates with results of
titrations using PicoGreen. PCS was used to examine the
effects of modification of AV particles on their size and
aggregation and showed a clear increase in diameter (for
example, AV=120£6nm, whereas Many-AV=204+
27 nm). Interestingly, this diameter (=200 nm) is consistent
with the diameter of adenovirus® if the diameter is measured
from the tip of protruding fiber proteins, which are not usually
detected by PCS. Glycosylation of AV fiber therefore appears
to significantly enhance detection and particle measurement.
Zeta potentiometry revealed similar levels of surface charges
for AV and Many-AV (or Galy-AV) which is consistent with
the conversion of surface lysines (pK,~11) into amidines,
which are also basic (pK, ~15-17).%

SDS-PAGE (sodium dodecylsulfate polyacrylamide gel
electrophoresis) was used to determine the levels and
locations of glycosylation for all six glycoviruses. Heavily
glycosylated structures (Mang-AV and Galy-AV) showed
significant differences in protein mass for hexon, penton-base,
and fiber proteins (Figure 3a and b). The presence of sugars
was confirmed by the cleavage of diols by periodic acid
followed by staining with Pro-Emerald stain (Figure 3b).””
Concanavalin A (ConA) affinity chromatography®¥ revealed
a high affinity for Many-AV but not Galy-AVPY or AV,
Indeed, only upon addition of a mannose-rich buffer did the

X O

RT.1h

n

Figure 2. Glycosylation of adenovirus (2) with IME reagents (1). (la=Gal: X=0H, Y=H, R'=SCH,C(NH)OMe, R?=H; 1b=Man: X=H,
Y=0H, R'=H, R?=SCH,C(NH)OMe). PBS = phosphate-buffered saline solution.
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Figure 3. a) Characterization of glycosylation of Man-AV by SDS-PAGE
with silver stain (std =standard, AV =adenovirus, H = high,

M = medium, L=low). b) Glycoproteins, 1 =AV, 2=Gal-AV,
3=Many-AV, revealed with Pro-Emerald 488 stain (left) and with coo-
massie brilliant-blue protein stain (right). c) Expanded view shows
more-detailed levels of progressive, tuneable glycosylation. Man,-AV
particles were also retained on a ConA affinity column which is consis-
tent with mannosylation.®"

mannosylated Many-AV particles elute.’!! SDS-PAGE, which
revealed the location of glycosylation, also allowed an
estimation of the number of sugars that were attached to
each protein (Table 1). For both Man- and Gal-modified
structures, a comparison of the theoretical number of exposed
lysine moities™?® with the calculated increases in weight and
the percentage of glycosylated lysines showed that Galy-
AV=93+3%, Galy-AV=40+15%, and Gal-AV=7=+
0.2%. Many-AV displayed a percentage that is comparable
with Galy-AV, whereas Many-AV and Man;-AV showed

Table 1: Predicted levels of glycosylation on major virus capsid proteins.

Angewandte

slightly lower values compared to the corresponding Gal-
modified structures.

As lysine residues that are present on AV fiber proteins
are required for effective interaction of AV with CAR and
membrane integrins,” we considered that increasing the level
of glycosylation from low to high would in turn decrease AV
transfection ability through CAR. We successfully demon-
strated this reduction (Figure4a) by using a luciferase-
expressing AV mutant.*”! Man;-AV and Galy-AV (shown as

Figure 4. a) Effect of glycosylation in vitro on usual transduction mech-
anism of adenovirus in coxsackie adenovirus receptor (CAR)-express-
ing A549 (lung carcinoma) cell lines (RLU =relative light units). Red
bars indicate galactosylated AV and green bars indicate mannosylated
AV. H, M, and L indicate the high, medium, and low levels, respec-
tively, of glycosylation within sugar modification. The left-hand column
indicates the level of background fluorescence (bkgd). The number of
naturally occurring lysine residues per virus particle is 22200. b) The
retargeting of mannosylated adenovirus (Many-AV) is selective for
macrophages, which express the mannose receptor. Unmodified virus
(AV) is used as a positive control and galactosylated virus (Galy-AV) is
used as a negative control.

H in Figure 4 a) showed a dramatic

Protein  Number of Estimated number Estimated number of sugars/protein (for Gal-AV) reduction with no significant trans-
repeats/virus  of lysine residues H M L fection ability above the back-
Fiber 24 15 14 5 2 ground signal in A549 cells.
Penton 12 20 14 3 nd® With the successful modulation
Hexon 720 30 28 12 2 of transfection in AS549 cells
observed, we next examined the
Total 22200 20700% + 700 8800" +300 14901 4 40

retargeting of Galy-AV and Many-

[a] Not detected. [b] Based on calculated increases in weight. See main text for details.
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(GFP)-expressing reporter virus in three types of cell that are
found in the human blood system, namely, lymphocytes,
macrophages, and endothelial cells (Figure 4b). The CAR
mechanism in Galy-AV and Many-AV was removed by
modification. Endothelial cells® were not transfected by
either, whereas AV remained active. Lymphocytes, which are
not transfected by AV,®! were used as a negative control. A
small amount of AV transfection was seen in the lymphocyte
sample owing to the presence of contaminating mono-
cytes.[**“!! Finally, transfection of macrophages by means of
retargeting through the mannose receptor!'®*” was examined
by using Many-AV. Excitingly, significant transduction was
observed with Man;-AV.[*¥) AV also showed transfection of
macrophages possibly through integrin binding.®! Gal,-AV
showed no transduction of macrophages which suggests that
Many-AV  transduction is a specific, sugar-mediated
uptake.[*)

For the first time, by the use of controlled and precise
glycosylation chemistry we have successfully modified the
fragile structure of AV with carbohydrates and modulated its
function. AV transfection can now be adapted to carbohy-
drate—protein receptor interactions as putative lysine glyco-
sylation “switches off” normal receptor pathways and
“switches on” specific sugar-mediated pathways; the clear
potential in therapy is under investigation.

Received: August 31, 2004
Revised: November 23, 2004

Keywords: carbohydrates - cell recognition - drug delivery -
glycosylation - viruses

[1] D. Grimm, M. A. Kay, Curr. Gene Ther. 2003, 3, 281.
[2] P.C. Zamecnik, M. K. Raychowdhury, D. R. Tabatadze, H. F.
Cantiello, Proc. Natl. Acad. Sci. USA 2004, 101, 8150.
[3] R.Xu, H.Li, L.-y. Tse, H.-f. Kung, H. Lu, S. L. Lam Karen, Curr.
Gene Ther. 2003, 3, 65.
[4] G.J. Bauerschmitz, A. Kanerva, M. Wang, I. Herrmann, D. R.
Shaw, T. V. Strong, R. Desmond, D. T. Rein, P. Dall, D. T. Curiel,
A. Hemminki, Int. J. Cancer 2004, 111, 303.
[5] D. Luo, Trends Biotechnol. 2004, 22, 101.
[6] C. Volpers, S. Kochanek, J. Gene Med. 2004, 6, S164.
[7] C. San Martin, R. M. Burnett, Curr. Top. Microbiol. Immunol.
2003, 272, 57.
[8] O. Meier, F. Greber Urs, J. Gene Med. 2004, 6, S152.
[9] J. Howitt, C. W. Anderson, P. Freimuth, Curr. Top. Microbiol.
Immunol. 2003, 272, 331.
[10] J. Roy-Chowdhury, M. S. Horwitz, Mol. Ther. 2002, 5, 340.
[11] R. A. Dwek, T. D. Butters, F. M. Platt, N. Zitzmann, Nat. Rev.
Drug Discovery 2002, 1, 65.
[12] H.-J. Gabius, H.-C. Siebert, S. Andre, J. Jimenez-Barbero, H.
Ruediger, ChemBioChem 2004, 5, 740.
[13] P. Midoux, C. Mendes, A. Legrand, J. Raimond, R. Mayer, M.
Monsigny, A. C. Roche, Nucleic Acids Res. 1993, 21, 871.
[14] P. Erbacher, A. C. Roche, M. Monsigny, P. Midoux, Bioconjugate
Chem. 1995, 6, 401.
[15] T. Ferkol, J. C. Perales, F. Mularo, R. W. Hanson, Proc. Natl.
Acad. Sci. USA 1996, 93, 101.
[16] 1. Fajac, S. Grosse, P. Briand, M. Monsigny, Gene Ther. 2002, 9,
740.
[17] T. Nakai, T. Kanamori, S. Sando, Y. Aoyama, J. Am. Chem. Soc.
2003, 125, 8465.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

[18] M. R. Lennartz, F. S. Cole, P. D. Stahl, J. Biol. Chem. 1989, 264,
2385.

[19] B.Friedman, K. Vaddi, C. Preston, E. Mahon, J. R. Cataldo, J. M.
McPherson, Blood 1999, 93, 2807.

[20] S.J. Lee, S. Evers, D. Roeder, A. F. Parlow, J. Risteli, L. Risteli,
Y. C. Lee, T. Feizi, H. Langen, M. C. Nussenzweig, Science 2002,
295, 1898.

[21] B. G. Davis, M. A. Robinson, Curr. Opin. Drug Discovery Dev.
2002, 5, 279.

[22] M. A. Robinson, S.T. Charlton, P. Garnier, X.-T. Wang, S.S.
Davis, A. C. Perkins, M. Frier, R. Duncan, T. J. Savage, D. A.
Wyatt, S. A. Watson, B. G. Davis, Proc. Natl. Acad. Sci. USA
2004, 101, 14527.

[23] C.R. O’Riordan, A. Lachapelle, C. Delgado, V. Parkes, S. C.
Wadsworth, A. E. Smith, G. E. Francis, Hum Gen Ther. 1999, 10,
1349.

[24] M. J. van Raaij, A. Mitraki, G. Lavigne, S. Cusack, Nature 1999,
401, 935.

[25] F. K. Athappilly, R. Murali, J. J. Rux, Z. Cai, R. M. Burnett, J.
Mol. Biol. 1994, 242, 430.

[26] R. Neumann, J. Chroboczek, B. Jacrot, Gene 1988, 69, 153.

[27] Y. C. Lee, C.P. Stowell, M.J. Krantz, Biochemistry 1976, 15,
3956.

[28] C.P. Stowell, Y. C. Lee, Methods Enzymol. 1982, 83, 278.

[29] Yields determined from the total DNA present in the sample by
PicoGreen analysis.

[30] Adenoviral capsid proteins exist as homodimers or homotrimers
that can be disrupted easily by the addition of a denaturant such
as sodium dodecylsulphate (SDS) or guanidinium chloride. The
level of destruction of the adenovirus was analyzed by the
PicoGreen method (see Supporting Information), whereas spin
column purification would have removed degraded viral par-
ticles. PicoGreen analysis of DNA solution levels is routinely
used to indirectly calculate the number of viral particles present
in solution and has the advantage of high sensitivity, which is
useful when protein concentrations are too low for accurate
analysis as is often the case with adenoviral titrations. PicoGreen
analysis performed on intact viral particles showed only back-
ground fluorescence. By comparison of viral samples after
glycosylation with the unglycosylated batch, we are able to
determine the effect of glycosylation on the structure of
adenoviruses.

[31] See Supporting Information.

[32] V. Borisenko, M. S. Sansom, G. A. Woolley, Biophys. J. 2000, 78,
1335.

[33] Purchased from Molecular Probes (www.probes.com).

[34] Purchased from Galab.

[35] The retention time for the galactosylated particles was slightly
longer than that for the unmodified particles owing to a
nonspecific interaction.

[36] See Supporting Information.

[37] M. L. Read, K. H. Bremner, D. Oupicky, N. K. Green, P.F.
Searle, L. W. Seymour, J. Gene Med. 2003, 5, 232.

[38] S. A. Nicklin, D.J. Von Seggern, L. M. Work, D. C. Pek, A.F.
Dominiczak, G. R. Nemerow, A. H. Baker, Mol. Ther. 2001, 4,
534.

[39] M. S. Horwitz, J. Gene Med. 2004, 6, S172.

[40] G. M. Graziani-Bowering, J. M. Graham, L. G. Filion, J. Immu-
nol. Methods 1997, 207, 157.

[41] This method was used to isolate lymphocytes and monocytes in
high purity. The authors comment on the inevitability of
contamination owing to both types exhibiting high heterogeneity
for the method. Lymphocyte stimulation may also occur here.

[42] Relative transgene expression levels for Many-AV based on
RLU (relative light units) are around 40 % of the AV level in
macrophage but 0% of AV transfection in A549 (A549: AV 1.2 x
107, Man-AV 0; macrophage: AV 1.1 x 10°, Many-AV 4.5 x 10%).

Angew. Chem. Int. Ed. 2005, 44, 1057 —1061


http://www.angewandte.org

Angewandte
Chemie

[43] Given the similarly high glycosylation levels of Many-AV (90 +
3%) and Galy-AV (93 3 %), we believe that the possibility of
low-level normal mode infection being present in Many-AV but
not in Galy-AV is unlikely. Nonetheless, to discount the
possibility of low-level normal mode infection, we confirmed
the mannose-dependent nature of Many-AV transfection
through the use of 1% mannose solution, which completely
ablated transgene expression to background levels. Transfection
by unmodified AV was not affected by 1% mannose solution.

Angew. Chem. Int. Ed. 2005, 44, 10571061 www.angewandte.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1061


http://www.angewandte.org

Fluorescent Probes

In Vitro Selection of Structure-Switching
Signaling Aptamers**

Razvan Nutiu and Yingfu Li*

Signaling aptamers are aptamer probes that couple target
binding to fluorescent-signal generation. These molecular
sensors have potential applications in biosensing, proteomics,
and drug discovery.! Here we describe a new in vitro
selection approach for generating unmodified DNA aptamers
that can be immediately transformed into effective signaling
probes without the need for further optimization.

Standard aptamers can be easily generated by the
technique of in vitro selection.”) However, for biosensing
applications, postselection modifications must be carried out
in order to convert the aptamer concerned into a signaling
probe. Although several conversion strategies have been
reported,” the modification processes often require lengthy
optimization steps to ensure that the affinity and specificity of
the original aptamer is not lost upon labeling and that the
modified signaling aptamer is able to significantly modulate
the fluorescent signal upon target binding.

An alternative method is to create signaling aptamers
directly by in vitro selection. Jhaveri et al. have reported the
only signaling-aptamer selection method by which signaling
aptamers labeled with a single fluorophore can be created.
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However, their results showed that even if the selected
aptamers were capable of target binding, a significant number
of them failed to induce a concomitant fluorescence change
upon target binding, presumably due to the insubstantial
alteration of fluorescence properties of the attached fluoro-
phore. More recently, the same group published a selection
method for the optimization of signaling properties of
molecular beacons containing a fluorophore—-quencher
pair.P! It is conceivable, as the authors have already suggested
in their report, that this method could be adapted to the
selection of signaling-aptamer probes that detect nonnucleic
acid targets. Encouraged by their work, we conducted an in
vitro selection study for deriving signaling aptamers that
function by the structure-switching mechanism previously
described by us for the rational design of signaling aptamers.”!

The structure-switching idea takes advantage of the
universal ability of any aptamer to adopt two different
structures: a duplex structure with an antisense DNA and a
complex structure with the cognate target. We have shown
that an aptamer can switch structures from duplex to complex
upon target addition and, if the aptamer is labeled with a
fluorophore and the antisense DNA is labeled with a
quencher (denoted QDNA), the structure-switching process
can be synchronized to fluorescence signaling.”) However,
fine-tuning of the QDNA represents a major challenge in the
design of structure-switching signaling aptamers, as many
QDNA sequences must be tested before a suitable signaling-
aptamer system can be established. Therefore, we sought to
overcome this problem by utilizing the power of in vitro
selection. The strategy described in this report permits the
creation of standard aptamers that are encoded with a duplex-
to-complex switching capability and can be converted into
signaling probes immediately upon their isolation.

The selection strategy is shown in Figure 1. A special
DNA library (Figure 1a) was used that contained a central 15-
nucleotide fixed-sequence domain (red) flanked by two
random-sequence domains (green) of 10 and 20 nucleotides,
each further flanked by primer-binding sequences (black).
The central fixed-sequence domain was designed to be
complementary to an antisense oligonucleotide biotinylated
at its 5'-end (denoted BDNA). This arrangement permitted
immobilization of the DNA library onto avidin-coated beads
through DNA hybridization (step 1 of Figure 1b; see the
Supporting Information for more details regarding the library
design). We also added two short oligonucleotides, P1 and P2,
to prevent the involvement of the primer-binding sequences
in the tertiary folding of eventual aptamers. To demonstrate
our concept, we used four standard NTPs (nucleoside
triphosphates; blue star) as the potential aptamer targets.
The immobilized DNA assembly was then exposed to a
solution of a mixture of NTPs, each at 0.1 mm (step 2).
Aptamers able to form the DNA/target complex should
switch from the bead-bound state to the solution. These
molecules were then collected and amplified by PCR (step 3).
The reverse primer contained a ribonucleotide (R) at its 3'-
end to create a chimeric antisense strand prone to NaOH-
mediated cleavage, which permitted the isolation of the sense
strand by gel electrophoresis (step 4). The recovered sense
DNA was reannealed to BDNA, P1, and P2 and used for the

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

1061



Communications

Figure 1. In vitro selection of structure-switching aptamers. a) DNA library
design. b) In vitro selection scheme.
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next round of selection (step 5). It is noteworthy that BDNA
and P1 were intended as the eventual sequences for carrying a
quencher and a fluorophore, respectively, so that upon
completion of in vitro selection, the selected aptamers could
be immediately converted into signaling molecules.

The switching activity, defined as the ratio of the fraction
of DNA eluted by the targets over that by selection buffer
only, was measured for each selection round (Figure 2a). By
the 14th round, the DNA population exhibited significant
switching activity. Upon testing, generation 14 (G14) was
found to be responsive only to ATP. Next, G14 was subjected
to four parallel selections, one for each NTP (at 0.1 mm).
After two more rounds, the ATP-binding population (ATP-
G16) showed an eightfold ATP-dependent switching activity.
Similarly, a sixfold GTP-dependent switching activity was
observed for GTP-G17. In contrast, both the CTP and UTP
populations failed to register any significant activity after
several more rounds of selection. Subsequently, ATP-G16 and
GTP-G18 were cloned and sequenced.

Based on sequence alignment, three sequence classes
were found in the ATP population and one class in the GTP
population (Figure 2b). Four individual ATP-binding
(ATP1.1, ATP2.1, ATP2.5, and ATP3.1) and three GTP-
binding (GTP1.1, GTP1.2, and GTP1.5) molecules were
chemically synthesized and assessed for signaling abilities. At
this point, the BDNA was modified with a 4,4-dimethylami-
noazobenzene-4-"-carboxylic acid (DABCYL) moiety (Q) at
the 3’-end and renamed QDNA, and P1 was labeled with
fluorescein (F) at the 5'-end and renamed FDNA (Figure 3 a).
Each DNA assembly (made of the synthetic aptamer, FDNA,
QDNA, and P2) successfully signaled the presence of the
cognate target, with an increase in fluorescence intensity upon
target addition (Figure 3b). For each aptamer, the fluores-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Figure 2. In vitro selection results. a) Progression of in vitro selection.

wyn

b) The isolated aptamers. The primer binding sites are not shown; “x
represents deletions. Black letters in the central constant region repre-
sent mutations relative to the original sequence. The green letters rep-
resent the random domain, the red letters represent the central anti-
sense-binding domain, and the blue letters represent initially present
fixed nucleotides. ATP = adenosine 5'-triphosphate, GTP = guanosine
5'-triphosphate, CTP = cytidine 5'-triphosphate, UTP = uridine 5'-tri-
phosphate.

cence intensity increased markedly when the cognate NTP
target was introduced while it remained unchanged upon the
addition of the noncognate target. (For clarity, the non-
cognate target data are only shown for ATP1.1 and GTP1.2.)
We found that ATP1.1 and GTP1.2 have the best signaling
performance within each relevant group.

To further confirm the structure-switching nature of each
aptamer, we conducted an equilibrium-shifting experiment,
as shown in Figure 4 for ATP1.1 as an example. Two aptamer-
containing solutions A and B (data series in gray and black,
respectively) were used. For both solution A and solution B,
we first incubated FDNA, P2, and ATP1.1 for 10 min in the
absence of QDNA and ATP. Because of the lack of QDNA,
the fluorescence intensity of each solution was at its
maximum. Then, 1 mm ATP was added to solution B while
no ATP was added to solution A. The fact that both solutions
maintained the same level of fluorescence intensity indicates
that the binding of ATP to the aptamer did not alter its
fluorescence intensity. Upon the addition of QDNA after
20 minutes, the fluorescence intensity of both solutions
decreased. However, the target-containing solution (solu-
tion B) experienced a much smaller reduction in fluorescence
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Figure 3. Converting selected aptamers into fluorescent reporters.

a) DNA modification and signaling scheme. b) and c) Signaling pro-
files of four ATP-binding and three GTP-binding aptamers, respectively.
I relative fluorescence intensity.

Figure 4. Proof of structure switching by an equilibrium-shifting experi-
ment.

intensity than the target-lacking solution (solution A). The
data are consistent with the formation of the aptamer—ATP
complex in solution B and the significant reduction in the
number of QDNA-aptamer duplexes in solution B as com-
pared to solution A. After 140 minutes, 1 mm ATP was added
to each solution. For solution B, only a small increase of
fluorescence intensity was observed, a fact suggesting that the
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aptamer’s target-binding site was largely saturated prior to
the addition of the extra ATP. In stark contrast, a significant
increase in fluorescence intensity was observed in solution A,
which is indicative of a structure transition from the aptamer—
QDNA duplex to the aptamer—ATP complex. Finally, when
further 1 mm ATP was added to solution A (therefore both
solutions contained the same concentrations of ATP and
DNA species), solution A reached the same level of fluores-
cence seen with solution B. The same level of fluorescence
reached by both solutions in the end with different orders of
ATP and QDNA additions indicates that the switch between
the duplex structure and the complex structure is an
equilibrium process.

To explore the possibility of multicolor detection of
different analytes in the same solution, we kept ATP1.1
unchanged and altered the sequence of the 5'-primer-binding
domain of GTP1.2 (the new construct is now named
GTP1.2Cy3), to bind a different FDNA labeled with indodi-
carbocyanine 3 (Cy3; FDNA was renamed Cy3DNA; see the
sequences in the Supporting Information). Next, we exposed
the mixture of FDNA, Cy3DNA, ATP1.1, GTP1.2Cy3,
QDNA, and P2 to 1 mM ATP and 1 mm GTP in different
orders (Figure 5a—c). First, we incubated the mixture without
any target to get a background reading. Then we added the
ATP (Figure 5a) or the GTP (Figure 5c) or both (Figure 5b)
and recorded the fluorescence for 30 minutes. Finally, we
added the second target (GTP in Figure 5a and ATP in
Figure 5c) and recorded the signal for a further 30 minutes. In
all three cases, both aptamers correctly indicated the cognate
target independently of the presence of the second, uncognate
target.

To conclude, we have demonstrated that in vitro selection
can be carried out to generate structure-switching aptamers
that can be immediately transformed into probes able to
report target binding by fluorescence signaling. Moreover, we
have demonstrated that two different signaling aptamers can
work simultaneously in the same solution, thereby offering
the possibility of multiplex detection. It is also worth
commenting that although our aim in this study was to
create signaling aptamers, the same selection method is
equally attractive for standard aptamer selections, especially
in cases where small molecules serve as aptamer targets (for
which filter-based selection cannot be used) because our new
method eliminates the need for target immobilization for
creation of an affinity column.

All our selected aptamers share a common structural
feature due to the design of the initial library: the nucleotides
critical for target binding are arranged into two sequence
motifs spanning the central fixed-sequence domain (Fig-
ure 2b). This arrangement closely resembles the “self-assem-
bly” aptamers previously reported.*><

Interestingly, all our ATP-binding aptamers contain two
stretches of nucleotides (underlined green nucleotides in
Figure 2b) that constitute the ATP-binding site of a previ-
ously isolated ATP-binding DNA aptamer.® This observa-
tion indicates that we have rediscovered the same ATP-
binding aptamer. This is not completely surprising as other
studies have revealed that in vitro selection often offers a
repeated solution to a given problem.””) The isolation of the
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Figure 5. Two-color detection of ATP and GTP in a single solution. ATP1.1 is labeled with fluorescein, GTP1.2 is labeled with Cy3, and QDNA
contains a DABCYL moiety as a quencher for both fluorophores. a) Addition of ATP followed by addition of GTP. b) Simultaneous addition of ATP

and GTP. c) Addition of GTP followed by addition of ATP.

same aptamer motif in different laboratories from different
library designs (a continuous stretch of random-sequence
nucleotides in the previous study; two stretches of random-
sequence nucleotides flanking a constant-sequence region in
the current study) and two different selection strategies (the
target ATP was immobilized on a column to retain the
aptamer sequences from a DNA library in the previous study;
the DNA library was immobilized on a column through DNA
hybridization and ATP was used to elute the aptamer
sequences in the current study) may suggest that these
underlined nucleotides form a small but highly optimized
binding site for ATP. The small size of the aptamer means its
high abundance in the initial library and the optimal binding
site should make it fit for survival during the selection process.
The recurrence of the aptamer could also be a result of our
choice to use a small-size library that could not lead to isolation
of larger and more complex aptamers. We also notice that each
selected structure-switching aptamer family shows a very high
degree of conservation in most nucleotides located outside of
the target-binding motifs, a result suggesting that these
nucleotides may help the structure-switching process.

All of our aptamers were able to generate an easily
detectable fluorescence signal; however, these directly con-
verted signaling aptamers could achieve only limited fluores-
cence enhancement (4.5-fold with the best ATP-binding
aptamer ATP1.1 and twofold with the best GTP-recognizing
aptamer GTP1.2). Although our best signaling aptamers
exhibited a signaling magnitude comparable to some of the
known aptamer sensors obtained by rational design strategies
(1.5-fold in ref.[3a], threefold in ref. [3d] and ref. [3h],
fivefold in ref. [3j]), the best rationally designed signaling
aptamers can produce a fluorescence enhancement as high as
14-fold.B* [0 Tt is conceivable that the signaling perform-
ance of our signaling aptamers can be improved by carrying
out optimization experiments (such as using an extended
FDNA or QDNA that can place F and Q in close proximity).
It is also important to point out that all the selected aptamers
involuntarily acquired one or two mutations or deletions in
the BDNA-binding domain during the in vitro selection
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process (Figure 2b), which obviously leads to the formation of
a weaker aptamer—-BDNA duplex for easier structure switch-
ing. However, it also gives a higher fluorescence background
for the signaling system. Based on this observation, we believe
that better signaling aptamers could be derived in future in
vitro selection efforts by conducting the duplex-formation
step (steps 1 and 5 in Figure 1b) at an elevated temperature
(22°C was used in the current study) to eliminate the
sequences with weakened duplex structures.

Our selection failed to generate DNA aptamers that bind
CTP or UTP. Although precise reasons for this failure could
not be determined at this point, we speculate that this might
have been caused by our choice of a DNA library containing
only 30 random nucleotides. It is quite possible that potential
CTP- and UTP-binding aptamers require considerably more
nucleotides and our starting library simply did not meet this
requirement. Another possibility is that these two nucleotides
may inherently be poor aptamer targets. It remains to be
determined whether CTP- and UTP-binding aptamers can be
derived by using more complex libraries.
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Amyloid fibrils are filamentous structures formed from
peptides and proteins of widely varied sequence and
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length.l"?! Such noncovalent assemblies are at the heart of a
wide range of diseases including Alzheimer’s and Creutzfeld—
Jakob disease (CJD) in humans, and bovine spongiform
encephalopathy (BSE) in cattle.’! These protein-conforma-
tional diseases are particularly intriguing, because, given
appropriate conditions, the formation of amyloid aggregates
appears to be a generic property of constituent polypeptides
and is largely independent of their source.’! The biophysical
factors that determine whether specific sequences will form
stable amyloid suprastructures are largely unknown. Further-
more, high-resolution structural data has proved difficult to
obtain because the fibrils are insoluble and noncrystalline.!
X-ray diffraction patterns from amyloid fibers are consistent
with a cross-p structure.! This, in conjunction with informa-
tion from solid-state NMR spectroscopic analysis,” cryoelec-
tron microscopy, and image processing,® has led to the
proposal of models for amyloid protofilaments that consist of
multilayered, helical (3 sheets. The structural features of the
fibrillar forms of different proteins are very similar. This
suggests that fibrils form by a common mechanism, and that
the elucidation of the assembly process in one system will
shed light on amyloid formation in general.'*! Herein we
report atomistic molecular-dynamics (MD) simulations per-
formed in explicit solvent to investigate the supramolecular
organization of a single-layer protofibril formed from the
simian immunodeficiency virus wild-type (SIVwt) peptide.

The SIVwt peptide corresponds to the N-terminal region
of the SIV transmembrane glycoprotein 32 (gp32)
(GVFVLGFLGFLA). It is involved in triggering the fusion
of viral and target cell membranes, which facilitates entry of
the virus into the cell.”’ This 12-residue peptide is very
hydrophobic, a property shared with the AP(30-40) C-
terminal segment of the amyloid peptide responsible for
Alzheimer’s disease. AP(30-40) is in the so-called functional
domain required for cytotoxicity and has been shown to adopt
a p-strand conformation and to form parallel § sheets."l The
close relationship between amyloid peptides and HIV fusion
peptides has been reported previously.”!

Based primarily on IR spectroscopic data, the SIVwt
peptide has been reported to form aggregated f struc-
tures.'"" From their analysis of SIVwt peptides with
attenuated total reflectance spectroscopy (ATR), Martin
et al. reported an IR band typical of § aggregates that contain
strong hydrogen bonds."! Interestingly, such aggregates have
spectroscopic characteristics indistinguishable from those of
amyloid fibrils. We noted that samples for the ATR studies
were prepared by drying solutions of peptides in dimethyl
sulfoxide (DMSO) onto the ATR crystal. Thus, the concen-
tration of the fusion peptide was very high, and little DMSO
remained in the sample. However, when dissolved in an
aqueous buffer, the retroviral fusion peptides formed large,
colloidal aggregates,'*!!! which are spectroscopically identical
to those formed in DMSO at low DMSO/peptide molar ratios.
Moreover, these aggregates present the same spectroscopic
features of the peptide aggregates that form upon peptide-
mediated membrane fusion.

The fact that this peptide forms f§ aggregates in DMSO
provides a unique opportunity to study the process of fibril
formation in atomic detail with MD simulation techniques.
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Owing to its low atom density, DMSO is a much less
expensive solvent to simulate than water. This means that it
is possible to study the collective properties of large-scale
aggregates in explicit solvent.

Figure 1 shows that the parallel (-sheet aggregates
spontaneously adopt a helical suprastructure in the simula-
tions. For pb10 (a protofibril construct with 10 parallel chains;

Figure 1. Twist angle per peptide chain in simulations of pb10, pb20,
and pb30 as a function of time. The twist angle 6 was calculated as

0 =arccos(u,-u,)/(n—m=+1), in which u is the unit vector from the o-C
atom of residue 1 to that of residue 12 for each chain, and m and n
are the first and last chains respectively, in an aggregate with five or
more interstrand hydrogen bonds. (These were chains 2-7 in pb10,
chains 7-19 in pb20, and chains 5-20 in pb30.)

see experimental section) the {3 sheet twists away from the
initial planar conformation during the first 20 ns. A dynamic
equilibrium is then established involving partial unwinding
and rewinding of the suprastructure. The helical twist per
chain oscillates between ~5° and & 15°. The average twist
angle is 10°, and the average helical pitch is 15 nm (calculated
for chains 2-7 over the interval of 20-100 ns). Fraying was
observed at the ends of the structure, and chains 1, 8, 9, and 10
have less than five hydrogen bonds to their neighbors after
30 ns. Pb20 and pb30 (constructs with 20 and 30 parallel
chains, respectively) behave similarly to pb10. The average
twist angle and average pitch are 10° and 16 nm for pb20, and
9° and 20 nm for pb30, over the interval of 20-50 ns. As with
pbl0, only the chains with an average of five interstrand
hydrogen bonds or more (7-19 in pb20 and 5-20 in pb30) were
included in these estimates. The final structure of pb30 is
shown in Figure 2. In all three cases, the ends of the sheet tend
to adopt a higher twist angle than the central section. Thus,
modeling short fragments would overestimate the degree of
twist; indeed, the twists of pb10 and pb20 are slightly greater
than that of pb30. In addition, fragments at the ends are found
to orient in a different direction to the main axis of the
protofilament (helix bending), while still maintaining a helical
twist.

The supramolecular structure observed in the simulations
can be described as a left-handed twisted ribbon with
saddlelike curvature.'” The chirality of the constituent
chains renders this structure more thermodynamically stable
than a helical ribbon.>'? In the simulations, we observed a
cooperative twisting of the [ sheet until a maximum twist
angle was reached. At the point of maximum stress in the
geometry, there was a subsequent relaxation toward a smaller

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. The protofibril pb30 at 50 ns. One terminal chain has dissoci-
ated (right). The average twist angle per chain is 9°, and the average
pitch (P) is 20 nm at 20-50 ns. The pitch is calculated as P=N.xD,,
in which N_ is the number of peptide chains per 360° turn and D, is
the translation per chain along the long fibril axis. N_ and D, are calcu-
lated only for intact chains (those bearing at least five or more inter-
strand hydrogen bonds. See Figure 1).

angle, followed by alternating partial unwinding/rewinding
events around an equilibrium twist angle. The average twist
angle of the ribbon, ~9°, may be compared with twist angles
of ~0.5° to ~2.5° suggested for multilayered amyloid
fibrils,*'*! with an angle of ~7° proposed for a speculative
model of bilayered f2-microglobulin fibrils," and with twist
angles ranging from 0° to ~30° for single-layer [3-sheet motifs
in proteins.'>!

The cross-f} structure of amyloid fibrils inferred from
diffraction data (f} strands of the precursor polypeptides are
perpendicular to, and ribbonlike f3 sheets are parallel to the
fibril axis)® is compatible with either a parallel or antiparallel
arrangement of the polypeptide strands. Packing depends on
the sequence of the polypeptide, and the nature of the
interactions between the side chains of neighboring strands. It
was recently suggested that an increase of the amphiphilicity
of the AP(16-22) peptide changes the 3 sheet structure in the
fibrils from antiparallel to parallel."” To test the effect of
chain orientation on the stability and twisting of the SIVwt
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protofibril, a simulation of 10 antiparallel chains in DMSO
was performed. A rapid loss of interchain hydrogen bonding
was observed (results not shown). After 50 ns, only two
adjacent chains had more than five interstrand hydrogen
bonds. Therefore, the results suggest that the parallel 3 sheet
arrangement is most stable and that nonpolar interactions
between side chains dominate.'*!

We believe that this is the first example in which the
spontaneous twisting of a protofibril into an equilibrium
twisted-ribbon suprastructure has been observed. Recently,
Fishwick et al.™ claimed to have simulated the spontaneous
twisting of 20-membered [} sheets formed by glutamine-rich
peptides with an implicit solvent model. However, the large
structural changes observed in the extremely short simula-
tions (100 ps) cast serious doubt on the reliability of the
results. In other computational studies of amyloid protofibrils,
a specific twist has simply been imposed on the ribbon
structure with simulations serving only to relax the initial
conformation.” Our work demonstrates that it is possible to
model stable protofibril structures at an atomic level. Studies
of the spontaneous aggregation of this peptide into extended
[ sheet structures are under way.

Experimental Section

Four systems were simulated. Three were 3-sheet constructs contain-
ing 10 (pb10), 20 (pb20), and 30 (pb30) parallel SIVwt chains. The
construct pb10 was simulated for 100 ns, pb20 and pb30 for 50 ns. The
initial arrangement of the {3 sheets was planar. The average distance
between facing a-C atoms was 0.4 nm. The long axis of the [3 sheet
was ~4 nm for pbl0, ~8 nm for pb20, and ~12 nm for pb30. Each
f sheet was placed in a periodic cuboid of 8 x (D 44)x7 nm® (D =
length of the long axis) and solvated with DMSO.?! A fourth system
consisting of 10 peptide chains in an antiparallel arrangement (ab10)
was also simulated to test the effect of the orientation of the peptide
on the stability of the protofibril. All simulations were performed
with the GROMACS softwarel®” and the GROMOS 43 A1 force
field.” The end groups of the peptide were neutral (H,N—, ~CONH,)
in accordance with experimental data. The temperature and pressure
were coupled to external baths? at 300 K and 1 bar with relaxation
times of 0.1 and 0.5 ps, respectively. Bond lengths were constrained
with the LINCS algorithm.”®! The equations of motion were
integrated with the leap-frog algorithm with a time step of 2 fs.
Nonbonding interactions were evaluated with a twin-range cutoff of
0.8/1.4 nm, and a charge-group pair list updated every 10 time steps.
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Bionanotechnology

Multifunctional Nanoparticles Possessing A
“Magnetic Motor Effect” for Drug or Gene
Delivery**

Tae-Jong Yoon, Jun Sung Kim, Byung Geol Kim,
Kyeong Nam Yu, Myung-Haing Cho,* and Jin-Kyu Lee*

Magnetic ferrite nanoparticles (usually called ferrofluid) have
been widely used in various applications, such as smart seal
magnetic circuits,! audio speakers,”’ and magnetic domain
detectors.”] Recently, magnetic nanoparticles have been
suggested for many new applications in high-density magnetic
data storage,”! magnetic resonance imaging,”' catalyst sup-
porters,) and biomedical applications, such as magnetic
carriers for bioseparation,”! enzyme and protein immobiliza-
tion," and contrast-enhancing media.l”’ Transmission electron
microscopy (TEM) or magnetic resonance imaging (MRI)
have been used to observe magnetic nanoparticles incorpo-
rated within cells. However, TEM or MRI are not convenient
for in situ monitoring, and thus a sensitive and easy technique
for monitoring the nanoparticles in cells in situ is desirable.
Confocal laser scanning microscopy (CLSM) is a highly
sensitive detection technique specific to the fluorescence
wavelength of the dye used. Incorporation of a fluorescent
dye into the nanoparticle would enable the detection and
monitoring, in situ, of the movement of the nanoparticles
under an external magnetic field, for example.
Nanoparticles have been coated with a shell of stable and
biocompatible material, such as silica (SiO,), to avoid
potential toxic effects on cells.'*'? Incorporation of a
fluorescent dye into the silica shell seemed a good choice to
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us. The polyvinylpyrrolidone (PVP) method has been applied
to particles having ionic surface charges to generate a sol—gel
silica coating with thickness which can be altered by varying
the amount of tetracthoxysilane (TEOS) loaded.!"®! Herein,
we report the preparation, employing a modified PVP
method, of cobalt ferrite magnetic nanoparticles coated
with a shell of amorphous silica, which contains luminescent
organic dyes, such as rhodamine B isothiocyanate (RITC,
orange, Apaem=23555nm) or fluorescein isothiocyanate
(FITC, green, Apayemy=518 nm) on the inside of the silica
shell and biocompatible poly(ethylene glycol) (PEG) on the
outside. We wished to determine whether the fluorescence
characteristics of the organic dye could be used in conjunction
with CLSM to compare the efficiency of uptake into cells of
magnetic nanoparticles with and without PEG modification.
Monitoring the movement of doped cells under an external
magnetic field was also investigated because of its potential
use in bioseparation and related applications.

Water-soluble bare cobalt ferrite magnetic nanoparticles
of average size about 9 nm, synthesized by a slight modifica-
tion of the co-precipitation method from FeCl;6H,0O and
CoCl,6 H,O in hot basic NaOH solution, were stabilized
with PVP to make them homogeneously dispersed in ethanol.
The mixed solution of TEOS and dye-modified silane
compound, synthesized from 3-aminopropyltriethoxysilane
(APS) and dye-isothiocyanate,'”! was polymerized on the
surface of PVP-stabilized cobalt ferrites by adding ammonia
solution as a catalyst to form organic-dye-incorporated cobalt
ferrite—silica core—shell nanoparticles. The ratio of the con-
centrations of cobalt ferrite magnetic nanoparticles (Co
ferrite MNPs) and TEOS was optimized to prevent the
homogeneous nucleation of silica and to control the sillica-
shell thickness of the core-shell Co ferrite—silica MNPs. The
TEM images in Figure 1 of silica-coated Co ferrite MNPs

Figure 1. TEM images of Co ferrite-silica (core—shell) MNPs with
controlled shell thicknesses. A) TEOS/MNP=0.12 mg/4 mg, scale
bar=100 nm, B) TEOS/MNP=0.06 mg/4 mg, scale bar=50 nm,
C) TEOS/MNP=0.03 mg/4 mg, scale bar=50 nm. As the ratio of
TEOS/MNP (w/w) decreases, the shell thickness decreases.

prepared using different ratios of TEOS/MNP show that the
thickness of the silica shell can be precisely controlled to
produce core-shell nanoparticles with diameters ranging
from 30 to 80 nm as the amount of TEOS was increased
from 0.03 to 0.12 mg. The crystallinity and magnetic proper-
ties of the core material did not change upon coating with
silica (see Supporting Information). PEG was easily attached
to the silica-shell surface by adding PEG-Si(OMe); solution
after the shell formation was complete (see Supporting
Information). This approach could be directly applied to the
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synthesis of dye-labeled and surface-modified core-shell
magnetic nanoparticles, MNP-SiO,(RITC or FITC) and
MNP-SiO,(RITC or FITC)-PEG. Attachment of PEG did
not significantly change the size of the nanoparticles (deter-
mined by TEM measurements). The average diameter of the
organic-dye-labeled Co ferrite-silica (core-shell) MNPs used
in this study was about 50 nm as shown in Figure 1B.
Although photobleaching is a common problem when
fluorescent dyes are used, no significant photobleaching was
observed in our rigid matrix system, as reported for a similar
embedded system,['” and thus fluorescence intensity could be
used to quantitatively analyze the quantity of core-shell
nanoparticles incorporated into cells. The CLSM images in
Figure 2 show breast cancer cells (MCF-7) after 24 h of

Figure 2. CLSM images of breast cancer cells after growth in media
containing MNP-SiO,(RITC)-PEG (A-C) or MNP-SiO,(RITC) nano-
particles (D—F). (A and D: fluorescence images; B and E: bright-field
images; C and F: overlay of the fluorescence and bright-field images).

growth in media containing MNP-SiO,(RITC)-PEG (PEG-
modified nanoparticle, Figure 2 A-C) and MNP-SiO,(RITC)
(unmodified, Figure 2D-F). From the overlay images (Fig-
ure 2 C and F) of the fluorescence images (Figure 2 A and D)
and bright-field images (Figure 2B and E), respectively for
both samples, it seems that the surface modification by PEG
enhances the incorporation of Co ferrite MNP into cells. Thus
all subsequent experiments were conducted using MNP-
SiO,(RITC)-PEG.

If dyes having different fluorescence emission wave-
lengths are used, the position of the nanoparticles containing
different dyes could be selectively monitored simultaneously
at the respective emission wavelength. The CLSM images in
Figure 3 show breast cancer cells (MCF-7) containing MNP-
SiO,(RITC)-PEG or MNP-SiO,(FITC)-PEG clearly emitting
at different wavelengths, with orange light from RITC and
green light from FITC. By changing the focus distances,
CLSM could “slice” the cell images at different z positions to
clearly show that emission did not emerge from the organic-
dye-labeled core-shell MNPs adsorbed on the cell membrane
surface, but from what was delivered into the cytoplasm of
living cells. It was also confirmed that core—shell MNPs could
not penetrate the nucleus as there was no emission from the
nucleus (Figure 3B and E).
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Figure 3. CLSM z-sectioned images of breast cancer cells obtained by
using MNP-SiO,(RITC)-PEG (A-C) and MNP-SiO,(FITC)-PEG (D-F).
(A and D: top slices; B and E: middle slices; C and F: bottom slices).
The white arrows indicate the position of nucleus.

For the time-dependent studies of the uptake of MNP-
SiO,(RITC)-PEG nanoparticles by live MCF-7 cells, the cells
were attached to a glass cover slip, a culture solution
containing MNP-SiO,(RITC)-PEG  nanoparticles was
loaded onto the cover slip and CLSM fluorescence images
were taken every 5 minutes (Figure 4). As time elapsed, the

Figure 4. MCF-7 cells mixed with a culture of MNP-SiO,(RITC)-PEG
solution. Cells were recorded for 30 min with a video camera and up
to 48 h by time-elapse photography. A) Representative pictures cap-
tured at 5 min intervals. As time elapsed, we could clearly determine
the location of the nucleus (white arrow). B) After saturation with
MNP-SiO,(RITC)-PEG, the media was removed and the cell sample
carefully washed. The CLSM measurements show fluorescent emis-
sions only from the internalized MNP-SiO,(RITC)-PEG nanoparticles.
(left:fluorescence image; middle: bright-field image; right: merged
image).

dark cytoplasm region in the cell faded and turned into an
orange emissive region owing to the uptake of MNP-
SiO,(RITC)-PEG, and the position of the nucleus became
clearly visible (Figure 4 A). The cell was saturated with dye-
labeled core—shell nanoparticle within 30 min, and no signifi-
cant intensity difference in the cytoplasm area nor emission
from the nucleus region were detected during the next 48 h.
After saturation, the culture solution containing the excess of
MNP-SiO,(RITC)-PEG nanoparticles was removed and the
sample carefully washed with a new culture solution (that did
not contain MNP-SiO,(RITC)-PEG nanoparticles). Subse-
quent CLSM measurement of the sample showed that the
fluorescent emissions came from the internalized MNP-
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SiO,(RITC)-PEG nanoparticles (Figure 4 B); all the emission
from the culture solution containing MNP-SiO,(RITC)-PEG
nanoparticles around the cells was removed. The internal-
ization process seems to follow the mechanism of normal
endocytosis, which allows the internalization of core—shell
MNPs into various cells including mammalian lung normal
cells (NL-20), lung cancer cells (A-549), and breast cancer
cells (MCF-7). After they had been subjected to 24 h
starvation, MCF-7, NL-20, and A-549 cells were treated
with MNP-SiO,(RITC or FITC)-PEG, and the cell viability
was measured by a 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-
tetrazolium bromide (MTT) assay. In this condition, the cell
viability was maintained at greater than 90 % in all groups
indicating that the Co ferrite-silica core—shell MNPs, MNP-
SiO,(RITC or FITC)-PEG, do not show acute cytotoxicity at
the level of a few tenths of a microgram (80 ugmL ") within
48 h.

Once we were convinced by fluorescence experiments and
inductively coupled plasma atomic emission spectrometry
(ICP-AES) measurements that a considerable quantity of the
MNPs were incorporated into cells (uptake about 10° nano-
particles per cell), we attempted to monitor the movement of
cells containing MNPs under an external magnetic field
(Figure 5)—this movement is anticipated to be an advanta-
geous property of MNPs for real biological applications, such
as cell separation and drug- or gene-delivery carrier.

Figure 5. Schematic illustration of the overall synthetic procedure for
MNP-SiO,(RITC)-PEG and the movement of cells containing magnetic
nanoparticles by an external magnetic force.

Microscope images in Figure 6 were captured every 0.2 s
from the video camera focused in the area near the container
wall (about 1 cm away) while an external magnetic field was
applied with a commercial Nd-Fe-B magnet (~ 0.3 Tesla) on
the outside of the Petri dish (upper-left position in Figure 6),
containing floating B tumor cells internalized with MNP-
SiO,(RITC)-PEG nanoparticles. As observed in the captured
microscope images of Figure 6, B tumor cells that had sunk to
the bottom of the Petri dish moved relatively slowly at a speed
of approximately 0.2 mms~', probably owing to interaction
with the bottom surface. However, floating cells moved very
fast at a speed of approximately 1.0 mms~'. When the
external magnet was removed and reapplied to the outside
of Petri dish, the movement of cells was halted and restarted
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Figure 6. Optical microscope images of floating B tumor cells. Images
were captured every 0.2 seconds (see video in Supporting Informa-
tion). The external magnetic field direction is towards the upper-left
corner, and B tumor cells that had sunk to the bottom of the dish
moved relatively slowly to that direction (white circles), while floating
B tumor cells moved much faster (blue and red arrows). The black
arrows denote the standard direction of cell movements at the bottom
surface of the dish.

again. Moving the position of external magnet could also
easily change the direction of the cell movement. To our
knowledge, this is the first clear observation of the “magnetic
motor effect”: cell movement as a result of applying an
external magnetic field to cells containing magnetic nano-
particles. Surprisingly, the speed of the cell movement is quite
fast, confirming that the amount of internalized MNPs in our
system was sufficiently high to show a magnetic motor effect
while not causing any cytotoxicity.

In summary, the organic-dye-labeled Co ferrite-silica
(core-shell) magnetic nanoparticles have been prepared by
a modified polyvinylpyrolidone (PVP) method and the sol-
gel process. The thickness of the silica shell could be easily
controlled by adjusting the ratio of magnetic nanoparticle to
tetracthoxysilane (TEOS) and dye-modified silane. Core—
shell magnetic nanoparticles could also be labeled with two
different organic dyes, such as rhodamine B isothiocyanate
(RITC) and fluorescent isothiocyanate (FITC), and the
nanoparticle surface could be modified with bio-inert poly-
(ethylene glycol) (PEG) groups, providing multifunctional
magnetic and optical properties along with biocompatibility.
We investigated the internalization efficiencies of MNP-
SiO,(RITC or FITC), and MNP-SiO,(RITC or FITC)-PEG
in various invitro cell studies and clearly observed the
external magnetic motor effect on floating cells internalized
with MNPs. These basic results on core-shell MNPs are
expected to lead to applications in cell separation, biological
labeling and detection, and drug and gene delivery.

Experimental Section
FeCl;:6H,0, CoCl,6H,0, and Fe(NO;);9H,0 (Sigma-Aldrich),
RITC and FITC organic dyes (Fluka), APS, TEOS, and PEG-
Si(OMe); (Gelest) were used without further purification.
MNP-SiO,(RITC or FITC)-PEG: Cobalt ferrite solution
(34.7 mL, 20 mgMNPmL™ solution in water) was added to poly-
vinylpyrrolidone solution (PVP; 0.65 mL; M, 55,000 Da, 25.6 gL' in
H,0), and the mixture was stirred for 1 day at room temperature. The
PVP-stabilized cobalt ferrite nanoparticles were separated by addi-
tion of aqueous acetone (H,O/acetone = 1/10, v/v) and centrifugation
at 4000 rpm for 10 min. The supernatant solution was removed, and
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the precipitated particles were redispersed in ethanol (10 mL).
Multigram-scale preparation of PVP-stabilized cobalt ferrite nano-
particles was easily reproduced in this modified synthetic method.
Trimethoxysilane modified by rhodamine B isothiocyanate (RITC)
was prepared from 3-aminopropyltriethoxysilane (APS) and rhoda-
mine B isothiocyanate under nitrogen using a standard Schlenk line
technique.'"™™! A mixed solution of TEOS and RITC-modified
trimethoxysilane (TEOS/RITC-silane molar ratio=0.3/0.04) was
injected into the ethanol solution of PVP-stabilized cobalt ferrite.
Polymerization initiated by adding ammonia solution (0.86 mL;
30 wt% by NH;) as a catalyst produced cobalt ferrite-silica core—
shell nanoparticles containing organic dye. These nanoparticles were
dispersed in ethanol and precipitated by ultra-centrifugation
(18000 rpm, 30 min). The purified core-shell nanoparticles (45 mg)
were redispersed in absolute ethanol (10 mL) and then treated with 2-
[methoxy(polyethyleneoxy)propyl]trimethoxy-

silane (PEG-Si(OMe);; 125 mg, 0.02 mmol), CH;0(CH,CH,0),.-
CH,CH,CH,Si(OCH;);, at pH~12 (adjusted with NH,OH). The
resulting MNP-SiO,(RITC)-PEG was washed and centrifuged in
EtOH several times and characterized by IR spectroscopy (C—H
stretching band at 2800-2900 cm™'). MNP-SiO,(FITC)-PEG could
also be prepared by a similar method by using FITC-silane instead of
RITC-silane. All the prepared nanoparticles were characterized by
TEM, FT-IR, UV/Vis absorption and emission spectroscopy, and
vibrating sample magnetometer (VSM) measurements.

Cell culture: Breast cancer cells (mammary gland adenocarci-
noma, MCF-7), normal human bronchial epithelial cells (NL-20), and
lung cancer cells (A-549) were from American Type Culture
Collection. MCF-7 cells were grown in DMEM (Cambrex Bio
Science) containing 10 % FBS (v/v) and MNP-SiO,(RITC or FITC)-
PEG (40 uL, 2 mgmL™"). NL-20 and A-549 were grown in RPMI
(Cambrex Bio Science) under the same conditions. All cells were
cultured in Lab-Tek glass chamber slides (Nalge Nunc International)
to facilitate fluorescence emission by confocal laser scanning micro-
scopy (CLSM).

MTT assay: The cells were incubated in a 96-well plate. At the
end of the incubation period, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT; 50 pL, Sigma-Aldrich) in pH=7.2
phosphate buffered saline (PBS; 0.2 mgmL ') was added to each well
(final concentration of 0.4 mgmL ') and cultures were incubated in
5% CO, for 4h at 37°C. Then the culture medium was carefully
removed by pipetting, and the formazan crystals generated by
dehydronase activity in mitochondria, which only occurs in living
cells, were dissolved in DMSO (150 uL) for analysis. After 10 min
agitation on a shaker, absorbance was measured at 490 nm and
620 nm for test and reference solutions, respectively.

CLSM: 3D image reconstructions of organic-dye-labeled nano-
particles were obtained with a Zeiss LSM 510 CLSM equipped with a
computer-controlled scan stage. An argon laser for RITC excitation
at 543 nm (488 nm for FITC) was used for imaging. For each cell,
more than 10 optical planes were scanned by changing the focal
length to detect the nanoparticles at different locations within the cell.
In experiments involving live cells, an exclusive culture chamber was
used to maintain a cell culture temperature of 37°C.

Determination of the quantity of nanoparticles in cells: The total
number of cells in the magnetic motor experiment (Figure 6) was
estimated to be 4.0 x 10° by using a hemacytometer chamber. ICP-
AES measurement, after the cells containing nanoparticles were
destroyed and nanoparticles were completely dissolved with concen-
trated HCI, reveals the quantity of cobalt ion in each cell to be
approximately 10~ mmol. From calculation, each 9-nm CoFe,O,
nanoparticle contains about 10~ mmol of Co ions. Therefore, the
number of magnetic nanoparticles in each cell in our magnetic motor
effect experiments can be estimated to be of the order of 10°.
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Host—-Guest Chemistry

Photorelease of an Organic Molecule in Solution:
Light-Triggered Blockage of a Hydrogen-Bonding
Receptor Site**

Yann Molard, Dario M. Bassani,
Jean-Pierre Desvergne,* Peter N. Horton,
Michael B. Hursthouse, and

James H. R. Tucker*

The selective recognition of a guest by a
molecular host is a fundamental process
whose understanding has led to the design of
systems that are capable of controlled asso-
ciative/dissociative behavior.!! Such systems
rely on an external physical or chemical (
stimulus to modulate reversible intermolecu-
lar forces that are responsible for the associ-
ation of two or more species, and they are
ubiquitous to all living organisms, wherein
they play a vital role in complex signal-trans-
mission, regulation, and amplification proc-
esses. There are now several examples of
receptor molecules that contain photorespon-
sive units for which the strength of a binding
interaction with a particular guest species in
solution can be controlled by light.”! The vast l

majority of these receptors rely on a photo- 1¢in=3
chromic auxiliary to impart a light-induced 2c:n=5
structural modification of a crown-ether-like o

cavity. Although the flexibility of the crown
ether units facilitates the modulation of their
binding properties, such systems have so far
been focused on the binding of metal ions,
whereas reports of photoresponsive receptors
that bind organic species through multiple
hydrogen-bonding interactions are rare.*>?
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Herein, we demonstrate how light controls the binding
affinity of a hydrogen-bonding receptor towards a neutral
organic molecule to such an extent that the bound guest
(barbital) is effectively released upon photoirradiation.
Receptors 1a and 2a (Scheme 1; a denotes acyclic) were
synthesized through a five-step reaction pathway starting
from anthrone and were fully characterized (see Supporting
Information).”! Each receptor was designed to contain two

o)
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N HbN‘\ o%o |\NH” ELVEN
o
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NH HN g —— N. N

. ©
577<
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1a-3
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s stronger complexes

1c-3
2c-3

weaker complexes

Scheme 1. Receptors 1a and 2a bind barbital (3) strongly in solution; photoirradiation
of the receptors gives the macrocycles 1¢ and 2¢, which are weaker binders of 3.

pyridine-2,6-diamide units connected by a phenyl spacer
group to generate a motif that has been shown to bind barbital
(3) strongly in chlorinated solvents through six complemen-
tary hydrogen bonds."”! The binding site was connected by an
alkyl spacer group of variable length to two anthracene units,
which were expected to undergo the well-characterized and
thermally reversible 4m+4m photocycloaddition reaction
through an intramolecular pathway® to result in a change
in the structure of the receptor from acyclic to macrocyclic.
Anthracene photodimerization is particularly versatile as it
can proceed smoothly in a range of solvents.*

As expected, both receptors 1a and 2a bound barbital
strongly in chlorinated organic solvents to give complexes of
1:1 stoichiometry as determined by 'H NMR spectroscopy.
The addition of one equivalent of 3 to a solution of 1a in
CDCl; (8.5 mMm) induced downfield shifts in the two signals
that correspond to the four NH protons of the receptor (from
0 =28.04t09.62 ppm for H,; from 6 =8.40 to 9.88 ppm for Hy).
The addition of further amounts of 3 brought about no further
significant changes to the spectrum which indicates the
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formation of a strongly bound 1:1 complex. As shown in
Figure 1, the addition of 3 to a solution of 2a in CH,Cl, (2.15 x
105m) did not affect the anthracene 'L, absorption band
(300-400 nm) in the UV/Vis spectrum of the receptor,”® but

Figure 1. The binding of 3 by receptor 2a as followed by UV/Vis
spectroscopy; [2a] =2.15x107° m with additions of 0, 0.5, 1, 2, 3, 5,
and 8 equivalents of 3. The inset shows the increase in the observed
molar absorption coefficient (g) at =315 nm upon addition of 3.

induced a bathochromic shift in the pyridine band (from
Amax =298 to 304 nm) which reflects a bonding interaction
between the guest and both pyridine units.”’ The binding
constants K =[complex]/[host] x [3] (host=1a or 2a) were
determined for each receptor by using the Letagrop pro-
gram."®l The values (Table 1) are in the same range as those for
previously described acyclic barbiturate receptors in chlori-
nated solvents.*<]

Table 1: Binding constants for the complexation of barbital (3) by the
receptors in their acyclic (1a and 2a) and macrocyclic forms (1cand 2c).

KM
Receptor Acyclic form (a) Cyclic form (c)
1 3800025001 38 +6"
2 27000 = 3000 8320575

[a] Determined by UV/Vis spectroscopy measurements in CH,Cl,,
receptor concentration~2x10°m. [b] Determined by 'H NMR
spectroscopy measurements in CD,Cl,, receptor concentration=1.7x
107 m.

Continued irradiation (Hg lamp, lead filter) of solutions of
1a and 2a (5x10*mM) in degassed dichloromethane during
five hours resulted in the disappearance of the 'L, anthracene
band in the absorption spectra of the receptors. Upon removal
of the solvent, the photodimers 1¢ and 2¢ (Scheme 1, ¢
denotes cyclic) were isolated as air-stable solids in essentially
quantitative yield according to the '"H NMR spectra of 2a in
CDCl; before and after photoirradiation (Figure 2, see
Supporting Information for 'H NMR spectra of 1a and 1¢).
The new signal at 6 =4.43 ppm (Figure 2b) corresponds to
the two bridgehead protons on the photodimer subunit and
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Figure 2. "H NMR spectra of 2a in CDCl; before and after photoirradia-
tion: a) initial spectrum of 2a and b) spectrum after 5 h (compound
2¢).

confirms the 444w photocycloaddition reaction between the
central rings on each anthracene unit.” A close inspection of
the '"H NMR spectral pattern for the aromatic resonances of
1c and 2c¢ suggests a head-to-tail (HT) structure rather than
the anticipated head-to-head (HH) structure.”) This was
confirmed by X-ray diffraction studies of crystals of 1¢ and
2 ¢, which were grown from CDCl; and THF/hexane, respec-
tively (Figure 3).' A plausible explanation is the much lower

Figure 3. Representations of the head-to-tail structures of a) 1c (tri-
clinic, space group P1) and b) 2¢ (monoclinic, space group C2/c)
obtained by X-ray crystallography. Solvent molecules (CDCl; for 1c and
THF for 2c) have been omitted for clarity.

thermal stability of 9-alkoxy-substituted anthracene HH
photodimers,®®! which, if formed, would be expected to
undergo a relatively rapid thermal retrocyclization reaction
to yield the starting materials. In the case of 1¢ (Figure 3a),
the size and shape of the binding cavity are strongly affected
by the four bulky ortho-xylene units of the photodimer.
Furthermore, one of the four N—H bonds points away from
the cavity. In 2¢ (Figure 3b), although all six hydrogen-
bonding groups point inwards, the binding site is distinctly

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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nonplanar with an angle of 77.5(2)° between the pyridine
planes.

Preliminary studies revealed that 1¢ and 2¢ are fairly
stable at room temperature (as usually observed for HT
anthracene photodimers[ﬁb]), but can be switched back to the
starting materials (open form) upon gentle heating (e.g., after
heating a solution of 1c¢ in toluene at ~80°C for two days,
>90% of the starting material 1a was regenerated).

To assess the photoswitched binding behavior of these
systems, the binding of barbital by the two photoproducts was
evaluated by '"HNMR spectroscopy (1¢) and by UV/Vis
spectroscopy (2¢). It was immediately apparent that the
binding between 3 and 1¢ was much weaker than with its
acyclic counterpart because in contrast to 1a, a large excess of
guest was required to bring about significant changes to the
NMR spectra. Figure 4 depicts the aromatic and aliphatic

Figure 4. Evolution of the '"H NMR spectrum of 1¢ in CD,Cl, upon addition of 3.
[1c]=1.7x10"°m and remains constant during the titration. a) 1¢, b) [3]/[1¢]=1,
<) [31/[1c]=6, d) [3]/[1c]=11, and €) [3]/[1c]=15.
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regions of the "H NMR spectra of 1¢ in CD,Cl, (1.7 mMm) in
the presence of increasing amounts of 3. Upon the addition of
15 equivalents of barbital, changes were observed in the
signals for the protons of the photoadduct: the bridgehead
protons moved upfield from 6 =4.42 to 4.29 ppm, the proton
at C-2 of the isophthaloyl group shifted from 6=7.32 to
7.52 ppm, and the amide protons H, and H, (see Scheme 1)
underwent relatively small downfield shifts (H,: from 6 =7.82
to 8.56 ppm), which is consistent with a weak hydrogen-
bonding interaction. The binding constant for a 1:1 complex
was calculated from the chemical shift values for proton H, by
using the EQNMR program.''! The value obtained (K=
38M~!, Table1) confirms that photodimerization of 1a
dramatically affects the ability of 1¢ to form a strong complex
with barbital, with an approximately 1000-fold decrease
observed in the binding constant. An explanation for this
change can be obtained from the X-ray crystal structure of 1¢
(Figure 3a), which clearly shows that it is impossible for the
receptor to accommodate barbital within its cavity. Instead, it

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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is likely that, at any one time, only one side of the guest is
weakly bound by one pyridinediamide unit, whereas the other
unit is blocked by the photoadduct. The value of the binding
constant is, in fact, lower than those obtained for unhindered
three-point hydrogen-bonding interactions with the pyridine-
2,6-diamide motif in chlorinated solvents.['”

As found for the 1a/lc system, photodimerization of 2a
into 2¢ lowers the binding constant with barbital (Table 1),
but the decrease is less significant at approximately threefold,
with K;,/K ;e =3.340.6. From the crystal structure of 2¢
(Figure 3b), it is clear that the longer spacer unit prevents the
photoadduct from blocking the cavity and enables the guest to
be stabilized by six hydrogen bonds. This was borne out by the
'"H NMR spectra in CDCl; which indicated relatively large
shifts of the signals for the protons H, and H, upon addition of
approximately one equivalent of barbital (from 6 =7.88 and
8.05 ppm to 9.23 and 9.61 ppm, respectively). The presence of
3 also has a strong influence on the excited-state behavior of
la and 2a. In particular, the observed decrease in the
quantum yield for photodimerization (0.07 and 0.07 versus
0.01 and 0.05 for the formation of 1¢ and 2¢ in the absence
and presence of 3, respectively) probably reflects a lowered
photoreactivity of the complexes 1a-3 and 2a-3.

Finally, a photoirradiation experiment was performed on
the 1a/lc system in the presence of barbital to examine
whether photoswitched binding could be observed in situ. A
solution of 1a in CD,Cl, (5x107*M) which contained
0.95 equivalents of 3 (to ensure that the guest was fully
complexed) was continuously irradiated and monitored by
"H NMR spectroscopy over time (see Supporting Informa-
tion). The study revealed that the signal for the proton of the
imide group of barbital shifted upfield from 6 =12.16 ppm
(before irradiation) to  =9.79 ppm (after 3 h irradiation). At
the same time, the signals for the receptor changed from those
of almost fully complexed 1a (H, and H,, signals at 6 =9.20
and 9.47 ppm respectively) to those of essentially uncom-
plexed 1e¢ (H, and H, signals at 6=7.82 and 8.41 ppm,
respectively; signal for the proton at C-2 of the isophthaloyl
group at d =7.31 ppm). These observations are consistent
with the ejection of the guest from the receptor upon
photodimerization [Eq. (1)].

1la-3™1c¢+3 (1)

In conclusion, these studies have shown how light can be
used to control both the binding and the in situ release of a
neutral guest molecule through structural changes to a
hydrogen-bonding receptor. The latter, designed to bind
barbital and other biologically relevant molecules such as
urea derivatives, offers the possibility to photoregulate the
release of such species in a reversible manner.
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Radical Carbonylation

Alkyne Carbonylation by Radicals: Tin-Radical-
Catalyzed Synthesis of a-Methylene Amides from
1-Alkynes, Carbon Monoxide, and Amines**

Yoshitaka Uenoyama, Takahide Fukuyama,
Osamu Nobuta, Hiroshi Matsubara, and llhyong Ryu*

Radical reactions have become an important tool in organic
synthesis.l'l Radical carbonylation is a useful method for the
preparation of a variety of carbonyl compounds.”) We
previously reported that acyl-radical cyclization onto an
imine nitrogen atom provides a useful route to lactam
rings.”! We also recently found that intramolecular trapping
of an oa-ketenyl radical by an amino group leads to the
formation of cyclic amides.”) Acrylamides and derivatives
thereof are employed in a wide range of organic reactions,
which include nucleophilic additions, cycloaddition reactions,
and radical reactions, to name just a few.’! They are also
extensively used in the synthesis of polymeric materials.’! The
goal of this work was to develop a novel synthesis of
acrylamide derivatives by taking advantage of a hybrid
radical/ionic reaction involving the radical carbonylation of
alkynes and subsequent ionic trapping of the resulting
carbonyl-containing radical species by amines (Scheme 1).7-

HNR'R"

Scheme 1. A convergent synthesis of 2-substituted acrylamides.

Thus, when 1-octyne was treated with propylamine
(50 molequiv) and pressurized CO (85 atm) in the presence
of 30 mol % tributyltin hydride and 20 mol % 2,2’-azobisiso-
butyronitrile (AIBN), the reaction proceeded smoothly
[Eqg. (1)]. N-Propyl-2-hexylacrylamide (3a) was obtained in
82 % yield after isolation by flash chromatography on silica
gel with EtOAc as eluent. a-Stannylmethylene amide 4a
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(8%), formed as a byproduct, can be converted to 3a by
protodestannylation with MeOH and Me;SiCl (room temper-
ature, 10 min). The amount of tributyltin hydride can be
reduced to 20 mol %, which gave 75 % yield of 3a, whereas
with 10 mol % of tributyltin hydride chain propagation is not
so sufficient and the yield of 3a decreased to 49 %. We also
tested PhSH instead of Bu;SnH, but the reaction gave a
complex mixture containing 3a in only low yield.

BusSnH (30 mol%)

CeHaz AIBN (20 mol%)
Z 7 T4 co + HNPr
CgHg, 85 atm
1a 2a 50 equiv 90°C 4h
M
O;:NHPr O NHPr
+

BusSn Hi
CoHis : CeHys

3a82% 4a 8%

A variety of primary and secondary amines were exam-
ined for use in this reaction, and all proved to work well
(Table 1). Terminal alkynes with hydroxy, chloro, phenyl-
sulfide, acetoxy, and benzyloxy functionalities can be effi-
ciently carbonylated to give the corresponding a-methylene
amides in good to excellent yields (entries 3-9). The carbon-
ylation of phenylacetylene (1i) in the presence of pyrrolidine
gave the corresponding amide 3j, albeit in rather modest yield
(entry 10). In the case of substrate 1j with two alkynyl
moieties, the reaction proceeded chemoselectively on the
terminal alkyne to provide the corresponding amide 3k
(entry 11).

To obtain some insight into the reaction mechanism, we
conducted labeling experiments with tributyltin deuteride
[Eq.- (2)] and 1-deuterated 1-octyne [Eq.(3)]. Deuterium
incorporation was not observed in the first case, but it was
detected in the second case, which is consistent with a
scenario in which an amine hydrogen atom is transferred to
the vinylic position of the product.

BusSnD (30 mol%)

Cohia AIBN (20 mol% Ox-NEE:
Z " U4 co + HNEY, ¢ ) @
CsHg, 85 atm CgHis
90°C, 4 h
3b

no deuterium incorporation

Bu;SnH (30 mol%)
CeHiz

AIBN (20 mol%)
/ + CO + HNEt,
D CeHe, 85 atm

90°C,4h

\

O NEt,
o
CGH13
3b-d (E/Z = 1:1)

A tin-radical-catalyzed hybrid radical/ionic mechanism is
proposed in Scheme 2. Addition of tributyltin radical to the
alkyne terminus generates a vinyl radical, which then under-
goes carbonylation to generate an a-ketenyl radical. Inter-
molecular trapping of the a-ketenyl radical by amines affords

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1: Synthesis of o-methylene amides by tin-radical-catalyzed
carbonylation of 1-alkynes "
BuzSnH (30 mol%)

R AIBN (20 mol%) Oxy NRR
# +CO + HNRR i
C5H6, 85 atm R
1 2 90°C,4h 3
Entry Alkyne Amine  Product Yield [96]'9
CH @) NHPr
1 z " H,NPr Z 82
CeHis
1a 2a 3a
ot @) NEt,
2 z " HNEt, 75
CgHiz
1a 2b 3b
O« NEt,
3.z od HNEt, o 74
1b 2b 3c
o ) NEt,
4 ///v\/ HNEt, jvv\ 76
OH
1c 2b 3d
H o}
cl N 0 r\(\)
5 oz T » 69
0 Cl
1d 2c 3e
o N
SPh N
6 = H,NPr L\A 82
SPh
Tle 2a 3f
H
SN
7z o 92
<_7 OAc
1f 2d 3g
NH, H)
8 & Ohc 0O NH 69
j\A/OAC
1g 2e 3h |
o Ph NH, Osy N
9 z KZ/NH2 NH2 89
N
O Ph
1h 2f 3i
Ph s o NO
0 = <y :L 56
Ph
1i 2d 3j
O N
~TN
//\O
1 Z & H,NPr lo 63
K/\ ) \/\/
1j 2a 3k

[a] Alkyne 1 (1 mmol), amine 2 (50 mmol), Bu;SnH (0.3 mmol), AIBN
(0.2 mmol), CO (85 atm), benzene (20 mL), 90°C, 4 h. [b] Generally, less
than 10% of the a-stannylmethylene amide 4 was formed as by-product.
[c] Yields after isolation by flash chromatography on SiO,.

1-hydroxyallyl radicals. A subsequent 1,4-H migration” to
give o-keto radical followed by p-fission leads to the
formation of a-methylene amides and regenerates tributyltin
radical.l'”!

To obtain further insight into the unusual radical 1,4-H
shift, DFT calculations were carried out for the isomerization
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O NRR"
;: =—R
R BuzSn ¢
\Oj[NR'R" BusSn %/\R
BusSn R co
1,4-H shift
O
H\OINR R BU3SI’1 \JJ\R
22 :
BusSn._ R
B +
\ O._-NHR'R" HNR'R"
J[ nucleophilic
BusSn R addition

Scheme 2. A hybrid radical/ionic mechanism for tin-catalyzed carbonyl-
ation of alkynes leading to 2-substituted acrylamides.

of a 1-hydroxyallyl radical (HO(H,N)C=CCH(:)SnH,) to the
corresponding enol radical (H,NC=OCH(-)CH,SnH,).""! As
shown in Figure 1, the 1,4-H migration is predicted to be
exothermic by 80.0 kJmol™', and the reaction via a five-
membered cyclic transition state is a possible reaction path-
way for the proposed 1,4-H shift.

Figure 1. Optimized structures and energy barriers for the 1,4-H shift
calculated at the CCSD(T)/DZP//BHLYP/DZP level of theory.

In summary, we have reported a new method for the
carbonylation of alkynes, which is unique in being catalyzed
by tributyltin radicals. Ionic trapping of the a-ketenyl radical
by amines and radical 1,4-H shift from the resulting 1-
hydroxyallyl radical are the keys to the success of the
reaction. Thus, the radical/polar crossover process provides
a new route for the carbonylation of alkynes without the use
of transition-metal catalysis.

Experimental Section
AIBN (339mg, 0.21 mmol), benzene (20mL), 1l-octyne (1la,
113.6 mg, 1.03 mmol), propylamine (2a, 4.1 mL, 50 mmol), and
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Bu;SnH (82.6 mg, 0.28 mmol) were placed in a 50-mL stainless steel
autoclave. The autoclave was closed, purged three times with carbon
monoxide, pressurized with 85 atm of CO, and then heated at 90°C
for 4 h. Excess CO was discharged at room temperature. The solvent
was removed under reduced pressure. The residue was purified by
flash chromatography on silica gel (gradient from hexane to hexane/
EtOAc 2:1) to give 3a (169.9 mg, 82%), (E)-4a (28.4 mg, 6 %), and
(Z2)-4a (10.8 mg, 2%).

Received: September 11, 2004

Keywords: alkynes - amides - carbonylation - radical reactions -
tin

[1] For reviews on radical chemistry, see a) Radicals in Organic
Synthesis, Vols. 1 and 2 (Eds.: P. Renaud, M. P. Sibi), Wiley-VCH,
Weinheim, 2001; b) D. P. Curran, N. A. Porter, B. Giese, Stereo-
chemistry of Radical Reactions, VCH, Weinheim, 1996; c) W. B.
Motherwell, D. Crich, Free Radical Chain Reactions in Organic
Synthesis, Academic Press, London, 1992.

For reviews on radical carbonylations, see a) I. Ryu, N. Sonoda,

Angew. Chem. 1996, 108, 1140; Angew. Chem. Int. Ed. Engl.

1996, 35, 1050; b) I. Ryu, N. Sonoda, D. P. Curran, Chem. Rev.

1996, 96, 177; c) 1. Ryu, Chem. Soc. Rev. 2001, 30, 16; See also a

review on acyl radicals: c¢) C. Chatgilialoglu, D. Crich, M.

Komatsu, I. Ryu, Chem. Rev. 1999, 99, 1991.

a) I. Ryu, K. Matsu, S. Minakata, M. Komatsu, J. Am. Chem. Soc.

1998, 7120, 5838; b) C. Falzon, I. Ryu, C. H. Schiesser, Chem.

Commun. 2002, 2338; c) I. Ryu, H. Miyazato, H. Kuriyama, K.

Matsu, M. Tojino, T. Fukuyama, S. Minakata, M. Komatsu, J.

Am. Chem. Soc. 2003, 125, 5632; d) M. Tojino, N. Ostuka, T.

Fukuyama, H. Matsubara, C. H. Schiesser, H. Kuriyama, H.

Miyazato, S. Minakata, M. Komatsu, I. Ryu, Org. Biomol. Chem.

2003, 1, 4262.

M. Tojino, Y. Uenoyama, T. Fukuyama, I. Ryu, Chem. Commun.

2004, 2482.

[5] a) T. Tatee, K. Narita, S. Kurashige, S. Ito, H. Miyazaki, H.
Yamanaka, M. Mizugaki, T. Sakamoto, H. Fukuda, Chem.
Pharm. Bull. 1986, 34, 1643; b) O. Kitagawa, K. Aoki, T. Inoue,
T. Taguchi, Tetrahedron Lett. 1995, 36, 593; c) C. Andres, J. P.
Dugque-Soladana, R. Pedrosa, J. Org. Chem. 1999, 64, 4282.

[6] Recent reviews: a) M. J. Caulfield, G. G. Qiao, D. H. Solomon,
Chem. Rev. 2002, 102, 3067;b) S. Y. Lee, S. J. Park, Y. Lee, S. H.
Lee, Biopolymers 2003, 10, 281.

[7] For radical carbonylations of alkynes, see a)S. Nakatani, J.

Yoshida, S. Isoe, J. Chem. Soc. Chem. Commun. 1992, 880;

b) D. P. Curran, J. Sisko, A. Balog, N. Sonoda, K. Nagahara, I.

Ryu, J. Chem. Soc. Perkin Trans. 1 1998, 1591; ¢) T. Fukuyama,

Y. Uenoyama, S. Oguri, N. Otsuka, I. Ryu, Chem. Lett. 2004, 33,

854. See also refs. [3c,3d,4].

For related Pd-catalyzed transformations, see a)S. Torii, H.

Okumoto, M. Sadakane, H. X. Long, Chem. Lett. 1991, 1673;

b) B. E. Ali, A. El-Ghanam, M. Fettouhi, J. Tijani, Tetrahedron

Lett. 2000, 41, 5761; ¢) B. E. Ali, J. Tijani, Appl. Organomet.

Chem. 2003, 17, 921; d) U. Matteoli, A. Scrivanti, V. Beghetto, J.

Mol. Catal. A 2004, 213, 183.

[9] Examples of radical 1,4-H shifts: a) M. Gulea, J. M. Lépez-
Romero, L. Fensterbank, M. Malacria, Org. Lett. 2000, 2, 2591;
b) P. C. Montevecci, M. C. Navacchia, Tetrahedron Lett. 1996,
37, 6583; ¢) D. Crich, S. Sun, J. Brunckova, J. Org. Chem. 1996,
61, 605; d) S.-H. Chen, S. Huang, Q. Gao, J. Golik, V. Farina, J.
Org. Chem. 1994, 59, 1475.

[10] As for the formation of tin-containing by-product 4a, hydrogen
abstraction from 1-hydroxyallyl radical may be a possible
reaction course. For a recent mechanistic study on a related
system, see A. L. J. Beckwith, V. W. Bowry, W. R. Bowman, E.

2

—

3

[

[4

—_

8

—_

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

1077


http://www.angewandte.org

Communications

1078

(1]

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Mann, J. Parr, J. M. D. Storey, Angew. Chem. 2004, 116, 97;
Angew. Chem. Int. Ed. 2004, 43, 95.

Gaussian98 (Revision A.7), M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G.
Zakrzewski, J. A. Montgomery, R. E. Stratmann, J. C. Burant, S.
Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain,
O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B.
Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A.
Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J.
V. Ortiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A.
Al-Laham, C.Y. Peng, A. Nanayakkara, C. Gonzalez, M.
Challacombe, P.M. W. Gill, B. G. Johnson, W. Chen, M. W.
Wong, J. L. Andres, M. Head-Gordon, E.S. Replogle, J. A.
Pople, Gaussian, Inc., Pittsburgh, PA, 1998..

www.angewandte.org

Angew. Chem. Int. Ed. 2005, 44, 1075-1078


http://www.angewandte.org

Communications

1078

Computer Chemistry

Aromatic Boron Wheels with More than One
Carbon Atom in the Center: C,B;, C;B,*", and
CSB11+**

Stefan Erhardt, Gernot Frenking,* Zhongfang Chen,
and Paul von Ragué Schleyer*

Dedicated to Professor Reinhardt Ahlrichs
on the occasion of his 65th birthday

A large number of molecules with planar tetracoordinated
carbon centers have now been characterized, both exper-
imentally and computationally.!'! When the constituent atoms
“fit” satisfactorily, both geometrically and electronically, even
higher carbon hypercoordination can be achieved.”? The first
example was discovered computationally as a rather stable
local minimum: CB¢*~ (Dg,) has a central planar hexacoordi-
nate carbon center surrounded by a six-membered boron ring
as well as six m electrons.” While structures with planar
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penta- and heptacoordinate carbon centers have also been
described, there are limits.”® An eight-membered boron ring
is too large to bind a carbon atom in the center.’™ However,
planar octacoordination can be achieved with central atoms
that are larger than carbon. Newly prepared B, to B;5 planar
clusters are the most recent examples.”! These neutral and
charged boron species B, also exhibit Hiickel (4n+2)m-
electron aromaticity.”! The central atom in planar hyper-
coordinate compounds may also be a transition metal:
Frenking and co-workers predicted theoretically the six-m-
electron, aromatic, metal-centered, planar cations [Fe(Sbs)]*
and [Fe(Bis)]*."

Can more than one planar hypercoordinated carbon atom
reside inside a binary planar ring system of the type C,X,, (in
which X represents any other atom)? A single carbon
enclosed by a By (or a larger boron ring) does not reside in
the center and binds to only a few boron atoms at the inner
rim.*®! This positioning leaves space available for a second
carbon atom to join the first. Indeed, C,Bg is just such a
species (Figure 1a). By means of extensive computational
exploration of C,B,,?*, possibilities with various compositions
and charges, g, we also have located concentric borocarbon
minima, with three- (C;B,°*) and five-membered carbon rings
(CsB,;) inside boron circumferences. We searched unsuc-
cessfully for a C,B,,’" stationary point with a C, ring in the
center. However, both the planar D;, C,B,™* trication
(Figure 1c), with a central carbon triangle and six & electrons,
as well as the C,, CsBy;* cation (Figure 1¢), with central C;
cycle and ten m electrons are minima.”! The bonding (o and )
and the properties of these new aromatic molecules (Figure 1)
are intriguing.

Figure 1a, c, and e provide an overview of the geometrical
details of the C,Bg (D), C;Bs™* (D), and CsBy,* (C,)
minima, respectively, calculated at the B3LYP/6-311 + G(2df)
density functional level by using the Gaussian 03 program.®”
These species have structural and bonding features in
common. Single bonds more or less normal in length (i.e.,
1.53 A for C—C, 1.60 A for C—B,”® and about 1.65 for B—B)
are shown with solid lines in Figure 1, whereas dashed lines
identify C—B contacts at significantly longer interatomic
distances (and imply participation in multicenter bonding).
Hence, the carbon atoms of the central C,, C;, and Cs units are
more strongly bound to some of the perimeter boron atoms
than to others. This influences the B—B distances in the outer
rings, which vary over a range of 0.15 A. In contrast the C—C
interatomic distances are all near 1.50 A (the shortest length
is 1.487 A for the C, unit in C,Bg). While one planar
tetracoordinate carbon is clearly present in C;B,* (Fig-
ure 1e), the long C—B distances complicate the assignment of
coordination numbers to the carbon atoms. When these long
contacts are counted, the carbon atoms in Figure 1a and c are
all planar pentacoordinate, while those in Figure 1e are either
penta- or tetracoordinate. Note that B,,, which is isoelectronic
with C;B,**, has a quasi-planar equilibrium geometry with
lower symmetry (Cs,).>"!

Remarkably, the C,, C;, and Cs units in C,Bg, C;B,°", and
CsB,,*, respectively, are highly fluxional and rotate readily
inside the perimeters of their boron rings. The behavior of
C,Bg is much like a compass needle swinging around seeking
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TS (D.)

TS (B,)
+0.43 kcal mol™

Figure 1. B3LYP/6-311 + G (2df) geometries of C,B,"* molecules (inter-
atomic distances in A), natural charges (NBO) are in italics. a) Equili-
brium structure of C,Bg; b) transition structure of C,B; for rotation of
the C, moiety in the molecular plane; c) equilibrium structure of
C;B,**; d) transition structure of C;B** for rotation of the C; cycle in
the molecular plane; e) equilibrium structure of CsB;;*.

its orientation, but the C—C entity remains strongly bound to
its perimeter during the rotation. The barrier is only
2.41 kcalmol ™! (with zero-point energy (ZPE) corrections)
and involves a D,, transition structure (Figure 1b) with planar
tetracoordinated carbon centers. Each carbon center is too
weakly bound (r=2.039 A) to the two remaining outer boron
atoms to have fully developed planar hexacoordination.

The barrier for the counter rotation of the outer boron
ring and the inner C, triangle in C;B,** is only 0.43 kcalmol
with ZPE corrections; the transition structure (Figure 1d) is
highly symmetric (Dj,). Astonishingly, the rotation of the Cs
cycle within the By, perimeter in CsBy,* is essentially free. We
could not locate any transition state for rotation at the
B3LYP/6-311 + G(2df) level. A C, transition state was located
at the lower B3LYP/6-31G(d) level (harmonic imaginary
frequency 6i cm "), but this only was 0.06 kcalmol " higher in
energy than the C,, equilibrium structure.
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The bonding situation in these compounds is peculiar: the
total carbon-boron interaction energies are large both in the
initial and the rotation transition states. During the rotations
that are nearly barrier-less, the multicenter B—C binding
interactions transform gradually from one arrangement to the
other. Note that more B—C contacts exist in the transition
states than in the minima (compare Figure 1b with 1aand 1d
with 1c), which helps lower the energy barriers.

The borocarbon systems (Figure 1) all follow the Hiickel
4n+2 electron rule. C,By and C;By** have six m electrons,
whereas CsB;;* has ten. Figure 2 shows the occupied 7 mo-

Figure 2. Plot of the occupied t MOs and the LUMO of C,B;. Orbital
energies are given in Hartrees.

lecular orbitals (MOs) and the lowest unoccupied molecular
orbital (LUMO) of C,B,. The full set of occupied valence
MOs and the three lowest-lying vacant orbitals are given in
the Supporting Information. The three occupied m orbitals
(Figure 2, MOs 17, 23, and 26) are akin to the w MOs of
benzene.”’) The C;B,** trication has 18 occupied valence MOs
(all are depicted in the Supporting Information). The three
occupied m orbitals (also akin to benzene), the degenerate o
highest occupied molecular orbital (HOMO), and the three
lowest-lying empty orbitals with m symmetry are shown in
Figure 3. C;B,;* has 26 occupied valence MOs (see the

Figure 3. Plot of the occupied © MOs, the degenerate 6 HOMO, and
the LUMO of C;B,**. Orbital energies are given in Hartrees.
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Supporting Information), five of which have &t symmetry and
the typical pattern of a ten-m-electron, Hiickel, aromatic
system. In addition, Figure 4 depicts the five lowest-lying
empty orbitals, which also have & symmetry.

Figure 4. Plot of the occupied T MOs and the LUMO of CB,;*. Orbital
energies are given in Hartrees.

While the lowest-lying t MO of C,Bg (Figure 2, MO 17) is
centered on the two inner carbon atoms, it also extends over
the eight peripheral boron atoms. In contrast, the lowest-
energy ® MOs of C;By* (Figure 3, MO 20) and of CsB,,*
(Figure 4, MO 27) only involve the central carbon rings.
While these resemble the m MO of the cyclopropenyl cation,
C;H;*, and the lowest T MO of the cyclopentadienyl anion,
the analogy is imperfect because of the higher-lying multi-
node t MOs of the borocarbons. These MOs are not occupied
in the simple carbon rings, which accounts for their shorter C—
C bond lengths. The higher-lying borocarbon m MOs
(Figure 2, MOs 23 and 24 for C,Bg,; Figure 3, MOs 27 and
28 for C;B,**; Figure 4 MOs 34, 35, 41, and 42 for CsB;;*)
have nodal planes through the carbon rings, but contribute to
the C—B bonding.

The o-bonding situations in C,By C;B,**, and CB,* are
similar. C,Bg has 13 and C;By* 15 occupied 6 MOs; both
correspond to the number of bonds with normal lengths
shown in Figure 1. The 21 occupied 6 MOs of CsBy;™ also
correspond to the solid bonds in Figure 1 if the C1B1B1’
triangle (with the longer C—B bonds) is assigned three-center
two-electron character. In addition, the long C—B interactions
(1.737 to 2.045 A) in all minima and transition structures in
Figure 1 arise from m and the electron-deficient ¢ bonding.
Note that without such delocalized bonding interactions, a
number of the boron atoms in each species would only be
bicoordinate.'”! Inspection of the valence orbitals of the
rotational transition states of C,Bg and C;B,** (depicted in the
Supporting Information) show that the o and m orbitals
change only slightly in comparison with the equilibrium forms
although there are significant differences between the atomic
partial charges and interatomic distances (Figure 1).

If the long contacts are included, all the carbons in these
species are planar four- to sixcoordinate, but their total
Wiberg bond indices (WBI) range from 3.8 to 3.9. Thus, the
octet rule is not violated. If the atomic electronegativity
values are used, the natural charges of the carbons are
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negative and the boron atoms positive. Even in the C;B,*"
trication, the charge on the carbon atom is negative (—0.54)
while that on each boron atom is positive (+0.18 and +0.67),
that is, the total charges are —1.62 on the C; moiety and
+4.62 on the By ring.

As C,Bg does not have the requisite higher symmetry, the
MOs are not degenerate. The two highest-lying 7 MOs
(Figure 2, MOs 23 and 26) differ significantly in energy.
Hence, we also optimized planar C,Bg** (in which the
HOMO, ©t MO 26, is empty), but for the resulting cyclic
four-t D,, structure one imaginary frequency was obtained,
whose vector pointed to out-of-plane deformation. Thus,
planar cyclic four-t C,B¢’" is not a viable species. Although
the three lowest-lying empty orbitals of C,Bg also have
7 symmetry, the C,Bg*~ dianion and C,Bg'~ tetraanion (with
eight and ten m electrons, respectively) are both transition
states with imaginary frequencies pointing out-of-plane.

Similar results were obtained for the eight-m-electron
C;B,*. The higher lying degenerate 1e” t MOs (MO 27 and
28) do not constitute the HOMO of 10mx C;B,°*. (The
degenerate 0 HOMO 17¢’, Figure 3, is slightly higher in
energy.) The 2a,” LUMO of C;B,™* is a nondegenerate m
orbital with an aesthetically pleasing concentric antibonding
n-MO pattern between the Cs and By rings. We optimized the
geometry of planar C;B,t, in which the latter orbital is
occupied. Although it has an electronic structure consistent
with Dj, symmetry, the resulting planar eight-m-electron
C;B,t monocation was not a minimum. Its one imaginary
frequency corresponds to an out-of-plane Cj, distortion.

More details concerning the aromaticity in these intrigu-
ing C,B, " compounds were revealed by the total NICS
(nucleus independent chemical shifts)!'! and by analyzing
their dissected CMO (canonical molecular orbital) contribu-
tions (calculated with the NBO 5.0 program).? NICS points
were calculated in the centers (and above) of all the unique
rings. The resulting NICS grids display the diatropic
(shielded) points in red and paratropic (deshielded) points
in green. NICS plots of C,B; are given in Figure 5 as an
example (those for C,;B,2** and CsB,* are given in the
Supporting Information). The total NICS plots (Figure 5 a), as
well as the plots of all the m MO contributions together
(Figure 5b), show all the rings to be aromatic. In contrast, the
contributions from all the o orbitals are small and often
paratropic (Figure 5¢ and Supporting Information). Hence,
the aromaticity of these borocarbons is dominated by the m,
rather than the o, contributions.

In conclusion, it is possible that more than one directly
joined planar hypercoordinated carbon atom can be enclosed
by a peripheral ring comprising a suitable number of boron
atoms. The C,Bg, C;B,**, and CsB,," species described here
(Figure 1) are stabilized by substantial Hiickel ;t aromaticity,
judging from the NICS behavior (Figure5). In addition,
multicenter o bonding helps bind the inner carbon units to the
boron perimeters. These molecules are highly fluxional.
Remarkably, the inner C, as well as the C; and Cs units and
outer boron rings can rotate quite freely with regard to one
another. These unusual planar clusters are stable when the
constituent atoms fit nicely, both geometrically and electroni-
cally. The original ideal™ for stabilizing such planar clusters
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Figure 5. a) Plots of total NICS contributions, b) contributions from all
7 orbitals, and c) contributions from o orbitals at the individual ring
centers and up to 2 A above C,B; (D) calculated at the GIAO B3LYP/
6-31G(d) level. The total NICS values at GIAO-B3LYP/6-311 4 G(2df)
are given in parentheses. The red and green colors denote negative
(diatropic) and positive (paratropic) NICS values, respectively.

with hypercoordinate central atoms, which was later exper-
imentally confirmed,™ should guide the design of additional
intriguing structures. While all the structures in Figure 1 are
local minima fulfilling both the electronic and geometrical
requirement for good bonding, they are not the global minima
for the given compositions. Isomers with the carbon atoms on
the outside are lower in energy, but they have neither the
aesthetic appeal nor the remarkable fluxional characteristics
of the structures described here.
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Phosphorus Heterocycles

One-Pot Conversion of Phospholide Ions into
f-Functional Phosphinines

Joanna Grundy and Francois Mathey*

Although the first f-functional phosphinine, a 3-phosphaphe-
nol, was synthesized by Mirkl et al. as early as 1977, only a
few such compounds are known, particularly if we exclude a
series of polyfunctional derivatives obtained by [4+42] cyclo-
addition between 1-phosphadienes or synthetic equivalents
and functional alkynes.”! As a result, the reactivity of this class
of compounds is almost unexplored./! Herein, we describe a
straightforward access to such compounds from the readily
available phospholide ions.

In 1997, we described a simple method which converts a-
unsubstituted into a-functional phospholides.”! This method
has been applied to the synthesis of 2-acylphospholides.”! In
the course of a systematic investigation of the reactivity of
these species, we discovered that their reaction with dihalo-
methanes unexpectedly leads to the formation of 3-acylphos-
phinines (Scheme 1).

The whole sequence takes place at room temperature or
below. The reaction is best run with dibromomethane. The 3-
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functional phosphinines appear to be the sole products of the
transformation as determined by monitoring the reaction
mixture by P NMR spectroscopy. Whatever the nature of
the B-substituent, the *'P resonance signal is observed at 6 =
188 + 1 ppm (CDCl,) as for the 3-unsubstituted species.” This
observation underlines the weakness of the electronic inter-
action between phosphorus and the functional meta substitu-
ent. The phosphinines are purified by chromatography on
silica gel or by distillation in a Kugelrohr apparatus. They
were completely characterized by NMR spectroscopy and
mass spectrometry. The final yields of isolated products based
on the starting 1-phenyl-3,4-dimethylphosphole (three reac-
tions in one pot) remain modest (8-20% ), probably because
of substantial losses during the purification procedure. We
have also checked that the conversion into phosphinine does
not take place in the absence of the functional substituent.

Since we had no precise idea about the mechanism of
formation of these functional phosphinines, we decided to
investigate various possibilities by DFT calculations at the
B3LYP/6-311 4+ G(d,p) level® using the Gaussian03 pack-
age.”) We decided to check the possibility of a carbenoid
mechanism. We admitted the formation of a carbenoid
species by deprotonation of the P-CH,X unit of the initially
formed 1-haloalkylphosphole. The process was modeled using
the anion derived from 1-chloromethyl-2-acetylphosphole.
The theoretical investigation of the reaction pathway sug-
gested that the conversion into phosphinine proceeded by the
initial opening of the phosphole ring, to give the 1-chloro-6-
acetyl-2-phosphahexatriene anion as a first intermediate. The
transition state (one imaginary frequency) between the
phosphole and the phosphahexatriene anions was computed
to lie 25.3 kcalmol™ higher in energy than the starting
phosphole anion (zero-point energy (ZPE) included). Thus,
this mechanism was discarded because it needed too much
energy to be operative at RT and provided no explanation for
the role of the acyl substituents.

It is possible to deprotonate one methyl group of 3.4-
dimethylphosphole sulfides'"” or borane complexes.'!! We
thus decided to investigate the possibility of a similar
deprotonation in the present case, the role of the electron-
withdrawing functional groups being to facilitate this depro-
tonation. The process was modeled using the anion derived
from 1-chloromethyl-2-acetyl-3-methylphosphole A. The
computed structure is shown in Figure 1. The exocyclic C=
CH, unit has a strong double bond character (1.371 A), the
internal C1—C2 bond is essentially a single bond (1.450 A),
thus the negative charge is mainly localized at C1. Since, C1,
P7, C8, and Cl11 are coplanar and the C1-C8-Cl11 angle is
153°, the geometrical situation is ideal for a Sy2 backside
attack of C1 onto C8—CIl11, leading to the bicyclic phosphir-
ane B whose computed structure is shown in Figure 2. The
transition state between A and B (one imaginary frequency,
intrinsic reaction coordinate (IRC) calculations) was com-
puted to lie 13.8 kcalmol ' higher in energy than the starting
anion. Thus, this pathway is acceptable both in terms of
energy and because it rationalizes the role of the functional
substituent. We detected no acceptable pathway between the
bicyclic phosphirane B and the final phosphinine. But we
noted that H10 lies only at 2.433 A from O12 and bears a
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Figure 1. Computed structure of the anion A derived from 1-chloro-
methyl-2-acetyl-3-methylphosphole. Selected interatomic distances [A],
angles, and torsion angles [°]: C1---C8 2.825, C8-CI11 1.851, C2-C18
1.371, C1-C2 1.450, C1-C12 1.415; C1---C8-Cl11 153.0, C1-P7-C8-CI11
173.7. Gray C, green Cl, orange P, red O.

significantly higher positive Mulliken charge than
H9 (+0.068 versus +0.014). We thus investigated
the conversion of the phosphirane anion obtained
from B by abstraction of H10 into the correspond-
ing phosphinine anion C whose computed structure
is shown in Figure 3. The exocyclic C=CH, unit has
a strong double bond character (C4—C16 1.368 A).
The negative charge appears to be essentially
localized at phosphorus (—0.47) and at the carbon
center of the exocyclic =CH, group (C16 —0.49).
The conversion of the anion derived from B into C
is equivalent to the ring opening of a phosphirane
anion and is extremely easy.'?! The first transition
state between the anion of B and C lies very close to
the starting anion and is only 2.3 kcalmol™" higher
in energy than the starting product. The phosphi-
nine anion is more stable than the phosphirane
anion by 59.6 kcalmol ™' (ZPE included). The pro-
tonation of C can either occur at the phosphorus
center to give D, or at the exocyclic =CH, group to
give E (Scheme 2). However, the phosphinine E is more
stable than D by 26.7 kcalmol ' and thus, will be the sole final
product of the reaction by a protonation—deprotonation
equilibrium. The mechanism of the conversion is thus well
established and is summarized in Scheme 2.

What the DFT calculations show is that the methyl (3-
substituent (this was partly verified using 2,5-diphenylphos-

Figure 2. Computed structure of bicyclic phosphirane B. Significant
bond lengths [A] and angles [°]: C1-C8 1.501, C2-C17 1.342, C1-C2
1.504, C1-C11 1.506; C1-P7-C8 46.6. Gray C, orange P, red O.
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Figure 3. Computed structure of phosphinine anion C. Selected bond
lengths [A] and angles [°]: C1-P8 1.740, C2-P8 1.797, C1-C5 1.403, C2-
C3 1.354, C3-C4 1.465, C5-C4 1.483, C4-C16 1.368; C1-P8-C2 97.6.
Gray C, orange P, red O.
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pholide ion whose ring expansion fails) and the electron-
withdrawing functional group that activates the methyl are
necessary. Within the limits of these requirements, numerous
variations on the functional substituent are still possible (a
preliminary experiment has shown that the ring expansion
works with the ethoxycarbonyl a-substitution).

Experimental Section

Synthesis of 3-acetyl-4,5-dimethylphosphinine: 1-Phenyl-3,4-dimethyl
phosphole (1.88 g, 10 mmol) was stirred with lithium wire (0.14 g,
20 mmol) in THF (20 mL) for about 3 h. After removal of excess
lithium by filtration, PhLi was quenched by the addition of AlCl;
(3.33 mmol, 0.45g) at —30°C and warming the stirred solution to
ambient temperature over 1 h. The reaction solution was cooled to
—78°C and acetyl chloride (10 mmol, 0.68 mL) was added, the
solution was then warmed to room temperature over about 7 min,
then rBuOK (2.24 g, 20 mmol) was added. The reaction solution was
cooled to —78°C and CH,Br, (10 mmol, 0.70 mL) was added, then the
mixture stirred at ambient temperature for ca. 3 h. The crude product
was extracted with diethyl ether (3 x 10 mL) and column chromatog-
raphy on silica gel with hexane:diethyl ether 90:10 to give the pure 3-
acetyl-4,5-dimethylphosphinine as a colorless oil (0.13 g, 7.8 % yield).
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"H NMR (300 MHz, CDCL,): 6 =8.53 (dd, 1H, %Jp; =37 Hz, Yy =
3 Hz, PCH), 8.39 (dd, 1H, *Jp;; =34 Hz, *Jyy =3 Hz, PCH), 2.55 (s,
3H, COCH,) 2.45 (s, 3H, CH;), 2.30 ppm (d, “Jpy; 4 Hz, 3H, CH,);
'CNMR (75 MHz, CDCLy): 6 =205.7 (CO), 155.7 (d, Jpc =50 Hz,
PCH), 148.0 (d, “Jpc =15 Hz, Cp), 147.3 (d, Jpc =52 Hz, PCH), 144.7
(d, *Jpe=15Hz, C;), 1345 (d, *Jpc=19.2 Hz, C,), 30.8 (s, CH,), 24.1
(d, ¥Jpc=3.1 Hz, CH;), 18.1 ppm (CH;); *'P NMR (121 MHz, CDCl,,
external standard 85% H;PO,):  =188.5 ppm; Mass spectrum: m/z
166 [M*], (80%), 151 [M*—Me] (59 %), 123 [M*—COMe] (100 %).

Synthesis of 3-benzoyl-4,5-dimethylphosphinine: 3-Benzoyl-4,5-
dimethylphosphinine was prepared using the procedure described
above, with benzoyl chloride (10 mmol, 1.16 mL) instead of acetyl
chloride. However instead of chromatographic separation the crude
reaction mixture was distilled at 175°C, 10~ mbar over 8 h using a
Glaskugelrohr 51 (Biichi) to give the pure 3-benzoyl-4,5-dimethyl-
phosphinine (0.50 g, 22 % yield) as a colorless oil, which turned yellow
immediately on contact with air. '"H NMR (300 MHz, CDCl,): 6 =
8.60 (dd, 1H, %Jpy =36.9 Hz, “Jyy =3 Hz, PCH), 8.37 (dd, 1H, *Jpy =
34.8 Hz, *Jyy = 3 Hz, PCH), 7.81-7.43 (m, 5H, Ph), 2.50 (s, 3H, CH;),
222 ppm (d, “Jpy=3.6 Hz, 3H, CH;); **C NMR (75 MHz, CDCl,):
0=199.2 (CO), 155.6 (d, 'Jpc =50 Hz, PCH), 148.8 (d, 'Jpc = 52.4 Hz,
PCH), 146.2 (d, *Jpc = 15.4 Hz, Cy), 144.5 (d, *Jpc = 15.1 Hz, C;), 136.5
(s, ipso C(Ph)), 135 (d, *Jpc=19Hz, C,), 133.8, 130.2, 128.7 (3s,
CH(Ph)), 24.1 (d, *Jpc=3Hz, CH;), 18.7 ppm (CH;); *'P NMR
(121 MHz, CDCl; external standard 85% H;PO,: 6 =187.4 ppm;
Mass spectrum: m/z 228 [M™] (62%), 105 [PhCO], 100%); Exact
mass: caled: 228.0704; found: 228.0738.
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Living Polymerization

Atom-Transfer Radical Reactions under Mild
Conditions with [{RuCl,(1,3,5-C;H;iPr;)},] and
PCy; as the Catalyst Precursors**
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The complex [RuCly(p-cymene)(PCys;)] (1) has emerged as a
versatile catalyst precursor for synthetically important trans-
formations such as ring-closing!"! and ring-opening olefin-
metathesis reactions” and atom-transfer radical polymeri-
zations (ATRP).P! An attractive feature of this catalyst is the
fact that it can be prepared in situ from commercially
available [{RuCl,(p-cymene)},] (2) and PCy;. Somewhat
surprising was the observation by Demonceau and co-work-
ers that complex 1—despite its good activity in ATRP
reactions—fails to catalyze atom-transfer radical additions
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(ATRA) of CCl, to olefins,* although ATRP and ATRA are
mechanistically very similar.’! Herein, we show that by
replacing the (p-cymene)ruthenium complex 2 with the
trisisopropylbenzene complex [{RuCl,(1,3,5-C;H;iPrs)},] (3)
it is possible to catalyze both ATRP and ATRA reactions
under exceptionally mild conditions with high efficacy.

Activation of 1 is thought to proceed by a thermally or
photochemically induced replacement of the arene
ligand."°l We reasoned that a sterically more demanding
nligand might facilitate this replacement due to steric
congestion with the PCy; ligand. The commonly used
hexamethylbenzene complex [{RuCl,(C¢Me,)},] was not con-
sidered because of its low solubility and because it had been
reported that the reaction with PCy; does not give the
monomeric complex [RuCl(C¢Meg)(PCy;)].l"" Instead, we
focused on the trisisopropylbenzene complex 3, which can be
obtained easily from 2 by arene exchange.®!

First, we investigated the ATRP of methyl methacrylate
(MMA) by using ethyl 2-bromo-2-methylpropionate as the
initiator and a mixture of 3 and PCyj; as the catalyst precursors
(3/PCys/initiator/MMA = 1:2:4:1600). The reaction was car-
ried out at a temperature of only 50°C, which is significantly
below the 80-85°C commonly employed for ruthenium-
catalyzed MMA polymerizations.®*'” After 24 h, PMMA
could be isolated in 90% yield. The polymer was found to
have a very narrow molecular-weight distribution of M, /M, =
1.19 (M, and M,, are the number-average and weight-average
molecular mass, respectively; M,=35000, initiation effi-
ciency f=1.03)." Furthermore, a linear relationship of
In([M]/[M]) versus time was observed ([M] is the concen-
tration of the monomer; see the Supporting Information),
which suggests that polymerization had occurred in a
controlled fashion. A radical mechanism is supported by the
observed tacticity of rrirm:mm = 63:30:7 and the fact that the
reaction was completely inhibited by galvinoxyl. A compar-
ison of the initial turnover frequencies (TOF)!"? revealed that
under these mild conditions, the new catalyst 3/PCy; (TOF =
59h™') is one order of magnitude more active than the
previously reported system 2/PCy; (TOF =5 h™'), which was
considered to be one of the most active Ru-based catalyst
systems described so far.'®! Ethyl methacrylate can likewise
be polymerized by 3/PCy; at 50°C in a controlled fashion
(yield after 24 h: 89 %, M, = 40200, M,/M,=1.10, f=1.01).1
Reactions with butyl acrylate as the monomer gave also a very
high yield (99 %) but revealed a bimodal molecular-weight
distribution (M, = 158500, M,/M,=3.36, f=0.32).1* Reac-
tions with styrene, on the other hand, gave only low amounts
of polymer (yield: 9 % ). It should be noted, however, that the
ATRP of styrene is generally carried out at temperatures
above 100°C."!

Encouraged by the success of the new catalyst system in
ATREP reactions, we investigated the ATRA of CCl, and of
CHCI, to styrene. Again, the catalyst was prepared in situ by
mixing 3 with two equivalents of PCy; (3/styrene/CHCI; or
CCl, =1:300:450). Two reactions were carried out in toluene
at 40°C: one in the presence of a light source of moderate
intensity, the other in the dark. Reactions with CCl, gave
nearly zero conversions, whereas a conversion of 65 % (yield:
63 %) was observed after 24 h for reactions with CHCl; that
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had no influence from a light source. These results were
surprising in view of the higher intrinsic reactivity of CCl, but
in accordance with the observation that complex 1 is not able
to promote the addition of CCl, to styrene.!

The time course of reactions between styrene and CHCl,
catalyzed by complex 3 in the presence of one and two
equivalents of PCy; is depicted in Figure 1 ([3] =1 mol %).

Ru cat. (2 mol %)

Cl
40 °C
@/\ CHCly @/VCH%
_—
60 -
*
50
'Y (o)
40 -
30 A . o
Conv./%
20 ~ ° o
10 A e ©
4
0 . » » T - T :
0 2 4 6 8 10

t/h ——

Figure 1. Time course of reactions between styrene and CHCl; cata-
lyzed by 3 + 2PCy; (@), 3 + 1PCy; (0), and 2 + 2PCy; (m). Reaction
conditions: 2 or 3/styrene/CHCl;=1:100:150; [2] or [3]=13.8 mm, tol-
uene, 40°C, no light. The conversion is based on the consumption of
styrene as determined by GC.

An induction period is clearly visible, which indicates that
catalyst activation must take place. A Ru/PCyj; ratio of 1:1 is
advantageous, although the reaction rates at a later stage of
this reaction (4-9 h) are similar to the reaction rates observed
when substoichiometric amounts of PCy; are present. As in
the case of the polymerization reactions, the nature of the
nt ligand was found to be crucial: reactions performed with the
p-cymene complex 2 instead of the trisisopropylbenzene
complex 3 gave zero conversion.!

To test the scope and the limitations of the new catalyst
system, 3/PCy;, we investigated ATRA reactions with differ-
ent olefins (Table 1). The CHCIl; adducts of the aromatic
olefins p-chlorostyrene, p-methoxystyrene, 1-vinylnaphtha-
lene, and styrene (entries 1-4) were obtained in yields of
between 69 and 95 % with a ruthenium catalyst concentration
of 2-6 mol% at 40°C (entries 1-3) or 60°C (entry4). It
should be noted that for a Ru-based catalyst, synthetically
useful yields above 80% have been described only for the
carbene complex [RuCl,(CHPh)(PCys;),] (2.5-7.5 mol %, 65—
80°C)."%1 Using a substrate/3 ratio of 1000:1, we were able to
obtain the CHCI; adduct of styrene in 57 % yield after two
weeks. This corresponds to 285 turnovers per ruthenium
atom, which is, to the best of our knowledge, the highest value
ever reported.'”” MMA is a less suited substrate because
polymerization becomes a significant side reaction, in accord-
ance with the results described above (entry 5).

To obtain more information about the mode of activation
for reactions with the new catalyst system, we examined
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Table 1: ATRA reactions catalyzed by 3/PCy; or by 5.

tetranuclear dinitrogen complex (6) of low

Enty  Cat. Substr. A Substr B T[°C] £ [h] Conv./Yield [%] ~ solubility had formed.
Complex § represents the first structur-
! 3/PCys styrene CHCl, 40 48 95/91% ally characterized product of an arene-
2 3/PCy,  p-chlorostyrene CHcl, 40 48 93/84" Y p ;
3 3/PCy, p-methoxystyrene CHCl, 40 43 98/95" displacement reactloq with [{RuClz’(ar-
4 3/PCy, 1-vinylnaphthalene CHCl, 60 48 73/69" ene)},] and PCy; (see Figure 2). A plausible
5 3/PCy; MMA CHCcl, 40 48 92/150 mechanism of formation is the liberation of
6 5 styrene CHCl, 40 1 25/191 trisisopropylbenzene from 4 to generate
7 5 styrene CHCl, 40 48 88/93[;]] [RuCL(PCy;)],, which subsequently reacts
2 : i/tl);\r/le:e 22:4 jg § zgﬁiw with unconverted 3 and N, to give the
4 . _hri [19]

10 5 1-decene cdl, 40 5 67/66° mixed, chloro brldg(?d complex 5." The

two {(1,3,5-C¢H;iPr;)Ru(u-Cl);RuCl(P-
[a] 3/PCys/olefin/CHCl;=1:2:100:150, [3]=13.8 mm; [b] 3/PCy;/olefin/CHCl;=3:6:100:150, [3]=

41.4 mwm; [c] 5/olefin/CHCI; =1:200:300; [5]=6.9 mm; [d] 5/olefin/CCl,=1:600:900; [5]=2.3 mm. All
reactions were performed in toluene. The conversion (conv.) is based on the consumption of the olefin
and the yield is based on the formation of product as determined by GC or 'H NMR spectroscopy after

the time given.
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solutions of 3 and PCy; in [Dg]toluene by 'H and *'P NMR
spectroscopy. At room temperature, an equilibrium between
3, PCy;, and the monomeric complex [RuCly(1,3,5-
C¢H,;iPr;)(PCy;)] (4) was rapidly established, with 25% of
the ruthenium being present in the form of 3 and 75 % in the
form of the monomer 4 (Scheme 1). This reaction was

< _é%;ﬂ
~_ Sl ‘ +2 PCy; ’

Ru Ru —_— 2 Ru

>~ 0N
' cl W Cl \ PCy3
Cl Cl
3 4

N /

I\
-arene 40°C
toluene

Cy3P\ Cl
Cl—Ru—=CI~Ru—
I /

Cl N///N c

™~
—RE~CImRE—CI
N
Cl PCys
5

Scheme 1. In the presence of PCy,, the dimeric complex 3 is in equili-
brium with the monomeric complex 4. Partial loss of the arene ligand
leads to the formation of the tetranuclear complex 5.

followed by slow liberation of the arene ligand. At 40°C,
this displacement proceeded with a half-life of ¢, =5 h. When
the reaction mixture was allowed to cool to room temper-
ature, an orange, crystalline complex precipitated. This
compound was identified as the tetranuclear complex §
based on elemental and crystallographic analysis."! For
comparison, the reaction between the p-cymene complex 2
and PCy; was investigated. In this case, the equilibrium was
found to be completely on the side of the monomeric complex
1, and arene displacement required significantly harsher
reaction conditions (t;, =13 h, 60°C). When the heating was
stopped after 12 h, an orange complex precipitated. Again,
the results of the elemental analysis suggested that a

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Cy;)N} fragments are related by a crystallo-
graphic inversion center. The dinitrogen
ligand bridges the fragments in a nearly
linear fashion (Rul-N1-N1A =174.9(3)°)
and the N—N bond length of 1.120(4) A is
similar to that reported for other complexes
with Ru-N=N-Ru units.?”! The Ru—Cl (Rul/Ru2—Cl1/CI2/
CI3=2.41-2.53 A, Rul—Cl4=2.3759(6) A) and the Ru—P
(2.3121(7) A) bond lengths are within the expected range.

Figure 2. Molecular structure of complex 5 in the crystal. The hydrogen
atoms and the solvent molecules are omitted for clarity.

The tetranuclear complex § is a very active ATRA
catalyst. For the addition of CHCI; to styrene, for example,
a yield of 19% was observed after only one hour at 40°C
(Table 1, entry 6). The final yield after 48 h was similar to that
found for 3/PCy; (entry 7). Interestingly, complex 5 can also
effect the addition of CCl, to olefins (entries 8-10). The
observed TOFs are comparable to those of the best ATRA
catalysts described so far, despite the low reaction temper-
ature.” In this context it is interesting to note that two other
complexes containing a {Ru—N=N—Ru} structural motif were
reported to catalyze atom-transfer radical reactions.*'*?? For
both complexes it was suggested that catalyst activation
proceeds by a CCl,-induced loss of the N, ligand, and a similar
mode of activation appears likely for reactions with S.

Since the mixture of 3 and PCy; was inactive for CCl,
additions, CCl, seemed to interfere with catalyst activation.
Control experiments showed that this is indeed the case. CCl,
was found to react immediately with PCy; to give a
trichloromethylphosphonium salt.””! The phosphine is thus
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removed from the equilibrium between 3 and 4, thus
preventing the formation of the catalytically active ruthenium
complex.

In summary, we have demonstrated that a mixture of
complex 3 and PCy; can be used to efficiently catalyze atom-
transfer radical reactions at exceptionally low temperatures.
Less than 0.07 mol % of complex 3 is required to quantita-
tively polymerize methacrylates in a controlled fashion at
50°C. For the ATRA of the notoriously difficult substrate
CHCI; to aromatic olefins, synthetically useful yields of
>80% can be obtained with only 1-3 mol % of complex 3 at
40°C. We have evidence that catalyst activation proceeds by a
PCys-induced substitution of the arene ligand, and for the first
time a product of such a reaction has been structurally
characterized.

Experimental Section

Synthesis of complex 5: Complex 3 (100 mg, 133 pmol) was added to a
solution of PCy; (37.3 mg, 133 umol) in toluene (10 mL). The solution
was stirred for 4h at 40°C and then allowed to cool to room
temperature. After one week, orange crystals formed, which were
collected and washed with pentane (yield: 78.3 mg, 70 % ). Elemental
analysis calcd (% ) for C4H;1,ClgN,P,Ru,-2 C;H;CH;: C 51.39, H 7.01,
N 1.50; found: C51.53, H6.95, N 1.15. The same complex was
obtained in reactions with a 3/PCyj; ratio of 1:2, but the yields were
lower. NMR spectra were not recorded owing to the low solubility of
5 in benzene or toluene. In chlorinated solvents the decomposition of
5 was observed.

General polymerization procedure: The monomer and a solution
of the initiator in toluene (ethyl 2-bromo-2-methylpropionate for
acrylates and 1-bromoethylbenzene for styrene; 0.1m) were added to
a Schlenk tube that contained the ruthenium complex 2 or 3
(6.25 umol) and PCy;, such that the molar ratios [Ru]/[initiator]/
[monomer] were 1:2:800. n-Octane (50 pL) was added as the internal
standard for GC measurements. Immediately after the components
had been mixed, the tube was placed in a thermostatted oil bath
(50°C), which was shielded from light. After a given period of time,
the mixture was cooled and diluted with THF (6 mL). The polymer
was then precipitated with hexane (acrylates) or with methanol
(styrene), isolated, and dried under vacuum. Remaining traces of
catalyst were removed by dissolving the polymer in toluene and by
adding silica gel. After the silica gel had been removed, the solvent
was removed by evaporation and the polymer was dried in vacuum.
All reactions were performed under an atmosphere of dry nitrogen
and with freshly distilled substrates and solvents. The molecular
weights and the molecular-weight distributions of the polymers were
determined by gel permeation chromatography (DMF, 60°C) with
PMMA standards. The conversions were determined by GC and the
yields by mass.
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collection: KM4/Sapphire CCD, T=140(2) K, Mo, radiation,
A=071073 A, 6=3.20-25.02°, —15<h<15 —23<k<23,
—20<1<21, 24640 reflections collected, 7567 independent
reflections, R;, =0.0329, semi-empirical absorption correction
(MULABS), max./min. transmission: 0.9485/0.7504. Refine-
ment: N =7567, N, =473, Ry [I>20(])]=0.0252, wR, (all
data) = 0.0601, largest difference peak 0.475 e A3, largest differ-
ence minimum —0.673 e A=, Structure solution and refinement
by SHELX97 (G. M. Sheldrick, SHELX97, Programs for Crystal
Structure Analysis, University of Gottingen, Gottingen (Ger-
many), 1998). H atoms were placed in calculated positions by
using the riding model. CCDC-247810 contains the supplemen-
tary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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A Rock-Salt-Like Lattice Structure Consisting of
Monocationic and Monoanionic Au'Ag'Cu"
Supramolecular Cages of D-Penicillaminate**

Atsushi Toyota, Tadashi Yamaguchi, Asako Igashira-
Kamiyama, Tatsuya Kawamoto, and Takumi Konno*

Over the past decade, considerable interest has been devoted
to the controlled synthesis of metallosupramolecular species,
such as finite coordination rings and cages and infinite
coordination polymers, not only because of their intriguing
structural diversity but also because of their potential as new
functional materials.! While the most common approach to
obtain metallosupramolecules is based on the self-assembly of
multidentate organic ligands and metal ions, our synthetic
strategy has been directed toward the use of metal complexes
with sulfur-containing aminocarboxylates such as L-cysteinate
(L-cys) and D-penicillaminate (D-pen) as building blocks,
which are aggregated by forming S-bridged structures with
transition metal ions.”) Recently, we have found that the six-
coordinate complexes [Co(L-cys-N,S)(en),]* (en=-ethylene-
diamine) and [ReYO(p-pen-N,S)(D-pen-N,0,S)]~ can bind to
Ag' ions not only through thiolato groups but also through
pendant carboxylate groups to produce a variety of supra-
molecular structures, including 1D helix and 2D sheet.?>
This result showed the suitability of L-cys and D-pen metal
complexes as favorable building blocks that adopt various
binding modes toward transition metal ions.

To expand the range of mixed-metal supramolecular
architectures constructed from simple sulfur-containing ami-
nocarboxylates, we investigated the binding ability of the two-
coordinate Au' complex [Au(p-pen-S),]*~,*! which was pre-
pared as a model of gold-based antiarthritis drugs. In this
complex, two D-pen ligands coordinate to a linear Au' center
only through thiolato groups, thus leaving two amino and two
carboxylate groups as potential binding sites for additional
metal ions, besides two coordinated thiolato groups. Here we
report that the stepwise reaction of [Au(b-pen-S),]*~ with Ag'
and Cu" in the presence of Cl~ (Scheme 1) creates a
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Scheme 1. Synthetic routes to 3 by way of 1 and 2. a) [AuCI{S(CH.-
CH,0H),}] in methanol; b) AgNO, in water; c) CuCl, in aqueous
acetate buffer; d) AgNO;, Cu(NO;),-3H,0, and NH,Cl in aqueous
acetate buffer.

metallosupramolecular architecture containing all three coin-
age metals, gold(1), silver(l), and copper(ir). While several
metal compounds with two of the three coinage metals have
been prepared,” to our knowledge, incorporation of Au', Ag',
and Cu" in one supramolecular structure is unprecedented.
Remarkably, this product was found to be composed of
monocationic 20-nuclear Au'(Ag'sCu"s and monoanionic 21-
nuclear Au';Ag'yCu"; supramolecular cages encapsulating a
Cl" ion, which are regularly coupled to each other to construct
a unique rock-salt-like lattice structure comprising huge
monocationic and monoanionic metallosupramolecules.
Treatment of (NH,)[Au(p-Hpen),] (1) with AgNO; in a
1:1 ratio rapidly gave a photoluminescent white powder (2).1!
Compound 1 is sparingly soluble in water at neutral pH, but
shows good solubility in acidic or basic aqueous solution. X-
ray fluorescence spectrometry confirmed the presence of Au
and Ag in 2, and its elemental analytical data were in good
agreement with the 1:1 stoichiometry of Ag[Au(pb-Hpen),].
The 'H and *C NMR spectra of 2 in D,0O (1M Na,CO,), each
of which exhibits only a single set of signals, are very similar to
those of 1. However, the *C NMR signal (6 = 54.33 ppm) due
to the tertiary C atom adjacent to the S atom is strongly
shifted downfield relative to the corresponding signal for 1
(6 =51.02 ppm). This suggests that in solution Ag' ions are
connected to [Au(p-Hpen-S),]” through S atoms, compatible
with the tendency of soft Ag' ions to coordinate to soft
thiolato groups. Accordingly, 2 is assumed to be the neutral
Au,Ag!, complex [Au,Ag,(D-Hpen-S),] in which two [Au(p-
Hpen-S),]” molecules are linked by two Ag' atoms through S
atoms to form a Au,Ag',S, square (Scheme 1). Consistent
with this assumption, the electrospray mass spectrum (ES-
MS) of 2 in methanol:water (1:1/Na,CO;) gave a main signal
at m/z =1201, the calculated molecular mass and the isotopic
distribution of which match well with those for [Au,Ag,(D-
pen-S)(D-Hpen-S);] . If this proposed structure is correct, 2 is
expected to bind with a third metal ion by using the four free
N,O arms to form a metalloaggregate composed of
[Au,Ag,(D-pen-S),]*~ square units. Indeed, when 2 was
treated with an excess of CuCl, in an aqueous buffer solution
(pH 6.2), blue cubelike crystals of 3 were isolated from the
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blue reaction solution. While the quite poor solubility of 3
precluded its characterization in solution, the presence of Au,
Ag, and Cu atoms and D-pen ligands was revealed by the X-
ray fluorescence, IR (¥-o = 1600 cm™"), UV/Vis (broad band
at ca. 615 nm), and CD (broad positive band at ca. 595 nm)
spectroscopy in the solid state, together with the elemental
analysis. The structure of 3, which crystallizes in the cubic
space group P2,3, was established by single-crystal X-ray
crystallography.”

The asymmetric unit of 3 contains one-third of two
crystallographically independent Au'Ag'Cu" clusters with b-
pen ligands (3a and 3b), besides lattice water molecules (see
Supporting Information). As shown in Scheme 2 and Figure 1,

Scheme 2. Representation of the anionic cluster 3a.

the entire cluster 3a consists of three distorted square units of
[Au,Ag,(D-pen-S),]*", in which two Au' and two Ag' atoms
are alternately bridged by four S atoms from four p-pen®”
ligands (av Au—S 2.301(5), Ag—S 2.485(4) A, S-Au-S 171.8(2),
S-Ag-S 152.7(2)°). The three [Au,Ag,(>-pen-S),]*~ units are
linked by six Cu" atoms through NH, and COO™ groups to
form a cyclic cage structure (av Cu—N 1.99(2), Cu—O
1.90(2) A). In this structure, six Cu'' and six Ag' ions are
arranged to form an outer and an inner twisted trigonal prism,
respectively, and six Au' atoms are located between them.
Each Cu" atom is chelated in a planar fashion by two N,O
arms from two different [Au,Ag,(D-pen-S),]*" units in a trans
geometry, while its apical site is occupied by a water molecule
(av Cu—O 2.44(2) A). This Au',Ag'\Cu' cage structure is
sustained by three additional Ag' atoms, each of which is
trigonally coordinated by two S atoms from two different
[Au,Ag,(D-pen-S),]*~ units and a CI~ atom (av Ag—S 2.558(5),
Ag—Cl12.406(5) A). In addition, one Cl~ ion is encapsulated in
the center of the cage and has short contacts with the six inner
Ag' atoms (av Ag-Cl 3.072(4) A). Thus, 3a is a 21-nuclear
monoanionic cage cluster with a diameter of about 16 A and a
height of about 12 A, which is composed of 6 Au', 9 Ag', and

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

1089


http://www.angewandte.org

Communications

1090

Figure 1. Top: stereoview of the anionic cluster 3a bound by three Cu"
jons from the three adjacent cationic clusters 3b: Au orange, Ag
purple, Cu blue, Cl green, S yellow, O pink, N light blue, C light gray.
Lower: structural details.

6 Cu" ions in combination with 12 p-pen®” ligands, 4 C1~
atoms, and 6 H,O molecules. Of note is the presence of 18

metallophilic Au--Ag interactions with distances of 2.880(2)—
3.249(2) A in 3,9 together with six Ag-S interactions
(2.875(5)-2.936(5) A), which complete the rigid Au',Ag'sS;,
core structure. The structure of cluster 3b, which also
encapsulates a Cl- atom at the center of the cage (av
Ag-C13.140(5) A), appears to be virtually the same as that of
cluster 3a (Figure 2). However, in 3b the cage consisting of
three [Au,Ag,(D-pen-S),]*~ units (av Au—S 2.298(5), Ag—S
2.472(5) A, S-Au-S 173.5(2), S-Ag-S 157.2(2)°) and six Cu"
ions is bound by two [Ag(H,0)]* moieties (av Ag—S 2.534(6),
Ag—O 2.34(2) A), which are disordered in two of three
positions, in place of three [AgCl]” moieties in 3a. Thus, 3b is
composed of 6 Au', 8 Ag', and 6 Cu" ions in combination with
12 p-pen®” ligands, one Cl~ atom, and two H,O molecules,
which construct a 20-nuclear monocationic cage structure. In
3b only three of six trans-CuN,O, planes are coordinated by
apical water molecules (Cu—O 2.30(1) A), each of which
forms a hydrogen bond to the carboxylato O atom of the
adjacent monoanionic cluster of 3a (OO 2.85(2) A).®! The
apical positions of the remaining three trans-CuN,O, planes
are bound by three COO~ groups from three different
monoanionic clusters with a Cu—O distance of 2.38(1) A. As
a result, the monoanionic and monocationic cage clusters are
connected to each other such that each anionic/cationic cage
is octahedrally surrounded by six cationic/anionic cages to
form a rock-salt-like lattice structure with a volume that is
about 200 times larger than that of NaCl (Figure 3).%

The EPR spectrum of a solid sample of 3 at 77 K displays a
simple isotropic signal with g=2.12, consistent with the
presence of Cu" ions. Furthermore, a very weak half-field
transition band is observed, which is indicative of the
presence of a weak magnetic exchange interaction between
two adjacent Cu' centers."”! The weak antiferromagnetic
character of the interaction between Cu" centers was revealed
by the magnetic measurements for 3 in the temperature range
of 2 to 300 K. The plot of y,,T versus 7 is almost constant in

Figure 2. Stereoview of the cationic cluster 3b (left) linked with the anionic cluster 3a (right): Au orange, Ag purple, Cu blue, Cl green, S yellow, O

pink, N light blue, C light gray.
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Figure 3. Rock-salt-like lattice structure of 3. Green balls: central CI~
jons in anionic clusters 3a, pink balls: central CI™ ions in cationic
clusters 3b.

the range of 300 to 40K with a y,7 value of about
4.72 cm® Kmol ™', which is slightly smaller than the spin-only
value of 5.05 cm®*Kmol ™" for the magnetically dilute 12 Cu"
centers, and then decreases sharply to 4.10 cm*Kmol ' at 2 K
on lowering the temperature.

When one equivalent of AgNO; was added to the reaction
mixture of 2 and CuCl,, 3 was obtained in higher yield, as
expected from the presence of additional Ag' atoms that
support the cage structure in 3. On the other hand, the use of
CuNOj;-3H,0 instead of CuCl, did not afford 3, and a green—
blue powder was obtained instead. Thus, the Cl™ ion
incorporated in the center of each cage is essential for the
formation of 3. Interestingly, 3 was also produced by the one-
pot reaction of 1 with a mixture of AgNO; and
Cu(NO,),-3H,0 in the presence of NH,Cl (Scheme 1).[112!

In summary, (NH,)[Au(b-Hpen),] (1) readily reacts with
Ag' to afford [Au,Ag,(D-Hpen-S),] (2) as a white solid, which
further reacts with Cu" in the presence of CI™ ions to produce
blue crystals of Au'Ag'Cu" complex 3. Thus, [Au(d-pen-S),]*
can bind to both soft and hard metal ions using two amino and
two carboxylate groups, besides two coordinated thiolato
groups. Compound 3 was found to be a remarkable hetero-
metallic aggregate comprising two kinds of supramolecular
cages, [AugAgCucCl(H,0)s(D-pen);,]" and [AugAgyCu,Cl,
(H,O)4(>-pen);,]~, each of which accommodates a Cl~ ion.
Although several metallocages templated by a Cl~ ion have
been reported,”! 3 is the first example of a supramolecular
cage involving three coinage metal ions, Ag', Au', and Cu".
The overall charge of each cage in 3 is ingeniously regulated
by the attachment of [AgClI]” or [Ag(H,0)]* fragments, such
that the 20-nuclear monocationic and the 21-nuclear mono-
anionic cage clusters combine to generate an unprecedented
1:1 supramolecular salt with a rock-salt-like lattice structure.
Finally, the results demonstrate that heterometallic supra-
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molecular species exhibiting unique structures and multiple
supramolecular interactions can be created exclusively from
simple sulfur-containing aminocarboxylates by stepwise com-
bination with appropriate transition metal ions. Work is in
progress to construct other supramolecular structures based
on 1 and 2 in combination with other transition metal ions.

Experimental Section

3: A solution of CuCl, (23 mg, 0.17 mmol) in an acetate buffer
solution (pH 6.2, 150 mL) was added to a colorless solution contain-
ing 2 (50 mg, 0.04 mmol) and Na,COs; (25 mg) in water (10 mL). The
green mixture was stirred at RT overnight, during which time the
solution turned blue. The blue solution was concentrated to ca. 10 mL
and allowed to stand at RT for several days. The resulting blue
cubelike crystals were collected by filtration. Yield: 24 mg (42%
based on Au); elemental analysis (%) calcd for [AusAggCusCl-
(H,0)5(0-pen) o] [ AugAgoCu,Cly(H,0)4(D-pen);,]-13.5H,0
(CipHa65sA817A0,,ClsCu ,N,,04,5S,4): C 15.82, H 2.93, N 3.69; found:
C 15.54, H 2.88, N 3.65. The addition of 1 equiv of AgNO; (7 mg,
0.04 mmol) to the above green mixture led to the formation of blue
crystals in higher yield (72 % based on Au).
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A white crystalline sample of 1 was prepared in 84 % yield from
Au' and p-H,pen according to a modified literature method®™!
using chloro(thiodiethanol)gold(1) instead of chloro(tetrahydro-
thiophene)gold(1). Elemental analysis (%) calcd for NH,[Au(D-
Hpen),|-11/3H,0 (C,oH;; 3AuN;0;4S,): C 20.80, H 5.47, N 7.28;
found: C 20.84, H 5.14, N 7.23; '"H NMR (270 MHz, D,0/1m
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Na,CO;): §=1.30 and 1.61 (CH,), 3.47 ppm (CH); “C NMR
(68 MHz, D,0/1M Na,CO;): 6 =31.06 and 37.99 (CH,), 51.02
(SC), 70.71 (CH), 177.22 ppm (COO).

A solution of AgNO; (0.23 g, 1.36 mmol) in water (24 mL) was
added to a stirred solution of 1 (0.80 g, 1.39 mmol) in water
(12mL), which gave a white precipitate immediately. After
stirring at RT for 90 min, followed by cooling in an ice bath for
30 min, the resulting white powder of 2 was collected by
filtration and washed with water and methanol. Yield: 0.83 g
(95%); elemental analysis (%) caled for [Au,Ag,(D-
Hpen),]-4H,0 (C,)H,;Ag,Au,N,0,,S,): C 18.85, H 3.80, N
4.40; found: C 18.75, H 3.62, N 4.50; '"H NMR (270 MHz, D,0O/
1M Na,CO3): 6 = 1.40 and 1.64 (CH;), 3.36 ppm (CH); *C NMR
(68 MHz, D,0/1M Na,CO;): 6 =31.22 and 38.11 (CH,), 54.33
(SC), 71.00 (CH), 180.52 ppm (COO). Excitation of a solid
sample of 2 at 308 nm at RT and 77 K gave a strong emission
band at 709 and 672 nm, respectively.

Crystal structure analysis for 3: Bruker SMART-1000 CCD-
based diffractometer, T=213K, Moy, radiation (1=
0.71069 A). The structure was solved by the Patterson method
with DIRDIF92 (PATTY) and refined by full-matrix least-
squares techniques on F* using SHELXL-93. Hydrogen atoms
were not included in the calculations. C,,H,s;Ag,Au;,ClsCu,,-
N,,07,5S5, M, =9111.12 crystal size 0.2x0.2x0.1 mm?®, cubic,
space group P23, a=32749(2) A, V=35124(3) A3, Z=4,
Oeatca=1.723 gecm ™, 1 =6.851 mm™', ®—26 scan mode, 26,,,, =
50.0, 221649 reflections collected, 20699 independent reflec-
tions, 15791 observed reflections (I >20(l)), 880 parameters,
semiempirical absorption corrections with SADABS, max./min.
transmission 0.478/0.345, R1 (I > 2 o(I)) = 0.055, wR2 (all data) =
0.174, Flack parameter 0.010(6), residual electron density 3.34/
—1.55 ¢ A3 (the peaks larger than 1.5 ¢ A= were found in the
vicinity of heavy atoms). The disordered Ag and O atoms in
cluster 3b were refined with a site occupancy factor of %4, which
gave satisfactory thermal parameters. CCDC 247589 contains
the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Each trans-[CuN,O,(H,0)] moiety of 3b is triply hydrogen
bonded to the adjacent trans-[CuN,O,(H,0)] moiety of 3a
through BCOO@,,)---HZO(M) (2.82(2) A) and gOO(Sa)---HZN(3b)
(2.86(2) A), besides COO 3, H,Op (2.85(2) A). The distance
between the encapsulated CI™ ions in 3a and 3b connected by
hydrogen bonds (Cl,y++Clsy, 17.015(6) A) is comparable with
that for connection by a Cu—Ogyo coordination bond
(Clizay~Clayy 16.145(6) A). Furthermore, the cis angles among
the encapsulated CI™ ions in 3a and 3b are roughly close to the
octahedral angle of 90° (Cl,)-Cl,,)-Cl 3,y = 80.13(2)-100.75(3)°,
Clan)-Clza)-Clizpy = 79.73(3)-100.33(3)°).

Once isolated from the mother liquor, a crystalline sample of 3
loses water molecules of solvation, as revealed by the loss of
surface luster. The powder X-ray diffraction pattern of a dried
sample of 3 shows small peaks, indicative of the collapse of the
lattice structure after the removal of solvating water molecules.
Thermogravimetric (TGA) analysis shows a gradual weight loss
of 16.5% up to 85 °C, followed by a quick weight loss of 20.1 % at
around 145°C (see Supporting Information). The remaining
weight at 150°C is 62.5%, which corresponds well with that of
the Au, Ag, Cu, and S atoms in 3 (62.9 % calcd). This implies that
the pyrolysis of organic groups and dehydration are complete in
a relatively low temperature range.
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A solution of AgNO; (0.15 g, 0.87 mmol) in an acetate buffer
solution (pH 6.2, 150 mL) was added to a solution of 1 (0.50 g,
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0.87 mmol) in an acetate buffer solution (150 mL). After stirring
at RT for 30 min, a solution containing Cu(NOs),-3H,0 (0.42 g,
1.7 mmol) and NH,CI (0.05 g) in an acetate buffer (150 mL) was
added. The mixture was stirred at RT overnight, concentrated to
ca. 110 mL, and then allowed to stand at RT for several days to
give blue crystals of 3 (0.42 g, 67 % based on Au).

All crystalline samples of 3 obtained from different synthetic
routes showed identical IR spectra. Furthermore, eight crystals
selected from independent synthetic crops had identical unit-cell
parameters, and four of them gave the same X-ray analytical
data.
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Visualization of Membrane Processes in Living
Cells by Surface-Attached Chromatic Polymer
Patches™*
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The plasma membrane constitutes a critical platform for
diverse biological processes, such as ligand recognition,"! drug
action,? vesicle fusion and endocytosis,”! and pore-formation
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by membrane-active peptides.! Many of these membrane
processes involve perturbations that affect the structural or
dynamic properties of the phospholipid bilayers, or result in
changes to the cell membrane or its morphology.”) Numerous
membrane studies employing model systems have been
reported,® and varied techniques have been developed for
imaging surface phenomena in living cells. Almost all the
imaging methods are based on radioactive or fluorescent
labels!”! or employ semiconductor quantum dots!® that target
specific molecules or biochemical pathways. However, micro-
scopic imaging of localized plasma-membrane interactions
and bilayer perturbations in living cells has not been achieved.
Such information would greatly contribute towards under-
standing diverse cell-surface processes and their effects on
membrane constituents.

Herein we show that attachment of polydiacetylene
(PDA) nanopatches onto cell surfaces facilitates visualization
and analysis of membrane-perturbing events in living cells.
Conjugated PDA assemblies exhibit unique chromatic prop-
erties. PDA vesicular aggregates and films have been shown to
undergo distinct blue-red colorimetric changes owing to
conformational transitions in the conjugated (ene-yne)
polymer backbone, induced by external structural perturba-
tions.”” Furthermore, PDA also exhibits interesting fluores-
cence properties; no fluorescence is emitted by the initially
polymerized blue-phase PDA, while the red-phase PDA
strongly fluoresces at 560 nm and at 640 nm.!""! The chromatic
transformations of PDA have also occurred in biological
contexts: recent studies have demonstrated that blue-red
transitions could be induced by membrane-active compounds
in vesicle assemblies of phospholipid bilayers incorporated
within the PDA matrixes."!

As a proof-of-concept for construction of PDA-labeled
living cells, monocytic U937 leukemic cells were incubated
with vesicles composed of dimyristoylphosphatidylethanol-
amine (DMPE), dimyristoylphosphatidylglycerol (DMPG),
and the diacetylene monomer 10,12-tricosadyinoic acid (mole
ratio among the components 1:1:3), and subsequent short (10—
20s) irradiation at 254 nm induced polymerization of the
PDA nanopatches. The phospholipid constituents were found
to be essential for PDA attachment to the cell membrane, and
a fluorescence resonance energy transfer (FRET) experiment
confirmed the occurrence of significant fusion between the
DMPE/DMPG/PDA vesicles and the plasma membrane (see
Supporting Information). Surface attachment of DMPE/
DMPG/PDA vesicles that were irradiated and polymerized
prior to addition to the cell is generally feasible (thus
eliminating the UV-irradiation step which is detrimental to
the cells). This procedure, however, yielded a much smaller
degree of vesicle surface attachment (possibly owing to the
rigidity of the already-polymerized PDA framework) and
furthermore induced chromatic transformations within the
vesicles upon cell binding.

A critical question pertaining to the usefulness of the new
PDA-—cell system concerns the effect of vesicle attachment on
cell survival. We carried out both a trypan-blue exclusion
assay!'” and acridine-orange/ethidium bromide double stain-
ing™! to evaluate the percentage of live PDA-treated
U937 cells following the incubation and polymerization
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(Figure 1). The cell vitality data obtained from the two
assays clearly show that most of the PDA-labeled cells
survived for more than three hours after the treatment. At
longer time periods the percentage of dead and pre-apoptotic
cells increased, probably owing to the vesicle fusion processes,
the UV irradiation, and the absence of various necessary
nutrients in the buffer medium.
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Figure 1. Percentage of live PDA-labeled cells, calculated at different
times after incubation of the U937 cells in the presence of phospho-
lipid/polymer nanopatches and subsequent polymerization. Cell via-
bility was determined by the trypan-blue assay (white bars)'¥ and the
acridine-orange/ethidium bromide assay (shaded bars).I"’!

The surface topography and membrane morphology of
the PDA-treated U937 cells were examined by scanning
electron microscopy (SEM, Figure 2A,B) and transmission

Figure 2. SEM images depicting: A) part of the membrane surface of
the PDA-labeled cells showing nanopatches. The broken oval highlights
a region with a large number of the patches (scale bar: 1 um); B) part
of the membrane surface of an untreated U937 cell (same scale as
(A)); C) TEM image depicting a thin section of the PDA-labeled cell
membrane showing fused PDA particles (indicated with arrows; scale
bar: 200 nm).

electron microscopy (TEM, Figure 2 C). Magnification of the
membrane surface by SEM reveals an abundance of small
bright patches of 50-100 nm in size localized at the cell
surface (Figure 2 A). These nanopatches appeared only when
the U937 cells were placed in suspensions containing phos-
pholipid/PDA vesicles and were not observed on surfaces of
untreated cells (Figure 2B). A representative thin-section
TEM image of a PDA-labeled cell in Figure 2 C clearly shows
irregular patches protruding from the membrane leaflet, most
likely corresponding to the dense PDA particles." These
darker structures were conspicuous on membranes of the
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PDA-labeled cells but were not observed in TEM experi-
ments of native U937 cells.

PDA-labeled U937 cells were used to investigate mem-
brane interactions of biological and pharmaceutical mole-
cules (see Figure3 and Figure 4). Figure 3 depicts laser
confocal microscopy images of the chromatic cells. Unper-
turbed PDA-labeled cells did not emit any fluorescence
(Figure 3 A) since the surface-incorporated PDA assemblies
in their initial blue phase are not fluorescent.™” However,
addition of lidocaine, a local anesthetic, to the cell suspension
resulted in the appearance of fluorescent spots concentrated
exclusively on the cell surface (Figure 3 B). Lidocaine, similar
to other anesthetic substances, is believed to increase bilayer
fluidity,™ which induces the structural transformation of the
PDA nanopatches into the fluorescent red phase (Figure 3 B).
Modification of bilayer fluidity by lipophilic substances was
shown to induce dramatic chromatic transitions in model
phospholipid/PDA vesicles.®! Importantly, bilayer fluidiza-
tion induced by the lidocaine employed in this case did not
give rise to immediate cell lysis, as determined by the trypan-
blue cell viability assay (data not shown). Similar to lidocaine,
membrane perturbations by polymyxin-B (PMB), a cytotoxic
membrane-active peptide,’” produced striking fluorescence
images (Figure 3 C). The extended fluorescence view shown
in Figure 3C (containing superposition of cell-surface slices
extracted over a 2-um width) depicts abundant spots distrib-
uted on the cell surface, most likely corresponding to
locations of plasma-membrane disruption induced by the
peptide.

The chromatic cell platform was used to study other
membrane-perturbing processes, such as the interaction of
lipid vesicles with cellular membranes."® Figure 3DandE
feature the confocal microscopy images recorded at different
times after addition of vesicles composed of dimyristoyl-
phosphatidylcholine (DMPC) and cholesterol to the PDA-
labeled cells. The microscopy image in Figure 3D was
recorded approximately five minutes after mixing the PDA-
labeled cells with DMPC/cholesterol dispersion and shows
faint fluorescent patches most likely indicating the onset of
interactions between the vesicles and the bilayer membrane
of the U937 cells. Greater abundance of fluorescent areas
with higher intensities was recorded approximately thirty
minutes after addition of DMPC/cholesterol dispersion to the
chromatic cells (Figure 3E). The appearance of increasingly
intense fluorescent domains on the membrane is ascribed to
the local destabilization of the membrane through choles-
terol-promoted binding."!

The unique colorimetric properties of PDA can be further
exploited for the analysis of membrane interactions. Fig-
ure 4 A depicts photographs of the PDA-labeled cells before
and after interaction with oleic acid, a membrane-fluidizing
agent.””) The sedimented cells before treatment had the
intense blue color of the polymer patches attached to the cell
membrane (Figure 4 A, left image). However, immediately
after incubating the cells with oleic acid, the cell suspension
turned red (Figure 4 A, right image) owing to fluidization of
the plasma membrane. Importantly, examination of the cells
treated with oleic acid under a microscope (data not shown)
indicated significant swelling on the cells, most likely a result

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Confocal microscopy fluorescence images recorded using an
LP 560 nm filter (left) and transmission differential interference con-
trast (DIC) microscopy images (right) of PDA-labeled U937 cells. Scale
bars in all images correspond to 10 um. A) Initially prepared unpertur-
bed PDA-labeled cells: no fluorescence emitted from the blue-phase
PDA patches; B) Addition of lidocaine (1 mm) to the hybrid cell sus-
pension. C) Addition of PMB (50 pm). An extended fluorescence image
is shown (superposition of four membrane slices). DandE) Interaction
of DMPC/cholesterol vesicles (0.1 mm final lipid concentration) with
the PDA-labeled cells either 5 min (D) or 30 min (E) after mixing of
DMPC/cholesterol vesicles with PDA-labeled cells.

of membrane disruption by the fatty acid, which is consistent
with the colorimetric data in Figure 4.

Figures 4 B-D indicate that visible spectroscopy could be
employed for studying cell-membrane processes by using the
PDA-labeled cells. The spectra of the parent blue PDA-
labeled cells displayed the typical maxima at around 650 nm
(solid lines, Figure 4B and C). Addition of oleic acid to the
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Figure 4. Photographs of tubes containing PDA-labeled cells. The cells
were sedimented to improve visible observation. Left tube: blue cells
before treatment; right tube: cells after incubation with oleic acid

(180 um). UV/Vis spectra: B) PDA-labeled cell suspension before (solid
line) and after (broken line) addition of oleic acid, final concentration
180 um; C) PDA-labeled cell suspension before (solid line) and after
(broken line) addition of poly-L-lysine, final concentration 1 ugmL™";
D) Cell-free DMPE/DMPG/PDA vesicle suspension before (solid line)
and after (broken line) addition of poly-L-lysine, final concentration
1TpgmL™.

PDA-labeled cells gave rise to a pronounced blue-to-red
transition and accordingly the emergence of a dominant peak
at around 540 nm (broken line, Figure 4B). The color
transition of PDA is most likely related to the increased
fluidity of the lipid membrane induced by oleic acid.

The visible spectroscopy data in Figure 4 CandD further
facilitate evaluating the critical issue of whether the chro-
matic transitions observed in the PDA-labeled cells were due
to plasma-membrane perturbations induced by membrane-
active compounds, rather than induced by direct interactions
with the phospholipid/PDA particles attached to the cells
(these interactions would clearly attract much less biological
interest). Figure 4C depicts the spectrum resulting from
addition of high-molecular-weight (84 kDa) poly-L-lysine
(PL), a polypeptide with a high positive charge,*!! to the
PDA-labeled cells. Figure 4C clearly demonstrates that no
colorimetric change was observed when PL was added to the
suspension of PDA-labeled cells. In contrast, PL gave rise to
an immediate and dramatic blue-red transformation of free
lipid/PDA vesicles (not attached to cells) in an aqueous
solution (Figure 4 D). This color change arises from the strong
electrostatic interactions between the positively charged
polypeptide and the phospholipid/PDA vesicles.'"'l The com-
parison between the spectroscopic results of PDA-labeled
cells (Figure 4 C) and cell-free vesicles (Figure 4 D) indicates
that PL only marginally interacted with the plasma-mem-
brane-embedded PDA moieties, which are protected by cell-
surface carbohydrate residues that hinder access of the large
polypeptide to the membrane. Furthermore, the absence of
immediate colorimetric change after mixing the cells with PL
(Figure 4C) suggests that PL does not induce significant
initial disruption of the cell membrane, even though this
polypeptide is known to eventually give rise to cell lysis.””
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In summary, we have constructed new chemically engi-
neered cells through attachment of chromatic polydiacetylene
nanopatches onto the plasma membrane. These hybrids
facilitated visualization and investigation of surface processes
in living cells. The membrane-incorporated polymer patches
did not adversely affect cell vitality for several hours and
responded to structural perturbations of the plasma mem-
brane both through induction of fluorescence as well as by
undergoing blue-red color changes. The new chromatic cell
platform is generic by nature and conceptually different from
other cellular imaging techniques. In essence, the fluorescent/
colorimetric polydiacetylene patches do not report upon
specific biomolecular targets within the cell surface (or cell
interior) but rather respond to processes and surface inter-
actions that give rise to structural and dynamic modifications
of the plasma membrane. This approach makes possible
microscopic imaging and quantitative spectroscopic analyses
of biological events occurring in real time within the
membranes of living cells. PDA-labeled cells were con-
structed in our laboratories using other cell types, including
epithelial MCF-7 cells, Chinese hamster ovarian (CHO) cells,
erythrocytes, and others (manuscript in preparation). The
new chromatic cell system could find wide applicability
including studying plasma-membrane fusion and vesicle
budding processes.

Received: October 22, 2004
Published online: January 10, 2005

Keywords: cell imaging - fluorescent probes - membrane
processes - scanning probe microscopy - vesicles

[1] J. M. Berg, J. L. Tymoczko, L. Stryer, Biochemistry, Freeman,
New York, 2002.

[2] R. C. Srivastava, S. B. Bhise, S. S. Mathur, Adv. Colloid Interface
Sci. 1984, 20, 131-161.

[3] J. M. Besterman, R. B. Low, Biochem. J. 1983, 210, 1-13.

[4] A.S.Ladokhin, M. E. Selsted, S. H. White, Biophys. J. 1997, 72,
1762 -1766.

[5] M. Terasaki, K. Miyake, P. L. McNeil, J. Cell Biol. 1997, 139, 63—
74.

[6] M.J. Zuckermann, J. H. Ipsen, L. Miao, O. G. Mouritsen, M.
Nielsen, J. Polson, J. Thewalt, 1. Vattulainen, H. Zhu, Methods
Enzymol. 2004, 383, 198 —229.

[7] a) D. K. Struck, R. E. Pagano, J. Biol. Chem. 1980, 255, 5404 —
5410; b) T. Arvinte, P. L. Steponkus, Biochemistry 1988, 27,
5571-56717.

[8] M. Bruchez, M. Moronne, P. Gin, S. Weiss, A.P. Alivisatos,
Science 1998, 281, 2013 -2016. See also M. Green Angew. Chem.
2004, 116, 4221-4223; Angew. Chem. Int. Ed. 2004, 43, 4129 -
4131.

[9] a) H. Ringsdorf, B. Schlarb, J. Venzmer, Angew. Chem. 1988,
100, 117-162; Angew. Chem. Int. Ed. Engl. 1988, 27, 113-158;
b) S. Okada, S. Peng, W. Spevak, D. Charych, Acc. Chem. Res.
1998, 31, 229-239; c¢) D. Charych, Q. Cheng, A. Reichert, G.
Kuziemko, M. Stroh, J. O. Nagy, W. Spevak, R. C. Stevens,
Chem. Biol. 1996, 3, 113 -120.

[10] T. Kobayashi, M. Yasuda, S. Okada, H. Matsuda, H. Nakanishi,
Chem. Phys. Lett. 1997, 267, 472 - 480.

[11] a) D. Charych, J. O. Nagy, W. Spevak, M. D. Bednarski, Science
1993, 261, 585-588;b) S. Okada, R. Jelinek, D. Charych, Angew.
Chem. 1999, 111, 678-682; Angew. Chem. Int. Ed. 1999, 38, 655 —

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

1005


http://www.angewandte.org

Communications

659; ¢) S. Kolusheva, L. Boyer, R. Jelinek, Nat. Biotechnol. 2000,
18, 225-227; d) S. Kolusheva, T. Shahal, R. Jelinek, Biochem-
istry 2000, 39, 15851 -15859.

[12] R.L.P. Adams in Cell Culture for Biochemists, Vol. 8 (Eds.:
R. H. Burdon, P. H. van Knippenberg), Elsevier, Amsterdam,
1990, p. 64.

[13] J. Grossmann, J. M. Maxson, C. M. Whitacre, D. E. Orosz, N. A.
Berger, C. Fiocchi, A. D. Levine, Am. J. Pathol. 1998, 153, 53—
62.

[14] J. Song, Q. Cheng, R. C. Stevens, Chem. Phys. Lipids 2002, 114,
203-214.

[15] a) D. Papahadjopoulos, K. Jacobson, G. Poste, G. Shepherd,
Biochim. Biophys. Acta 1975, 394, 504-519; b) E. C. Kelusky,
C. P. Smith, Biochemistry 1983, 22, 6011 -6017.

[16] D. Evrard, E. Touitou, S. Kolusheva, Y. Fishov, R. Jelinek,
Pharm. Res. 2001, 18, 943-949.

[17] R. L. Danner, K. A. Joiner, M. Rubin, W. H. Patterson, N.
Johnson, K. M. Ayers, J. E. Parrillo, Antimicrob. Agents Chemo-
ther. 1989, 33, 1428 -1434.

[18] a) R. E. Pagano, L. Huang, C. Wey, Nature 1974, 252, 166167,
b) K.-D. Lee, S. Nir, D. Papahadjopoulos, Biochemistry 1993, 32,
889 -899.

[19] M. J. Hope, K. R. Bruckdorfer, C. A. Hart, J. A. Lucy, Biochem.
J. 1977, 166, 255-263.

[20] S.S. Funari, F. Barcelo, P. V. Escriba, J. Lipid Res. 2003, 44, 567 -
575.

[21] W. Hartmann, H.-J. Galla, Biochim. Biophys. Acta 1978, 509,
474-490.

[22] R. A. Jorquera, J. Berrios, J. Sans, C. Vergara, D. J. Benos, J. G.
Reyes, Biol. Cell 2002, 94, 233 -241.

1096 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2005, 44, 10921096


http://www.angewandte.org

1096 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Communications

Materials Science

“Grafting-From” Polymerization inside a Poly-
electrolyte Hollow-Capsule Microreactor**
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Ju-Young Kim, B. K. Cho, and Dong-Yu Kim*

Over the last decade versatile, electrostatic layer-by-layer
(LbL) assembly methods involving polyelectrolytes!'™! have
been widely used in the preparation of hollow capsules. These
capsules can be fabricated by the stepwise adsorption of
polyelectrolytes with charges that are opposite from their
aqueous media onto templating cores, especially organic or
inorganic particles and biopolymers,” followed by dissolution
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of the templating cores to give polyelectrolyte hollow
capsules that are replicas of the templates.’ "]

A variety of microcapsules with customized physicochem-
ical properties can be produced by incorporating one or more
functional components, such as nanoparticles, biomacromol-
ecules, lipids, photosensitive dyes, inorganic crystals, and
multivalent ions, onto the capsule wall or into the interior of
the capsule.'"! Hollow capsules consisting of alternating
layers of strong and weak polyelectrolytes can also be used for
the targeted encapsulation and controlled release of macro-
molecules by tuning the porosity upon changing the
pH value.'"*'! Most of these studies have focused on the
development of synthetic methodologies and the character-
ization of the hollow capsules. Relatively little attention has
been directed to reactions in the confined interior of these
hollow capsules.'®2" In these studies, hollow capsules were
used as microreactors for spatially restricted inorganic syn-
thesis. However, only a limited number of reports have
appeared that demonstrate that polymerization inside hollow
capsules could provide new opportunities for tuning the
properties of the products. For example, polyelectrolyte-
loaded capsules have been used to tune the physicochemical
properties of the products formed in the interior of a
nanoreactor capsule,”"* and enzyme-loaded capsules have
been employed for the synthesis of polymers within micro-
capsules.2

Recently, the so-called “grafting-from” polymerization
technique has attached a great deal of attention because
polymer brushes can be generated with high grafting densities
of surface-attached neutral macromolecules, as well as
polyelectrolytes.” " Grafting-from polymerization at solid
surfaces can be performed directly at the surface by using an
immobilized initiator and various polymerization techniques.
The initiator system is immobilized on the surface of a solid
substrate and the polymer layer is then generated by
polymerization in situ. To date, these grafting-from polymers
or polymer brushes have been largely prepared on flat
substrates.

Herein we report the grafting-from polymerization to
generate end-attached polyelectrolyte brushes inside a
hollow-capsule microreactor. To the best of our knowledge,
polymer brushes grown from the inner wall of hollow capsules
have not yet been reported. This novel fabrication method for
hollow capsules was performed by preparing polyelectrolyte
hollow capsules whose inner layer was coated with a water-
soluble initiator, followed by polymerization of a styrene
sulfonate (SS) monomer on the inner wall. The shape of the
capsules after polymerization could be controlled by varying
the SS content. Furthermore, we also demonstrate that these
hollow capsules can be used as a novel submicroreactor to
control polymerization behavior.

Figure 1 shows the fabrication of polyelectrolyte hollow
capsules with initiator bound on the inner wall, and the
grafting-from polymerization. Poly(allylamine hydrochlo-
ride) (PAH) and poly(styrene sulfonate) (PSS) were used as
the positive and negative polyelectrolytes, respectively, and
potassium peroxodisulfate (KPS) was used as the water-
soluble initiator. The capsule reactors were fabricated by the
layer-by-layer (LbL) assembly technique®=" on sacrificial
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Figure 1. Schematic representation of the procedures used for fabricat-
ing initiator-coated hollow capsules and grafting-from polymerization
inside the capsules.

colloidal particles, followed by decomposition of the cores in
HCI solution. The amount of initiator bound onto the
capsules was estimated to be about 57% of the original
amount by measurement of the amount of free initiator
extracted. The water-soluble monomer styrene sulfonate (SS)
was subsequently dispersed in a suspension of initiator-bound
hollow capsules. PSS was then grown by a grafting-from
polymerization method at 70°C for four hours. The SS
monomers are selectively polymerized inside the capsule
reactors only, because the initiator is present only at the inner
wall of the hollow capsules. After polymerization, the
immobilized polymers bound to the interior of the hollow
capsules were released by treatment with HCI to characterize
them further. Figure 2 summarizes the ¢ potential recorded
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Figure 2. { potential as a function of layer number for MF particles
coated with KPS(PAH/PSS),PAH. Experiments were repeated three
times for each measurement and the average value was used. The line
shown is to guide the eye and has no other meaning.

with layer deposition for the KPS(PAH/PSS),PAH system.
The ¢ potential alternates between positive and negative
values, thereby indicating the successful recharging of the
particles coated with the polyelectrolyte layers after deposi-
tion of each layer.

To confirm the immobilization of KPS at the inner wall of
the hollow capsules the temperature-dependent magnetiza-

Angew. Chem. Int. Ed. 2005, 44, 10961101

www.angewandte.org

Angewandte

tion of the hollow capsules with and without KPS was
measured with a superconducting quantum interference
device (SQUID) magnetometer: the generation of radical
species arising from the dissociation of KPS would allow the
detection of a change of magnetization. As shown in Figure 3,
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Figure 3. The SQUID measurements of hollow capsules without and
with KPS in a solution with SS monomer. The latter case shows a dra-
matically increased magnetic moment at 320 K as a result of activation
and propagation of the KPS initiator, whereas the former case does
not.

while no change in magnetic moment was observed between
300 and 340 K for the hollow capsules without KPS, a sudden
jump in magnetization was observed at 322 K for the hollow
capsules with KPS, which is close to the typical initiation
temperature of KPS. These observations mean that radical
species—unpaired electrons—are produced upon dissociation
of KPS, and that these species subsequently propagate.
Therefore, the detection of magnetization is direct evidence
that KPS is bound to the inner wall of the hollow capsules and
could play a role as a polymerization initiator.

Figure 4 shows SEM micrographs of the polyelectrolyte-
coated particles and the corresponding hollow capsules
obtained after removing the melamine formaldehyde (MF)
core and drying on a silicon wafer. The drying process forms
creases and folds in the shells as they collapse. Essentially no
residual MF could be detected by SEM.

These hollow capsules were dispersed in a solution of the
SS monomer. The polymerization was carried out with
different SS contents at 70°C for four hours. After the
polymerization, the capsules were separated from the
solution of the SS monomers by centrifugation; their shapes
were found to be dependent on the initial SS content. Figure 5
shows SEM micrographs of hollow capsules after polymeri-
zation in solutions containing 25 wt% (Figure 5a) and
40 wt % (Figure 5b) of SS monomer. The latter shows “semi-
spherical” capsules because sufficient polymers (PSS) have
been produced to fill the capsules, whereas the former shows
“caved-in” capsules as a result of insufficient amounts of
polymer inside the capsules. The size of the “caved-in” and
“semispherical” capsules is about 600 and 800 nm, respec-
tively.
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Figure 4. SEM micrographs of a) an MF particle coated with KPS/
(PAH/PSS),PAH, and b) the corresponding hollow shell obtained after
removal of the MF core by treatment with HCI.

Figure 5. SEM micrographs of the polymer-containing capsules:

a) “caved-in” capsules (25 wt% SS monomer); b) “semispherical” cap-
sules (40 wt% SS monomer). Hollow capsules without SS monomer
undergo severe shrinkage at 70°C (inset).

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The hollow capsules shrink after polymerization: their
size was reduced from a diameter of 1.87 um to about 200 nm
after heating to 70°C for four hours in the absence of SS
monomer (inset in Figure 5). It has been reported that heating
can cause shrinkage of the surface area by 20 % leading to a
reduction in the diameter of the capsules and an increase in
wall thickness as a result of the breaking and re-forming of ion
pairs, thus yielding a more three-dimensional configuration of
the polymer.! In our case, the shrinkage is more severe
because of the prolonged heating and the thinner polyelec-
trolyte walls and indicate that the higher the monomer
content the less the shrinkage of the capsules. It seems that
the polymer chains on the interior of the capsule walls play an
important role as a shrinkage-resistant framework. The shape
of the “caved-in” particles is similar to that of erythrocytes,
and these types of “caved-in” particles are known to show
excellent properties when used as a plastic pigment in paper
coating. The high-shear viscosity of the “caved-in” particles is
lower than that of a spherical particle, and their sheet gloss,
print gloss, and opacity are higher than those of spherical
particles because of their shape.[*!]

Field-emission transmission electron microscopy (FE-
TEM) measurements were performed to examine the interior
structure of the polymer-grown capsules. In the case of the
“caved-in” capsules, the dark ring region corresponds to a
polymer brush shell structure. The FE-TEM image of the
“caved-in” case clearly shows hollows in the capsules, and, as
expected, the semispherical case (Figure 6b and 6 d) shows no
evidence of a hollow. The FE-TEM analysis clearly reveals
that the polymer brushes grow from the inner surface of the
hollow capsules and are bound to the interior of the hollow
capsule where they act as a shrink-resistant frame. It has been
reported that the capsule shape can be stabilized by the
formation of an insoluble, stiff, gel-like structure in the
capsule interior which contains residual MF and PSS.”? In our
case, however, the capsule shapes are stabilized by the soluble
polymers grown from the inner wall, and the shapes are

Figure 6. TEM micrographs of polymer-containing capsules as a func-
tion of monomer content: a), c) “caved-in” capsules (25 wt% SS mon-
omer); b),d) “semispherical” capsules (40 wt% SS monomer).
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determined by the amount of polymer present inside the
capsules.

We also investigated the influence of the confined interior
of our hollow capsules on the detailed polymerization
behavior. Although polymerization behavior, such as the
molecular weight and molecular-weight distribution of the
polymers formed, in a bulk reaction space has been exten-
sively investigated both theoretically and experimentally over
a long period of time, there are only a few, limited methods
available for controlling the polymerization behavior of
common monomers. It would therefore be significant for
the field of polymerization if such behavior could be
manipulated by easily controllable factors, such as the
confining geometry. We used our initiator-bound hollow
capsules to investigate whether the confined nanospace and
surface anchoring could be used to control the polymerization
behavior. To do so, we polymerized PSS by using four
different approaches to form “floating-outside” polymers,
which are obtained from free-floating initiators outside the
hollow capsules, “floating-inside” polymers, which are
obtained from free-floating initiators inside the hollow
capsules, “immobilized-outside” polymers, which are grown
from the outer surface of highly cross-linked MF particles,
and “immobilized-inside” polymers, which are grown from
the inner surface of the capsules. The floating and immobi-
lized polymers were collected after treatment with HCIL
Polyelectrolyte shells are semipermeable,”>" and therefore
small molecules such as an initiator and a monomer can easily
penetrate through the shell wall, while large molecules, such
as polymers, cannot. However, even large molecules can
penetrate the shell wall when the polyelectrolyte shell has an
open form, such as under acid conditions.' Thus, treatment
with 0.5M HCI permitted the interior polymers to be collected
by opening the shell. After this treatment, the capsules were
separated from the dangling polymer by centrifugation.
Figure 7 shows a comparison of the molecular weights of
the four types of polymers obtained inside and outside of the
hollow capsules; 40 wt % of SS monomer was used in all cases.
The floating-inside polymers have a molecular weight and
PDI that are about twice those of the floating-outside
polymers. This result indicates that some confined-space
effects may exist. However, surprisingly, the immobilized-
inside polymers grown from the inner surface have a
molecular weight that is an order of magnitude higher than
both the floating-inside and the floating-outside polymers.
This kind of unusual polymerization behavior inside small
capsules has not been reported until now.

To investigate the immobilization effect, SS monomers
were polymerized on an initiator-bound MF surface. Highly
cross-linked MF particles were used in this case. These
immobilized-outside polymers have a higher molecular
weight than the floating-outside polymers, but the difference
is not as much as between the immobilized-inside and
floating-inside cases (Figure 7b). Thus, the immobilization
effect alone cannot explain the unusually high molecular
weight of the immobilized-inside polymers. Even though the
detailed mechanism responsible for this behavior is not yet
clear, on the basis of the results described above we believe
that this extraordinary molecular weight behavior results
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Figure 7. Schematic representation and comparison of molecular
weights and polydispersity index (PDI) of a) floating-outside and float-
ing-inside polymers, b) immobilized-outside polymers obtained on a
colloidal surface, and c) immobilized-inside polymers obtained in a
confined space.

from both immobilization and confined-space effects. A
further detailed examination of these effects is currently
under way. We also expect that this kind of polymerization
behavior could be further controlled by varying the capsule
size. If this can be achieved, it might open up a new route to
the development of “tunable microreactors”, which could
control a variety of chemical and polymerization reactions.

In conclusion, the hollow capsules reported here serve as a
microreactor for the efficient polymerization of SS monomers
in grafting-from polymerization inside the capsules. The
hollow capsules formed after the grafting-from polymeri-
zation show either caved-in or semispherical shapes. The
shape of the capsules after polymerization is strongly depen-
dent on the initial SS content, thus implying the possibility to
control the shape of the resulting nanoparticles in our system.
The immobilized polymers obtained in the confined space
have a much higher molecular weight than polymers pro-
duced in bulk solution as a result of both immobilization and
confined-space effects. Thus, the polyelectrolyte hollow
capsules reported here successfully serve as a unique micro-
reactor for the polymerization and also allow the manipu-
lation of the shape of the nanoparticles.

Experimental Section

PSS (M,,=70000), PAH (M,,=15000), KPS, and SS monomer were
purchased from Aldrich. Weakly and highly cross-linked MF particles
were purchased from Microparticle (GmbH) and Fluka, respectively.
The water used in all experiments was prepared in a three-stage Milli-
Q plus 185 purification system and had a resistivity higher than
18 MQcm. The capsule reactors (KPS (2.3 mg)/(PAH (1 mgmL™)/
PSS (1 mgmL')),/PAH) were fabricated by the LbL assembly
technique®>" on MF (0.12 mL) colloidal particles with a diameter
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of 1.87 um, followed by decomposition of the MF cores in 0.15m HCl
solution (pH<1). The detailed procedure for the formation of
initiator-bound hollow capsules is as follows: an aqueous KPS
solution (2 mL, 2.3 mg in water) was added to an aqueous suspension
(0.12mL) of positively charged MF particles (10 wt%). The dis-
persion was gently agitated for 15 min to allow the KPS to adsorb
onto the MF particles. The mixture was then centrifuged at 10000 g
for 4 min, the supernatant removed, and water (2 mL) added. The
particles were then redispersed by gentle shaking. The centrifugation/
wash/dispersion cycle was repeated three times to ensure removal of
any free KPS from the solution. After formation of the KPS layer
outside the MF cores, PAH and PSS polyelectrolyte layers were
deposited by an established LbL assembly technique.?>" The
polyelectrolyte assembling conditions, including the centrifugation/
wash/dispersion cycle, were the same as described above (1 mgmL™",
0.5M NaCl). After deposition of five layers of polyelectrolytes, the
template MF core was removed by treatment with 0.15mM HCI (pH <
1) to give initiator-bound hollow capsules.

For the estimation of the amount of KPS initiator bound to the
inner wall of the capsules, free initiator molecules were extracted and
quantified follows: an aqueous solution of KPS (2.3 mg in 2 mL of
water) was added to an aqueous suspension (0.12 mL) of positively
charged MF particles (10 wt % ). After adsorption of the KPS onto the
MF particles, the dispersion was centrifuged, the supernatant
containing free KPS collected, and water (2 mL) added. The particles
were then redispersed by gentle shaking. The centrifugation/wash/
dispersion cycle was repeated several times to ensure collection of the
free KPS from the solution. The collected solution of free KPS was
evaporated and the weight of the residue was measured. For each
measurement, experiments were repeated five times and the average
value was used. The measured weight was about 1 mg; therefore, the
approximate amount of initiator bound to the MF cores was about
1.3 mg (57 % of the original amount).

The water-soluble monomer styrene sulfonate (SS; 40 wt%,
44 mg) was subsequently dispersed in a suspension (1.5mL,
0.03 wt %) of the initiator-bound hollow capsules. 25 and 40 wt %
SS, relative to the MF emulsion weight, was used as the monomer.
Polymerization was carried out at 70°C for 4 h.

Floating-inside and floating-outside polymers obtained from
free-floating initiators inside and outside the hollow capsules were
polymerized under the same conditions as described above; 40 wt %
of SS monomer (44 mg) and KPS (2.3 mg) were dispersed in a
suspension of the hollow capsules. Immobilized-outside polymers
were obtained on the initiator-bound MF surface; a solution of KPS
(2mL) was added to an MF suspension (0.12mL). The KPS
adsorption procedure was the same as described above. After
adsorption, the particles were separated from the KPS solution by
centrifugation, followed by several washing cycles with water. SS
monomer (40 wt %, 44 mg) was dispersed in a suspension (1.5 mL,
1.5 wt %) of KPS-bound MF particles. Polymerization was carried out
under the same conditions as described above. For separation of all
these polymers from the capsules the particles were dispersed in 0.5M
HCI for 20 min to allow the collection of the polymers. The dangling
polymers (immobilized-inside and immobilized-outside) were col-
lected by gently stirring the dispersion for 20 min and then
centrifugation at 10000 g for 4 min. Finally, the supernatant contain-
ing the polymerized PSS was collected. To collect floating-outside
polymers, the suspension containing the polymers was centrifuged in
an aqueous medium and the supernatant containing the polymers was
collected. To collect floating-inside polymers, the suspension con-
taining the polymers was centrifuged in an aqueous medium and then
the precipitate was dispersed in 0.5mM HCI for 20 min; the collection
process was the same as described above.

The surface charge was measured on an OTSUKA (ELS 8000)
apparatus. The FE-SEM micrographs were obtained with a Hitachi
(S-4700) microscope. The FE-TEM measurements were performed
on a Philips (TECNAI F20) microscope operating at 200 kV. Samples
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were prepared by applying a drop of the capsule solution onto a
carbon-coated copper grid. The molecular weights and their PDI
values were measured by gel-permeation chromatography (GPC,
Breeze System 500 Series). SQUID measurements were performed
on a Quantum design (MPMS XL) device with scan temperatures
from 300 K to 340 K at 10 Kmin~' in 2 K increments (21 steps).
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Highly Efficient Cobalt-Mediated Radical
Polymerization of Vinyl Acetate**
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In the last decades, rapidly increasing attention has been paid
to so-called macromolecular engineering, that is, the synthesis
of novel polymeric materials with well-defined molecular
parameters. In this respect, controlled radical polymerization
(CRP) proved to be a suitable strategy, because of its mild
experimental conditions and tolerance to water. Nowadays,
nitroxide-mediated polymerization (NMP),!! atom-transfer
radical polymerization (ATRP),”! and radical addition—frag-
mentation chain-transfer (RAFT)® are among the more
popular CRP techniques. All of them rely on the same
concept, which consists of decreasing the radical concentra-
tion in the medium and thus the probability of irreversible
termination. This is achieved by reversible conversion of the
growing macroradicals P° to dormant species PX. The
persistent-radical effect (PRE) is the origin of the high
propensity of the radicals to undergo reversible deactivation
rather than self-coupling reactions.*

[*] A. Debuigne, Prof. R. Jéréme
Center for Education and Research on Macromolecules (CERM)
University of Liege
Sart-Tilman, B6, 4000 Liége (Belgium)
Fax: (+32) 4-366-3497
E-mail: rjerome@ulg.ac.be
Dr. ).-R. Caille
Solvay Research and Technology
rue de Ransbeek 310, 1120 Brussels (Belgium)

The authors gratefully acknowledge Solvay for financial support.
They are grateful to V. Bodart and F. Declercq (Solvay) and C.
Detrembleur (F.N.R.S.) for fruitful discussions. They thank Wakko
for providing them with V-70. They are also indebted to the “Belgian
Science Policy” for financial support in the frame of the “Inter-
university Attraction Poles Programme (PAI V/03)—Supramolec-
ular Chemistry and Supramolecular Catalysis”.

. A

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

=]

Angew. Chem. Int. Ed. 2005, 44, 11011104

DOI: 10.1002/anie.200461333

Angewandte

The lability of the cobalt—carbon bond under thermal and
photolytic treatment,’! and thus the reversibility of its
cleavage, make cobalt complexes suitable candidates for
PRE" and regulation of CRP. The first example of cobalt-
mediated radical polymerization (CMRP), reported by Way-
land et al., was the radical polymerization of acrylates in the
presence of cobalt porphyrin complexes such as (tetramesi-
tylporphyrinato)cobalt complex 1 [Co(TMP)]."-#! The cobalt
complex reversibly end-caps the growing polymeric radicals
under heating, which accounts for the equilibrium between
dormant (P—Co™L) and active species (P?) shown in
Scheme 1. In this process, the oxidation state of the metal

+M
/) kdeucl C()HI—L
* n )]+ CollL ——— * n

X X Kact X X

X =-CO,CH;; Col'L = Co-Por, cobaloxime

X =-0COCH;; Co''L = Co(acacy,
Scheme 1. Equilibrium between dormant and active species in CMRP
of acrylates and vinyl acetate.

species alternates between two and three. Later, more
efficient halogenated cobalt porphyrin complexes were
designed, synthesized, and used to improve the polymeri-
zation kinetics.”! Moreover, the process was extended to
alkylcobaloximes 2, which are suitable photoinitiators for
CMRP of acrylates."” However, in spite of all these improve-
ments, CMRP remains restricted to the polymerization of
acrylates. Other monomers, such as methacrylates and
styrene, predominantly undergo hydrogen elimination and
are accordingly involved in catalytic chain-transfer polymer-
ization (CCTP)."! More dramatically, vinyl acetate (VAc)
polymerization is completely inhibited by the cobalt por-
phyrin complexes."”

We tested cobalt(i) acetylacetonate complex 3, which is
commercially available, cheap, and reasonably soluble in
acrylic monomers, in the radical polymerization of n-butyl
acrylate (nBuA) and vinyl acetate initiated by 2,2’-azo-bis(4-
methoxy-2,4-dimethyl valeronitrile) (V-70) at 30°C. In con-
trast to cobalt porphyrin complexes and cobaloximes, 3 is
unable to mediate and control the radical polymerization of
n-butyl acrylate. Indeed, formation of chains with high molar
mass and broad molar mass distribution at low conversion is
clear indication of an uncontrolled process (Table 1, entry 1).
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Table 1: Bulk radical polymerization of vinyl acetate and n-butyl acrylate in the presence of [Co(acac),].

transfer reactions to monomer and/or poly-

mer. Further evidence for the pronounced

Entry M [M]/[Co] t[h] 79 %] M, sec"! Mo heor™ M,/M,

[10° gmol ] [10° gmol ] efficacy of this cobalt complex in mediating
1 BUAN 348 2 <1 the radical polyrgerization of vinyl acetate
3 5 35.0 24 2.20 can be found in the good agreement
5 3 39.7 3.9 2.00 between experimental and theoretical
2 VACP! 542 16 29 13.0 13.6 1.13 molar masses (M, o/ Myspc=1£0.12,
18 42 17.9 19.9 1.17 Table 1). The theoretical values were calcu-
20 49 204 228 1.19 lated under the assumption that one poly-
2 56 223 262 1.22 mer chain is growing per [Co(acac),] unit,

24 64 25.4 30.1 1.21 . .
3 VACH! 313 13 16 13.0 M2 m according to the mechanism proposed by
14 22 19.9 15.4 113 Wayland and co-workers for the CMRP of

15.5 33 265 23.1 1.15 acrylates (Scheme 1).

17 42 333 29.4 117 The CMRP of vinyl acetate was also
19 55 41.8 38.4 1.20 initiated at higher temperature (60°C) by
4 VAC! 1626 122 ;(6) ;(1); ;:2 1;; AIBN instead of V-70 in the presence of
s VACH! 2168 14 €0 99.0 112.0 133 [Co(acac),]. Under these conditions, the

molar mass again increases with monomer

[a] Bulk polymerization of nBuA at 30°C, [Co(acac),]/[V-70] = 1. [b] Bulk polymerization of VAc at 30°C,
[Co(acac),]/[V-70]=6.5. [c] The monomer conversion Z is determined gravimetrically after removal of
the unconverted monomer in vacuo. [d] Determined by size-exclusion chromatography (SEC) with

polystyrene calibration. [€] M, seor = ([M]o/[C0"J0) X Minono X Z.
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When the polymerization of vinyl acetate (VAc) is
conducted in the presence of 3 under the same experimental
conditions, no polymer is formed for at least 12 h at 30°C
(Table 1, entries 2 and 3). However, the polymerization of
vinyl acetate starts after this period of time, and a controlled
process is observed, as assessed by the linear increase of the
molar mass with monomer conversion (Figure1). As

60000 -
50000 -
40000 -

M,/
g mol! 30000
20000 .

10000 A

0 — T — T
0 20 40 60 80

ZI1% —

Figure 1. Dependence of PVAc molar mass M, on monomer conver-
sion Z for bulk polymerization of vinyl acetate at 30°C. [VAc]/
[Co(acac),] =542 (a) and 813 (@) (Table 1, entries 2 and 3).

expected, the molar mass of poly(vinyl acatate), PVAc, is
controlled by the [VAc]/[Co(acac),] ratio; higher molar
masses are obtained at higher molar ratios of monomer to
Co complex (Figure 1). Therefore, appropriate choice of the
[VAc)/[Co(acac),] ratio allows PVAc to be prepared with
molar masses as high as 70000 and 99000 gmol™', with
reasonably low polydispersities (Table 1, entries 4 and 5). As
a rule the polydispersity is very narrow (1.1 <M /M, <1.2)
throughout the polymerization. The slight but significant
increase in polydispersity with monomer conversion is
observed in any controlled radical processes as result of
irreversible termination reactions and, in this case, possible

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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conversion, the polymerization rate is
higher, but the experimental molar masses
are higher than predicted (M, e/ My sec =
0.5), which is evidence for higher probabil-
ity of irreversible chain termination. Con-
sistently, the molar mass distribution is much broader (M,/
M,=2.0-3.5).

The kinetics of this CMRP of vinyl acetate are first-order
in monomer, as assessed by the linear dependence of In([M]/
[M]) versus time (Figure 2). This observation confirms that
the macroradical concentration remains essentially constant
and that irreversible termination reactions do not play a

1.4 ~
1.2 + .
1.0 +
4 79

(M /0] >
0.6

0.4
0.2 A .

0 T T T T T )
0 5 10 15 20 25 30

t/'h —

Figure 2. Time dependence of In([M]y/[M]) for the bulk polymerization
of vinyl acetate at 30°C. [VAc]/[Co(acac),] =542 (A) and 813 (e)
(Table 1, entries 2 and 3). [M], and [M] are the vinyl acetate concentra-
tion at times 0 and t, respectively.

major role. In contrast to acrylates, an induction period of
several hours is systematically observed in the radical
polymerization of VAc, which would be the time for the
radicals generated in situ to convert Co" into Co™—P. During
this nonproductive period, a drastic change in the color of the
medium, from purple to dark brown-green, is observed,
consistent with the suggested change in oxidation state of the
cobalt complex.

Vinyl acetate oligomers (M, =1300 gmol™', M,/M,=
1.13), preformed in bulk at 30°C with V-70 in the presence
of [Co(acac),|, were collected and purified by repeated

Angew. Chem. Int. Ed. 2005, 44, 11011104
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precipitation in heptane, and finally used as macroinitiators
for vinyl acetate polymerization. Resumption of the VAc
polymerization was successful, as assessed by the shift of the
SEC chromatograms with time towards lower elution vol-
umes, a polydispersity that remains narrow, and a very small
amount of unconverted macroinitiator (Figure 3). This obser-

Elution time

Figure 3. Size-exclusion chromatograms for PVAc initiated at 30°C by
a preformed PVAc macroinitiator end-capped by [Co(acac),]. ([VAc]/
[PVAc—Co]=319). a) M, =24300, M,,/M,=1.11, 57 % conversion;

b) M,=13300, M, /M,=1.24, 30% conversion; c) M, =9900,
M,/M,=1.16, 20% conversion; d) M,=5800, M,/M,=1.13, 10%
conversion; e) PVAc macroinitiator, M,=1300, M,,/M,=1.13.

vation paves the way for the synthesis of block copolymers by
sequential polymerization of VAc and any comonomer whose
polymerization is controlled by the same initiator/Co complex
system. This may be a restriction, because the Co complex
that controls VAc polymerization is not necessarily effective
in the polymerization of other monomers, such as acrylates. In
that case, exchange of Co complexes is required between the
consecutive polymerization steps.

As mentioned previously, vinyl acetate polymerization is
inhibited by cobalt porphyrin,' which reacts irreversibly
with the very reactive radicals of the VAc type. In this
particular case, the equilibrium is completely shifted towards
the dormant form. However, quite an appropriate balance is
established between dormant and active species by
[Co(acac),], with an instantaneous concentration of active
chains low enough to impart control on the polymerization. In
case of acrylates, the deactivation rate of the propagating
radicals into dormant species is very low compared to the rate
of propagation, and this leads rapidly to a large number of
active chains. This drastic change in the position of the
dormant/active species equilibrium when VAc is substituted
for nBuA can be explained by the more pronounced leaving
character and the lower reactivity of the polyacrylate radicals,
as result of a stabilizing substituent.

Finally, *C NMR analysis of PVAc confirmed that the Co
complex has no influence on the stereoregularity of the
polymer formed by the radical process.['’]

Up to now only few systems were able to mediate the
polymerization of vinyl acetate with more or less success, such
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as degenerative chain transfer with alkyl iodides,'*! ATRP,"
and RAFT with xanthates!' and dithiocarbamates,"”
whereas cobalt-mediated radical polymerization was inactive.

In the light of the results reported herein, the role of the
ligand in CMRP is essential. This technique, restricted to
acrylates, until now, can be tuned by the appropriate choice of
ligand (e.g., substitution of acetylacetonate for porphyrin)
and extended even to reluctant monomers such as VAc. This
is expected to renew interest in CMRP and its extension to
other vinylic monomers. Moreover, this very efficient control
of vinyl acetate polymerization paves the way to macro-
molecular engineering of poly(vinyl acetate) and directly
derivatized poly(vinyl alcohol), including tailored telechelic
polymers and block and graft copolymers of different
architectures.

Experimental Section

Vinyl acetate and n-butyl acrylate were dried over calcium hydride,
degassed by several freeze/thaw cycles, distilled under reduced
pressure, and stored under argon. Cobalt(ll) acetylacetonate
(>98%, Merck), 2,2'-azobisisobutyronitrile (AIBN, Fluka) and 2,2'-
azobis(4-methoxy-2,4-dimethyl valeronitrile) (V-70, Wakko) were
used as received.

General procedure: V-70 (200 mg, 0.65 mmol) and [Co(acac),]
(25.7 mg, 0.1 mmol) were placed in a 30 mL flask and degassed by
three vacuum/argon cycles. Dry, degassed vinyl acetate (5mL,
54.2 mmol) was then added by syringe under argon. The purple
mixture was stirred and heated at 30°C. After a few hours, the color
changed from purple to dark brown-green. No polymerization
occurred for at least 12 h, after which the viscosity of the solution
increased substantially. Samples were withdrawn at different reaction
times, and monomer conversion was determined by weighing the
collected polymer after removal of the unconverted monomer
in vacuo. The same procedure was used for n-butyl acrylate (5 mL,
34.8 mmol) polymerization initiated by V-70 (31 mg, 0.1 mmol).

PVAc oligomers (110 mg, 0.085 mmol, M, sgc = 1300 gmol™!, M,/
M, =1.13) were prepared according to the general procedure and
collected at low monomer conversion by repeated precipitation in
heptane. They were dissolved in degassed vinyl acetate (2.5 mL,
27.1 mmol) and heated at 30°C to resume the controlled radical
polymerization.
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packed polymer brushes.””! Ionic (anionic™®?" and cati-
onic®?), ring-opening,['%2 radical,'?"?! nitroxide-medi-
ated radical,!! and atom-transfer radical®®*>3 polymeri-
zations have been used for surface graft polymerizations.
Among these techniques, atom-transfer radical polymeri-
zation (ATRP) allows the preparation of well-defined poly-
mers and polymer architectures, and exhibits good tolerance
for functional groups and stability against impurities.”®!
Semiconductor—polymer hybrids prepared by surface-
initiated polymerization on silicon substrates,'” carbon
nanotubes,* ' and germanium nanoparticles® have been
reported. GaAs—polymer hybrids with well-ordered polymer
brushes have potential applications in advanced GaAs-based
semiconductor devices,* chemical sensors,* and biomate-
rials.’¥! Recent developments in the preparation of Au-
polymer hybrids by surface-initiated ATRP!*%3 and GaAs—
organic hybrids from self-assembled monolayers (SAMs) of
alkane thiols on GaAs®” have inspired us to synthesize
GaAs—polymer hybrids by ATRP. We also hoped that a dense,
well-defined, and covalently bonded polymer nanofilm would
help to stabilize the surface states®”*! associated with this
compound semiconductor.
We prepared GaAs—polymer hybrids by surface-initiated
ATRP of methyl methacrylate (MMA) from ATRP initiators
covalently immobilized on the (100)-oriented GaAs single-
crystal surfaces. This process allows the preparation of GaAs—
polymer hybrids with well-defined, covalently tethered poly-
mer brushes. The strategy for preparing GaAs-polymer
GaAs-Polymer Hybrids Formed by Surface- hybrids by ATRP is show in Scheme 1. A nearly stoichio-
Initiated Atom-Transfer Radical Polymerization metrically pure GaAs surface with reactive sites (dangling
of Methyl Methacrylate

Oxides
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polymer brushes on semiconductor substrates have attracted
considerable attention in recent years. The hybrids have
unique surface and interface properties,''” and allow the GaAs-RIOH |SF—S—
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bonds) was obtained after the oxides on a 3 cm? GaAs(100)
wafer were removed by treatment with concentrated HCl
(37%) for two minutes.”™ The GaAs substrate was subse-
quently immersed in a 5 mm ethanol solution of 6-sulfanyl-1-
hexanol (which had been subjected to three freeze—pump-—
thaw cycles) for 24 h at room temperature to form the
hydroxy-terminated GaAs surface (GaAs-R'OH). The GaAs
surface with immobilized ATRP initiators (GaAs-R?Br) was
obtained by immersing the GaAs-R'OH substrate in a 0.1m
THF solution of 2-bromoisobutyryl bromide containing 0.1m
triethylamine for two minutes under argon. GaAs—polymer
hybrids were finally prepared by surface-initiated ATRP of
MMA on the GaAs-R’Br surface in a continuously stirred
solution containing 53 mL of MMA, CuBr (14.3 mg,
0.1 mmol), CuBr, (2.2 mg, 0.01 mmol), and tris[2-(dimethyla-
mino)ethylJamine®® (Megtren, 26 pl, 0.11 mmol), for between
4 and 21 h at room temperature under argon.

Figure 1a shows the As3d and Ga3d core-level spectra of
the (100)-oriented GaAs single-crystal surface after HCI
etching, as measured by X-ray photoelectron spectroscopy
(XPS). The As3d core-level spectrum shows a spin-orbit-split
doublet, with binding energies (BEs) at about 40.7 eV (3ds;)
and 41.4 eV (3d;,), attributable to the GaAs species.*”! The
Ga3d core-level spectrum has a peak component at a BE of
about 19.0 eV associated with the GaAs species.*! The As
and Ga oxide species are absent in both spectra, thereby
indicating that they have been completely removed by the
treatment with concentrated HCI (Supporting Information).

Figure 1b shows the As3d and Ga3d core-level spectra of
the GaAs-R'OH surface. The presence of As—S (BEs of
about 42.0eV (3ds;) and 42.7eV(3d:,)) and Ga—S (BE of
about 19.7 eV) species on the GaAs surface,*'*! and the fact
that only one chemical state of sulfur is observed (S2s core-
level spectrum can be curve-fitted with only one peak
component at a BE of about 225.5 eV, which is associated
with the sulfide species™), suggest that the GaAs-R'OH
surface consists of 6-sulfanyl-1-hexanol coupled covalently by
As—S and Ga—S bonds. The thickness of the hydroxythiol
layer could not be determined with sufficient accuracy by
ellipsometry.

Figure 1c shows the wide scan and Br3d core-level
spectra of the GaAs-R?Br surface. The successful immobili-
zation of the bromoester initiators on the GaAs surface is
verified by the appearance of a Br3d spin-orbit-split doublet
with BEs of about 70 eV (3ds,) and 71 eV (3d:,).*”! (The BE
assignments for the various elemental species and chemical
states are provided in the Supporting Information.) The
resulting GaAs-R?Br substrate has a uniform film thickness of
about 0.7 nm, as measured by ellipsometry at five different
locations on the surface of a 3-cm* GaAs substrate. The
surface roughness (R,) of the GaAs-R’Br substrate, as
determined from the atomic force microscopy (AFM)
image, remains practically unchanged from that of the starting
GaAs surface (Table 1). The density of the coupling agent/
initiator species was estimated from the linear contribution of
ethyl 2-bromo-2-methylpropionate (1.33 gmL™") and 1-buta-
nethiol (0.84 gmL™").* Thus, from the density (~1.1 gmL™")
and the molecular weight (282 gmol™") of the coupling agent/
initiator species, the surface-graft density was estimated to be
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Figure 1. XPS core-level and wide-scan spectra of a) the HCl-etched
GaAs surface, b) the GaAs-R'OH surface, c) the GaAs-R?Br surface,
d) the GaAs-PMMA hybrid (sample PMMA1, Table 1) surface, and
e) the GaAs-PMMA hybrid interface (sample PMMAT1, Table 1).

about 1.6 unitsnm™>, which is similar to that of SAMs of
alkane thiols on GaAs surfaces reported previously.”)

After the surface-initiated ATRP of MMA on the GaAs-
R?Br surface for 21 h at room temperature, the GaAs
substrate with surface-grafted MMA polymer (PMMA)—
the GaAs-PMMA hybrid—was washed/extracted continu-
ously for 8 h with a large volume of THEF, which is a good
solvent for PMMA, to remove the physically adsorbed
PMMA and reactant residues. The resulting GaAs-PMMA
hybrid, with a PMMA film thickness of about 29 nm, as
measured by ellipsometry, has a water contact angle of about
69° (GaAs-PMMAA4, Table 1). This contact angle is similar to
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Table 1: Thickness and surface roughness of the PMMA films grafted on
the GaAs (100) substrates.”

Sample t(h®  Thickness [nm]®  DPY R, [nm]®
HCl-etched GaAs - - - 0.56
GaAs-R*Br - 0.7 - 0.52
GaAs-PMMAT 4 9 120 0.43
GaAs-PMMA?2 8 20 270 0.58
GaAs-PMMA3 12 24 320 0.53
GaAs-PMMA4 21 29 390 0.63

[a] Reaction conditions for fabricating GaAs-PMMA hybrids: [MMA]:
[CuBr]:[CuBr,):[Megtren] =500:1:0.1:1.1 at room temperature under
argon. [b] Reaction time. [c] The film thickness was measured by
ellipsometry. [d] The average degree of polymerization (DP) was
estimated based on a surface initiator density of about 1.6 unitsnm2,
a PMMA density of 1.1 gecm ™3, an MMA molecular weight of 100 gmol ",
and the corresponding PMMA film thickness. [e] R, is the arithmetic
mean of surface roughness calculated from the roughness profile of the
AFM image.

that of the PMMA homopolymer (about 71°).1*! As shown in
Table 1, the thickness of the grafted PMMA film in the
resulting GaAs-PMMA hybrids increases with an increase in
polymerization time, which suggests that the growth of the
PMMA chains occurs by a controlled process. This proposal
was further supported by an approximately linear increase in
the average degree of polymerization (DP) of PMMA
homopolymer with MMA monomer conversion (see Sup-
porting Information) for concurrent polymerizations with the
free initiator (ethyl 2-bromo-2-methylpropionate) in solution.
Since the average cross-sectional area of the PMMA chain
prepared by surface-initiated ATRP is 1.8-2.0 nm**>*! and
the surface initiator density is about 1.6 units nm~2, the
surface initiator efficiency of the present system is estimated
to be about 30 %. Together with a PMMA thickness of 29 nm
(sample GaAs-PMMA4, Table1), a PMMA density of
1.1 gem =P and an MMA molecular weight of 100 gmol™,
the average DP of the PMMA graft chain was estimated to be
about 390. This value is also similar to those obtained from
homopolymerizations in solution (see Supporting Informa-
tion).

XPS was again used to characterize the PMMA polymer
brushes grafted onto the GaAs surface. Figure 1d shows the
high-resolution C1s core-level spectrum of the GaAs-
PMMAT1 sample surface (Table 1). The Cls core-level line
shape is dominated by that of PMMA.! The spectrum
consists of four peak-components with BEs at 284.6 eV for
the aliphatic hydrocarbons (C—C and C—H species), 285.3 eV
for the C—COO species, 286.4 eV for the C-O species, and
288.6 eV for the O=C—O species.””! The [C—H/C—C]:[C—
COO]:[C-O]:[O=C—O] molar ratio, as determined from the
C1s spectral component area ratio, is 2.8:1.2:1.1:1. This ratio
deviates somewhat from the theoretical ratio of 2:1:1:1 for
PMMA, probably as a result of contributions of the under-
lying initiator and thiol coupling-agent to the aliphatic
hydrocarbon species, as the PMMA film thickness (~9 nm)
is comparable to the sampling depth of the XPS technique
(see below). With an increase in PMMA film thickness, the
surface composition approaches that of pure PMMA. The
inset in Figure 1d shows the Br3d core-level spectrum of the

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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GaAs-PMMAL sample surface (Table 1). The persistence of
the Br signal is consistent with the fact that the growth of the
PMMA chain from the surface is a surface-initiated polymer-
ization process with a living characteristic.

The chemical states of the GaAs-PMMA hybrid interface
with a PMMA film thickness of about 9 nm (sample GaAs-
PMMAI, Table 1) were also investigated by XPS. Since the
probing depth of the XPS technique for hydrocarbon
polymers is 10 nm,*” the As3d and Ga3d signals of the
hybrid should originate mainly from the uppermost surface of
the GaAs substrate after the grafting of about 9nm of
PMMA. Only a trace amount of As oxide and no Ga oxide
species were observed in the XPS spectra of the GaAs-
PMMA interface (Figure 1e), which suggests that the surface-
initiated ATRP has a minimal effect on the chemical states of
the GaAs surface and that the surface-coupled 6-sulfanyl-1-
hexanol also serves as a passivation layer for the GaAs
surface.

The surface morphology of the GaAs-PMMA hybrid and
the HCl-etched GaAs was studied by AFM. Figure 2a,b show

Figure 2. AFM images of a) the HCl-etched GaAs surface and b) the
GaAs-PMMA hybrid surface (sample GaAs-PMMA4, Table 1).

the respective AFM images of the HCl-etched GaAs and the
GaAs-PMMA hybrid surfaces (sample GaAs-PMMA4,
Table 1). The surface roughness (R,~0.63 nm) of the GaAs-
PMMA hybrid is similar to that of the original HCl-etched
GaAs surface (R,~0.56 nm). The nanoscopic uniformity of
the GaAs-PMMA hybrid surface can be attributed to the
well-defined PMMA brushes prepared by the surface-initi-
ated ATRP.
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The process of surface-initiated ATRP of MMA on the
GaAs-R’Br surface was further verified by two parallel
experiments. These experiments involved 1) immersion of the
GaAs-R'OH substrate in a continuously stirred MMA
monomer solution containing CuBr (14.3 mg, 0.1 mmol),
CuBr, (2.2 mg, 0.01 mmol), and Megtren (26 pL, 0.11 mmol),
and 2) immersion of the GaAs-R”Br substrate in a continu-
ously stirred MMA monomer solution without CuBr, CuBr,,
and Megtren, for 12 h at room temperature. No change in the
thickness of the organic layer was detected by ellipsometry for
samples from both experiments, which is consistent with the
fact that surface-initiated ATRP of MMA occurs only in the
presence of both the surface initiator and the Cu catalyst.

In summary, surface-initiated ATRP on a functionalized
GaAs single-crystal surface has allowed the successful
preparation of GaAs-PMMA hybrids at room temperature.
The surface states of the GaAs substrate are not significantly
affected by the ATRP process. The sulfanylhexanol coupling-
agent acts as a covalently bonded ATRP initiator and it also
passivates the GaAs surface by the formation of covalent Ga—
S and As—S bonds. Thus, the present study provides a simple
approach for the preparation of GaAs—polymer hybrids with
well-defined polymer brushes and preserved interfacial states.
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Homogeneous Catalysis

Remote Activation of Nickel Catalysts for
Ethylene Oligomerization**

Yaofeng Chen, Gang Wu, and Guillermo C. Bazan*

An important consideration in the design of homogenous
transition-metal initiators for the oligomerization and poly-
merization of olefins concerns the mode of activation. While
neutral initiators are becoming increasingly available,!"! the
majority are cationic species generated upon addition of a
strong Lewis acid, in the presence or absence of an alkylating
agent, to a neutral organometallic precursor. The most typical
activators are alkylaluminoxanes®? and well-defined Lewis
acids, such as B(C4Fs)3.”) For example, B(CFs); reacts with
[Cp,ZrMe,] (Cp = CsHs) to give [Cp,ZrMe(MeB(CFs);)].1
The dynamics of the resulting cation/anion pair, such as
dissociation equilibria or the ability of the olefin to displace
the anion, are important in determining the availability of the
active site and the overall reactivity towards the unsaturated
organic substrate.!

Zwitterionic initiators, which provide an intermediate
choice between cationic and neutral species for specifying
reactivity and functionality tolerance, are fewer in
number.* ' In the case of [{(H;C)C[N(C4Hs)]C[O-B(C4Fs),]-
[N(C¢H;)]-%*N,N'}Ni(1’-CH,C¢Hs)], the Lewis acid attaches
to a site removed from the trajectory of the incoming
substrate and no dissociative process is required for initiation
or propagation of oligomerization or polymerization reac-
tions.""! This complex has found utility in the design of
tandem copolymerization reactions for producing branched
polyethylene from ethylene alone.!?

Herein we provide a design for a ligand with an electroni-
cally delocalized conduit that extends the distance between
the metal and the site of Lewis acid attachment. Our rationale
begins with the well-known bidentate acetylacetonate (acac)
ligand, which forms readily from 4-hydroxypent-3-ene-2-one.
Extension of the framework by addition of an acetyl group at
the internal carbon atom yields commercially available
triacetylmethane (3-(1-hydroxyethylidene)-2,4-pentane-
dione), which, upon deprotonation, is anticipated to yield
the delocalized structure A in Scheme 1. Replacement of one
of the oxygen atoms by an aryl-substituted nitrogen group
provides 3-[1-(arylamino)ethylidene]pentane-2,4-dione
derivatives and anionic structures, such as B (Scheme 1). On
the basis of additional steric bulk from the aromatic unit, we
anticipated OO coordination to nickel complexes. However,
it also seemed plausible that a strong and large Lewis acid
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Scheme 1. General ligand design.

would prefer binding to an O site and force NO coordina-
tion to the nickel.

Condensation of 2,6-diisopropylaniline with triacetylme-
thane in toluene using a catalytic amount of p-toluenesulfonic
acid provides 3-[1-(2,6-diisopropylphenylamino)ethylidene]-
pentane-2,4-dione. The 2,6-diisopropylphenyl group was
chosen for its stabilization of reactive nickel centers and
tendency to increase the molecular weight of the products of
ethylene addition reactions.’! Subsequent deprotonation
with KH in THF provides the potassium salt of the ligand
(K1) in 46% overall yield starting from triacetylmethane
(Scheme 2).

Q, Vi OH a)
e} b)

Scheme 2. Synthesis of the potassium salt of the ligand (K1); a) 2,6-
diisopropylaniline, p-toluenesulfonic acid monohydrate, toluene;
b) KH, THF.

K1

'H and *'P NMR spectroscopy show that the reaction of
K1 with [Ni(n'-CH,C¢H;)CI(PMe;),]" provides an organo-
metallic compound which contains the organic fragment in
K1, an n'-benzyl group (‘H NMR: 6=7.68 ppm), and a
coordinated trimethylphosphine ligand. These data do not
allow for unambiguous determination of the ligand coordi-
nation mode. Single crystals of the product suitable for X-ray
diffraction studies were obtained from a solution of pentane
(Figure 1).) The product is therefore 2, as shown in
Scheme 3. The nickel center has a distorted square-planar
coordination geometry with the 3-[1-(2,6-diisopropylphenyl-
imino)ethyl]acetylacetonate ligand bound through the two
oxygen atoms at nearly equal Ni—O separations (1.889(2) and
1.8982(19) A). The bond lengths, C1-O1 (1.269(3) A), C3—
02 (1276(3) A), C1-C2 (1.411(4)A), and C2-C3
(1.399(4) A), are intermediate between those of typical
single and double bonds. The coplanar disposition of CI,
C2, C3, O1, and O2 atoms is consistent with a delocalized
electronic structure.

The addition of one equivalent B(C¢Fs); to 2 was
monitored by NMR spectroscopy in C¢Dg. Quick formation
of a new organometallic product is detected, which contains a
coordinated trimethylphosphine ligand (‘H NMR: 6=
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Figure 1. ORTEP drawing of 2; thermal ellipsoids set at 50%
probability, hydrogen atoms are omitted for clarity.
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Scheme 3. Synthesis of compounds 2, 3, and 4.

0.46 ppm; *'P NMR: 6 = —7.92 ppm), B(C/Fs); (''B NMR:
6 =—12.55 ppm), and an n'-CH,C(H; fragment (‘H NMR:
0 =7.40 ppm). Single crystals formed directly from the C4Dy
solution and the solid-state structure was determined by
crystallographic methods (Figure 2)."} These data indicate
that the molecular structure of 3 is as shown in Scheme 3,
where one of the carbonyl groups binds B(CgFs);. The
transformation from 2 to 3 requires for the ligand to change
its binding mode. Our current thinking is that this process is
likely from a small amount of the NO bound regioisomer of
2, which is in equilibrium with the OO bound counterpart.
Coordination of the oxygen center to boron drives the
equilibrium to the NO isomer. Although the product may
be a mixture of E- and Z-isomers, only the isomer that
minimizes steric interactions between the bulky 2,6-diisopro-
pylphenyl substituent and B(C¢Fs); is observed.

The structural parameters in 3 offer insight into bond
localization and charge distribution. The C2—C3 separation
(1.371(5) A) is consistent with a double bond, whereas the
C2—C1 (1.466(5) A) and C2—C4 (1.486(5) A) separations
reveal substantial single-bond character. This localized bond-
ing in the chelating ring forces C2 away from the O1-C1-C4-N
plane. The nickel center is also removed from this plane
(0.95 A) and the overall six-member cyclic structure adopts a
boat-like conformation (Figure 2b)."! These observations are
consistent with the bond order of 3 shown in Scheme 3 and
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indicate that a contribution from structure C is not
significant. As a result, we expect a zwitterionic
structure for 3 with a large partial positive charge on
the nickel center.

A new complex is formed on addition of one equivalent of
B(C4Fs); to 3 along with a white precipitate which corre-
sponds to Me;P-B(C4Fs);. The same products are formed by
addition of two equivalents B(C¢Fs); to 2. Characterization by
'H, BC, "B and "’F NMR spectroscopy shows that the nickel-
containing product forms nearly quantitatively and contains
the fragment corresponding to ligand 1, B(C4Fs), ('B NMR:
0=-13.25ppm) and an n’-benzyl ligand (‘H NMR: 6=
6.26 ppm). Based on these data we propose that the reaction
removes the trimethylphosphine from the coordination
sphere of nickel and yields 4 (see Scheme 3). Repeated
efforts to structurally characterize 4 were not successful.

Two ketoaryliminato compounds (6 and 7) were prepared
to provide a baseline measure for reactivity towards ethylene
and to provide a comparison of ligand structures. As shown in

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1109
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Scheme 4, the reaction of potassium 4-(2,6-diisopropylphe-
nylimino)acetylacetonate (K5) with [Ni(n'-CH,C4Hs)CI-
(PMes),] provides a new compound, 6. NMR spectroscopy
indicates that the compound contains the organic fragment in

B(CeFs)s

h -
—Me3P-B(CgFs)s 4\@4\

7

[Ni(3'-CH2CgHs)CI(PMes),]

Scheme 4. Synthesis of compounds 6 and 7.

K5, an n'-benzyl group ('"H: NMR 6=7.90 ppm) and a
coordinated trimethylphosphine ligand.!"”! Single crystals of 6
were grown from a pentane solution (Figure 3).11 A distorted

Figure 3. ORTEP diagram of the molecular structure of compound 6,
thermal ellipsoids are set at 50% probability, hydrogen atoms are
omitted for clarity.

square-planar coordination geometry is observed, with the 4-
(2,6-diisopropylphenylimino)acetylacetonate ligand coordi-
nating by the nitrogen and oxygen atoms. The Ni—O and Ni—
N bond lengths are 1.907(2) and 1.954(2), respectively. As in
the case of 2, the ligand fragment coordinated to Ni in 6
displays a delocalized electronic framework. For example, the
bond lengths, C1—O (1.288(3) A), C4-N (1.329(4) A), C1-C2
(1.373(4) A), and C2—C4 (1.410(4) A), are intermediate
between those of typical single and double bonds, and the
Cl1, C2, C4, O, and N atoms are coplanar.

Comparison of the structures of 3 and 6 shows the
influence of B(C4Fs);—carbonyl coordination on the ligand
electronic structure. Compared with 6, compound 3 contains
longer C1—C2 and C2—C4 bonds and shorter C1-O1 and C4—
N bonds (for 3, C1-O1 1.241(4) A, C4-N 1.288(5) A). By this
remote attachment of the Lewis acid, the bonding in the
ligand becomes considerably more localized. It is also of note
that the Ni—O bond (1.974(3) A) in 3 is about 0.07 A longer
than that in 6 (1.907(2) A), which reveals that the borated
ligand in 3 is a poorer donor.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The addition of B(C4Fs); to 6 in toluene results in the
formation of Me;P-B(CFs); and a new product 7, which 'H
and C NMR spectroscopy show contains the fragment in
ligand 5 and an n*-benzyl ligand ("H NMR: 6.68 ppm). Based
on these results we propose that the net reaction involves
borane—phosphine complexation and a hapticity increase by
the benzyl ligand to fill the vacant coordination site. The final
product is thus compound 7 in Scheme 4.

Addition of 100 psi (689.476 kPa) ethylene above a
solution of 4 in toluene at 30°C results in the quick
consumption of the ethylene, with an activity of 1450 kg prod-
uct/molNih. When 2 equivalents of B(C¢F5); are added as a
“scrubbing agent”, the activity increases to 5450 kg product/
mol Nih. The products are a distribution of ethylene oligom-
ers with an internal olefin structure. Similar products and
activities are found by addition of B(C¢Fs); to 2 under
ethylene. For example, the catalytic system produced by 2 and
3 equivalents of B(C¢Fs); displays an activity of 3130 kg prod-
uct/molNih. No reaction occurs with 2 alone since the
trimethylphosphine blocks coordination of ethylene. The
activity of compound 7 towards ethylene under similar
reaction conditions is only 51 kg product/molNih. Therefore,
the decreased electron density at the nickel center in 3,
relative to 7, results in a substantial increase of reactivity.

In summary, addition of B(C4Fs); to 2 results in a change
of the binding mode of ligand 1 and in the coordination of a
carbonyl functionality to boron. Direct attachment of
B(C¢Fs); to the “pendant” imino nitrogen in 2 is discouraged
by the steric bulk of the diisopropylphenyl substituent. The
conversion from 2 into 3 changes the binding mode of ligand 1
from LX (L =neutral two-electron donor, X =one-electron
ligand in the covalent model)™ to L,, thereby removing
electron density from the nickel center. The bonding param-
eters of 3 are consistent with little electron delocalization
within the ligand framework. Removing the PMe; in 3 with
B(C(Fs), induces an ' to 1’ hapticity change in the benzyl
ligand to provide 4, which is an effective ethylene oligome-
rization initiator. While we recognize that there are structural
differences, the much higher reactivity of 4, relative to 7,
highlights the effect of the reduced electron density at nickel.
It is noteworthy that the Lewis acid makes its influence across
the Ni-N-C-C-C-O structural unit.

Experimental Section

All manipulations were performed under a nitrogen atmosphere.
Toluene and THF were distilled from benzophenone ketyl, and
pentane was dried over Na/K alloy. The toluene for reactions with
ethylene use was purchased from Aldrich (anhydrous grade) and
purified further over Na/K alloy. Tris(pentafluorophenyl)boron was
provided by Boulder Scientific Company, and purified further by
sublimation. Ethylene (99.99%) was purchased from Matheson
Trigas and purified by passing through Agilent moisture and
oxygen/moisture traps. Triacetylmethane (3-(1-hydroxyethylidene)-
2 4-pentanedione) and 2,6-diisopropylaniline were purchased from
Aldrich and used without further purification. 4-(2,6-Diisopropyl-
phenylimino)acetylacetone (5) was prepared from condensation of
2,6-diisopropylaniline with acetylacetone in benzene using a catalytic
amount of p-toluenesulfonic acid."” NMR spectra were recorded on a
Varian 200, 400, or Bruker 200 spectrometers. 'H NMR spectra were
calibrated using signals from the solvent and are reported downfield
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from tetramethylsilane (TMS) referenced to residual solvent 'H
signals. "B NMR, ""F NMR, and *'P NMR spectra were calibrated
and reported downfield from external BF;-OEt,, CFCCls,and H;PO,,
respectively. Mass spectrometric analyses were obtained using a
VG70 magnetic sector instrument. Elemental analyses were per-
formed by Analytic Lab, Marine Science Institute, University of
California, Santa Barbara.

1: 3-(1-hydroxyethylidene)-2,4-pentanedione (1.02 g, 7.2 mmol),
2,6-diisopropylaniline (1.06 g. 6.0 mmol), p-toluenesulfonic acid
monohydrate (200 mg), and toluene (25 mL) were placed in a 50-
mL flask equipped with Dean-Stark apparatus. After refluxing
overnight, the solvent was removed under vacuum, and the residue
was extracted with hexane (60 mL). The volume of the solution was
then concentrated to approximately 5 mL, and cooled to —20°C to
give a white solid (0.95g, 53% yield, m.p. 103°C); 'HNMR
(200 MHz, C,Dg, 25°C): 6=14.23 (br s, 1H; NH), 7.15-6.95 (m,
3H; imine-ph-H), 2.98 (septet, /=6.8 Hz, 2H; iPr-CH), 2.19 (br s,
3H; CH; in acetyl), 2.10 (br s, 3H; CHj; in acetyl), 1.75 (s, 3H; CHj),
1.01 (d, J=6.6 Hz, 6H; iPr-CHj;), 0.99 ppm (d, J=6.6 Hz, 6H; iPr-
CHs;); "C NMR (100 MHz, CDCls, 25°C): 0 = 199.59 (br s, carbonyl),
166.21 (imine), 145.67, 132.77, 128.87, 123.98 (ph-C), 114.57 (ethyl-
ene), 31.67 (brs, CH; in acetyl), 28.77 (iPr-CH), 24.66 (iPr-CH3), 22.75
(iPr-CHj;), 18.06 ppm (CH;); HRMS (EI): m/z caled for C;4H,,NO,,
301.2042; found, 301.2047; FElemental analysis caled (%) for
CyH,;;NO,: C 75.71, H 9.03, N 4.65; found: C 75.60, H 8.87, N, 4.79.

K1: KH (64 mg, 1.6 mmol) was added to 3-[1-(2,6-diisopropyl-
phenylamino)ethylidene]pentane-2,4-dione (452 mg, 1.5 mmol) in
THF (5 g). After stirring for 3 h at room temperature, the reaction
mixture was filtered, and the solvent was removed under vacuum.
Trituration with pentane for 1 h gave the potassium salt (K1) as a
white solid (441 mg, in 87 % yield). '"H NMR (200 MHz, C;,D¢/THF
(10/1),25°C):  =7.13-6.98 (m, 3H; imine-ph-H), 2.22 (s, 6H; CH; in
acetyl), 1.98 (s, 3H; CHj;), 1.80 (septet, J=7.2 Hz, 2H; iPr-CH), 1.24
(d, J=6.8 Hz, 6H; iPr-CHj;), 1.13 ppm (d, /= 6.8 Hz, 6 H; iPr-CHj;).

2: K1 (290 mg, 0.85mmol) and [Ni(n'-CH,CeH;)CI(PMes,),]
(288 mg, 0.85 mmol) were stirred in THF (5g) for 3h at room
temperature. The reaction mixture was then filtered, the filtrate
collected, and the THF removed under vacuum. The residue was
extracted with pentane (25g). The solution was concentrated to
approximately 4 mL and cooled to —35°C to yield a yellow solid
(360 mg, 80 % yield). 'H NMR (400 MHz, C,Ds, 25°C): 6 =7.68 (d,
J=17.2Hz, 2H; benzyl-ph-H*®), 7.25-7.11 (m, 6H; imine-ph-H and
benzyl-ph-H**?), 3.06 (septet, J=6.8 Hz, 2H; iPr-CH), 2.18 (s, 3H;
CHj; in acetyl), 2.07 (d, /= 6.8 Hz, 2H; benzyl-CH,), 1.92 (s, 3H; CH,
in acetyl), 1.62 (s,3H; CH3), 1.16 (d,/= 6.8 Hz, 6 H; iPr-CHj;), 1.15 (d,
J=6.8Hz, 6H; iPr-CH;), 0.76 ppm (d, /J=10.0Hz, 9H; PCH,);
BCNMR (100 MHz, C;Dg, 25°C): 6=184.96, 183.98 (carbonyl),
169.87 (imine), 149.97, 147.14, 136.89, 129.13, 128.82, 124.41, 123.97,
123.44 (ph-C), 118.63 (ethylene), 28.46 (iPr-CH), 27.88 (CHj; in
acetyl), 27.25 (CHj; in acetyl), 24.56 (CH,), 24.45 (iPr-CH,), 23.79 (iPr-
CH,), 12.92 (d, /=28 Hz, PCH;), 12.28 ppm (d, /=26 Hz, benzyl-
CH,); 3P NMR (162 MHz, C¢Dy, 25°C): 6 = —6.79 ppm; Elemental
analysis calcd (% ) for C,0H,,NO,PNi: C 66.18, H 8.04, N, 2.66; found:
C66.11, H 7.40, N, 2.82.

3: Compound 2 (10.5mg, 0.02 mmol) and one equivalent of
B(C4Fs); (10.2 mg, 0.02 mmol) were mixed in CsD4 (0.9 mL). After
1 h, the solution was filtered, and 'H, F, "B and *'P NMR spectra of
the filtrate were recorded. The spectra indicated the nearly quanti-
tative formation of complex 3. 'H NMR (400 MHz, C¢D,, 25°C): 6 =
7.40 (d, J = 8.0 Hz, 2H; benzyl-ph-H>®), 7.18-7.05 (m, 6 H; imine-ph-
H and benzyl-ph-H**?),2.46 (s, 3H; CH; in acetyl), 2.12 (s, 3H; CH;),
1.47 (s, 3H; CH;-CO-B(C4Fs);), 0.94 (br d, J=4.8 Hz, 6 H; iPr-CH,),
0.46 ppm (d, J=10.0 Hz, 9H; PCH,;), iPr-CH, benzyl-CH, and one of
iPr-CH; not observed; "’F NMR (376 MHz, C;Ds, 25°C): 6 = —133.83,
—157.97, —163.91 ppm; *PNMR (162 MHz, CiD,, 25°C): 0=
~7.92ppm; "BNMR (161 MHz, CiD;, 25°C): 6= —12.55 ppm.
Single crystals suitable for X-ray analysis formed after three days.
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4: Compound 2 (52.6 mg, 0.10 mmol) and two equivalents of
B(C¢F5); (102 mg, 0.20 mmol) were mixed in CgHg (4.0 g). The color
of the solution changed from orange to red immediately along with
the formation of white precipitate. After stirring for 1h, hexane
(1.0 g) was added to the mixture and the reaction mixture was filtered
after 15 min. The C¢Hy and hexane were removed from the filtrate
under vacuum, which gave a red solid product (91 mg, 94 % yield).
"H NMR (400 MHz, C;Dg, 25°C): 6 =7.27 (t,J =7.6 Hz, 1 H; benzyl-
ph-H?), 7.00 (t, J=7.6 Hz, 1 H; imine-ph-H*), 6.96 (d, J=7.4 Hz,2H;
imine-ph-H*’), 6.90 (t, J=7.6, 2H; benzyl-ph-H*®), 6.26 (d, J=
7.0 Hz, 2H; benzyl-ph-H*®), 2.88 (septet, J =6.8 Hz, 2H; iPr-CH),
2.01 (br s, 3H; CHj; in acetyl), 1.80 (s, 3H; CHj3), 1.48 (br s, 3H; CH;-
CO-B(C¢Fs)3), 1.31 (d, J=6.8 Hz, 6 H; iPr-CHj;), 0.96 (s, 2H; benzyl-
CH,), 0.85ppm (d, J=6.8 Hz, 6H; iPr-CH;); >C NMR (50 MHz,
C¢Dg, 25°C): 6 =184.93,174.46, 151.30, 146.48, 140.41, 138.76, 138.05,
135.41, 129.59, 125.05 and 116.25 (carbonyl, imine and ph-C), 107.94
(ethylene), 31.06, 29.27 and 25.07 (CH; in acetyl, CH;-CO-B(C¢Fs);
and CH,), 28.61 (iPr-CH), 24.89 (iPr-CH;), 24.09 (iPr-CH,),
23.46 ppm (benzyl-CH,); “FNMR (C¢Ds, 376 MHz, 25°C): 6=
—133.79, —158.13, —164.29 ppm; "B NMR (C,D;, 161 MHz, 25°C):
0 = —13.25 ppm; Elemental analysis calcd (% ) for C,,H;;NO,BF,5Ni:
C 54.92, H 3.46, N 1.46; found: C 53.71, H 3.51, N 1.45.

6: Compound 6 was prepared in 90 % yield from potassium 4-
(2,6-diisopropylphenylimino)acetylacetonate by the same method for
preparing 2. "H NMR (400 MHz, C;Dy, 25°C): 6 =7.90 (d,/ =7.2 Hz,
2H; benzyl-ph-H*®), 7.08-6.97 (m, 6 H; imine-ph-H and benzyl-ph-
H**9),5.13 (s, 1 H; CH), 4.07 (septet, J = 6.8 Hz, 2H; iPr-CH), 1.81 (s,
3H; CH;), 1.59 (s, 3H; CH;), 1.40 (d, J=6.8 Hz, 6 H; iPr-CH,), 1.21
(d, J=7.2 Hz, 6H; iPr-CH,), 0.81 (s, 2H; benzyl-CH,), 0.66 ppm (d,
J=9.6 Hz, 9H; PCH;); >*C NMR (100 MHz, C¢Dy, 25°C): 6 =176.42
(carbonyl), 166.02 (imine), 147.79, 142.16, 130.36, 127.99, 126.01,
124.02, 123.60, 123.60 (ph-C), 98.29 (ethylene), 28.63 (iPr-CH), 26.64
(CH,), 26.02 (CHj;), 25.07 (iPr-CHs;), 24.86 (iPr-CH,), 12.55 (d, J =
26 Hz, PCH;), 10.04 ppm (d, J=24 Hz, benzyl-CH,); *P NMR
(162 MHz, C4D, 25°C): 6 =—13.26 ppm; Elemental analysis calcd
(%) for C,;H,NOPNi: C 66.96, H 8.33, N 2.89; found: C 67.56, H
8.51, N 3.02.

7: B(C4Fs); (153 mg, 0.30 mmol) in toluene (2 g) was added to 6
(145 mg, 0.30 mmol) in toluene (2 g). The color of solution changed
from orange to dark red, and a white precipitate formed after several
minutes. After stirring for 1 h, 1 g hexane was added to the mixture
and the reaction mixture was filtered after 15 min. Solvents were
removed from the filtrate under vacuum and the residue was
extracted with hexane (1g). The hexane was removed under
vacuum to afford 114 mg of 7 in 93% yield. 'H NMR (400 MHz,
CDg, 25°C): 6 =7.46 (tt,J = 7.6 Hz, 1 H; benzyl-ph-H*), 7.08-7.05 (m,
5H; imine-ph-H and benzyl-ph-H*’), 6.68 (dd, J=8.0Hz, 2H;
benzyl-ph-H>®), 4.85 (s, 1H; CH), 3.85 (septet, /= 6.8 Hz, 2H; iPr-
CH), 1.70 (s, 3H; CH;), 1.42 (d, J=6.8 Hz, 6 H; iPr-CH3;), 1.41 (s, 3H;
CHs;), 1.13 (d, J=6.8 Hz, 6H; iPr-CH;), 0.70 ppm (s, 2H; benzyl-
CH,); "CNMR (100 MHz, C,D,, 25°C): 6=178.30 (carbonyl),
165.22 (imine), 151.91, 140.10, 134.91, 127.62, 125.67, 124.05, 116.92,
107.65 (ph-C), 97.71 (ethylene), 28.88 (CH,), 28.56 (iPr-CH), 27.09
(CHj;), 24.68 (iPr-CHj), 24.53 (iPr-CHj), 23.06 ppm (benzyl-CH,);
Elemental analysis calcd (%) for C,,H;;NONi: C 70.62, H 7.65, N
3.43; found: C 70.42, H 7.53, N 3.48.

Typical reaction with ethylene: Compound 4 (5 umol) in toluene
(0.50 g) was added to a 70-mL glass reactor charged with toluene
(27.50 g). The reactor was assembled and brought out of the glove
box. After stirring the solution at 30°C for 2 min, ethylene was fed
continuously for 20 min under a pressure of 100 psi (689.476 kPa).
The reaction was quenched by release of ethylene pressure and
addition of acetone (1 mL). The solvent was removed to afford a
viscous oil, which was further dried under high vacuum overnight. The
yield was measured by weighing the viscous oil or by weighing the
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entire reaction assembly before and after reaction; the two techniques
are in agreement to within £5%.
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Ammonia Oxidation

Perovskite Membranes in Ammonia Oxidation:
Towards Process Intensification in Nitric Acid
Manufacture™*

Javier Pérez-Ramirez* and Bent Vigeland

Ammonia is oxidized over PtRh alloy gauzes to form NO as
the first step in the industrial production of nitric acid, a
process that has remained practically unchanged for over 80
years. The reaction typically yields 94-96 % NO and 4-6 %
by-products (N,O and N,) at 1073-1223 K./ Major draw-
backs associated with the platinum-based catalysts are:
1) high production cost, 2) metal loss in the form of volatile
oxides necessitate efficient metal recovery (Pd catchment)
and refining systems, and 3) the production of N,O, an
environmentally harmful gas. Nitric acid manufacture is the
largest single source of N,O in the chemical industry (125 x
10°t CO,-equiv per annum), and the development and
implementation of abatement technology for this gas is
required.”) The above aspects have stimulated research
towards replacing noble metals by oxide catalysts for NH;
oxidation. Oxides may offer the advantage of lower invest-
ment, simpler manufacture, and reduced N,O emission.>* A
vast number of patent applications have claimed promising
performance of spinels or perovskites in the reaction,
preferably containing Co, but also Fe, Mn, Bi, or Cr.B
Laboratory, pilot, and industrial tests have typically been
carried out in fixed-bed reactors with oxides in the form of
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particles, pellets, or monoliths. Several key aspects have
prevented the industrial implementation of oxide catalysts:
1) relatively low NO selectivity (<90%), 2) rapid deactiva-
tion under relevant reaction conditions, and 3) the lower
optimal operating temperature compared to noble metal
catalysts causes difficulties with the steam balance in a
revamped plant.”

Herein we present the first lanthanum ferrite-based
perovskite membranes for ammonia oxidation, with which
NO selectivities up to 98% and no N,O formation were
attained. Our strategy was to combine in a single membrane
reactor the separately reported properties of the above
perovskites as oxygen conductors® and catalysts for NH,
oxidation.”! Accordingly, the applied configuration, depicted
in Figure 1, integrates the separation of O, from air at the

Figure 1. NH; oxidation to NO with mixed conducting membranes.

feed side by transport through oxygen vacancies in the mixed
conducting membrane, and the reaction of oxygen with
ammonia on the membrane surface at the permeate side. The
surfaces of the membrane at the feed and permeate sides
function as reduction (O,—2 0*") and oxidation (NH;—NO)
catalysts, respectively. This gives rise to a radically intensified
process for nitric acid manufacture, as large amounts of inert
N, (2/3 of the total flow in today’s plants) are excluded.

Important features of perovskite membranes in ammonia
oxidation include oxygen flux J(O,), selectivity to NO S(NO),
and chemical stability in reducing and oxidizing atmosphere
at high temperature. These interrelated parameters can be
tailored by tuning the degree of calcium and strontium
substitution in lanthanum ferrite-based perovskites La;_.(Sr,
Ca),FeO;_s. A higher degree of substitution x increases the
number of oxygen vacancies 0 and thus the oxygen flux, but at
the expense of lower chemical stability.™*”! Furthermore, La
substitution by alkaline earth cations in the perovskite
structure is also known to influence the catalytic properties
of these mixed oxides.”’ This can be caused by variation in the
charge and/or coordination of 3d cations, changes in surface
chemical composition, and development of microheteroge-
neities at the catalyst surface.

The preparation and characterization of the perovskite
powders and the applied procedure for testing the membranes
in the form of dense disks are described in the Experimental
Section. For a LajSr;,FeO;_s membrane disk as an illustra-
tive example, Figure 2 shows the typical dependence of NO
selectivity and O, flux on the inlet NH; flow at different
temperatures. In the temperature range investigated, NO
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Figure 2. NO selectivity and O, flux versus inlet ammonia flow at dif-
ferent temperatures for a La,gSr,,FeO;_s membrane.

selectivities in the range of 90-100% can be obtained by
adjusting the inlet NH; flow. No N,O was formed (< 10 ppm)
in these experiments, and N, was the only N-containing by-
product. Ammonia conversion (80-95%) increases with
increasing temperature and decreases at high ammonia flow
rates. The oxygen flux is expected to increase with temper-
ature at a fixed oxygen potential gradient. Under our
experimental conditions, however, the oxygen flux is almost
exclusively controlled by the ammonia flow rate and thus
independent of temperature. The NO selectivity, however, is
dependent on temperature, and moreover exhibits a max-
imum with the inlet ammonia flow. As expected, the NO
selectivity decreases in favor of N, under conditions of excess
ammonia as a result of favorable recombination of adsorbed
NH, fragments.®* The additional observation of decreasing
selectivity at low ammonia flow rates, which gives rise to the
maximum, is attributed to partial oxidation on the hot reactor
walls of NH; bypassing the membrane with excess oxygen
recombining and escaping the membrane surface. The faster
reaction at high temperature explains the decrease in the
maximum NO selectivity when going from 1000 K (98 %) to
1333 K (92%). Implicitly, with these membrane materials,
higher NO selectivities than those displayed in Figure 2 would
have been obtained if wall effects could be excluded. The shift
of the NO selectivity maximum to lower ammonia molar flow
with decreasing temperature reflects the reduced oxygen flux
(at constant oxygen potential) at lower temperatures.

Figure 3 shows the maximum NO selectivity and corre-
sponding oxygen flux as functions of the degree of substitu-
tion of Ca and Sr in the lanthanum ferrite perovskites at
1200 K. As expected, the oxygen flux is proportional to the
degree of substitution. The maximum NO selectivity (95—
96 %) does not depend on the type and degree of substitution
within this range, and this indicates similar catalytic perform-
ance of these membrane compositions. Wu et al.”! studied
NH; oxidation at 1073 K in a fixed-bed reactor with catalyst
particles and reported optimal NO selectivities (=95 %) for
x=0.2-0.7 in La, ,Sr,FeO;. For the membrane reactor
described herein, the optimum degree of substitution is
determined by a combination of maximum flux with absolute
chemical stability under process conditions. This optimum
degree of substitution of Sr and Ca probably lies in the range
of x=0.1-0.2.
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Figure 3. Maximum NO selectivity (solid symbols) and corresponding
oxygen flux (open symbols) at 1200 K versus the degree of substitution
in Ca- (circles) and Sr-substituted (diamonds) lanthanum ferrite perov-
skites.

The above results demonstrate the potential of Ca- and Sr-
substituted lanthanum ferrite membranes for the high-tem-
perature oxidation of ammonia; the NO selectivities of up to
98% are comparable to those of state-of-the-art PtRh
alloys.l"? In addition, formation of undesirable N,O is totally
suppressed. The implementation of an ammonia oxidation
process based on oxygen-conducting membranes would
constitute a major step change in nitric acid production (a
top-ten product in the bulk chemicals industry) and have a
strong impact on the fertilizer industry. Apart from the
superior NO selectivity, in situ separation of O, from air by
membranes enables extremely compact and intensified pro-
duction units, as N, represents about 70 % of the total flow in
a current plant. The reduction in total flow would allow a
drastic size decrease in key plant units, including the
absorption tower and the tail-gas train, as well as intensifi-
cation in piping. Moreover, energy savings for compression of
the NO, gas before the absorption step, which requires high
pressure, further contributes to an improved nitric acid
production process. In summary, a more efficient and
sustainable process can be attained, which is especially
attractive for nitric acid production that is decentralized
from large existing plants.

Our current research for further implementation of
membrane technology in ammonia oxidation focuses on
scaling up membrane disks to monolithic membranes, with
which surface areas in the range of 2000-3000 m* per cubic
meter of reactor can be obtained, depending on cell size and
wall thickness.®’ The reactor design involves the distribution
of ammonia and air in a monolithic structure with square
channels in a chess-board pattern (one channel for ammonia
and the four surrounding channels for air). The significantly
increased surface area to reactor volume ratio of monoliths
will enable application of substantially higher ammonia
concentrations on the permeate side compared to the disk
configuration used in the present study.

Experimental Section

Lanthanum ferrite-based perovskites La, A FeO;_5 (A=Ca, Sr; x=
0.1-0.2) were prepared by a conventional wet complexation route
with citric acid. Standardized solutions (1M) of the metal nitrates were
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mixed with citric acid in a molar ratio of acid to total cations of 3. The
resulting solution was slowly heated to 433 K (40 Kh™') to ensure
complete complexation and left overnight at this temperature to dry.
After further heating to 773 K for 5 h in flowing air to remove organic
matter and final calcination at 1173 K for 10 h, all powders were
single-phase perovskites as evidenced by XRD. The particle size,
obtained by laser scattering, was in the range of 0.1-0.5 pm. Dense
membrane disks (>95% of theoretical density) were made by
uniaxial pressing and sintering at 1573 K. After final grinding and
polishing, membrane disks with a diameter of 10 mm (~ 80 mm?) and
a thickness of ~0.9 mm were obtained. The disks were mounted in a
quartz microreactor, sketched in Figure 4, which was heated to

Figure 4. Quartz reactor used in the membrane tests.

1333 K for sealing with gold rings. The oxidation of ammonia was
investigated at 1000-1333 K by feeding an equimolar O,/Ar mixture
to the feed side, and NH;/He mixtures to the permeate side. The inlet
ammonia flow was varied in the range of 0.05-4.5 mlmin~' (STP),
with a total flow of 130 ml min~' (STP). Product gases were analyzed
on-line with a mass spectrometer and a gas chromatograph. Freedom
from leakages was verified by the absence of Ar on the permeate side.
The NO selectivity was obtained from the concentrations at the
reactor outlet according to S(NO)=c(NO)/[c(NO)+2c(N,0)+
2¢(N,)]. The oxygen flux J(O,) was determined from the measured
concentrations of all O-containing species. Stable membrane per-
formance over the typical testing period (10 days) was verified by
periodically repeating measurements under selected temperature/
flow conditions.
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The Role of Gold in Gold-Titania Epoxidation
Catalysts**

T. Alexander Nijhuis,* Tom Visser, and
Bert M. Weckhuysen

Catalysts consisting of gold nanoparticles on titania supports
have received considerable attention over the past years as
novel systems for the direct and selective epoxidation of
propene.'*) A process to directly epoxidize propene is highly
desirable as the currently available processes are not optimal.
The chlorohydrin process is being phased out because of
environmental concerns, and each of the hydroperoxide
processes [styrene monomer/propylene oxide (SM/PO) and
propylene oxide/tert-butanol, (PO/TBA)] produces a by-
product (styrene and fert-butanol, respectively) in a fixed
amount, thus making the production capacity less flexible.
Gold-titania catalysts are able to epoxidize propene in the
presence of a mixture of hydrogen and oxygen under very
mild conditions (323-373 K and atmospheric pressure).
Although these catalyst systems are highly selective, two
main problems need to be addressed. The conversion remains
quite low (typically below 2 %, although conversions of up to
10% have been reported with certain promoters) and the
hydrogen efficiency is insufficient, typically 30 %."]
Understanding the mode of operation of the catalyst
would be a great help in improving the catalyst performance.
The general assumption is that a reaction takes place, in which
a peroxide species is formed from hydrogen and oxygen on
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gold particles, and the propene would then be epoxidized over
Ti sites.>® It is known that titania acts as an epoxidation
catalyst in the liquid phase when hydrogen peroxide is the
oxidant.”! Tt has also been shown that gold catalysts are
capable of producing hydrogen peroxide from hydrogen and
oxygen.’! However, attempts to prove that this reaction
occurs during the gas-phase epoxidation of propene with
hydrogen and oxygen have so far been unsuccessful. Our
ongoing Raman spectroscopy study of the catalyst has not yet
shown the presence of any peroxide species during the
reaction, even though the sensitivity of Raman spectroscopy
towards peroxides is high."

The low yield of product obtained from gold-titania
catalysts is usually explained by a strong adsorption of
propene oxide on the catalyst.[**! In this work the adsorption
behavior of propene, propene oxide, and related species on
titania and gold-titania is investigated by use of IR spectros-
copy to get a better understanding of the events on the
catalyst surface, and to thus allow the development of a
reaction mechanism and a better catalyst.

Prior to the spectroscop