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Woo Lee,* Roland Scholz, Kornelius Nielsch, and Ulrich Gosele

Uniform arrays of metallic nanotubes can be prepared with a newly developed
electrochemical method. In their Communication on page 6050 ff., W. Lee et al.
report the preparation of multisegmented metallic nanotubes with a bimetallic
stacking configuration along the nanotube axis. The approach is based on the
preferential electrodeposition of metal along the pore walls of anodic alumina
membranes in the presence of metallic nanoparticles on the nanochannel surfaces.

Nobel Lectures

Ubiquitin-mediated protein degradation is the focus of this year’s Nobel Lectures by
Irwin Rose, Avram Hershko, and Aaron Ciechanover. The prizewinners report first-
hand in three Reviews on page 5926 ff.

Lithium Hydride

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

Triple Bonds with Ge

The first compounds with the structural unit {M=Ge—Ge=M}, in which a Ge, unit is
bound between two transition-metal centers through triple bonds, is described by

A. C. Filippou et al. on page 5979 ff. The M=Ge bonds are weakly conjugated within
the linear chain.
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Protein breakdown is an exact, controlled
process in which the protein molecule
ubiquitin plays a decisive role by binding

to a protein and labeling it for breakdown.

The cellular mechanisms of this process

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

are widely known today thanks to the work
of the 2004 Nobel Laureates Irwin Rose,

Avram Hershko, and Aaron Ciechanover.

The Laureates report at first hand in their
Nobel Lectures.
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TiClg (20 mol%)

One in seven: A Li,H, unit that is
coordinated with three bis(amino)alane
units takes the form of a cube; the
compound was isolated in molecular form
and characterized by X-ray analysis (see
molecular structure; pink Li, blue N,
gray Al, white H, yellow Si). During the
reaction of this molecule with an equi-
molar amount of water only one of the
seven H atoms reacts to give the hydro-
lysis product Li,H;(OH)HAKN (SiMe;)},]5.

oD
+
=
R R'/

The Lewis acid TiCl, allows the intermo-
lecular hydroamination of vinylarenes (see
scheme). Some of the hydroamination
products undergo rearrangements to give
ortho-alkylated compounds. The catalyst
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tolerates a range of functional groups
(R'=CF;, Cl, CN, F, Br) and provides the
products in good yields. This method was
also applied to the synthesis of a tetra-
hydroisoquinoline derivative.

Green light for alkene metathesis: A
strong o-donor ligand L favors the active
conformation (green in the scheme) of the
carbene ligand in the ruthenium complex
and thus leads to high catalytic activity of
the second-generation Grubbs catalysts.
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A spoonful of sugar ... A carbohydrate-
based fully synthetic vaccine 1, composed
of a tumor-associated Tn antigen, a pep-
tide T epitope, and a lipopeptide (see
structure), shows potential as a candidate

Expanding our synthetic tool repertoire:
The DMP-mediated oxidation of a range of
amide substrates has been demonstrated,
affording the corresponding imides and
N-acyl vinylogous carbamates and ureas.
Likewise, an array of benzylic and related
amines have also been successfully con-
verted into their nitrile counterparts (see
scheme; DMP = Dess—Martin periodi-
nane).

Angew. Chem. Int. Ed. 2005, 44, 5908 -5917

Going straight: Thermolysis of the ger-
mylidyne complexes trans-[Cl(depe),M=
Ge(n'-Cp*)] (M=Mo, W;

depe = Et,PCH,CH,PEt,, Cp* =C;Me)
leads upon cleavage of the Ge—Cp* bond
to 1, the first compounds in which a Ge,
unit is trapped between two transition-
metal centers by triple bonds. Quantum
chemical analyses suggest a weak conju-
gation of the M—Ge triple bonds in the
linear chain M=Ge—Ge=M.

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

Pro and anti: Recognition of chloride ion
and through-membrane H*/Cl~ ion
transport (“symport”) could account for
the biological effects (anticancer activity)
of prodigiosin, as inferred from model
studies involving pyrrole-based anion
receptors designed to mimic the key
features of this naturally occurring
pigment (see picture).
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Space program: A general template tech-
nique has been developed that enables
various Au/Pt nanostructures, such as
macroporous 3D films and nanostruc-
tures constructed from hollow spheres, to
be prepared on silicon wafers and glass
substrates (see SEM image). These
ordered metallic nanostructures with
hierarchical porosity could be useful in
industrial applications, including catalytic
nanoreactors, sensors, porous electrodes,
and fuel cells.

Helpful neighbors: [Pd{2-(OH)C¢H,}I-

yoHue:
/N

Pd j RCN (tmeda)] reacts at room temperature with
Y Tior excess RCN (R=Me, C4F5, CH,=CH) and
Me, o Ve TIOTF (1 equiv) to give [Pd{1-0-2-[C(R)=
AN NH]CeH %O, N} (tmeda) JOTF (see
AN heme). The proximal OH |
—N N scheme). The proxima group plays a
H  HMe crucial role in this first example of the

insertion of a nitrile into a late-transition-
metal-carbon bond. Tf=trifluoro-
methanesulfonyl, tmeda=N,N,N’,N’-
tetramethylethylenediamine.

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

On-again, off-again personality: Superhy-
drophobic conducting polypyrrole (PPy)
films are synthesized through a facile
electrochemical process. The PPy films
exhibit an extended porous structure with
both coarse- and fine-scale roughness
(see image). By controlling the electrical
potential, PPy films can be switched
between the oxidized state and the neutral
state, resulting in reversibly switchable
superhydrophobic and superhydrophilic
properties.

Angew. Chem. Int. Ed. 2005, 44, 5908 -5917
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Heterobimetallic sulfides of composition
[LAI(p-S),MCp,] (M =Ti, Zr) react
smoothly with two equivalents of water by
ring opening and chalcogen exchange to
form the heterobimetallic oxide—hydrox-
ide—hydrogensulfides [LAI(OH) (p-
O)MCp,(SH)] (Ti derivative shown). The
presence of the hydrolysis intermediate
[LAI(SH) (u1-O)MCp,(SH)] in the reaction
mixture confirms the proposed pathway.

Screw top: Photoelectron spectroscopy of
doubly charged [FeCp’;] (1) and singly
charged [Cp'FeCp’H] (2; Cp’' =n>-
CsH,CO,") shows that strong intramo-
lecular coulomb repulsion keeps 1 in the

Angew. Chem. Int. Ed. 2005, 44, 5908 -5917

A mosaic pattern: Single virus particle
nanoarrays can be made through the
positioning and orientation of viral par-
ticles on nanotemplate surfaces gener-
ated by dip-pen nanolithography. Viral
immobilization was characterized with
antibody—virus recognition and infrared
spectroscopy (an example array of par-
ticles is shown in the AFM image).

Deprotonative metalation of ferrocene by
a lithium zincate reagent was carried out
to form the neutral zinc complex
[(Fc),Zn(tmeda)] and the anionic zincate
[Li(thf) ][ (Fc)sZn] (see scheme;

tmp =2,2,6,6-tetramethylpiperidine,
TMEDA = N,N,N’,N’-tetramethylethylene-
diamine). A 1:1:1 mixture of TMEDA,
Li(tmp), and nBu,Zn is used to readily
prepare the lithium zincate reagent
[LinBu,Zn(tmp) (tmeda)] in situ.

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

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

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

Cs,C0;4

EtOH

TBDPSO

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

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

{BuO,C

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

OH

lecular and transannular cascade reaction
sequences are explored from both linear
and macrocyclic precursors. A variety of
polycyclic structures are rapidly construct-
ed from simple acyclic precursors.

Angew. Chem. Int. Ed. 2005, 44, 5908 -5917
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Natural product inspired asymmetric
catalysis resulted from an effort directed
toward colombiasin A and related com-
plex targets. The discovery of highly
selective quinone Diels—Alder reactions

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

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

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

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

Angew. Chem. Int. Ed. 2005, 44, 5908 -5917

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

applied to the determination of trace
amounts of avidin based on fluorescence
resonant energy transfer (FRET; see pic-
ture).

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Good to high conversions (70-100%) into
optically active tri- or tetracyclic nitrogen-
containing compounds 1 based on 1,2-
dihydroisoquinolines and 1,2-dihydro-

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

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

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

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

The heavy-atom effect cannot explain the
difference in the third-order nonlinear
optical properties of the clusters
[Agio(dcapp),J(OH),12H,0 (1, see
structure), [Zn,O(dcapp);]-6 H,O (2), and
[Hg,(dcapp),] (3) (H,dcapp =2,6-dicar-
boxamido-2-pyridylpyridine). Quantum
chemical calculations show that the NLO
properties of 1 are controlled both by the
metal and the ligand, while those of 2 and
3 are controlled by the ligand only.

connector is described (see schematic
representation). The detailed DNA tube
structures were characterized by atomic
force microscopy.

Angew. Chem. Int. Ed. 2005, 44, 5908 -5917
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A light switch: The mechanism of trans-
mission of the photoinduced torsional
strain along a cyclic peptide, incorporat-
ing a biomimetic photochemical switch, is
resolved by quantum mechanics/molecu-
lar mechanics and molecular dynamics
simulations. The excited-state cis—trans
motion of the switch does not affect the
conformation of the peptide which only
begins to change after decay to the
ground state at a conical intersection
(Cl; see scheme).
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Mechanism of the Initial Conformational
Transition of a Photomodulable Peptide

VIE

The issues for September 2005 appeared online on the following dates:
Issue 33: August 15 - Issue 34: August 22 - Issue 35: September 1 - Issue 36: September 8

Angew. Chem. Int. Ed. 2005, 44, 5908 5917

Service

Keywords 6082
Authors 6083
Angewandte's Sister Journals ___ 6084
Preview 6085

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

dte

Chemie

5917


http://www.angewandte.org

Meeting Reviews

5920

EUCHEM: Nanoscale Surface Self-

Assembly**

Helmuth Méhwald*

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

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

[*] Prof. H. Méhwald
Max Planck Institute of Colloids and
Interfaces
14424 Potsdam (Germany)
Fax: (+49)331-567-9202
E-mail: moehwald@mpikg-golm.mpg.de
*] EUCHEM Conference “Nanoscale Surface
Self-Assembly”, June 19-23 at Sigtuna,

Figure 1. Three-dimensional poly(N-isopropyl-
acrylamide) micro- and nanostructures can be
grown onto various substrates by grafting the
polymer brush from an initiator-coated sur-
face. The dependence of the brush height on
the density of the initiator (controlled by the
electron-beam dose in the chemical lithogra-
phy process) allows spatially defined polymer
patterns with varying heights and unique sur-
face topographies to be created in a single
step. Image courtesy of Quiang He, Junbai Li,
Alex Kiiller, and Michael Grunze (University of
Heidelberg)

thiols on surfaces (G. Whitesides,
Boston; R. Nuzzo, Urbana). This opens
up potential applications towards elec-
tronics (Nuzzo), microfluidics (White-
sides), and the manipulation of the inter-
actions of biological matter with sur-
faces. The latter holds for the passivating
of surfaces to avoid inflammatory reac-
tions (Grunze) as well as for stimulating
cell growth (Montelius, Lund). It was
also shown that by varying the composi-
tion of surface deposits, gradient films
could be prepared which are suitable
for lubrication studies at the nanoscopic
level (T. Kraus and N. Spencer, Ziirich).
An interesting new approach to fabri-
cate multifunctional films was intro-
duced by D. Reinhoudt (Twente), who
reported the synthesis of molecules
with many supramolecular interactions
that are able to assemble in well-defined
films with a structure that can be manip-
ulated by environmental conditions.
Owing to their ease of fabrication
and versatility with regards to selection
of the material, polyelectrolyte multilay-
ers have received widespread interest.
These films, which are predominantly
based on electrostatic interactions, are
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structurally controlled only at the nano-
meter level, but their robustness and
high tolerance to imperfections makes
them appealing for a variety of applica-
tions, including controlled-release surfa-
ces or defined wettability. G. Decher
(Strasbourg) presented spray-coating
as a simple and efficient way to prepare
multilayer films, and A. Rogach
(Munich) demonstrated that different
components, in this case semiconductor
quantum dots, can be introduced with
varying composition along the normal
to allow an energy-transfer cascade
through the film. H. Mohwald (Pots-
dam, Germany) presented an extension
of the polyelectrolyte multilayer assem-
bly technique in which sacrificial colloi-
dal templates have been coated to yield
micro- and nanocapsules with well-
defined walls and surfaces, and con-
trolled, switchable permeability.

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

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

Nature provides us with membranes
as multifunctional surfaces and films,
and it is intriguing to arrange these on
inorganic supports. Whereas the contri-
bution of L. Evans (Leeds) mainly con-
centrated on solving problems related
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Figure 2. The pH-dependent chemical struc-
ture of a polymer brush on a nanoparticle sur-
face. With the protonated brush, the nanopar-
ticle is soluble in water; unprotonated, the
nanoparticle is soluble in organic solvents.
Image courtesy of Dayang Wang and Hongwei
Duan (Max Planck Institute of Colloids and
Interfaces).

to the coupling of the membrane on a
solid support, the contribution of D.
Stamou (Copenhagen) demonstrated
the fabrication of reaction vessels on
micropatterned surfaces.

Progress in the past has been also
due to the development of new techni-
ques, and this is expected to continue.
T. McMaster (Bristol) demonstrated
the applicability of new refinements of
scanning force microscopy to probe
soft interfaces, and M. Lefenfeld (New
York) showed the applicability of high-
energy X-ray reflectivity to probe
buried interfaces. The latter is also
applicable for sum-frequency genera-
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tion and is especially suited to probe
defects and symmetry breaks, as pre-
sented by S. Ye (Hokkaido). These tech-
niques first emerged about 10 years ago,
but it wasn’t until recently that one
could extract the quantitative informa-
tion necessary for a controlled assembly.
This is also true for neutron reflectome-
try, as presented by R. Thomas
(Oxford), wherein systematic studies
have now revealed a layered arrange-
ment of some polyelectrolytes near
interfaces. In a most impressive talk by
W. Kern (Stuttgart) based largely on
low-temperature scanning tunneling
microscopy, the participants realized
how much one still has to learn on
going from an atom to a supramolecular
assembly on a surface. With high-resolu-
tion techniques, chiral recognition in
assemblies of linear aggregates could
be realized, leading to periodic non-
close-packed arrays on surfaces.

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

1) The field is highly multidisciplinary,
and as no individual can cover all
disciplines in depth, the integration
of many specialists is mandatory
but highly demanding.
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2) Funding agencies and politicians
have received many promises of
nanotechnological applications.
However, one still has to learn the
rules of molecular assembly, and
therefore long-term research is
required and many promises will
not be met in the near future.

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

These lively, partly chaotic discus-
sions, however, did not affect the
extremely friendly spirit of the confer-
ence. One could profit from all contribu-
tions and discuss with all speakers at
length. Much of this is due to the excel-
lent selection and organization by M.
Rutland and his team from the Royal
Institute of Technology Stockholm and
the Swedish Chemical Society. The suc-
cess of the meeting is probably most
clearly expressed in the result of a
secret poll of the participants, with
95% rating the conference as very
good or excellent. They also expressed
a strong wish for a continuation, and
hopefully this will be the case on a
more regular basis.
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My interest in protein breakdown as a research problem
began in 1955 at about the time I joined the Biochemistry
Department of Yale University. It was known that proteins
break down intracellularly in the mature animal."? In 1955 I
learned from Melvin Simpson about experiments he had
published two years earlier’” showing that a variety of
conditions that should lower the ATP level of liver slices
(anaerobiosis, cyanide, 2,4-dinitrophenol) decreased the rate
of liberation of labeled methionine from the protein of rat
liver slices. Simpson and I had just joined the Biochemistry
Department and we had labs down the hall from each other.
Simpson’s research goal at Yale was to look for an in vitro
system that performed protein synthesis rather than protein
breakdown. During my Yale years I concentrated on enzyme-
mechanism questions relating to the keto-aldose isomerases
by using tritium to establish the occurrence of proton
transfer,”” but I kept an eye out for reports in the literature
on progress in the field of protein breakdown.

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

During 1972, on a half-year sabbatical divided between
Oxford (J. Knowles) and Jerusalem (Y. Stein), I was able to do
further experiments with tissues supplied by Hans Krebs and
by Jacob Mager (Avram Hershko’s PhD researsch director at
the Hadassah Medical School). Both men were highly
supportive, but I was not able to find a cell-free system. At
the same time I was often talking to Jacob Bar Tana of the
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Biochemistry Department and we came up with a “pulse/
chase” method that could be used to determine the function-
ality, binding constant, and rate of dissociation of potential
enzyme—substrate complexes.”!

1. How it All Came Together

Hershko had been with Gordon Tompkins in San
Francisco on a post-doctoral fellowship, where he essentially
confirmed Simpson’s findings but with the tyrosine amino-
transferase of cells in cultures. When he returned to Israel to
set up his own lab in Haifa he also looked for a cell-free
system. I did not meet Avram Hershko until 1975, at a Fogerty
Conference on Regulation in Bethesda, where we learned of
each others interest in protein breakdown. Meanwhile,
Tompkins died tragically during a brain tumor operation,
and Hershko was looking for a US lab in which to expand his
work further during sabbatical years and summers. It is not
clear to me why he chose our lab in suburban Philadelphia for
this purpose. We had no reputation in protein breakdown,
having never published in the field. Our limited expertise was
expected to be in mechanistic enzymology. The three
American postdocs, Haas, Pickart, and Wilkinson, who

[*] Prof.Dr. I. Rose
Department of Physiology & Biophysics
College of Medicine
University of California
D340 Medical Science |, Irvine, CA 92697-4560 (USA)
Fax: (+1) 949-824-8540
E-mail: irwin@Iworld.net
**] Copyright© The Nobel Foundation 2004. We thank the Nobel
Foundation, Stockholm, for permission to print this lecture.
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came on board for that reason, could not have anticipated the
diversion their research careers were about to take.

In 1977, when we joined forces at Fox Chase, Etlinger and
Goldberg!® had done the first successful experiment using a
cell-free system with lysates of rabbit reticulocytes. Hershko
and his student Aaron Ciechanover! had already started
fractionating the reticulocyte extract and identified the heat-
stable factor (APF-1) before they came to Fox Chase that
summer. Their subsequent work, much of which was reported
in collaboration with members of my group, is to be found in
the following Nobel Lecture by Hershko. The key observation
that the 8-kDa APF-1 formed units of a chain linked to the
protein targeted for breakdown was the most unexpected and
unique aspect of the process.!®!

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

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

2. The Ubiquitin Activating Enzyme

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

Irwin Rose received his PhD in 1952 from
the University of Chicago in Biochemistry for
his work on the conversion of U-"*C-cytidine
into U-"C-deoxycytidine in the DNA of
mouse tissues. In 1955 he joined the Bio-
chemistry Institute at Yale Medical School.
Here, he learned from Melvin Simpson that
protein breakdown was inhibited, not stimu-
lated, under energy-deficient conditions. At
Fox Chase (1963—1997), after contributing
to enzyme-mechanism research, he was
Jjoined by the Hershko/Cienhover team in
1977 who were making progress fractionat-
ing reticulocyte extracts. He and his students contributed to studies of the
ubiquitin activating enzyme, ubiquitin carrying protein, and ubiquitin C-ter-
minal hydrolase leading to the isolation of ubiquitinaldehyde and an under-
standing of the hydrolase mechanism.
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likely to want to know the effect of a change on the steady-
state behavior of a complex system. When the ubiquitin
activating enzyme E1 was discovered by Hershko, it could not
be studied by the rate of product formation because the
enzyme produced a covalently linked end product. In 1982
Art Haas used isotope exchange at equilibrium to establish
the reaction sequence and a number of equilibrium and rate
constants of El—the only enzyme of the cell that uses
ubiquitin, per se, as a substrate.

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

©)F

El + ATP + Ub = E1 - AMP-Ub + PP (1)
El- AMP-Ub = E1-S-Ub + AMP 2)
E1-S-Ub + ATP + Ub = E1-S-Ub - AMP-Ub -+ PP, 3)

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

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

Es
AmP
ATP ub PP
\ (—ATP \ —~ATP-Ub AMP-UL-PP 4 AMP-Ub
E5~un . —s-up s Eslub N Es-un s ES-Ub
K5 K% K3 K2

Scheme 1. Sequence and distribution of enzyme intermediates in the
activation by ubiquitin.
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3. Ubiquitin-Carboxy-Terminal Hydrolase: Discovery
and Mechanism

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

AMP + PP;

Ub+EISH E1S-Ub

GSH

transthiolation

GS-Ub

UCH

GSH

Scheme 2.

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

Angew. Chem. Int. Ed. 2005, 44, 5927 —5931
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The pure enzyme (M,, =29 kDa) was readily prepared from
mature human red cells (ca. 0.1 units per mL of packed cells).
Its turnover rate is quite high, almost diffusion limited, and its
Vmax value is approximately 10 s™'. Ubiquitin conjugated to
glutathione or to a polyamine in cells with such activity should
be negligible.

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

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

This interpretation of the mechanism of action of Ubal has
been confirmed and extended by X-ray crystallographic
studies of Ubal complexed with the UCH of yeast Yuh 1 by
Johnston et al.l'® and with the 352-residue UCH domain that
was cut out of the 1102-residue-long HAUSP (herpes virus
preassociated ubiquitin-specific protease) deubiquitinating
enzyme by Hu et al.™® In both cases, Ubal caused significant
distance and angle rearrangements in the catalytic triad
regions compared with structures obtained without Ubal,"*"
respectively, as well as placement of H-bonding residues to
accommodate the expected oxyanion hole of a thiohemiace-
tal-Ub adduct.

The large DUBSs, about 80 of which have been identified,
serve to reverse the lengthening of the polyubiquitin chains
that leads to the destruction of the targeted protein at the
proteasome. HUASP is also known as a tumor-suppressor co-
protein because deubiquitinating p53 (the tumor suppressor
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transcription factor of tissues) should raise its steady-state
level. The large size of DUBs is consistent with high
specificity and signal control. The roles of the UCHs are not
yet clear. The size of the Ub extension that can be removed by
these smaller enzymes is smaller than a Ub molecule so that
Ub-UDb cleavage intermediates, if they arise in the deubiqui-
tination process, will not be further degraded by a UCH.

4. Unresolved Issues

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

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

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

® An interesting problem stems from the observation by
Cecile Pickart!'®!” that hydroxylamine at K,~1mm
inactivates the C-terminal hydrolase of erythrocytes, and
possibly all UCHs, in the presence of Ub. Using the
hydroxamate of Ub as a substrate, complete inactivation
requires about 2000 turnovers of the enzyme. Labeled Ub
is not found on the re-isolated enzyme, nor is activity
recovered. Unless hydroxylamine has some unexplored
way of reacting with the S- of the Ub-thiolester-enzyme
intermediate, the classical reaction products should be
Ub-hydroxamate and active enzyme. In view of the
important role of the deubiquitinating enzymes and a
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practical interest in their inactivation, it will be useful to
know how hydroxylamine works.

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

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

gave some English and piano
lessons to children in Karcag. My
older brother Chaim was born in
1936, less than two years before
me. My mother wanted very much
to also have a baby girl, but the
times were the eve of World
War 11, Hitler’s screams could be
frequently heard on the radio, my
parents became apprehensive of
the future and thus did not try to
have more children. Still, my rec-
ollections of my early childhood
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are of very happy times, with loving and supporting parents,
growing up in a nice house with a beautiful garden, created by
my father who was also an amateur (but avid) gardener. A
family picture from these times, with my parents, my brother,
and I as an infant, shows well the warmth of my family
(Figure 1).

This early paradise was lost rapidly and brutally. World
War II broke out, and soon Hungary joined in as an ally of
Nazi Germany. In 1942, my father was taken by the
Hungarian Army to serve as a forced laborer, with companies
of other Jewish men. They were sent to the Russian front,
where most of them perished. Luckily for my father, the
Soviet Army advanced so rapidly after Stalingrad that he was
captured by the Soviets before the Nazis could kill him. Then,
he was used by the Soviets as a forced laborer. He was

[*] A. Hershko
Unit of Biochemistry
the B. Rappaport Faculty of Medicine
and
the Rappaport Institute for Research in the Medical Sciences
Technion-Israel Institute for Technology
Haifa 31096 (Israel)
Fax: (+972) 4-855-2296
E-mail: hershko@tx.technion.ac.il
**] Copyright© The Nobel Foundation 2004. We thank the Nobel
Foundation, Stockholm, for permission to print this lecture.
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Figure 1. My parents, my brother (middle, top), and | (middle,
bottom) at around the end of 1938.

released only in 1946, so we did not know for four years
whether or not he was alive.

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

In Israel we settled in Jerusalem and I started a new and
very different life. Of course, there were initial difficulties in
being new immigrants. We had to learn a new language,
Hebrew. This was not too difficult for children (I was less than
13 at that time), but it was more difficult for my parents. Still,
my father studied Hebrew and soon started to work, again as
a schoolteacher. (Later he taught at a teachers’ seminary and
authored mathematics textbooks, which were very popular in
Israel.) As always, education of their children was my parents’
highest priority. Although we were quite poor immigrants at
that time, my brother and I were sent to an expensive private
school in Jerusalem. I suspect that most of the salary of my
father was spent on our tuition fees.
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At school I was received well by the other children. These
were times of massive immigration to Israel, so a new
immigrant child with a Hungarian accent did not stand out too
much (I am told that T still have some Hungarian accent,
especially in English, though my Hungarian language is quite
poor now). I was a good student, and learned easily different
subjects, such as mathematics, physics, literature, history, and
even Talmud! That became a problem when I finished high
school; I was interested in too many subjects, so it was difficult
for me to decide how to continue. I chose to study medicine,
probably by default, because my brother Chaim was already a
medical student, so I could inherit his books for free! Chaim
always wanted to be a physician, and he is now a very well-
known hematologist and an authority on iron metabolism.

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

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

www.angewandte.org

5933


http://www.angewandte.org

Reviews

5934

Figure 2. |Jacob Mager.

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

I met Judith (née Leibowitz) in 1963, and we married at
the end of the same year. Judy was born and raised in
Switzerland. After her studies in biology, she decided to spend
a year in Israel. During this year, she worked in the
hematology laboratory of the Hadassah hospital in Jerusalem.
One day, I walked over to the hematology laboratory to get a
blood sample that I needed for my research, and we literarily
bumped into each other. This collision caused her to stay in
Israel for more than one year, and now we have been married
for over 41 years. We have three sons: Dan (1964), Yair
(1968), and Oded (1975). Dan is a surgeon, Yair is a computer
engineer, and Oded is a medical student. We have now six
grandchildren: Maya (1994), Lee, (1997), Roni (1998), Ela
(2000), Ori (2002), and Shahar (2004). Needless to say, both
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Judy and I are crazy about all our grandchildren. During all
our years together, I got tremendous support from Judy.
Although she came from one of world’s most peaceful
countries to one of the least, and from a very comfortable
and pampering environment to quite primitive surroundings,
she stood ground with a lot of energy, courage, and cheerful
optimism. She always took care of all my possible needs, as
well as the needs of our children and grandchildren. Judy is
not only a very beautiful woman, but she also radiates a lot of
caring, love, and compassion. In addition to providing so
much support at home, she also helped me a lot in the
laboratory, over a period of more than 15 years. The ubiquitin
system was helped by Judy in more than one way (Figures 3
and 4).

In 1969 to 1971 I was a postdoctoral fellow with Gordon
Tomkins at the Department of Biochemistry and Biophysics
of the University of California in San Francisco. I met Gordon
the previous year, when he gave some lectures in Israel. He
was very different from Mager: outgoing, vivacious, bursting
with original ideas (Figure 5). Unlike Mager, Gordon did not

Figure 3. Judy and Avram Hershko in 1977.

Figure 4. Judy, Avram, and family in 2003 (Judy’s 60th birthday party).
Left to right; standing: Vardit, Yair, Avram, Judy; middle row: Dan, Ori,
Sharon, Oded; sitting: Lee, Maya, Roni, Ela.
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Figure 5. Gordon Tomkins.

care much about controls or experimental detail, but he was a
volcano of a man, constantly erupting with great ideas and he
was a wonderful stimulator of many other researchers’ work
as well. Many distinguished scientists who knew Gordon
Tomkins at that time (unfortunately, he died at an early age)
still speak of him with great admiration. He exuded a great
personal charm and I liked him instantly. I thought that
Gordon may add some new dimensions to my development in
science and this indeed was the case. I got a lot of stimulation
and biological perspective from Gordon, while I continued to
use what I learned from Mager about rigorous controls. As
described in the main text, I learned about protein degrada-
tion and got fascinated with this process while I was working
with Gordon Tomkins.

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

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

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

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

Ernie Rose is the third person, in addition to Mager and
Tomkins, who had a great influence on my scientific life. He is
very different from both Mager and from Tomkins. He likes
problem solving, and his attitude to science is highly
analytical. I am more intuitive, so we complemented each
other very well. He is so brilliant that people do not always
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Figure 7. lrwin Rose at Fox Chase Cancer Center in 1992.

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

The rest of my story is a lot of more work, but also a lot of
more scientific excitement and fun. I continued to be
obstinate, and continued to do what many considered to be
old-fashioned biochemistry in the eighties, when the powerful
technologies of molecular biology became available. This
biochemical work resulted in the discovery of the three types
of enzymes involved in ubiquitin—protein ligation (E1, E2,
and E3), and of some further enzymes of this system.
Subsequently, I became interested in the roles of ubiquitin-
mediated protein degradation in the cell division cycle. This
led me to the Marine Biological Laboratory (MBL) at Woods
Hole, due to the availability of a clam oocycte cell-free
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system, which faithfully reproduces cell-cycle-related events
in the test tube. This system was important for the discovery
of the cyclosome/anaphase-promoting complex, as described
in the Lecture. In the past decade, I have spent my summers at
the MBL for the same reason that I spent my summers
previously at Fox Chase Cancer Center—to be able to devote
almost all my time to doing experiments in a tranquil
environment. Benchwork is my great hobby; I also do
benchwork in Haifa, but on a more part-time basis. I have
always loved to do experiments with my own hands, both for
peace of mind and for excitement. Also, my own experiments
were important for almost every significant progress made in
my laboratory. One cannot have a more beautiful place than

2. Introduction

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

In the subsequent decades, research on protein degrada-
tion was neglected, mainly because of the great interest in the
mechanisms of protein synthesis, as described above. How-
ever, experimental evidence gradually accumulated which
indicated that intracellular protein degradation is extensive,
selective, and has basically important cellular functions. It was
observed that abnormal proteins produced by the incorpo-
ration of some amino acid analogues are selectively recog-
nized and are rapidly degraded in cells.’! However, intra-
cellular protein degradation was not thought to be merely a
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the MBL for doing experiments: the great natural beauty of
the surroundings, the tranquility and outstanding scientific
environment all combine to make the MBL a great place for
doing summer research.

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

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

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

3. My First Encounter with Protein Degradation

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

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

KFE AT O TIME

KF AT | HR.

4 KF AT 2 HRS.

[V,
[=]

TAT SPECIFIC ACTIVITY °: OF INITIAL

CONTROL

TIME (hours)

Figure 9. Energy-dependence of the degradation of tyrosine amino-
transferase; from ref. [5].

incubated with a steroid hormone, which caused a great
increase in the level of this protein. Then the hormone was
removed by changing the culture medium, and a rapid decline
in the level of this protein, due to its degradation, could be
observed. As with other regulatory proteins, this protein also
had a relatively rapid rate of degradation, with a half-life time
of about 2-3 h. I found then that the degradation of TAT was
completely arrested by potassium fluoride, an inhibitor of
cellular energy production (ref. [5] and Figure 9). The effect
was not specific to fluoride, because I got similar results with
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other inhibitors of cellular energy production. These results
confirmed and extended earlier findings of Simpson!® on the
energy-dependence of the liberation of amino acids from
proteins in liver slices. This observation was later dismissed as
being indirect, and that energy is needed to keep the acidic
pH value inside the lysosomes (described in ref. [7]). How-
ever, in the case of TAT, energy was needed for the selective
degradation of a specific enzyme, and it did not seem
reasonable to assume that engulfment into lysosomes could
be responsible for the highly selective degradation of specific
cellular proteins. Since ATP depletion also prevented the
inactivation of the enzymatic activity of TAT, it was con-
cluded that energy is required at an early step in the process of
protein degradation.”’

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

4. Discovery of the Role of Ubiquitin in Protein
Degradation

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

In the initial experiments, we resolved reticulocyte lysates
on DEAE-cellulose into two crude fractions: fraction 1,
which contained proteins not adsorbed to the resin, and
fraction 2, which contained all proteins adsorbed on the resin
and eluted with concentrated salt solution. The original aim of
this fractionation was to get rid of hemoglobin, which was
known to be in fraction 1, while most nonhemoglobin proteins
of reticulocytes were known to be in fraction 2. We found that
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neither fraction was active by itself, but ATP-dependent
protein degradation could be reconstituted by the combina-
tion of the two fractions."!! The active component in
fraction 1 was a small, heat-stable protein; we have exploited
its stability to heat treatment for its purification to near
homogeneity. We termed this protein at that time APF-1, for
ATP-dependent proteolysis factor 1. The identity of APF-1
with ubiquitin was established later by Wilkinson et al.,”
subsequent to our discovery of its covalent ligation to protein
substrates, as described below. Ubiquitin was originally
isolated by Goldstein et al. in a search for hormones of the
thymus, but was subsequently found to be present in all tissues
and eukaryotic organisms, hence its name.™ The functions of
ubiquitin were not known, though it was discovered by
Goldknopf and Busch that ubiquitin was conjugated to
histone 2A by an isopeptide linkage.!'"!

The purification of APF-1/ubiquitin from fraction 1 was
the key to the elucidation of the mode of its action in the
proteolytic system. It looked smaller than most enzymes, so at
first we thought that it might be a regulatory subunit of some
enzyme (such as a protein kinase or an ATP-dependent
protease) present in faction 2. To test this notion, we looked
for the association of APF-1/ubiquitin with some protein in
fraction 2. For this purpose, purified radiolabeled APF-1/
ubiquitin was incubated with fraction 2 in the presence or
absence of ATP, and was subjected to gel-filtration chroma-
tography. A marked ATP-dependent association of APF-1/
ubiquitin  with  high-molecular-weight material was
observed.™ It was very surprising to find, however, that
ubiquitin was bound by a covalent amide linkage, as indicated
by the resistance of high-molecular-weight derivative to
alkali, hydroxylamine, and boiling with SDS (sodium dode-
cylsulfate) in the presence of mercaptoethanol.’™ The anal-
ysis of reaction products by SDS-polyacrylamide gel electro-
phoresis showed that ubiquitin was ligated to a great number
of endogenous proteins. Since crude fraction 2 from reticu-
locytes contained not only enzymes, but also endogenous
substrates of the proteolytic system, we began to suspect that
ubiquitin may be linked to protein substrates, rather than to
an enzyme. We indeed found that proteins that are good
(though artificial) substrates of the ATP-dependent proteo-
lytic system, such as lysozyme, are conjugated to ubiquitin.®
The original experiment is shown in Figure 10. We found that
similar high-molecular-weight derivatives were formed when
'%]-labeled ubiquitin was incubated with unlabeled lysozyme
(Figure 10, lanes 3-5), or when ®I-labeled lysozyme was
incubated with unlabeled ubiquitin in the presence of ATP
(Figure 10, lane 7). Based on these observations, we proposed
that proteins are targeted for degradation by covalent ligation
to APF-1/ubiquitin."! The original hypothesis from 1980,
formulated jointly with Irwin Rose, is shown in Figure 11a.
We proposed that a putative enzyme, which we called “APF-
1-protein amide synthetase”, ligates multiple molecules of
ubiquitin to the protein substrate (step 1) and then some
other enzyme degrades proteins which are linked to several
molecules of ubiquitin (step 3), and finally free and reutiliz-
able ubiquitin is released (step 4). According to this proposal,
ubiquitin is essentially a tag, which when attached to a
protein, dooms this protein to be degraded.
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Figure 10. Discovery of covalent ligation of ubiquitin to substrate
protein. See the text for more information; from ref. [16].

Figure 11. The ubiquitin system then and now. a) Original proposal of
the sequence of events in protein degradation. See the text for more
information; from ref. [16]. b) Our current view of the main enzymatic
reactions in ubiquitin-mediated protein degradation. See the text for
more information. Ub, ubiquitin; DUB, deubiquitylating enzyme; UCH,
ubiquitin carboxyl-terminal hydrolase.

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

In subsequent work, we tried to isolate and characterize
enzymes of the ubiquitin pathway, by using the same
biochemical fractionation/reconstitution approach. The orig-
inal proposal of the mechanism (Figure 11a) was found to be
essentially correct, but much important detail was added. Our
present knowledge of the main enzymatic steps in the
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ubiquitin-mediated proteolytic pathway is shown in Fig-
ure 11b (reviewed in ref. [17]). This scheme summarizes
about 10 years of our work (1980-1990), as well as that of
some other researchers. Thus, we found that ubiquitin is
ligated to proteins not by one enzyme, but by the sequential
action of three enzymes. These are the ubiquitin activating
enzyme E1,'® a ubiquitin carrier protein E2," and a
ubiquitin protein ligase E3.'"! E1 carries out the ATP-
dependent activation of the carboxy-terminal glycine residue
of ubiquitin® by the formation of ubiquitin adenylate,
followed by the transfer of activated ubiquitin to a thiol site
of E1 with the formation of a thiolester linkage.'®*!
Activated ubiquitin is transferred to a thiol site of E2 by
transacylation, and is then further transferred to an amino
group of the protein substrate in a reaction that requires
E3.1YI' We found that the role of E3 is to bind specific protein
substrates.””) Based on this observation, it was proposed that
the selectivity of ubiquitin-mediated protein degradation is
mainly determined by the substrate specificity of different E3
enzymes.'”! This notion was verified by subsequent work in
many laboratories on the selective action of a large number of
different E3 enzymes on their specific protein substrates.
Proteins ligated to polyubiquitin chains are degraded by a
large 26S proteasome complex (discovered by other inves-
tigators) and free ubiquitin is released by the action of
ubiquitin-C-terminal hydrolases or isopeptidases (reviewed in
ref. [17]).

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

All our studies on the basic biochemistry of the ubiquitin
pathway were carried out with the reticulocyte system, using
artificial model protein substrates. Though many gaps
remained in our understanding of the basic biochemical
processes of the ubiquitin system, at around 1990 I thought
that it was important to turn to the question of how the
degradation of specific cellular proteins is carried out by the
ubiquitin system in a selective and regulated fashion. This is
how I became interested in the roles of the ubiquitin system in
the cell-division cycle, because the levels of many cell-cycle
regulatory proteins oscillate in the cell cycle. I first worked on
the biochemical mechanisms of the degradation of cyclin B in
the early embryonic cell cycle. Cyclin B was discovered by
Hunt and co-workers to be a protein that is degraded at the
end of each mitosis.*!! It was subsequently found that it is a
positive regulatory subunit of protein kinase Cdc2/Cdkl
(cyclin-dependent kinase 1; reviewed in ref. [25]). In the early
embryonic cell cycles, cyclin B is synthesized during the
interphase and then is rapidly degraded in the metaphase—
anaphase transition. The active protein kinase Cdk1-cyclin B
(also called MPF or M phase-promoting factor) is formed at
the beginning of mitosis and promotes entry of cells into
mitosis. The inactivation of MPF, caused by the degradation
of cyclin B, is required for exit from mitosis. Our question
was: what is the system that degrades cyclin B and why does it
act only at the end of mitosis?
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I approached this problem again by biochemistry, and
here the quest for a cell-free system led me to marine biology
and to the surf clam Spisula solidissima (Figure 12). This is a
large clam that produces large numbers of oocytes. Luca and

Figure 12. The North Atlantic surf clam Spisula solidissima.

Rudermant®! established a cell-free system from fertilized
clam oocytes that faithfully reproduced cell-cycle stage-
specific degradation of mitotic cyclins. In this work, I was
greatly helped first by Robert Palazzo and Leonard Cohen,
and then by collaboration with Joan Ruderman. Initial
fractionation of the system!®” showed that in addition to E1,
two novel components were required for the ligation of
cyclin B to ubiquitin: these were a specific E2 called E2-C and
an E3-like activity, which in clam extracts was associated with
particulate material. We solubilized the E3-like activity and
found it to be a large (ca.1500kDa) complex that has
ubiquitin ligase activity on mitotic cyclins. The activity of this
enzyme is regulated in the cell cycle: it is inactive in the
interphase and becomes active at the end of mitosis, an event
that requires the action of Cdk1/cyclin B.*® We called this
ubiquitin ligase complex the cyclosome, to denote its large
size and important roles in cell-cycle regulation.”® A similar
complex was isolated at about the same time from extracts of
Xenopus eggs by the Kirschner laboratory and was called the
anaphase-promoting complex.”) Parallel genetic work in
yeast by the Nasmyth group identified several subunits of the
anaphase-promoting complex/cyclosome (or APC/C, as it is
now called) as products of genes required for exit from
mitosis.*” Thus, the discovery of APC/C was due to the
convergence of biochemical and genetic work. Subsequent
work by other investigators showed that the APC/C is also
involved in the degradation of several other important cell-
cycle regulators, such as securin, an inhibitor of anaphase
onset (reviewed in refs. [31,32]). In addition, APC/C is the
target of the spindle assembly checkpoint system, an impor-
tant surveillance mechanism that allows the separation of
sister chromatids only after they are all properly attached to
the mitotic spindle (reviewed in ref. [33]).
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7- Role of Scf**** Ubiquitin Ligase in the Degra-
dation of the Cdk Inhibitor P27’

Another problem on which I have been working recently,
in collaboration with Michele Pagano, is the mode of the
degradation of the mammalian Cdk inhibitor p27*"'. This
inhibitor is present at high levels in G0/G1, preventing the
action of Cdk2/cyclin E and Cdk2/cyclin A to drive cells into
the S-phase. Following growth stimulation by mitogenic
agents, p27 is rapidly degraded, allowing the action of these
kinases to promote entry into the S-phase (reviewed in
ref. [34]). It has been shown that p27 is degraded by the
ubiquitin system.” We have tried to identify the ubiquitin
ligase system that targets p27 for degradation. It was first
found that the process of p27-ubiquitin ligation can be
faithfully reproduced in vitro in extracts of HeLa cells. Thus,
the rate of ligation of p27 to ubiquitin was much greater in
extracts from growing cells than in extracts from G1-arrested
cells. It was also found that the phosphorylation of p27 on
T187 by Cdk2/cyclin E is required for p27-ubiquitin ligation
in vitro,® as is the case in vivo.””) Having established that the
cell-free system accurately reflects the characteristics of p27
ubiquitylation in cells, we then proceeded to utilize this cell-
free system to identify the ubiquitin ligase (E3 enzyme)
involved in this process. Because of the requirement for the
phosphorylation of the p27 substrate, we suspected that an
SCF-type (Skp1-cullinl-F-box protein) ubiquitin ligase might
be involved. SCF complexes comprise a large family of
ubiquitin—protein ligases, whose variable F-box protein sub-
units recognize a variety of phosphorylated protein substrates
(reviewed in ref. [38]). We have identified Skp2 (S-phase
kinase-associated protein2) as the specific F-box protein
component of an SCF complex that ubiquitylates p27, based
on the following biochemical evidence: 1) Immunodepletion
of extracts from proliferating cells with an antibody directed
against Skp2 abolished p27-ubiquitin ligation activity;
2) addition of recombinant, purified Skp2 to such immuno-
depleted extracts completely restored p27-ubiquitin ligation;
3) specific binding of p27 to Skp2, dependent upon phosphor-
ylation of p27 on TI187, could be demonstrated in vitro.
Combined with further in vivo evidence from the Pagano
group, Skp2 was identified as the specific and rate-limiting
component of an SCF complex that targets p27 for degrada-
tion.”? It is notable that levels of Skp2 also oscillate in the cell
cycle, being very low in G1, increasing upon entry of cells into
the S-phase, and declining again later on.*”) These fluctua-
tions in Skp2 levels provide an important mechanism for cell-
cycle, stage-specific regulation of p27 degradation.

We next tried to reconstitute the SCF*P* system that
ligates p27 to ubiquitin from purified components. We found
that in addition to the known components (cullin 1, Skpl,
Skp2, Rocl, Cdk2/cyclin E, E1, and the E2 enzyme Cdc34), an
additional protein factor is required for this reaction. We have
purified the missing factor from extracts of HeLa cells and
have identified it as Cksl (cyclin kinase subunit 1), both by
mass spectrometry sequencing and by functional reconstitu-
tion with recombinant Cksl protein.[*!l Cks1 belongs to the
highly conserved Sucl/Cks family of proteins, which bind to
some cyclin-dependent kinases and to phosphorylated pro-
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teins, and are essential for several cell-cycle transitions.*
Human Cksl, but not other members of this protein family,
reconstituted p27-ubiquitin ligation in a completely purified
system. While all members of the Sucl/Cks protein family
have Cdk-binding and anion-binding sites, only mammalian
Cks1 binds to Skp2 and promotes the association of Skp2 with
p27 phosphorylated on T187.™!! Similar results were inde-
pendently obtained by another research group.¥! More
recently, we have mapped the Skp2 binding site of Cksl by
site-directed mutagenesis and found that it is located on a
region that includes the a2 and al helices, well separated
from the other two binding sites of Cksl. All three binding
sites of Cksl are required for its action to promote p27-
ubiquitin ligation and for the association of Skp2 with T-187-
phosphorylated p27.*Y Based on these and on further
observations a model was proposed, according to which
Cksl serves as an adaptor necessary for enzyme-substrate
interaction: the Skp2—-Cks1 complex binds to phosphorylated
p27, a process which requires the anion-binding site of Cksl.
The affinity of Skp2 to the substrate is then further
strengthened by the association of the Cdk binding site of
Cksl with Cdk2/cyclin E, to which phosphorylated p27 is
tightly bound.™ It is notable that the expression of Cks1 also
oscillates in the cell cycle,*** providing an additional
mechanism for the regulation of p27 degradation.

8. Concluding Remarks

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

In experimental sciences, including biochemistry, discoveries
are not made by a single person, but require the assistance of
dedicated research teams and the help of friends, colleagues,
and collaborators. In my laboratory at the Technion, Haifa, 1
was very fortunate to receive devoted help, at different times
over a period of more than 30 years, from Dvora Ganoth,
Hanna Heller, Esther Eytan, Sarah Elias, Clara Segal, and
from my wife, Judith Hershko. Among my former graduate
students, Aaron Ciechanover did tremendous work in the
exciting times of the discovery of ubiquitin—protein ligation
25 years ago. Subsequently, many other graduate students (too
many to list here) did very important work on the basic
biochemistry of the ubiquitin system and more recently, on
some roles of this system in cell-cycle control. Out of my
several friends/collaborators, mentioned here, Irwin Rose had
a very special role. My association with Ernie started with a
sabbatical year in his laboratory in Fox Chase Cancer Center,
Philadelphia, in 1977-1978 (see also the biography at the
beginning of this Review). During this year, I continued to
work on the initial fractionation of the reticulocyte system and
the purification of ubiquitin, which we started in Haifa. In the
following summer of 1979, Ernie invited me back to his
laboratory, together with my graduate student Aaron Ciechan-
over and research assistant Hanna Heller. When we got there
we already knew, from work done in the Haifa lab, that
ubiquitin becomes bound to proteins in an ATP-dependent
process. However, the discovery that a covalent amide bond is

Figure 13. At the end of summer of 1979 in Fox Chase Cancer Center,
Philadelphia. Seated left to right: Avram Hershko, Sandy Goldman,
Jessie Warms, Hanna Heller. Standing left to right: Zelda Rose, Arthur
Haas, Aaron Ciechanover, Mary Williamson, Irwin Rose, Keith Wilkin-
son, and Leonard Cohen (last three people standing on the right side
not identified).
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formed between ubiquitin and the substrate protein was made
together with Ernie Rose in that summer in Philadelphia. A
group picture, taken at the end of this memorable summer of
1979 at Fox Chase Center, included the people involved
(Figure 13). The results of this summer’s work are reported in

ref. [16].
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Intracellular Protein Degradation: From a Vague Idea,
through the Lysosome and the Ubiquitin—-Proteasome
System, and onto Human Diseases and Drug Targeting

(Nobel Lecture)**

Aaron Ciechanover*

Between the 1950s and 1980s, scientists were focusing mostly on how
the genetic code is transcribed to RNA and translated to proteins, but
how proteins are degraded has remained a neglected research area.
With the discovery of the lysosome by Christian de Duve it was
assumed that cellular proteins are degraded within this organelle. Yet,
several independent lines of experimental evidence strongly suggested
that intracellular proteolysis is largely non-lysosomal, but the mech-
anisms involved remained obscure. The discovery of the ubiquitin—
proteasome system resolved the enigma. We now recognize that
degradation of intracellular proteins is involved in regulation of a
broad array of cellular processes, such as the cell cycle and division,
regulation of transcription factors, and assurance of the cellular quality
control. Not surprisingly, aberrations in the system have been impli-
cated in the pathogenesis of human disease, such as malignancies and
neurodegenerative disorders, which led subsequently to an increasing
effort to develop mechanism-based drugs.
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1. Biographical Notes

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

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

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

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

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

The question of timing was an important one, as despite
centuries of continuous persecution and discrimination in
Europe, the initial idea to establish a Jewish State had been
the dream of a few. Only small groups of Jews settled in Israel
during the 18th, 19th, and the beginning of the 20th century. It
was only towards the end of the 19th century, with the ideas of
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Herzel and the moves that led to the Balfour declaration (the
British Minister of Foreign Affairs who declared in 1917 the
recognition of the need for a Jewish homeland) that an active
Zionist movement and Institutions were established, resulting
in the translation of the dream into reality. Yet, it took an
enormous amount of courage and daring by these European
Jews to materialize this dream and try to establish, with
almost no resources or support, a homeland in a place they
had dreamt of for two thousand years, but that was not theirs
at the time. The process was clearly accelerated by the heavy
clouds that then covered the skies of Europe and that ended
with the Holocaust. Many members of my parents’ families
immigrated to Israel before the Holocaust, but those who
remained in Poland perished at the hands of the murderous
Germans and their loyal Polish collaborators. The conversion
of this movement into a State at that particular time (1947-
1948) was no doubt the direct historical result of the
holocaust, and symbolized the rise of the Jewish Nation
from ash.

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

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

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

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

Falling in Love with Biology

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

After several years of amateurish flirting with biology, I
decided to formalize my knowledge and love of biology, and
to major in Biology in high-school. While my years in
elementary (1953-1959) and junior-high (1959-1962) school
were mostly uneventful and passed without any thoughts on
my future, the last two years in “Hugim” (Circles) high-school
in Haifa (1963-1965) were not. I had wonderful and inspiring
teachers in biology (Naomi Nof), chemistry (Na’ama Green-
spon), and physics and mathematics (Harry Amitay). Biology
at that time was largely a descriptive discipline: while we
studied the mechanism of conversion of glucose into H,O and
CO, and production of energy in yeast and mammals (and the
opposite process of photosynthesis in plants), and became
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acquainted with simple graphic descriptions of mitotic and
meiotic cell divisions, most of our studies were devoted to
detailed descriptions of the flora and fauna in our region, to
comparative zoology (I remember well the efforts invested in
memorizing the twelve differences between the frog and the
toad, or between the circulatory systems and skeletal
structure of the cat and dog), and to basic descriptive
human anatomy and physiology (for example, how the
human skeleton enables posture to be maintained). Pathoge-
netic mechanisms of diseases had not been mentioned, and
the structure of DNA and the genetic code had entered our
textbooks only towards the end of our high-school studies, in
1964/65. On the other hand, chemistry and physics appeared
to me, maybe naively, to be strong mechanistic disciplines
built on solid mathematical foundations. As a result, I had a
deep feeling that the future somehow resided in biology, in
deciphering basic mechanisms, as so little was then known.
Yet, the complexity of biological and pathological processes
looked to me enormous, almost beyond our ability to grasp,
and I was intimidated: while I was clearly attracted to the
secrets of biology, I was afraid to get lost. Importantly, I had
nobody around, close enough, to consult, to clarify my
thoughts. While deliberating between the largely unknown of
biology and what I naively thought were the already well-
founded physics and chemistry, medicine emerged as a
compromise.

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

How My Love of Biology Evolved To Become a Career

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

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

The Faculty of Medicine had a special, one-year program
for the few who elected to broaden their knowledge in basic
research, and I decided to major in biochemistry. I had to
convince my brother that this was the right thing to do, as I
needed his help to further postpone my military service by
one year. This was not easy, as he too had a “dream”—to see
me independent with a profession from which I could make
my living, and which in the traditional Jewish spirit was
nothing else but practical medicine. Following our parents’
death, he felt he was responsible for my future and well-being,
and wanted to see me independent as soon as he could. I
nevertheless managed to convince him, and during that year
(1969-1970), under the guidance of first-rate biochemists,
Jacob Bar-Tana and Benjamin Shapira, I investigated mech-
anisms of CCl,-induced fatty liver in a rat model, and
discovered that it may be caused, at least partially, by an
increased activity of phosphatidic acid phosphatase, a key
enzyme involved in di- and triglyceride biosynthesis. Com-
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pleting this research year (and obtaining an MSc degree), I
knew I had found a new love—biochemistry. Jacob and
Benjamin walked me through the exciting maze of biochem-
ical pathways, and I was mystified. Yet, the consummation
was still far away. Being loyal to the promise I made to my
brother, and also to my commitment to the Israeli army, I
completed the clinical years (1970-1972) and graduated
Medical School.

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

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

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

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

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

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

Historically, it spanned an interesting period. Initially I
served in the navy, as a physician in the missile boats fleet. The
year was 1973, immediately after the October Day of
Atonement (Yom Kippur) war, and Israel faced a problem
of protecting its southern gates, the Red Sea and the narrow
Tiran (Sharm-a-Sheikh) strait that led to the port of Eilat.
These were threatened by the Arab countries that neighbored
the Red Sea, mostly Saudi Arabia and Egypt but also Yemen
and Somalia, and Israel had to stretch its marine arm. To do
so, it was necessary to transfer missile boats from the main
naval bases in the Mediterranean to the Red Sea. At that time
Israel did not have diplomatic relationship with Egypt, and
the Suez Canal was closed by ships sunk by the Egyptians
during the June 1967 Six Day War, so the decision was made
to bring the boats from Haifa to Filat, sailing through the
Mediterranean Sea, and around the West and then East coasts
of Africa. I was the physician on the “Reshef”, one of the two
boats (modern Israeli missile boats that were built in the
Haifa naval shipyard) selected for the mission. One can
imagine that for small missile boats, such a long (several
weeks) voyage, a large part of it in the open oceans, is rather
complicated, and for many reasons also risky. Beyond fueling
and provision of supplies and spare parts to the crews and
boats, one has to think of sailing in waterways surrounded by
hostile countries, many miles away from home and a long
flight distance for the Israeli Air Force. Another problem was
obviously medical, how one treats emergencies, from possible
gunshot wounds through “simple” daily problems like appen-
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dicitis, in a small ship, far from any medical facility and with
limited diagnostic and treatment capabilities. I was partic-
ularly concerned, as I was a young physician with almost no
clinical experience. I assume this would have been a challenge
for more experienced physicians as well. Luckily, the voyage
was smooth.

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

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

Discovery of the Ubiquitin System—Graduate Studies

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

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

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

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

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

I will not describe here the detailed history of the
discovery of the ubiquitin system, but rather highlight two
important points along the five years of my exciting graduate
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studies (1976-1981) with Avram and Irwin A. (Ernie) Rose
that led to the discovery of the system. The more detailed
history can be found in several review articles written on the
system at that time (see, for example, A. Hershko, A.
Cienchanover, Annu. Rev. Biochem. 1982, 51, 335-364) and
later, and in the accompanying Nobel Lecture.

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

Standing at a crossroads, we (luckily but thoughtfully)
decided to start first with purification and characterization of
the active component in fraction I. We decided so, because
fraction I was the hemoglobin-containing fraction that did not
adsorb onto the resin, and therefore we thought that it should
not contain too many additional proteins. In the summer of
1977, ten months after I started my studies, Avram departed
to a sabbatical with Ernie at the Fox Chase Cancer Center in
Philadelphia, USA, and left me with the task of purifying the
active component from fraction I. After many unsuccessful
trials (along with another graduate student of Avram, Yaacov
Hod), my colleague Mickey Fry, who was appointed as my
substitute thesis advisor for this year (1977/78), came up with
the “crazy” idea to heat fractionI and see if the active
component was heat-stable, and indeed it was. He did so as all
our attempts to resolve the activity from hemoglobin—
despite the large difference in the molecular mass between
the active protein (ca. 10 kDa) and hemoglobin (65 kDa)—
failed. Following 5-10 min at 90°C, the hemoglobin in crude
fraction I was “cooked” and precipitated like mud, and the
activity remained soluble in the supernatant. It was hard to
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believe it was a protein, but Mickey remembered several
other heat-stable proteins. Immediately after, we showed
directly that the activity in fraction I was also a protein: it was
sensitive to trypsin and precipitable with ammonium sulfate.
Further characterization revealed that the protein had a
molecular mass of about 8500 Da, and we called it ATP-
dependent proteolysis factor-1 (APF-1). All along the way I
corresponded with Avram, sent him the data, and during his
sabbatical we wrote the paper for Biochemical and Biophys-
ical Research Communications.

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

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

Another important development also occurred during our
stay in Ernie’s laboratory, and I am not sure whether it was
shear luck or serendipity, probably both. We were not aware
of any other precedent of a modification of a protein by
another protein. The neighboring laboratories of Martin
Nemer, Alfred Zweidler, and Leonard Cohen studied dynam-
ics of variants of different histones during sea urchin
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development. They drew our attention to a protein called
A24 (uH2A) which was discovered earlier by Ira Goldknopf
and Harris Busch, and that was a covalent conjugate between
two proteins: a small, approximately 8.5 kDa protein called
ubiquitin and histone 2A (H2A). Goldknopf and Busch, and
in parallel Margaret Dayhoff, identified the nature of the
bond between the two protein moieties in the conjugate. They
found that the ubiquitin—histone bond was an isopeptide/
bifurcated bond between the C-terminal Gly™ residue in the
ubiquitin moiety, and the &-NH, group of Lys'" in the histone
moiety of the conjugate. The role of this conjugate was not
clear at the time, though its level was found to be dynamic and
change during differentiation, when the histone moiety is
subjected to ubiquitination and deubiquitination.

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

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

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

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

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

The Interaction with Irwin Rose

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

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

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

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

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

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

I had several ideas in mind of where to go. The choice was
quite narrow and also risky, as I did not have any idea of how
much independence I could have as a postdoctoral fellow.
Searching for a mentor, and with the advice of my colleague
Mickey Fry, I looked for scientists whose work was related to
regulated proteolysis. I wrote to Giinter Blobel in the
Rockefeller University, who worked at that time on trans-
location of proteins to the endothelium reticulum (ER), a
process which involves cleavage of the leader peptide by
signal peptidase, to Jeffrey Roberts in Cornell, who worked
on E. coli RecA protein directed cleavage of phage A repres-
sor and its requirement for polynucleotide, and to Harvey
Lodish at the MIT, who worked, among other subjects, on the
processing of viral polyproteins. I am not sure Harvey was
that impressed with the ubiquitin system at that time, but he
was the only one to respond positively. Typical of his etiquette
(as I learnt later), his response was prompt and direct, and he
invited me for an interview, after which he accepted me.
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Giinter was kind enough to let me know he did not have space
in his laboratory at that time, and Jeffrey never responded.

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

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

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

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

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

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

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

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

Identification of the defect in the cells was not too
difficult, as we used the isolation technique of the conjugation
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enzymes developed in Haifa, and demonstrated that the
defect results from a temperature-sensitive ubiquitin-activat-
ing enzyme El1, the first enzyme in the ubiquitin system
cascade. Importantly, inactivation of the enzyme led to
inhibition of ubiquitin conjugation to the general population
of cellular proteins, and was not confined to inhibition of
conjugation of histone H2A. Consequently, degradation of
short-lived proteins was also inhibited, demonstrating that the
same enzyme that is involved in ubiquitin activation for
histone modification is also involved in activation of ubiquitin
for modification of substrates destined for degradation.
Identification and characterization of the cell defect further
corroborated our earlier general hypothesis that ubiquitina-
tion signals proteins for degradation, and that it also occurs in
nucleated cells, a finding we had already demonstrated,
albthough indirectly, in Haifa, using the anti-ubiquitin anti-
body. Since the ts85 cell was also a cell-cycle-arrest mutant,
we hypothesized, but did not prove experimentally at the
time, that the system might be involved in regulating the cell
cycle, a hypothesis that later turned out to be correct.

The Return to Israel—Independent Research Career

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

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

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

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

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

At that point, towards the end of the 1980s, we felt it was
time to move from studying model substrates to investigating
the fate of specific native cellular substrates. We have shown
that an important group of cell regulators—tumor suppres-
sors (e.g. pS3) and growth promoters (c-Myc)—are targeted
by the ubiquitin cell-free system. We believed that this was
true also for the targeting of these substrates in vivo, which
later turned out to be correct. We continued and demon-
strated that, unlike the thinking in the field until that time,
that degradation of proteins in the lysosome proceeds
independently from the ubiquitin system, the two proteolytic
pathways are actually linked to one another, and ubiquitina-
tion is required for stress-induced lysosomal degradation of
cellular proteins. This area later evolved in a dramatic
manner, and engulfed involvement of the ubiquitin system
in receptor-mediated endocytosis and autophagy. Other
studies involved elucidation of some of the mechanisms
involved in the two-step ubiquitin-mediated proteolytic
activation of the transcriptional regulator NF-«xB, demonstra-
tion of a role for heat-shock proteins in targeting certain
protein substrates, and identification of a novel mode of
ubiquitination at the N-terminal residue of the protein
substrate. This modification is clearly different and distinct
from recognition of the substrate by E3a at the N-terminal
residue. In the latter case, the ligase binds to the N-terminal
residue while ubiquitination occurs on an internal lysine. In
N-terminal ubiquitination, modification occurs at the N-
terminal residue, while the ligase binds, most probably, to an
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internal sequence in the protein target molecule. This subject
has evolved in a surprising manner and changed another
paradigm in the field that ubiquitination is limited to internal
lysine(s) of the target substrate. We, and later others, have
shown that the phenomenon is not limited to the one protein
we identified initially (the muscle-specific transcriptional
regulator MyoD), and identified a large group of proteins that
undergo N-terminal ubiquitination. This group of proteins
contain many that have internal lysine(s), but for some reason
these residues cannot be targeted, and interestingly also a
large group of proteins (such as pl6™** that plays an
important role in cell-cycle regulation) that are devoid of
any lysine residue. To be degraded by the ubiquitin system
they must undergo N-terminal ubiquitination.

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

Unpaid Debts

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

I also owe special thanks to all my mentors, who each
contributed in their own way to my upbringing as a scientist. I
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have to thank Jacob Bar-Tana and Benjamin Shapira for
taking me, hand in hand, through the complex maze of
metabolic pathways, thus enabling me to fall in love with
Biochemistry. Their enthusiasm and deep thinking convinced
me, at a critical stage of my development, to pursue a career in
biological sciences. I owe a big debt to my mentor, Avram
Hershko, with whom I have come a long way in discovering
the ubiquitin system, and from whom I learnt the very basic
principles of how to approach a scientific problem. I owe
special thanks to Ernie Rose for showing me that ordered
thinking is not always necessary in science, and is even
interfering at times, and that being erratic and disordered,
absent minded at times, collecting sparks from all over the
place, can yield wonderful ideas and results. Last, I owe a
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huge debt to Harvey Lodish, who is not only a great cell
biologist, but a wonderful spiritual mentor in a different way
to how we tend to think of mentors. He gave me complete
freedom to choose my own way, but did not let me fall. He
always listened carefully and helped me to analyze data, and
with his deep insight was able to find in the ocean of my
numbers and graphic analyses new routes and pathways that I
could have never seen or thought of. He used to gently
comment on my approach when he felt I derailed, and helped
redirecting me. Yet, he was never imposing: Harvey’s active
passive educational approach is truly unique. I owe many
thanks to all my colleagues, in particular Alan Schwartz, [asha
Sznajder, and Kazuhiro Iwai, who helped me in many ways
along this long voyage. I must also mention my laboratory
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research associates, initially Sarah Elias and then Hedva
Gonen and Beatrice Bercovich, who have become my eyes
and hands since I established my own laboratory. Last but not
least, my wonderful graduate students, fellows, and visiting
scientists, with whom I discovered new and exciting paths in
the rapidly evolving and exciting ubiquitin field.

2. Introduction

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

The concept that body structural proteins are static and
the dietary proteins are used only as a fuel was challenged by
Rudolf Scheonheimer at Columbia University in New York
city. Schoenheimer, like many other Jewish scientists (for
example, Albert Einstein), escaped from Germany after the
rise of the Nazis, and joined the Department of Biochemistry
in Columbia University, founded by Hans T. Clarke.'* There
he met Harold Urey who was working in the Department of
Chemistry and who discovered deuterium, the heavy isotope
of hydrogen, a discovery that enabled him to prepare heavy
water, D,0. David Rittenberg, who had recently received his
PhD in Urey’s laboratory, joined Schoenheimer, and together
they entertained the idea of “employing a stable isotope as a
label in organic compounds, destined for experiments in
intermediary metabolism, which should be biochemically
indistinguishable from their natural analog”."

Urey later succeeded in enriching nitrogen with '°N, which
provided Schoenheimer and Rittenberg with a “tag” for
amino acids and thus for their study on protein dynamics.
They discovered that following administration of "N-labled
tyrosine to rats, only about 50 % was recovered in the urine,
“while most of the remainder is deposited in tissue proteins. An
equivalent of protein nitrogen is excreted”. They further
discovered that from the half that was incorporated into body
proteins “only a fraction was attached to the original carbon
chain, namely to tyrosine, while the bulk was distributed over
other nitrogenous groups of the proteins” ¥ mostly as an NH,
group in other amino acids. These experiments demonstrated
unequivocally that the body structural proteins are in a
dynamic state of synthesis and degradation, and that even
individual amino acids are in a state of dynamic interconver-
sion. Similar results were obtained using ’N-labled leucine."!

This series of findings shattered the paradigm in the field
at that time that: 1) ingested proteins are completely metab-
olized and the products are excreted, and 2)that body
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structural proteins are stable and static. Schoenheimer was
invited to deliver the prestigious Edward K. Dunham lecture
at Harvard University where he presented his revolutionary
findings. After his untimely tragic death in 1941, his lecture
notes were edited by Hans Clarke, David Rittenberg, and
Sarah Ratner, and were published in a small book by Harvard
University Press. The editors called the book The Dynamic
State of Body Constituents,® adopting the title of Schoen-
heimer’s presentation. In the book, the new hypothesis is
clearly presented: “The simile of the combustion engine
pictured the steady state flow of fuel into a fixed system, and the
conversion of this fuel into waste products. The new results
imply that not only the fuel, but the structural materials are in a
steady state of flux. The classical picture must thus be replaced
by one which takes account of the dynamic state of body
structure”. However, the idea that proteins are turning over
was not accepted easily and was challenged as late as the mid-
1950s. For example, Hogness and colleagues studied the
kinetics of P-galactosidase in E. coli and summarized their
findings:"! “To sum up: there seems to be no conclusive
evidence that the protein molecules within the cells of
mammalian tissues are in a dynamic state. Moreover, our
experiments have shown that the proteins of growing E. coli are
static. Therefore it seems necessary to conclude that the
synthesis and maintenance of proteins within growing cells is
not necessarily or inherently associated with a ’dynamic state™ .
While the experimental study involved the bacterial (-
galactosidase, the conclusions were broader, and included
also the authors’ hypothesis on mammalian proteins. The use
of the term “dynamic state” was not incidental, as they
challenged directly Schoenheimer’s studies.

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

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

The lysosomal/vacuolar system as we currently recognize
it is a discontinuous and heterogeneous digestive system that
also includes structures that are devoid of hydrolases, for
example, early endosomes which contain endocytosed recep-
tor-ligand complexes and pinocytosed/phagocytosed extra-
cellular contents. At the other extreme it includes the residual
bodies—the end products of the completed digestive pro-
cesses of heterophagy and autophagy. In between these
extremes one can observe: primary/nascent lysosomes that
have not yet been engaged in any proteolytic process; early
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Figure 1. The lysosome: Ultrathin cryosection of a rat PC12 cell that
had been loaded for 1 h with bovine serum albumin (BSA)-gold (5-nm
particles) and immunolabeled for the lysosomal enzyme cathepsin B
(10-nm particles) and the lysosomal membrane protein LAMP1 (15-
nm particles). Lysosomes are recognized also by their typical dense
content and multiple internal membranes. Scale bar, 100 nm.

Printed with permission from Viola Oorschot and Judith Klumperman,
Department of Cell Biology, University Medical Centre, Utrecht,

The Netherlands.

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

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

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

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

First was the gradually emerging notion, coming from
different laboratories, that different proteins vary in their
stability, and their half-life times (¢,,,) can span three orders of
magnitude—from a few minutes to many days. Thus, the #,,, of
ornitihine decarboxylase (ODC) is about 10 min, while that of
glucose-6-phosphate dehydrogenase (G6PD) is 15h (for
review articles, see, for example, Refs. [13,14]). Also, the
rates of degradation of many proteins were shown to change
with changing physiological conditions, such as availability of
nutrients or hormones. It was conceptually difficult to
reconcile the findings of distinct half-lives of different
proteins with the mechanism of action of the lysosome,
where the micro-autophagic vesicle contains the entire cohort
of cellular (cytosolic) proteins that are therefore expected to
degrade at the same rate. Likewise, if micro- and macro-
autophagy had been the mechanisms that mediate intra-
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cellular proteolysis, changing pathophysiological conditions,
such as starvation or resupplementation of nutrients, would
have been expected to affect the stability of all cellular
proteins to the same extent. Clearly, this was not the case.

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

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

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

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

Nevertheless, scientists tried to “defend” the lysosomal
model. According to one model, it was proposed that
different proteins have different sensitivities to lysosomal
proteases, and their half lives in vivo correlate with their
sensitivity to the action of lysosomal proteases in vitro.!” To
explain an extremely long half-life for a protein that is
nevertheless sensitive to lysosomal proteases, or alterations in
the stability of a single protein under various physiological
states, it was suggested that although all cellular proteins are
engulfed into the lysosome, only the short-lived proteins are
degraded, whereas the long-lived proteins exit back into the
cytosol: “To account for differences in half-life among cell
components or of a single component in various physiological
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states, it was necessary to include in the model the possibility of
an exit of native components back to the extralysosomal
compartment” 1%

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

More recent studies have shown that at least for stress-
induced macro-autophagy, KFERQ, a general sequence of
amino acids that in its general structure was identified in
many proteins, directs, by binding to a specific “receptor” and
in cooperation with cytosolic and lysosomal chaperones, the
regulated entry of many cytosolic proteins into the lysosomal
lumen. While further corroboration of this hypothesis is still
required, it explains the mass entry of a large population of
proteins that contain a homologous sequence, but not the
targeting for degradation of a specific protein under defined
conditions (reviewed in Refs. [20,21]). The energy require-
ment for protein degradation was described as indirect, and
necessary, for example, for protein transport across the
lysosomal membrane® and/or for the activity of the HY
pump and the maintenance of the low acidic intralysosomal
pH that is necessary for optimal activity of the lysosomal
proteases.’®l We now know that both mechanisms require
energy. In the absence of any alternative, and with lysosomal
degradation as the most logical explanation for targeting all
known classes of proteins at the time, Christian de Duve
summarized his view on the subject in a review article
published in the mid-1960s, saying: “Just as extracellular
digestion is successfully carried out by the concerted action of
enzymes with limited individual capacities, so, we believe, is
intracellular digestion”.” The problem of different sensitiv-
ities of distinct protein groups to lysosomal inhibitors has
remained unsolved, and may have served as an important
trigger in the future quest for a non-lysosomal proteolytic
system.

Progress in identifying the elusive, non-lysosomal proteo-
lytic system(s) was hampered by the lack of a cell-free
preparation that could faithfully replicate the cellular pro-
teolytic events, degrading proteins in a specific and energy-
requiring mode. An important breakthrough was made by
Rabinovitz and Fisher who found that rabbit reticulocytes
degrade abnormal, amino acid analogue containing hemo-
globin.® Their experiments modeled known disease states—
the hemoglobinopathies. In these diseases abnormal mutated
hemoglobin chains (such as sickle cell hemoglobin) or excess
of unassembled normal hemoglobin chains (which are
synthesized normally, but accumulate and found in excess in
thalassemias, diseases in which the pairing chain is not
synthesized at all or is mutated and rapidly degraded, and
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consequently the hemoglobin complex is not assembled) are
rapidly degraded in the reticulocyte.’®?” Reticulocytes are
terminally differentiating red blood cells that do not contain
lysosomes. Therefore, it was postulated that the degradation
of hemoglobin in these cells is mediated by a non-lysosomal
machinery.

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

4. The Lysosome Hypothesis Is Challenged

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

The evolvement of methods to monitor protein kinetics in
cells, together with the development of specific and general
lysosomal inhibitors, has resulted in the identification of
different classes of cellular proteins, long- and short-lived, and
the discovery of the differential effects of the inhibitors on
these groups (see, for example, Refs. [30,31]). An elegant
experiment in this respect was carried out by Brian Poole and
his colleagues at the Rockefeller University. Poole was
studying the effects on proteolysis of lysosomotropic
agents—weak bases such as ammonium chloride and chlor-
oquine—that accumulate in the lysosome and dissipate its low
acidic pH. It was assumed that this mechanism also underlies
the antimalarial activity of chloroquine and similar drugs,
where they inhibit the activity of the parasite’s lysosome,
“paralyzing” its ability to digest the host’s hemoglobin during
the intraerythrocytic stage of its life cycle. Poole and his
colleagues metabolically labeled endogenous proteins in
living macrophages with *H-leucine and “fed” them with
dead macrophages that had been previously labeled with “C-
leucine. They assumed, apparently correctly, that the dead
macrophages debris and proteins will be phagocytosed by the
live macrophages and targeted to the lysosome for degrada-
tion. They monitored the effect of lysosomotropic agents on
the degradation of these two protein populations. In partic-
ular, they studied the effect of the weak bases chloroquine
and ammonium chloride (which enter the lysosome and
neutralize the H* ions), and the acid ionophore X537A which
dissipates the H* gradient across the lysosomal membrane.
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They found that these drugs specifically inhibited the
degradation of extracellular proteins, but not that of intra-
cellular proteins.*

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

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

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

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

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

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

5. The Ubiquitin—Proteasome System

The cell-free proteolytic system from reticulocytes® !
turned out to be an important and rich source for the
purification and characterization of the enzymes that are
involved in the ubiquitin-proteasome system. Initial fraction-
ation of the crude reticulocyte cell extract on the anion-
exchange resin diethylaminoethylcellulose (DEAE) yielded
two fractions which were both required to reconstitute the
energy-dependent proteolytic activity that was identified in
the crude extract: The unadsorbed, flow-through material was
denoted fraction I, and the adsorbed proteins which were
eluted with a high concentration of salt was denoted
fraction IT (Table 2).5%

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

Fraction Degradation of [’H]globin [%)]
—ATP +ATP
lysate 1.5 10.0
fraction | 0.0 0.0
fraction Il 1.5 2.7
fraction | + fraction Il 1.6 10.6

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

Second, learning from this reconstitution experiment and
the essential dependence of the two active components, we
continued to reconstitute activity from resolved fractions
whenever we encountered a loss of activity in further
purification steps. This biochemical “complementation”
approach resulted in the discovery of additional enzymes in
the system, which are all required to be present in the reaction
mixture in order to catalyze the multistep proteolysis of the
target substrate. We chose first to purify the active component
from fraction I. It was found to be a small, about 8.5 kDa
heat-stable protein that was designated ATP-dependent
proteolysis factor 1 (APF-1). APF-1 was later identified as
ubiquitin (see below; I am using the term APF-1 to the point
at which it was identified as ubiquitin, and then change
terminology accordingly). In retrospect, the decision to start
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the purification efforts with fractionI turned out to be
important, as fraction I contained only one single protein,
APF-1, that was necessary to stimulate proteolysis of the
model substrates we used at the time, BSA and lysozyme,
while fraction II turned out to contain many additional active
factors. Later studies showed that fraction I contains other
components necessary for the degradation of other substrates,
but these were not necessary for the reconstitution of the
system at that time. This enabled us not only to purifty APF-1,
but also to quickly decipher its mode of action. If we had
started our purification efforts with fraction II, we would have
encountered a significantly bumpier road. A critically impor-
tant finding that paved the road for future developments in
the field was that multiple moieties of APF-1 are covalently
conjugated to the target substrate when incubated in the
presence of fraction I, and the modification requires ATP
(Figures 3 and 4).5>* It was also found that the modification
is reversible, and APF-1 can be removed from the substrate or
its degradation products.[*"!

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

i Vo APF 1
‘ |
10f
+ATP
s 7

— ATP

cpm X 10°*

Free iodine

o A 1 . 4
10 20 30 40 50 60
Fraction

Figure 3. APF-1/ubiquitin is shifted to high-molecular-mass com-
pound(s) following incubation in an ATP-containing crude cell extract.
'2|.labeled APF-1/ubiquitin was incubated with reticulocyte crude frac-
tion Il in the absence (0) or presence (@) of ATP, and the reaction
mixtures were resolved by gel-filtration chromatography. The radioac-
tivity measured in each fraction is shown. As can be seen, following
addition of ATP, APF-1/ubiquitin becomes associated with some
component(s) (another enzyme of the system or its substrate(s)) in
fraction Il. Printed from Ref. [39] with permission from the National
Academy of Sciences.
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Figure 4. Multiple molecules of APF-1/ubiquitin are conjugated to the
proteolytic substrate, probably signaling it for degradation. To analyze
the data described in the experiment depicted in Figure 3 mechanisti-
cally and to test the hypothesis that APF-1 is conjugated to the target
proteolytic substrate, '?°I-APF-1/ubiquitin was incubated along with
crude fraction Il in the absence (lane 1) or presence (lanes 2-5) of ATP
and in the absence (lanes 1, 2) or presence (lanes 3-5) of increasing
concentrations of unlabeled lysozyme. Reaction mixtures resolved in
lanes 6 and 7 were incubated in the absence (lane 6) or presence

(lane 7) of ATP, and included unlabeled APF-1/ubiquitin and '?I-
labeled lysozyme. C1-C6 denote specific APF-1/ubiquitin-lysozyme
adducts in which the number of APF-1/ubiquitin moieties bound to
the lysozyme moiety of the adduct increases, probably from 1 to 6.
Reaction mixtures were resolved by SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) and visualized following exposure of the gel to an X-
ray film (autoradiography). Printed from Ref. [40] with permission from
the National Academy of Sciences.

acid analysis of APF-1, along with its known molecular mass
and other general characteristics, raised the suspicion that
APF-1 was ubiquitin,*!! a known protein of previously
unknown function. Indeed, Wilkinson and colleagues con-
firmed unequivocally that APF-1 was indeed ubiquitin.*?
Ubiquitin is a small, heat-stable, and highly evolutionarily
conserved protein of 76 residues. It was first purified during
the isolation of thymopoietin! and was subsequently found
to be ubiquitously expressed in all kingdoms of living cells,
including prokaryotes.*! Interestingly, it was initially found to
have lymphocyte-differentiating properties, a characteristic
that was attributed to the stimulation of adenylate
cyclase.***) Accordingly, it was named UBIP for ubiquitous
immunopoietic polypeptide.[**| However, later studies showed
that ubiquitin is not involved in the immune response,*® and
that it was a contaminating endotoxin in the preparation that
generated the adenylate cyclase and the T-cell-differentiating
activities. Furthermore, the sequence of several eubacteria
and archaebacteria genomes as well as biochemical analyses
of cell extracts from these organisms (unpublished results)
showed that ubiquitin is restricted only to eukaryotes. The
finding of ubiquitin in bacterial®! was probably due to
contamination of the bacterial extract with yeast ubiquitin
derived from the yeast extract in which the bacteria were
grown. While, in retrospect, the name ubiquitin is a misnomer,
as it is restricted to eukaryotes and is not ubiquitous as was
previously thought, for historical reasons it has still main-
tained its name. Accordingly, and in order to avoid confusion,
I suggest that the names of other novel enzymes and
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components of the ubiquitin system, as well as of other
systems, should remain as they were first coined by their
discoverers.

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

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

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

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

Angew. Chem. Int. Ed. 2005, 44, 5944 —5967


http://www.angewandte.org

Ubiquitin in Protein Breakdown

cascade reaction of ubiquitin conjugation were purified by us.
These enzymes are: 1) E1, the ubiquitin-activating enzyme,
2) E2, the ubiquitin carrier protein, and 3) E3, the ubiquitin
protein ligase.”®*! The discovery of an E3 which is a specific
substrate-binding component indicated a possible solution to
the problem of the varying stabilities of different proteins—
they might be specifically recognized and targeted by differ-
ent ligases.

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

At this point, the only missing link was the identification
of the downstream protease that would specifically recognize
ubiquitinated substrates. Tanaka and colleagues identified a
second ATP-requiring step in the reticulocyte proteolytic
system, which occurred after ubiquitin conjugation,®™ and
Hershko and colleagues demonstrated that the energy is
required for conjugate degradation.[® An important advance
in the field was a discovery by Hough and colleagues, who
partially purified and characterized a high-molecular-mass
alkaline protease that degraded, in an ATP-dependent mode,
ubiquitin adducts of lysozyme, but not untagged lysozyme.*”!
This protease which was later called the 26S proteasome (see
below), provided all the necessary criteria for being the
specific proteolytic arm of the ubiquitin system.

This finding was confirmed and the protease was further
characterized by Waxman and colleagues who found that it is
an unusually large, approximately 1.5 MDa enzyme, unlike
any other known protease./®! A further advance in the field
was the discovery!®! that a smaller neutral multi-subunit
20S protease complex that was discovered together with the
larger 26S complex is similar to a “multicatalytic proteinase
complex” (MCP) that was found earlier in the bovine
pituitary gland by Wilk and Orlowski.”"! This 20S protease
is ATP-independent and has different catalytic activities:
cleaving on the carboxy-terminal side of hydrophobic, basic,
and acidic residues. Hough and colleagues raised the possi-
bility—although they did not show it experimentally—that
this 20S protease can be a part of the larger 26S protease that
degrades ubiquitin adducts.® Later studies showed that,
indeed, the 20S complex is the core catalytic particle of the
larger 26S complex.”"? However, strong evidence that the
active “mushroom”-shaped 26S protease was generated
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through the assembly of two distinct subcomplexes—the
catalytic 20S cylinder-like MCP and an additional 19S ball-
shaped subcomplex (that was predicted to have a regulatory
role)—was provided only in the early 1990s by Hoffman
et al.””! who mixed the two purified particles and generated
the active 26S enzyme.

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

Figure 5. The ubiquitin—proteasome proteolytic system: Ubiquitin is
activated by the ubiquitin-activating enzyme E1 (1), followed by its
transfer to a ubiquitin-carrier protein (ubiquitin-conjugating enzyme,
UBC) E2 (2). E2 transfers the activated ubiquitin moieties to the pro-
tein substrate that is bound specifically to a unique ubiquitin ligase
E3. The transfer is either direct ((3) in the case of RING finger ligases)
or via an additional thiol-ester intermediate on the ligase ((4, 4a) in
the case of HECT domain ligases). Successive conjugation of ubiquitin
moieties to one another generates a polyubiquitin chain that serves as
the binding (5) and degradation signal for the downstream 26S protea-
some. The substrate is degraded to short peptides (6), and free and
reusable ubiquitin is released by deubiquitinating enzymes (DUBs; 7).

particle (CP) that carries the catalytic activity, and a
regulatory 19S regulatory particle (RP). The 20S CP is a
barrel-shaped structure composed of four stacked rings, two
identical outer o rings and two identical inner f3 rings. The
eukaryotic o and f3 rings are composed each of seven distinct
subunits, giving the 20S complex the general structure o_;f3;_
Bisa;. The catalytic sites are localized to some of the
[ subunits. Each extremity of the 20S barrel can be capped by
a 19S RP each composed of 17 distinct subunits, 9 in a “base”
subcomplex, and 8 in a “lid” subcomplex. One important
function of the 19S RP is to recognize ubiquitinated proteins
and other potential substrates of the proteasome. Several
ubiquitin-binding subunits of the 19S RP have been identi-
fied, although their biological roles and mode of action have
not been discerned. A second function of the 19S RP is to
open an orifice in the o ring that will allow entry of the
substrate into the proteolytic chamber. Also, since a folded
protein would not be able to fit through the narrow
proteasomal channel, it is assumed that the 19S particle
unfolds substrates and inserts them into the 20S CP. Both the
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Figure 6. Structure of the proteasome. Printed
from Ref. [83] with permission from Nature Pub-
lishing Group. a) Electron microscopy image of
the 26S proteasome from the yeast Saccharomy-
ces cerevisiae; b) schematic representation of the
structure and function of the 26S proteasome.
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channel opening function and the
unfolding of the substrate require
metabolic energy, and indeed, the
19S RP “base” contains six differ-
ent ATPase subunits. Following
degradation of the substrate,
short peptides derived from the
substrate are released, as well as
reusable ubiquitin.

6. Concluding Remarks

The evolution of proteolysis
as a centrally important regula-
tory mechanism is a remarkable
example of the evolution of a
novel biological concept and the
accompanying battles to change
paradigms. The five-decade jour-
ney between the early 1940s and
early 1990s began with fierce
discussions on whether cellular
proteins are static, as had been
thought for a long time, or are
turning over. The discovery of the
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dynamic state of proteins was followed by the discovery of the
lysosome, that was believed between the mid-1950s and mid-
1970s to be the organelle within which intracellular proteins
are destroyed. Independent lines of experimental evidence
gradually eroded the lysosomal hypothesis and resulted in a
new idea that the bulk of intracellular proteins are
degraded—under basal metabolic conditions—by a non-
lysosomal machinery. This resulted in the discovery of the
ubiquitin system in the late 1970s and early 1980s.

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

Figure 7. Some of the different functions of modification by ubiquitin and ubiquitin-like proteins:

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

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

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

Aberrations in the ubiquitin system that result in disease
states are shown in Figure 8. Studies that employ targeted
inactivation of genes coding for specific ubiquitin system
enzymes and substrates in animals can provide a more
systematic view into the broad spectrum of pathologies that
may result from aberrations in ubiquitin-mediated proteol-
ysis. A better understanding of the processes and identifica-
tion of the components involved in the degradation of key
regulatory proteins will lead to the development of mecha-
nism-based drugs that will target specifically only the involved
proteins. While the first drug, a specific proteasome inhibitor
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is already on the market,®™ it appears that one important
hallmark of the new era we are entering now will be the
discovery of novel drugs based on the targeting of specific
processes such as inhibiting aberrant Mdm2- or E6-AP-
mediated accelerated targeting of the tumor suppressor p53
which will lead to regeneration of its lost function.

Many reviews have been published on different aspects of
the ubiquitin system. The purpose of this article was to bring
to the reader several milestones on the historical pathway
along which the ubiquitin system has evolved. For additional
reading on the ubiquitin system the reader is referred to the
many reviews written on the system, such as Refs. [81,82].
Some parts of this Review, including several figures, are based
on another recently published review article (Ref. [83]).
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Figure 8. Aberrations in the ubiquitin—proteasome system and pathogenesis of human dis-
eases: Normal degradation of cellular proteins maintains them at a steady-state level,
although this level may change under various pathophysiological conditions (right side, top
and bottom). When degradation is accelerated because of an increase in the level of an E3
(Skp2 in the case of p27, for example), or overexpression of an ancillary protein that gener-
ates a complex with the protein substrate and targets it for degradation (for example, the
human papillomavirus E6 oncoprotein that associates with p53 and targets it for degradation
by the E6-AP ligase, or the cytomegalovirus-encoded ER proteins US2 and US11 that target
MHC class | molecules for endoplasmic reticulum-associated degredation, ERAD), the
steady-state level of the protein decreases (top left). A mutation in a ubiquitin ligase (such
as occurs in adenomatous polyposis coli, or EG-AP in Angelmans’ syndrome), or in the sub-
strate’s recognition motif (such as occurs in f3-catenin or in ENaC), will result in decreased
degradation and accumulation of the target substrate (bottom left).
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A cubic Li,H, species can be isolated in molecular form through the
coordination of three HAI{N (SiMe;),}, ligands. Steric factors prevent
the coordination of a fourth ligand and result in the formation of an
aggregate with nearly perfect C; symmetry. For more information see
the Communication by M. Veith et al. on the following pages.
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Cubane-Like Li,H, and Li;H;Li(OH): Stabilized
in Molecular Adducts with Alanes**

Michael Veith,* Peter Konig, Andreas Rammo, and
Volker Huch

Lithium hydride forms molecular adducts, espe- N(SiMe,),
cially with boranes, R, (H);_,B, but also with (Me.Si) N”I\I—H

. €,01
alanes, R,(H);_,Al, most of which can be de- (Bu . I-Il—ﬂi N(SiMe,)
scribed as boranate or aluminate anions with | LiZg’] i
e . H_ _.o. .H s toluene LTS H—AL
lithium as the cation. A frequently observed SAIL CAIL + 4 LiN(SiMey), H a—Li—n" N(iMe),
common structural element of these adductsisa 1 (|) H (Me.Si) N"%]

. . . . 3 2

four-membered Li,H, ring that arises from dime- fBu N(SiMe,),

rization of the simple lithium boranates and
aluminates."™ A particularly simple example

from the area of lithium aluminates can be

described briefly thus: [(rBu);AlH]Li is a dimer

and has a four-membered {Li,H,} ring to which

the aluminum atoms are bonded exocyclically through the
hydridic hydrogen atom.'!) A different structural principle is
the formation of Li-H-Al units where the metal atoms are
each held together through hydrogen bonds and thus form a
ring system.'>* In this way [{[(Me;Si),N]AIH,Li-2 OEt,},] is
formed from an eight-membered {Li,Al,H,} ring with the
hexamethyldisilazyl groups as ligands on the aluminum atoms
and the two Et,0 molecules linked to the lithium atoms.!®!
The stabilization of larger LiH units in a molecule appears to
be exceptionally difficult. To our knowledge such lithium
hydride oligomers could only be confirmed structurally for
one example: [(tBuO),cLi;¢]Li;;H;;-3cyclohexane.l'”l This
alkoxo-hydrido lithium compound is a complex agglomerate
of LiOfBu and LiH.

Herein we report for the first time a Li,H, cube that is
coordinated through three bis(amino)alane units and as a
result may be isolated in molecular form. We also describe the
reaction of this molecule with an equivalent of water in which
only one of the hydridic hydrogen atoms reacts. We have used
the reaction of fert-butoxyalane!"® with hexamethyldisilazyl-
lithium™ for the in situ generation of lithium hydride (see
also the synthesis of [{[(Me;Si),N]AIH;Li-20Et,},] from
hexamethyldisilazane and lithium alanate!’®). According to
the reaction in Equation (1) a product mixture is formed in
this reaction that consists of the lithium alanates 2 and 3 as
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well as 1 which is the adduct of Li,H, with three molecules of
[(Me;Si),N],Al-H .

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

1

Chemie

M

+ 1/n[{Li{H(OrBu)Al[N(SiMes )21}l + 1/n[{Li{HAI[N(SiMe3).]o}}]
2 3

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

A ball and stick model of 1 derived from the X-ray
structural analysis is reproduced in Figure 1.”"! The molecule
has an approximate threefold axis that runs through atoms H7
and Li2. The molecule is most simply described as a Li,H,
cube at three edges of which Al-H units of HAI{N(SiMe;),},
are inserted so that Li-H-AI-H loops are formed from the
original Li-H edges. In spite of their weak Lewis basicity, a
hexamethyldisilylazyl group of each the three aluminum
atoms coordinates to one of the lithium atoms Lil, Li2, and
Li3. This coordination is shown by the relatively short Li-N

Figure 1. Molecular structure of 1. The methyl groups of the trimethyl-
silyl units (yellow Si) have been omitted for clarity. Selected (averaged)
bond lengths [A] and angles [°]: H7-Li(1,3,4) 2.03(2), H(1,2,3)-Li-
(1,3,4) 1.89(2), H(4,5,6)-Li2 1.815(9), H(4,5,6)-Li(4,1,3) 2.26(2), Al-
(1,2,3)-H(6,4,5) 1.64(1), Al(1,2,3)-H(1,2,3) 1.59(1), Al(1,2,3)-N(1,4,5)
1.846(5), Al(1,2,3)-N(2,3,6) 1.892(6), Li(1,3,4)--N(6,2,3) 2.191(8), Li-
(1,3,4)-H(6,4,5) 2.77(2); Li1-H1-AI1 118.2(3), Li3-H2-Al2 116.6(3),
Li4-H3-Al3 116.3(3), average angle about H7 100.6(3), about Li2
101.8(6), angle-sum about N1 359.5, N2 355.2, N3 355.7, N4 358.6,
N5 359.0, N6 355.9.
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distances (see Figure 1). Owing to the insertion of the Al-H
units into the three edges of the Li,H, cube the Lil-H6, Li3—
H4, and Li4-HS5 distances are greatly elongated, which is
reinforced by the concomitant N coordination to these atoms
(Figure 1). The different coordination behavior of the two
hexamethyldisilylazyl groups on each Al atom is also evident
from the angle-sum around the nitrogen atoms, almost
trigonal planar environment are found for N1, N4 and NS5,
whereas N2, N3, and N6 are slightly pyramidalized. The
lithium atoms Lil, Li3, and Li4 are approximately tetrahe-
drally coordinated by three hydride ligands and a nitrogen
base, whereas Li2 is surrounded by a trigonal-pyramidal
arrangement of hydrides. The hydrides can be divided into
three categories: H1-H3 form angular bridges (mean value:
117°) between lithium and aluminum atoms, H4-H6 are
coordinated by the metal atoms in an almost trigonal-planar
arrangement, whereas H7 is surrounded only by lithium
atoms (mean angle: 100.6(3)°) in a trigonal-pyramidal
arrangement. Thus hydrogen atom H7 is the most accessible,
at least in the kinetic sense (see below).

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

Figure 2. Molecular structure of 2. Selected bond lengths [A] and
angles [°]: AlT-H1 1.61(1), Al2-H2 1.61(1), Li1'-H2 1.95(2), Li2-H1
1.86(2), AlT-N1 1.843(5), Al1-O1 1.769(4), Al1-02 1.788(4), Li1-O1
1.910(7), Li1-02 1.924(7), Al2-N2 1.848(5), Al2-03 1.780(4), Al2-04
1.771(4), Li2—03 1.883(7), Li2—-O4 1.890(7); O1-Li1-O2 82.2(1), O1-
Al1-02 90.27(8), Al1-H1-Li2 159.3(2), O3-Li2-O4 83.7(1), O3-Al2-O4
90.32(8), Al2-H2-Li1' 164.7(2).

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

www.angewandte.org
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The crystal structure of 3 is remarkable (Figure 3).?" Two
crystallographically independent strands of [{Li(H,Al[N(Si-
Me;),],)},] run through the crystal as Al-H-Li-H-Al zigzag
chains, which surprisingly (in spite of the weak Lewis basicity
of the nitrogen atom in {N(SiMe;),}) are reinforced by Al-N-

Figure 3. Molecular structure of 3. (only one of the two crystallographi-
cally independent but structurally very similar polymers is shown).
Selected (averaged) bond lengths [A] and angles [°]: All-H1 1.52(1),
AIT=H2 1.79(1), AII=N1 1.932(5), AI1-N2 1.846(5), Lil-H2 1.62(2),
LiT-H1" 1.81(2), Li1-N1 2.135(8), N1-Si(1,2) 1.752(9), N2-Si(3,4)
1.745(1); H2-AI1-N1, AlT-N1-Li1, N1-Li1-H2, Li1-H2-Al1 101.6(2), Li1-
H1-AIl" 166.8(2).

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

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

Li,H,[HAK{N(SiMe;), }.]5 (1) + H,O 2)
— H, + Li,H;(OH)[HAI{N(SiMe;), },]; (4)

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

Angew. Chem. Int. Ed. 2005, 44, 5968 —5971
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Figure 4. Molecular structure of 4. The methyl groups of the trimethyl-
silyl units (yellow Si) have been omitted for clarity. Selected (averaged)
bond lengths [A] and angles [°]: O1-Li(1,2,3) 2.183(9), Al(1,2,3)-N-
(2,4,6) 1.896(5), Al(1,2,3)-N(1,3,6) 1.841(5), Li4—H(1,4,5) 1.85(1), Li-
(1,2,3)-H(2,6,3) 1.90(1), Al(1,2,3)-H(2,3,6) 1.57(1), Al(1,2,3)-H(1,4,5)
1.62(2); Li1-O1-Li2 94.5(1), Li2-O1-Li3 94.4(1), Li1-O1-Li3 94.6(1).

Experimental section

A stirred solution of (H,AlOrBu), (0.79 g, 3.84 mmol) in toluene
(5.0 mL) at room temperature was slowly treated dropwise with a
solution of LiN(SiMe;), (2.58 g; 13.4 mmol) in toluene (15.0 mL).
After 18 h stirring the reaction mixture was heated for 7 h at about
95°C. After cooling overnight in the oil bath the partly crystalline
precipitate (amount: 0.6 g) is collected by filtration. Colorless crystals
of 1(0.05¢g,1.8%) and 2 (0.40 g, 15.3 % ) separate from the filtrate at
room temperature. The crystals differ in their crystalline habit. After
further concentration, further crystals separate, which after recrystal-
lization from toluene yields 0.20 g (7.3 %) of colorless crystals of 3. If
a solution of 1 is treated with wet toluene, crystals of 4 form after a
few hours. Solvent in each case [Dg]toluene: 1: 'H NMR
(200.13 MHz): 6 =0.38 ppm, *C NMR (50.3 MHz): 6 =5.96 ppm,
¥Si NMR (39.7 MHz): 6 =0.01 ppm; IR: (Al-H): #=1732,1700 cm™;
2: 'TH NMR: 6 =0.45 (SiCH), 1.31 ppm (CCH), *C NMR: 6 =6.04
(SiC), 33.7 (CH), 68.9 ppm (CC), ¥Si NMR: 6 = —2.96 ppm; 3: 'H
NMR: 0.37 ppm, ®C NMR: 6 =5.90 ppm, ¥Si NMR: 6 =0.25 ppm. 4
was only characterized by X-ray diffraction.
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non-hydrogen atoms; the hydrogen atoms on the aluminum
atoms were freely refined, whereas those on the carbon atoms
were treated as rigid groups; R1 =0.0386 (I >20;), wR2 = 0.0899.
2: CyH,,ALLI,N,0,Si;, M,=683.09 gmol ', monoclinic, space
group P2/c, a=1065.3(2), b=2588.1(5), c=1701.0(3) pm, =
106.54(3)°, V'=4495.8(14) x 10° pm?®, Z =4, p.y1ea = 1.009 Mgm 3,
F(000) =1504, Stoe-IPDS, T=293 K, 2.01 <6<24.06°, 27817
reflections, of which 7004 were symmetry independent, (R;, =
0.0450), 7004 data, no restraints, 387 parameters, solution and
refinement as for 1, R1=0.0369 (I>20;), wR2=0.0908. 3:
CH,sALLI,N,Sis, M, =712.44 gmol™', monoclinic, space group
P2,,a=1345.4(3), b =952.2(2), ¢ =1898.7(4) pm, # =100.60(3)°,
V=2390.909) x 10° pm®, Z=2, pPeaea=0.990 Mgm™, F(000) =
782, Stoe-IPDS, T=293 K, 2.04 <60 <23.97°, 14969 reflections,
of which 6965 were symmetry independent, (R;, = 0.0701), 6965
data, 1 restraint, 373 parameters, solution and refinement as for
1, R1=0.0800 (I >20;), wR2=0.2521. 4: C3sH,;5ALLi,N4OSi,5,
monoclinic, space group I2/a, a=2495.5(5), b=2107.0(4), c=
2974.0(6) pm, B=96.05(3)°, V=15550(5)x10°pm’, Z=8,
Oeatea=0.977 Mgm ™, F(000) =4996, Stoe-IPDS, T=293K,
1.81 <6 <24.13° 48651 reflections, of which 11659 were sym-
metry independent, (R;,, =0.0970), 11659 data, no restraints, 605
parameters, solution and refinement as in 1, R1=0.0545 (/>
207), wR2=0.1446. CCDC-275399 (1), CCDC-275400 (2),
CCDC-275401 (3), and CCDC-275402 (4) contain the detailed
crystallographic data of this publication. The data may be
obtained free of charge under www.ccdc.cam.ac.uk/conts/retrie-
ving.html erhiltlich (or may be requested from: Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ; Fax: (+44)1223-336-033; oder deposit@ccdc.cam.ac.
uk).
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Titanium-Catalyzed Intermolecular
Hydroamination of Vinylarenes**

Ludwig T. Kaspar, Benjamin Fingerhut, and
Lutz Ackermann*

Most substituted amines are made

simple Brgnsted acid mediated reaction is not operative
(entries3 and 4). These results are in agreement with
observations made by Hartwig et al., who found that even
the not bearing an
electron-withdrawing group, does not occur in the presence
of concentrated sulfuric acid.”*!

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

intramolecular addition of amines,

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

today by multistep syntheses. 'V'e

Therefore, addition reactions of Ar NH, Me

simple amines onto unsaturated reagent (20 mol%)

carbon—carbon multiple bonds, R toluene, 130 T olene 130°C

hydroamination reactions,'™ are

of considerable importance for

industry and academia. Transforma- 1 2a 3 4

tions of alkynes and allenes can be  Entry Reagent R t[h] 3/4" Yield 3 Yield 4

catalyzed by a variety of reagents.!” [%]¢ [%]

However, protocols for intermolec- 1 Ticl, H (1a) 22 61:39 30 (3a) 32 (4a)

ular hydroamination reactions of 3 _ H (1a) 22 _ _ _

more readily available olefins have 3 H,SO, H (1a) 22 - - -

thus far proven limited. Various 4 4-CICH,NH,CI H(1a) 22 - - -

lanthanide complexes catalyze ° C'P2T1C|2 H(Ta) 22d - - -

hydroamination reactions of 6 T!CL‘ H(1a) 49 13:87 - 61 (4a)
o 7 Ticl, H (1a) 22¢ 16:84 - 52 (4a)

alkenes, but they lack compatibility 8 Ticl, Me (1b) 2 41:59 0 (3b) 40 (4b)

with a number of important func- 4 Ticl, Me (1b) 2ld] 7:93 _ 63 (4b)

tional  groups*”  Significant 10 Ticl, F(l¢) 6 42:68 29 (3¢) 37 (4¢)

research activity has focused on
the use of late-transition-metal
complexes for intermolecular
hydroamination reactions of olefins,
featuring iridium,'*'?  rhodium,'* nickel,'**! palla-
dium,®* platinum,*>* and ruthenium.*”*! The high cost
of these complexes, their stabilizing ligands, or the additives
constitute a limitation of these protocols. Recently, we
reported a Group4 metal catalyzed™ intermolecular™
hydroamination of norbornene.®!! Herein we present tita-
nium-catalyzed® hydroamination reactions of vinylarenes as
well as an application of this procedure to the synthesis of a
tetrahydroisoquinoline.

Initial experiments showed that catalytic amounts of the
Lewis acid TiCl, converted styrene (1a) in the presence of
four equivalents of 4-chloroaniline (2a) efficiently at 130°C
(Table 1, entry1). Control experiments indicated that a
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[a] Reaction conditions: 1 (1 mmol), 2a (4 mmol), toluene (2 mL), 130°C. [b] By GC analysis. [c] Yields
of isolated product. [d] With microwave irridiation. [e] 1.0 equiv TiCl,.

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

X
HN™ "Ph NH, Me
TiCly, 130 °C, 20 h Ph
M
toluene, n-decane
Cl quant. conv., 62 % (GC) Cl
3a 4a

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

Angew. Chem. Int. Ed. 2005, 44, 5972-5974



Table 2: Titanium-catalyzed hydroamination of vinylarenes 1.

Angewandte

R NH; N NH, Me
X TiCl, (20 mol%) N N R
oty SRASR
R R" toluene, 110 °C R" R"
1 2 3 4
Entry R R Amine t[h] 3/4% Yield 3 Yield 4 Yield 3+4
[%][CI [%][CI [%][CI
1 H H (1a) 3,5-(CF;),CsH;NH, (2b) 30 >99:1 87 (3d) - 87
2 cl H (1d) 3,5-(CF3),CsH3NH, (2b) 30 99:1 68 (3¢) - 68
3 F H (1¢) 3,5-(CF;),CsH;NH, (2b) 30 >99:1 81 (3f) - 81
4 H H (1a) 2-CNCgH,NH; (2¢) 22044 91:9 62 (3g) - 62
5 H H (1a) 2,4-Br,C¢H;NH, (2d) 201 7:93 - 65 (4h) 65
6 H H (1a) 4-FCgH,NH, (2€) 3tfel 32:68 21 (3i) 47 (4i) 68
7 H H (1a) 3,5-(CH;),CeH3NH, (2) 20e" 8:92 - 50 (4j) 50
8 H Me (1e) 2-CICgH,NH, (2g) 194 <1:99 - 85 (4k) 85
9 H H (1a) 2,4,6-Cl;C¢H,NH, (2h) 16l - - - -
10 OMe H(1f) 2,4-Br,CH;NH, (2d) 22 <1:99 - 51 (4) 51
11 H H (1a) 3,5-(CF;),CsH;NH, (2b) 220 >99:1 85 (3d) - 85

[a] Reaction conditions: 1 (1 mmol), 2

(4 mmol), TiCl, (20 mol %), toluene (2 mL). [b] By GC analysis. [c] Yields of isolated product. [d] 130°C. [e] Ta

(4 mmol), 2c (1 mmol). [f] With microwave irridiation. [g] 170°C. [h] TiCl, (1 mmol). [] HfCl, (20 mol %).

Me

NHy Me TiCly, 130°C, 20 h

toluene, n-decane

4a 3a

(entries 1-6). A variety of functional groups was tolerated by
the catalyst, such as CF; (entries 1-3), Cl (entry2), CN
(entry 4), F (entries 3 and 6), and Br substituents (entries 5
and 10). Additionally, a-methylstyrene (1e) was quantita-
tively converted into product 4k, which contains a quarter-
nary carbon center (entry 8). Interestingly, di-ortho-substi-
tuted aniline 2h was not converted (entry9).”"! In the
reaction of aniline 2b catalytic amounts of the Lewis acid
HICl, led to comparable results (entry 11).

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

| a) TiCly (20 mol%), p-TolNH, | /@Me
tBuNH,, toluene, 105 °C HN

A b) NaCNBH; nHex
NHeX  znBr, THF, RT, 66 % 6
M
TiCl, (20 mol%) @,\

toluene, 150 °C
63 % 7

Scheme 1. Titanium-catalyzed synthesis of tetrahydroisoquinoline 7.

Angew. Chem. Int. Ed. 2005, 44, 59725974
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double bond yielded the desired tetrahydroisoquinoline 7
with excellent regioselectivity and a diastereoselectivity of
4:1.31

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

Experimental Section

Representative procedure for titanium-catalyzed hydroamination: A
sealed tube was equipped with a septum and purged with N,. The tube
was charged with dry toluene (2 mL), 3,5-bis(trifluoromethyl)aniline
(2b; 917 mg, 4.00 mmol), and styrene (1a; 104 mg, 1.00 mmol). TiCl,
(0.022 mL, 0.20 mmol, 20 mol % ) was added, the tube was sealed, and
the resulting mixture was stirred for 30 h at 110°C. CH,Cl, (5 mL),
Et,0 (60 mL), ag NH,OH (1N, 15mL), and brine (50 mL) were
added to the cold suspension. The separated aqueous phase was
washed with Et,O (2x 60 mL). The combined organic phases were
dried over MgSO, and concentrated in vacuo. Purification by column
chromatography (silica gel, n-pentane/Et,0 100:1) yielded N-1-
phenylethyl-3,5-bis(trifluoromethyl)aniline (3d) as a yellow oil
(290 mg, 87%).

Received: April 25, 2005
Published online: August 12, 2005

Keywords: alkenes - catalysis - heterocycles - hydroamination -
titanium

[1] T. E. Miiller, M. Beller, Chem. Rev. 1998, 98, 675-704.

[2] J.J. Brunet, D. Neibecker in Catalytic Heterofunctionalization
(Eds.: A. Togni, H. Griitzmacher), Wiley-VCH, Weinheim,
2001, pp. 91-132.

[3] J. Seayad, A. Tillack, C. G. Hartung, M. Beller, Adv. Synth.
Catal. 2002, 344, 795-813.

www.angewandte.org

Chemie

5973


http://www.angewandte.org

Communications

5974

[4] P. W.Roesky, T. E. Miiller, Angew. Chem. 2003, 115,2812-2814;
Angew. Chem. Int. Ed. 2003, 42, 2708 -2710.

[5] M. Beller, J. Seayad, A. Tillack, H. Jiao, Angew. Chem. 2004, 116,
3448 -3479; Angew. Chem. Int. Ed. 2004, 43, 3368 —3398.

[6] K. C. Hultzsch, Adv. Synth. Catal. 2005, 347, 367-391.

[7] F. Pohlki, S. Doye, Chem. Soc. Rev. 2003, 32, 104-114.

[8] Y. K. Kim, T. Livinghouse, Y. Horino, J. Am. Chem. Soc. 2003,
125, 9560-9561.

[9] S. Hong, T.J. Marks, Acc. Chem. Res. 2004, 37, 673 — 686.

[10] A.L. Casalnuovo,J. C. Calabrese, D. Milstein, J. Am. Chem. Soc.
1988, 110, 6738-6748.

[11] R. Dorta, P. Egli, F. Ziircher, A. Togni, J. Am. Chem. Soc. 1997,
119,10857-10858.

[12] J. Zhao, A.S. Goldman, J. F. Hartwig, Science 2005, 307, 1080 —
1082.

[13] D. R. Coulson, Tetrahedron Lett. 1971, 12, 429 —430.

[14] J.-J. Brunet, G. Commenges, D. Neibecker, L. Rosenberg, J.
Organomet. Chem. 1994, 469, 221 -228.

[15] M. Beller, O. R. Thiel, H. Trauthwein, Synlett 1999, 243 —245.

[16] M. Beller, O. R. Thiel, H. Trauthwein, C. G. Hartung, Chem.
Eur. J. 2000, 6, 2513 -2522.

[17] M. Beller, C. Breindl, M. Eichberger, C. G. Hartung, J. Seayed,
O. R. Thiel, A. Tillack, H. Trauthwein, Synlett 2002, 1579 -1594.

[18] M. Utsunomiya, R. Kuwano, M. Kawatsura, J. F. Hartwig, J. Am.
Chem. Soc. 2003, 125, 5608 —5609.

[19] J. Pawlas, Y. Nakao, M. Kawatsura, J. F. Hartwig, J. Am. Chem.
Soc. 2002, 124, 3669 —-3679.

[20] L. Fadini, A. Togni, Chem. Commun. 2003, 30-31.

[21] M. Kawatsura, J. F. Hartwig, J. Am. Chem. Soc. 2000, 122, 9546 —
9547.

[22] T. Minami, H. Okamoto, S. Ikeda, R. Tanaka, F. Ozawa, M.
Yoshifuji, Angew. Chem. 2001, 113, 4633 -4635; Angew. Chem.
Int. Ed. 2001, 40, 4501 -4503.

[23] U. Nettekoven, J. F. Hartwig, J. Am. Chem. Soc. 2002, 124, 1166 —
1167.

[24] M. Utsunomiya, J. F. Hartwig, J. Am. Chem. Soc. 2003, 125,
14286-14287.

[25] J.-J. Brunet, M. Cadena, N. C. Chu, O. Diallo, K. Jacob, E.
Mothes, Organometallics 2004, 23, 1264 —1268.

[26] C.F. Bender, R. A. Widenhoefer, J. Am. Chem. Soc. 2005, 127,
1070-1071.

[27] M. Utsunomiya, J. F. Hartwig, J. Am. Chem. Soc. 2004, 126,
2702 -2703.

[28] J. Takaya, J. F. Hartwig, J. Am. Chem. Soc. 2005, 127, 5756 - 5757.

[29] A tantalum-catalyzed intermolecular hydroamination was
reported: L. L. Anderson, J. Arnold, R. G. Bergman, Org. Lett.
2004, 6, 2519-2522.

[30] For an elegant study on intramolecular hydroamination reac-
tions using a cationic zirconium catalyst, see: a) P. D. Knight, I.
Munslow, P. N. O’Shaughnessy, P. Scott, Chem. Commun. 2004,
894-895. See also; b) K. C. Hultzsch, D. V. Gribkov, Angew.
Chem. 2004, 116, 5659 -5663; Angew. Chem. Int. Ed. 2004, 43,
5542 -5546.

[31] L. Ackermann, L. T. Kaspar, C.J. Gschrei, Org. Lett. 2004, 6,
2515-2518.

[32] L. Bytschkov, S. Doye, Eur. J. Org. Chem. 2003, 935 —946.

[33] B. Schlummer, J. F. Hartwig, Org. Lett. 2002, 4, 1471 -1474.

[34] See also: S. K. Talluri, A. Sudalai, Org. Lett. 2005, 7, 855-857.

[35] For studies from this laboratory on palladium-catalyzed amina-
tion reactions, see: L. Ackermann, R. Born, Angew. Chem. 2005,
117, 2497-2500; Angew. Chem. Int. Ed. 2005, 44, 2444 —2447.

[36] J. D. Scott, R. M. Williams, Chem. Rev. 2002, 102, 1669 —1730.

[37] L. Ackermann, Organometallics 2003, 22, 4367 —4368.

[38] L. Ackermann, L. T. Kaspar, C.J. Gschrei, Chem. Commun.
2004, 2824 -2825.

[39] The relative stereochemistry of the diastereomers has not yet
been elucidated.

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

Angew. Chem. Int. Ed. 2005, 44, 5972-5974


http://www.angewandte.org

Communications

5974

Homogeneous Catalysis

DOI: 10.1002/anie.200501114

Origin of the High Activity of Second-Generation
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Alkene metathesis has experienced a breathtaking success in
the last decade. Organic synthetic applications were mainly
facilitated by the development of highly active ruthenium
carbene catalysts.!"! The increase in activity from the catalysts
of the first generation 1" to those of the second generation 2
further broadened their significance (Scheme 1).*! However,

N ~  [Ru]=CHPh
S — 5
EtOZC COzEt —02H4 EtOZC COZEt

e o &N
| «Cl s“Cl

RU=CHPh RU=CHPh

a’ | o

PCy; PCys
1 2

Scheme 1. Alkene metathesis with first-generation and second-genera-
tion Grubbs catalysts.

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

The influence of the ligands is reflected in Grubbs’
conclusion: “Phosphines, which are larger and more electron
donating, and likewise halogens, which are smaller and more
electron withdrawing, lead to more active catalysts.”’! Since
N-heterocyclic carbenes (NHC) behave as if they were
extremely electron-donating phosphines, Grubbs’ rule was
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a comparison of the overall activation energies of alkene metathesis
and enyne metathesis.
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confirmed by the development of the second-generation
catalysts. A first assumption concerning the origin of their
high activity was based on the higher electronic trans-
influence of NHC ligands compared to phosphines. An
expected, more favored phosphine dissociation would result
in higher concentrations of the active 14 valence-electron
complexes. These complexes undergo [24+2] cycloaddition
reactions with alkene substrates according to the Chauvin
mechanism.””) However, NMR spectroscopy studies by San-
ford and Grubbs demonstrated exactly the opposite behavior
for the ease of phosphine dissociation.” The least active first-
generation iodide complex has the lowest barrier for phos-
phine dissociation, while the most active second-generation
complex has the highest barrier (Scheme 2).

ki, AG* ks

— PCys %x + H,C=CHOEt
W Ru—CHPh
& b g X —H,C=CHOEt
Y3 ko

'l- X
RU=CHPh

L x L

\
/RD:CHPh JRumX
X
o 8( /—|_ EtOA)\ Ph

L=PCys X =1 L=PCy, X=Cl

AGY=67.4kJ mol™' AG*=83.2 kJ mol™
+0.1 kJ mol™ +0.3 kJ mol™

kalk,=26x10°  k4/ky= 13x10%

L=NHC, X =ClI

AG* = 96.2 kJ mol™
+1.7 kJ mol™’

Keql kp = 1.25

Scheme 2. Gibbs free activation energies for phosphine dissociation

and the efficiency of alkene metathesis according to Grubbs et al.!

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

L L L
| X H X H X
/R|u\:< /le:< /R;U:Q‘H
H p H
X P X // X //
INACTIVE INACTIVE INACTIVE

inactive alkene,
active carbene

inactive alkene,
inactive carbene

active alkene,
inactive carbene

orientation orientation orientation
b ox 'l-
SH weX L= phosphine,
/Ffu H = NHC
X = <> X=Cl,Br,1
ACTIVE

active alkene,
active carbene
orientation

Scheme 3. Inactive and active alkene—carbene complexes.
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conformer is active for an immediate rearrangement into a
ruthena(1v)cyclobutane.”

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

The formally ideal angles at the ruthenium center can be
derived from the classification of Grubbs carbene complexes
as 16 valence-electron d®-ML; species. As the Cl-Ru-Cl angle
decreases from 180°, the nonbonding interaction between
occupied chloride orbitals and an occupied ruthenium
d orbital becomes increasingly antibonding (Figure 1, first

) antibonding
qotnbonglng interaction
interaction intrafragment
O polarization
{hc Q r/
decrease of I C
H CI-Ru-Cl angle H
‘.\ —_— -
f # }“ H
{
t 8' inactive ‘CI \
carbene increased

conformation backbonding

strong NHC o-donor

antibonding
_ O _ interaction
N N
Y decrease of ff N\ N /
NHC-Ru-alkene N
o angle w
I H| g oy ;

H
increased
backbonding

active carbene
conformation

Q0
¢=¢
00

weak alkene o-donor

Figure 1. Stabilization of inactive and active carbene orientations:
better backbonding by bending.

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

This qualitative hypothesis can be tested by the quantum-
chemical calculation of relative energies of catalytic inter-
mediates, particularly of the four alkene—carbene conform-
ers.'” To our knowledge, the relative stabilities of the four
alkene carbene conformations have not yet been investigated
at the same level of theory. The catalytic cycle of alkene
metathesis has already been thoroughly studied theoreti-
cally.*31 Thus, the predicted catalytic pathway in Scheme 4
comes as no surprise.

Even in the isomeric simplified Grubbs catalyst models
3a-c and 4a—c, the acceptor orbitals of the carbene fragments
prefer a parallel orientation with the stronger o-donor ligands
(2" or NHC+PMe; >2Cl™ >2PMe;). Intrinsic electronic
barriers for the rotation of the methylene unit between model
structures 3 and 4 are small.!'! Dissociation of PMe; from the
models 4a—c leads to the active carbene complexes Sa—c.
Then, alkene association yields the alkene—carbene com-
plexes 6a—c,” or their conformers 7a—c, 8a—c, and 9a-c.
[2+42] Cycloaddition via the transition states 10a—c results in
the ruthenacycles 11a-c.'¥ Interestingly, the low relative
Gibbs free energy of the sterically simplified complex Se is in
contrast to the high, experimentally observed dissociation
barrier for PCy; from complex 2. This result indicates that
electronic factors are not responsible for the experimental
anomaly. The overall Gibbs free activation energies in the
transition state models 10a—c fit nicely to the analogous
experimental catalyst activities.

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

its active orientation in 8a—c is highly disfavored for the first-
generation iodide model complex (7a versus 8a, AG=
23.3 kJmol ™), and it is also disfavored for the first-generation
chloride complex (7b versus 8b, AG=21.0kJmol™). In
contrast, carbene rotation is essentially degenerate for the
second-generation chloride complex (7¢ versus 8¢, AG =
—1.6 kJmol™'). We were unable to localize minimum struc-
tures 9a—c, because either alkene—carbene structures 6 a—c or
ruthenacycles 11a-c were obtained after geometry optimiza-
tion. The transition states 10a—c, however, have the same
alkene and carbene conformation as the hypothetical struc-
tures 9a—c. Indeed, the transition states 10a—c¢ with their
active carbene orientation have similar Gibbs free energies to
the active carbene conformers 8a—c.

Thus, the high reactivity of second-generation Grubbs
catalysts mainly originates in the electronic stabilization of
the active carbene conformation by the N-heterocyclic
carbene ligands (Scheme 5). The computed total electronic
energies for phosphine dissociation of the models 12a, 12b,
and 14 to the model complexes 13a, 13b, and 15 correlate
nicely with experimental Gibbs free activation energies for
PCys, loss (Scheme 6 versus Scheme 2).I'8! The differences in
phosphine dissociation barriers for first- and second-gener-
ation complexes are caused almost exclusively by specific
steric congestion. In this case the repulsive interaction of a-
and B-hydrogen atoms of the cyclohexyl substituents with the
halogen ligands is of primary importance.

In addition to the electronic benefit of using the strong o-
donor NHC ligands, their mesityl substituents also contribute
to a favored active carbene orientation (Scheme 7). The
association of ethene to complex 15 and the subsequent
carbene rotation proceed without enthalpic barrier to the
intermediate 16, which is formally a minimum structure
(NIMAGO0). The additional o-donor ligand ethene as well as
the steric repulsion between the hydrogen of an inactive
carbene ligand and a mesityl substituent enforce an active
carbene orientation. Finally, an essentially barrierless trans-
formation leads to the cycloadduct 17.

L L
NHGC = X H | X H X H WX H
RI—,,, ——— Ru RI=— =—=  RI—X =——=
N/v\N e H 7 | 4 - PMe; x/ H *CHs 7| H
Me” T “Me PMe; PMes —
3 4 5 6
Grer = Grel = G = Grel =
a:L=PMeg, X =1 11.4 kJ mol” (NIMAG 1) 0.0 kJ mol™ 45.4 kJ mol™! 77.9 kJ mol™!
b: L = PMes, X = ClI 8.6 kJ mol” 0.0 kJ mol™! 51.9 kJ mol”! 75.5 kJ mol™
c:L=NHC, X=ClI 0.0 kJ mol”! 2.7 kJ mol”! 41.5 kJ mol™! 71.1 kJ mol™
L + L L L L L
WX | « | X H | X H Xy X
Ru —_— Ru' Ru Ru—=< Ru—=y RuU—,
7L H x@ 7 Ho W, H 7, Hol H
Qo YH X —— X V4 J e
10 11 6 7 8 9
Greli = Grel = Grel = Grel = Grel =
110.0 kJ mol” 90.8 kJ mol”! 77.9kJmol"  81.7kJmol"  105.0 kJ mol! no local
107.7 kJ mol™ 87.0 kJ mol™! 75.5kdmol’  78.0kJmol’  99.0 kJ mol! mimum
76.1 kJ mol™! 41.1 kJ mol™! 714 kdmol’  78.7kdmol"  75.1 kd mol”
Scheme 4. Computed Gibbs free energies of simplified catalyst intermediate models.
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Scheme 7. Computed Gibbs free energies of non-simplified catalyst
intermediates.
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In summary, second-generation alkene-carbene com-
plexes are characterized by their high efficiency in partition-
ing between unproductive alkene dissociation and successful
[2+42] cycloaddition. The electronic and steric stabilization of
the active conformation of the carbene moiety in second-
generation Grubbs catalysts is responsible for their excep-
tional alkene metathesis activity.
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Ge, Trapped by Triple Bonds between Two Metal
Centers: The Germylidyne Complexes
trans,trans-[ Cl(depe),M=Ge—Ge=M(depe),Cl]
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Complexes, in which sp-hybridized carbon chains span two
transition-metal centers, [LMCM'L',J’*, (L,, L',=ligand
sphere; x,y =integer) have attracted particular attention in
recent years.l'! These compounds form an important class of
carbon-based molecular wires,”) which are appealing for
studies of the electronic communication between redox-
active metal termini,” and are of potential practical impor-
tance in molecular electronics® and in nonlinear optics.”!
Moreover, these compounds can be viewed, at large carbon-
chain lengths, as polymeric sp-hybridized carbon allotropes,
revealing a conceptual relationship to the classical polymeric
sp>- and sp’-hybridized carbon allotropes, graphite and
diamond.! For x =2, three classes of metal complexes have
been reported to date (Ia-Ic, Scheme 1). The ethynediyl

L,M—C=C—M'L",)]
la Ib Ic

[L,M=C=C=M'L")] [LM=C—C=ML",]

Scheme 1. Valence bond structures of C, bridged complexes.

complexes Ia are by far the most prevalent.'****7 In contrast,
analogous compounds of the heavier Group 14 elements Si—
Pb are not known to date.’! This situation is not surprising
given the reluctance of these elements to form triple
bonds.”!” A rich elimination and substitution chemistry of
main-group elements was elaborated in recent years using the
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heterolytic or homolytic cleavage of Cp*—element bonds
(Cp*=CsMes)." A successful implementation of this
method in the synthesis of the first transition-metal com-
plexes with triply bonded Ge, chains is presented herein.

For the synthesis, the dichloro complexes trans-[MCl,-
(depe),] (depe = Et,PCH,CH,PEt,; M =Mo (1-Mo-Cl), M =
W (1-W-Cl)) were employed. Complex 1-Mo-Cl was obtained
upon reduction of mer-[MoCly(thf);]"? with zinc in THF in
the presence of 2.1 equivalents of depe, and 1-W-Cl upon
heating of trans-[WCL(PMe,),]'"®! with 2.1 equivalents of
depe in toluene at reflux. Both compounds were isolated as
slightly air-sensitive, orange-yellow solids in 90 % yield and
decompose upon melting at 211 and 205°C, respectively.'
Reduction of 1-M-Cl with sodium powder in THF under N,
atmosphere afforded selectively the dinitrogen complexes
trans-[M(depe),(N,),] (M=Mo (2-Mo), M=W (2-W)),
which were isolated as air-sensitive, orange (2-Mo) and
bright red (2-W) solids in 98 and 72% yields, respectively
(Scheme 2).11413]

P P
| <P +Na(excess), + N, | F
Cl—M—CI —> N,~—M—N,
THF, RT |
P P
\_P \_P
1-M-Cl 2-M
toluene, *1in [{G:;(Cp*)X},,]
110 °C (3-X)
-2N,
T P T’—\P solid state, T’_\P
CI—M=Ge-Ge=M—0Cl =~———— X—M=Ge-Cp*
P/ | | X =Cl P/ |
P \_P \_P
5-M-CI 4-M-X

M = Mo, W: X = Cl, Br; PP = EtLPCH,CH,PEt,

Scheme 2. Stepwise synthesis of the germylidyne complexes 4-M-X and
5-M-Cl starting from the dichlorides 1-M-Cl.

Treatment of 2-Mo with a stoichiometric amount of the
germanium(tr) halides [{Ge(Cp*)X},] (X=Cl, n=1 (3-Cl);
X =Br, n=2 (3-Br))"¥ in toluene at reflux gave the brown-
orange, air-sensitive molybdenum germylidyne complexes 4-
Mo-Cl and 4-Mo-Br in 32% and 44 % yields, respectively
(Scheme 2)."!"1 Both compounds are very soluble in pentane
and melt in sealed capillaries under vacuum at 152 and 155°C,
respectively. Simultaneous thermal analysis (thermogravi-
metry/differential thermal analysis/mass spectrometry (TG-
DTA-MS)) of 4-Mo-Cl revealed that the germylidyne com-
plex melts at the extrapolated onset temperature T, =144°C
(peak temperature, 7,=149°C) and then decomposes at
181°C releasing CsMesH.I"" ! These results prompted us to
study the thermolysis of 4-Mo-Cl on a preparative scale. Upon
heating the germylidyne complex 4-Mo-Cl at 180-185°C
under static vacuum, the brown-orange sample of 4-Mo-Cl
melted and then turned progressively to a red-brown mass.
Analysis of the molten mass by 'H and *'P{'H} NMR

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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spectroscopy revealed a gradual conversion of 4-Mo-Cl into
the digermanium complex 5-Mo-Cl, which after completion
of the reaction and work-up was obtained as an air-sensitive,
brown solid in 27 % yield (Scheme 2).'! During the thermol-
ysis of 4-Mo-Cl, a yellow volatile material deposited on the
cold top part of the reaction tube and was identified by NMR
spectroscopy to be a mixture of depe, Cp*H,™ 1,2,34-
tetramethylpentafulvene,”” and some [GeCp*,].”!! These
results suggest that homolysis of the Ge—Cp* bond occurs
upon thermal activation of 4-Mo-Cl to generate [MoCl(Ge)-
(depe),] and Cp* radicals. The [MoCl(Ge)(depe),] radicals
dimerize to form 5-Mo-Cl, whereas the Cp* radicals dispro-
portionate under the reaction conditions to give Cp*H and
1,2,3,4-tetramethylpentafulvene.?” Heating of an equimolar
mixture of complex 2-W and 3-Cl in toluene at reflux afforded
a 7.7:1 mixture of the tungsten germylidyne complexes 4-W-
Cl and 5-W-CI (Scheme 2). Thermolysis of this mixture at
190°C under static vacuum transformed 4-W-CI into the
digermanium complex 5-W-Cl, which was isolated as a very
air-sensitive, green-brown solid in 30 % overall yield. Com-
plex 5-W-Cl decomposes upon melting at 240°C.'¥l The
molecular structures of 4-Mo-Br and 5-W-Cl were determined
by single-crystal X-ray diffraction (Figures1 and 2). The

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

trans-configured octahedral complex 4-Mo-Br has a very
short Mo—Ge triple bond (2.2798(5) A) and an almost linear
coordinated germanium atom (Mo-Ge-C,. 177.46(8)°) which
has an n'-bonded Cp* substituent as shown by the Ge—C1/C5
distances, the alternating (C—C),;,, bond lengths, and the bond
angles at the C1 atom (Figure 1).”®) The Mo—Ge bond of 4-
Mo-Br is even shorter than those of the dppe complexes trans-
[X(dppe),Mo=Ge-(n'-Cp*)] (dppe = Ph,PCH,CH,PPh,, X =
Cl, 2.3185(6) A; X =Br, 2.3103(6) A).™ This situation sug-
gests that sterically less-demanding phosphine ligands of
higher o-basicity strengthen the metal-germanium triple
bonds. Complex 5-W-Cl features a crystallographically

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

Figure 2. DIAMOND plot of the molecular structure of 5-W-Cl, thermal
ellipsoids set at 30% probability. Hydrogen atoms are omitted for
clarity. Selected bond lengths [A] and bond angles [°]: W-Ge 2.3087(5),
Ge-Ge# 2.362(1), W-Cl 2.518(1), W-P1 2.455(1), W-P2 2.459(1), W-P3
2.470(1), W-P4 2.461(1); W-Ge-Ge# 175.13(3), Ge-W-Cl 176.66(3), Ge-
W-P1 92.96(3), Ge-W-P2 94.47(3), Ge-W-P3 95.59(3), Ge-W-P4
90.28(3).

those of the germylidyne complexes trans-[X(dppe), W=Ge-
(m*-Cp*)] (X=H, Cl, Br, I, NCO, CN; W-Ge 2.293(1)-
2.3184(6) A).’“¢l The Ge—Ge distance (2.362(1) A) is the
shortest known for a Ge—Ge single bond.”**! This distance
can be rationalized with the increased scharacter of the
o hybrid orbitals forming the Ge—Ge bond and the & conju-
gation of the W=Ge bonds (see below). Note the Ge—Ge
bond length of 5-W-Cl lies close to the range of lengths
calculated for Ge, (2.36-2.46 A).*) The 'H, C{'H}, and
3P{'"H} NMR spectra corroborate the structures of complexes
4-M-X and 5-M-Cl (X = CI, Br; M = Mo, W). Thus, the 'H and
BC{'H} NMR spectra display a double set of resonances for
the diastereotopic ethyl groups and methylene protons of the
depe ligands, as expected for diamagnetic complexes of the
general formula trans-[M(depe),(L)(L)].! In addition, the
NMR spectra of 4-M-X reveal a fast haptotropic shift of the
Cp* substituent. This shift gives rise to one singlet signal for
the methyl protons in the "H NMR spectra, and two singlet
resonances in the *C{'H} NMR spectra, one for the methyl
carbon and one for the ring carbon nuclei of the Cp* group.!"
The *P{'H} NMR spectra display a singlet resonance
confirming the trans-configuration of 4-M-X and 5-M-ClL
The *'P NMR signals of the Ge,-bridged complexes (5-Mo-Cl,
0=56.3 ppm; 5-W-Cl, 6 =38.2 ppm) appear slightly upfield
of those of the mononuclear complexes (4-Mo-Cl, 6=
57.2 ppm; 4-W-Cl, 6 =39.2 ppm), and for the tungsten com-
pounds are flanked by a pair of satellites arising from coupling
with the "W nucleus (4-W-Cl, 'J(W,P) =259 Hz; 5-W-Cl,
1J(W,P) =249 Hz).l

Density functional theoretical (DFT) calculations of the
model complex trans,trans-[Cl(PH;),WGe,W(PH;),Cl] (5-
PH;-W-Cl) were performed without symmetry restraints
using the exchange correlation functionals B3LYP and BP86
and various basis sets.'*?”! Geometry optimization of the
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model compound at the B3LYP/IIa level of theory led to six
minimum structures on the ground-state singlet potential-
energy surface, which can be classified into one pair of
isomers featuring an end-on coordinated Ge, ligand (A), and
two pairs of isomers displaying a side-on bonded Ge, ligand
(B, C; Figure 3). Each pair consists further of an eclipsed (e)

Figure 3. Selected bond lengths [A] and bond angles [°], symmetries,
and relative energies [k) mol™', ZPVE corrected] of the minimum
structures of 5-PH;-W-Cl (B3LYP/lla). Hydrogen atoms are omitted
for clarity.

and a staggered conformer (s) differing in the orientation of
the [WCI(PH;),] fragments. The eclipsed isomer A-e of Dy,
symmetry and the corresponding D,, symmetric staggered
isomer A-s, which feature a linear end-on bonded Ge, chain,
are the most stable compounds and differ in energy by less
than 1 kJmol™". The isomers B displaying a planar W,Ge,
bicyclic ring lie at slightly higher energy than A (10-
13 kJmol™!), whereas the species C with a W,Ge, butterfly
structure are considerably less stable than A (Figure 3). The
calculated bond lengths and angles of the eclipsed isomer A-e
compare well with the experimental values of 5-W-Cl
(Table 1).

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

Angewandte

Analysis of the electronic charge distribution of A-e using
the natural bond orbital (NBO) partitioning scheme! gives
an optimal Lewis structure with two W—Ge triple bonds
connected by a Ge—Ge single bond. Both W—Ge triple bonds
are composed of one o component, which is polarized towards
germanium (64.8%), and two degenerate s bonds, which
result from the overlap of pure tungsten d orbitals and
germanium p orbitals and are polarized towards tungsten
(71.6%) (Table?2). The polarity of the W—Ge bonds is
reflected in the partial charges of the W and Ge atoms
(—1.25 and +0.30, respectively) and the Wiberg bond index
of 1.71.”) Further evidence for the considerable ionic
character of the W—Ge triple bonds of A-e was provided by
the energy-partitioning analysis of the interaction between
the closed-shell fragments trans-[WCl(n'-Ge,)(PH;),]* and
[WCI(PH,;),]” using the energy decomposition analysis
(EDA) method,”™ which revealed a considerable contribu-
tion of the electrostatic term AE, ., (—622.6 kimol™") to the
total attractive interactions (AE g+ AE =
—1374.4 kJmol ™), leading to a 55% covalent character of
the W—Ge triple bonds (Table 2). The EDA analysis also
showed that the degenerate W—Ge & bonds make the largest
contribution (78 %) to the orbital interaction energy AE,,,
indicating the same high n-bonding character of the W—Ge
bonds in A-e as in trans-[Cl(CO),W=GeH].”! Taking into
account the polarization of the W—Ge ¢ and = bonds, an
extreme view of isomer A-e is that of a Ge,’* ion, which is
embedded in an "' bonding mode between two d* [WCI-
(PH,),]” fragments by two o ([Ge,]**—[WCI(PH,),]") and
four m [WCI(PH;),]” —[Ge,]*") donor-acceptor bonds. Ge,**
has a singlet ground state with a very weak and long Ge—Ge
bond (3.099 A) owing to Coulomb repulsion.”?! Metal com-
plexation is accompanied by a considerable electron drift
from the metal fragments to Ge,”", which decreases the
partial charges on the germanium atoms from +1 to 4 0.3,
reduces thereby the Coulomb
repulsion, and shortens the Ge—Ge

Chemie

Method/basis set W—Ge [A] Ge—Ge [A] w—Cl [A] P-W-Cl [°] pw-p, 7 bond by 0.694A (B3LYP/IIa,
Table 1).

B3LYP/lla 2.327 2.405 2.518 86.1 89.7 a Te:n ) bondi d ot anti

RI-BP86/I 2357 2.453 2.541 86.9 89.8 he mbonding and s*anti-

BP86/I1b 2328 2.389 2.456 86.2 89.7 bonding orbitals of the W-Ge-Ge-

X-ray (5-W-Cl) 2.3087(5) 2.362(1) 2.518(1) 86.71 89.8¢ W chain form four doubly degener-
ate levels (HOMO-3, HOMO,

[a] Mean value.

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

Bond NBO analysis EDAP! [kjmol™']

A-B occ. % (A) hyb. % (B) hyb. q(A) WBI AEpi AE g AE, AE,
W—Ge 0:1.90 35.2 sd®! 64.8 sp”? —-1.25 1.71 507.4 —622.6 —751.8 (55%) —866.5
0, 1.85 71.6 d 28.4 p AE,(a)): —144.1
7,0 1.85 71.6 d 28.4 p AE, (e): —588.4
Ge—Ge 1.96 50.0 sp"? 50.0 sp'? +0.30 1.10 909.4 —398.4 —795.3 (67 %) —283.8

AE,(a,): —730.1
AE,(e): —65.0

[a] NBO analysis of the W—Ge and Ge—Ge bonds: NBO occupancies, bond polarization in % (W) and % (Ge), orbital hybridization, NPA partial
charges q(A) and Wiberg bond index (WBI). [b] Energy decomposition analysis of the W—Ge and Ge—Ge bonds (BP86/11b): Pauli repulsion (AEp,,),
electrostatic interaction (AE,,), orbital interaction (AE,, = AE,(a;) +AE,(e) + AE,4(b,+b,)), and total interaction energy (AE;,) between the closed-
shell C,-symmetric fragments trans-[WCl(n'-Ge,) (PH,),]* and [WCI(PH,),]~ (W—Ge bond) and the C,-symmetric doublet fragments trans-
[WCl(Ge) (PH5) 4] (Ge—Ge bond) in the frozen geometry of A-e; the percentage of AE,,, in the total attractive interactions (AE ..+ AE,y) reflects the
covalent character of the bonds and is given in parenthesis; AE,=AEp,yi+ AE s+ AE oy
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LUMO, and LUMO + 3; Figure 4) resulting from the in-
phase or out-of-phase combination of the tungsten d(d,,)
orbitals and the germanium p,(p,) orbitals (the z axis of the
Cartesian coordinate system and the C, symmetry axis of A-e
are collinear).™ Four electrons occupy the lowest energy e,

Figure 4. 7 and t* Kohn-Sham orbitals of the W-Ge-Ge-W chain in
A-e. Only one of the doubly degenerate m and mt* levels is depicted.

symmetric pair of molecular orbitals (HOMO-3), which are
bonding with respect to the W—Ge and Ge—Ge linkages, and
four electrons occupy the e, symmetric pair of orbitals
(HOMO), which are bonding with respect to the W—Ge
linkages but antibonding with respect to the Ge—Ge linkage
(Figure 4).*31 This molecular orbital picture corresponds in
valence bond terms to the digermanehexayl formula [L, W=
Ge—Ge=WL,] and suggests some 7 conjugation of the W—Ge
triple bonds.”! This proposal is supported by the NBO and
EDA analyses, which indicate the presence of a Ge—Ge
o bond with low mt-bonding character (WBI (Ge—Ge) =1.10;
AE, is 82% of AE,,; Table 2), and the natural resonance
theoretical (NRT) analysis of A-e,*® which provides 21 differ-
ent resonance structures with a resonance weight greater than
1% leading to a natural bond order of 2.76 for the W—Ge
bonds and 1.06 for the Ge—Ge bond.”!

Analysis of the wave function using the electron local-
ization function (ELF)P at the B3LYP/Ila level of theory
shows, that the density of localized electrons between
tungsten and germanium has a toroidal shape typical for
triple bonds.”*'** Volume integration of the electron density
over the valence disynaptic basins connecting the W with the
Ge nuclei and linking the two Ge nuclei, leads to a population
of 5.7 electrons in the W—Ge bonding region and 2.6 electrons
in the Ge—Ge bonding region, which supports the bonding
picture of two conjugated W—Ge triple bonds in A-e.*”! This
result is further confirmed by the quantification of conjuga-
tion in A-e using the anisotropy of the induced current density
(AICD) of the Ge—Ge bond.*!! The AICD isosurface plot of
A-e at an isosurface value of 0.015 displays strong delocaliza-
tion over the atoms (Figure5). The continuous boundary
surface enclosing the conjugating Ge atoms breaks at an
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Figure 5. 1sosurface plots of the AICD in A-e at 0.015 (top) and the
critical value of 0.041 (bottom), at which the topology of the AICD
boundary surface changes.

isosurface value of 0.041 (Figure 5), which suggests that the
extent of conjugation in A-e is lower that in benzene (0.08) or
butadiene (0.069), but higher than in 1,3-butadiyne (0.013) at
the same level of theory.*)l Conjugation in A-e might be
caused by the small HOMO-LUMO gap of 2.7 eV which
leads to an excitation energy of 2.67 eV (4 =464 nm) for the
allowed one-electron transition (TD-RIDFT/TZVPP).[*!
The Ge—Ge bond fragmentation energy of A-e (AE;,,=
221.0 kJmol ™) is lower than that of Ge,Hy (288.5 kJmol ")
calculated at the same level of theory (B3LYP/IIa, Table 3).1*¥
Inclusion of relaxation and zero-point vibrational effects
(ZPVE) leads to a theoretical value of 217.1 kImol™! for the
Ge—Ge bond dissociation energy of A-e (D°;), which is also
lower than that of Ge,H; (D° =270.4 kImol~'; Table 3),*
the latter value comparing well with the experimental value
(D°=276 kJmol™").**! In comparison, the Ge—Ge bond
length of A-e (2.405A) is shorter than that of Ge,Hj
(2.439 A, Table 3) leading to an opposite bond length/
dissociation energy correlation to that usually observed.
This result suggests that the radicals trans-[WCI(Ge)(PH,),]
formed upon Ge—Ge bond homolysis are stabilized by
delocalization of the unpaired electron in the electronic
ground state (2A,).[*l This electronic stabilization provides a
rationale for the preferred formation of the radicals
trans-|[WCl(Ge)(depe),] during thermolysis of 4-W-ClL. The
energy (ZPVE corrected) required to cleave the W=Ge bond
of A-e into the fragments trans-[WCl(n'-Ge,)(PH,),]*" and
[WCI(PH;),] in the respective *A; and “A electronic ground
states and minimum geometries, was calculated to be slightly
lower (333.9 kJmol™) than that of the germylidyne complex
trans-[C1(PH;),W=Ge-Me] (354.8 kJmol™') (Table 3). The
species trans-[WCl(n'-Ge,)(PH;),] is a local minimum on
the energy potential surface and relaxes to a C,, symmetric
species featuring a side-on bonded Ge, ligand.!*"! The released
relaxation energy of —52.2 kJmol ™' reduces the W—Ge bond
dissociation energy of A-e to 281.7 kJmol~' (Table 3).
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Table 3: Fragmentation, bond dissociation, and Gibbs free dissociation energies [k)mol™'] of the Ge—Ge and W—Ge bonds of 5-PH;-W-Cl (A-e isomer),

Ge,Hg, and trans-[Cl(PH;),W=Ge-Me] (B3 LYP/lla).

Compound Bond Length [A] AEg AE,,M AEpye De AE e AGef
5-PH;-W-Cl (A-e) Ge—Ge 2.405 +221.0 —-0.2 —-3.7 +217.1 —55.4 +161.7
Ge,Hq Ge—Ge 2.439 +288.5 —-2.3 —15.8 +270.4 —45.8 +224.6
5-PH;-W-Cl (A-e) W—Ge 2.327 +476.6 —-133.1 -9.6 +333.9 —74.3 +259.6
+281.78 —69.6 +212.16
[CI(PH;) ,W=Ce-Me] W—Ge 2.304 +622.3 —251.9 —15.6 +354.8 —56.4 +298.4

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

Several experimental and theoretical studies have been
carried out on the diatomic molecule Ge,.* Ge, can be
regarded as the lightest member in the family of germanium
clusters Ge,, which are of importance owing to their potential
applications in nanoelectronics.*! Encapsulation of this very
reactive species in the complexes 5-M-Cl provides a new
example for the ability of stereoelectronically well-defined
transition-metal fragments to stabilize high temperature
molecules in unprecedented bonding patterns.
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A common feature of oncogenic transformed cells is the
overexpression of oligosaccharides, such as Globo-H, Lewis”,
and Tn antigens.'™ Numerous studies have shown that this
abnormal glycosylation can promote metastasis,”! and hence
its expression is strongly correlated with poor survival rates of
cancer patients.

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

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

However, the conjugation of carbohydrates to a carrier
protein poses several problems. In general, the conjugation
chemistry is difficult to control, resulting in conjugates with
ambiguities in composition and structure which may affect the
reproducibility of an immune response.'”! Additionally, the
foreign carrier protein can elicit a strong B cell response,
which may lead to the suppression of an antibody response
against the carbohydrate epitope. The latter is a greater
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problem when self-antigens are employed, such as tumor-
associated carbohydrates. Also linkers for the conjugation of
carbohydrates to proteins can be immunogenic, leading to
epitope suppression."'! Not surprisingly, several clinical trials
with carbohydrate—protein conjugate cancer vaccines failed
to induce sufficiently strong helper T cell responses in all
patients.”'2 Therefore, alternative strategies need to be
developed for the presentation of tumor-associated carbohy-
drate epitopes that will result in a more efficient class switch
to IgG antibodies.!*%!

Herein, we report the synthesis and immunological
evaluation of a structurally well-defined, fully synthetic
anticancer vaccine candidate 9 that constitutes the minimal
structural features required for a focused and effective T cell
dependent immune response. The vaccine candidate is
composed of the tumor-associated Tn antigen, the peptide
Tepitope YAFKYARHANVGRNAFELFL (YAF), and the
lipopeptide  S-[(R)-2,3-dipalmitoyloxy-propyl]-N-palmitoyl-
(R)-cysteine (Pam;Cys). The Tn antigen, which will serve as
a B epitope, is overexpressed on the surface of human
epithelial tumor cells of the breast, colon, and prostate.”!
This antigen is not present on normal cells, which thus renders
it an excellent target for immunotherapy.’'*!® To overcome
the T cell independent properties of the carbohydrate anti-
gen, the YAF peptide was incorporated. This 20-amino acid
peptide sequence is derived from an outer-membrane protein
of Neisseria meningitides and has been identified as an MHC
class IT restricted site for human T cells.'”) It was envisaged
that this helper T cell epitope would induce a T cell depen-
dent immune response that results in the production of IgG
antibodies against the Tn antigen. The combined B cell and
helper T cell epitope lacks the ability to provide appropriate
“danger signals”?” for dendritic cell maturation. Therefore,
the lipopeptide Pam;Cys, which is derived from the immuno-
logically active N-terminal sequence of the principal lipo-
protein of Escherichia coli*!! was incorporated. This lipo-
peptide has been recognized as a powerful immunoadju-
vant,”” and recent studies have shown that it exerts its activity
through the interaction with Toll-like receptor 2 (TLR-2).%!
This interaction results in the production of pro-inflammatory
cytokines and chemokines, which, in turn, stimulate antigen-
presenting cells (APCs) and thus initiate development and
activation of helper T cells.** The lipopeptide also facilitates
the incorporation of the antigen into liposomes. Liposomes
have attracted interest as vectors in vaccine design®! owing to
their low intrinsic immunogenicity, thus, avoiding undesirable
carrier-induced immune responses.

The synthesis of target compound 9 requires a highly
convergent synthetic strategy which employs chemical manip-
ulations that are compatible with the presence of a carbohy-
drate, peptide, and lipid moieties. It was envisaged that 9
could be prepared from spacer-containing Tn antigen 7,
polymer-bound peptide 1, and S-[2,3-bis(palmitoyloxy)-
propyl]-N-Fmoc-Cys (Pam,FmocCys, 2;*! Fmoc = 9-fluore-
nylmethoxycarbonyl). The resin-bound peptide 1 was assem-
bled by automated solid-phase peptide synthesis using Fmoc-
protected amino acids in combination with the extremely
acid-sensitive =~ HMPB-MBHA  (HMPB =4-(4-hydroxy-
methyl-3-methoxyphenoxy)butyryl; MBHA =p-
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methylbenzhydrylamine) resin and 2-(1H-benzotriazol-1-yl)-
oxy-1,1,3,3-tetramethyluronium hexafluorophosphate/1-
hydroxybenzotriazole (HBTU/HOBt)? as activators
(Scheme 1). The HMPB-MBHA resin was selected because
it allows the cleavage of a compound from the resin without
concomitant removal of side-chain protecting groups. This
feature was important because side-chain functional groups of
aspartic acid, glutamic acid, and lysine would otherwise
interfere with the incorporation of the Tn antigen derivative
7. Next, the Pam,FmocCys derivative (2) was coupled to the
N-terminal amine of peptide 1 using PyBOP?*! and HOBt in
the presence of DIPEA in a mixture of DMF and dichloro-
methane to give the resin-bound lipopeptide 3. The Fmoc
group of 3 was removed under standard conditions, and the
free amine of the resulting compound 4 was coupled with
palmitic acid in the presence of PyBOP and HOBt to give the
fully protected and resin-bound lipopeptide 5. The amine of
the Pam,Cys moiety was palmitoylated after coupling with 1
to avoid racemization of the cysteine moiety.” Cleavage of
compound 5 from the resin was achieved with 2% TFA in
dichloromethane followed by the immediate neutralization
with 5% pyridine in methanol. After purification by LH-20
size-exclusion chromatography, the C-terminal carboxylic
acid of lipopeptide 6 was coupled with the amine of
Tn derivative 7, employing DIC/HOAt/DIPEA” as coupling
reagents, to give, after purification by Sephadex LH-20 size-
exclusion chromatography, fully protected lipidated glyco-
peptide 8 in 79% yield. MALDI-TOF mass spectrometry
revealed signals at m/z=5239.6 and m/z=>5263.0, which
correspond to [M+H]* and [M+Na]t ions, respectively.
Finally, the side-chain protecting groups of 8 were removed
by treatment with 95% TFA in water using EDT as a
scavenger. The alternative use of triisopropylsilane resulted in
the formation of unidentified byproducts. The target com-
pound 9 was purified by size-exclusion chromatography
followed by reverse-phase HPLC using a Synchropak C4
column. Analysis of 9 by MALDI-TOF mass spectrometry
revealed a signal at m/z =3760.3 corresponding to [M+Na]*.

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

Groups of five female BALB/c mice were immunized
subcutaneously with freshly prepared liposomes containing
0.6 ug carbohydrate at weekly intervals. To explore the
adjuvant properties of the built-in lipopeptide Pam;Cys, the
antigen-containing liposomes were administered with or
without the potent saponin immunoadjuvant QS-21 (Anti-
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Scheme 1. a) PyBOP, HOBt, DIPEA, DMF/CH,CI, (5:1); b) piperidine/DMF (1:5); c) CH;(CH,),,COOH,
PyBOP, HOBt, DMF/CH,Cl, (1:5); d) 2% TFA in CH,Cl,; e) 7, DIC, HOAt, DIPEA, DMF/CH,Cl, (2:1), 79%;

f) TFA/H,O/EDT (95:2.5:2.5), 79 %. Boc = tert-butyloxycarbonyl; Trt=trityl; Pbf=2,2,4,6,7-pentamethyldihydro-
benzofuran-5-sulfonyl; PyBOP = (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate;

DIPEA =diisopropylethylamine; DMF = N,N-dimethylformamide; TFA=trifluoroacetic acid; DIC =diisopropyl-
carbodiimide; HOAt = 1-hydroxy-7-azabenzotriazole; EDT = 1,2-ethanedithiol. Ratios for solvent mixtures are

indicated as v/v.

genics Inc., Lexington, MA). Anti-Tn antibody titres were
determined by coating microtitre plates with a BSA-Tn
conjugate (BSA =bovine serum albumin) and detection was
accomplished with anti-mouse IgM or IgG antibodies labeled
with alkaline phosphatase. As can be seen in Table 1, the mice
that were immunized with the liposome preparations elicited
IgM and IgG antibodies against the Tn antigen (Table 1,
entries 1 and 2). The presence of IgG antibodies indicated
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that the helper Tepitope
peptide of 9 had activated
helper T lymphocytes. Fur-
thermore, the observation
that IgG antibodies were
raised by mice which were
only immunized with lip-
osomes (group 1) indicated
that the built-in adjuvant
Pam;Cys had triggered
appropriate signals for the
maturation of dendritic
cells and their subsequent
activation of helper T cells.
However, the mice which
received the liposomes in
combination with QS-21
(group 2), elicited higher
titres of anti-Tn antibodies.
This stronger immune
response may be due to a
shift from a mixed Th1/Th2
to a Thl response.")

The results presented
herein provide, for the first
time, a proof of principle
for the use of lipidated
glycopeptides as minimal
subunit vaccines. Previous
immunizations with a sac-
charide coupled to an
immunoadjuvant such as
Pam;Cys resulted in no or
very low titres of IgG anti-
bodies!*"*  demonstrat-
ing that the incorporation
of a peptide T epitope’*!”]
is critical for a class switch
to IgG antibodies.

It is to be expected that
several improvements can
be made to the tricompo-
nent vaccine candidate pre-
sented here. For example, it
has been found that a clus-
tered presentation of the
Tn antigen is a more appro-
priate mimetic of mucins,
and hence antibodies raised
against this structure recog-
nize Dbetter Tn antigens
expressed on cancer cells.*** The Th epitope employed in
this study is known to be a MHC class 11 restricted epitope for
humans. Thus, a more efficient class switch to IgG antibodies
may be expected when a murine Th epitope is employed. On
the other hand, compound 9 is a more appropriate vaccine
candidate for use in humans. A recent report indicated that
Pam,Cys is a more potent immunoadjuvant than Pam,Cys.””!
It has also been suggested that the Pam,Cys adjuvant has
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Figure 1. Negative-stain transmission electron micrograph of the
liposome preparation.

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

Entry Group IgM titres 1gG titres
1 1) Pam;Cys-YAF-Tn 250 1410
2 2) Pam;Cys-YAF-Tn + QS-21 170 2675

[a] ELISA plates were coated with a BSA-BrAc-Tn conjugate (BrAc=3-
(bromoacetamido)propionate). All titres are medians for a group of five
mice. Titres were determined by regression analysis, plotting log;,-
(dilution) versus the absorbance. The titres were calculated to be the
highest dilution that gave 0.1 or higher than the absorbance of normal
saline mouse sera diluted 1:100.

improved solubility properties,®™ which is a problematic
feature of compound 9. Studies addressing these issues are
ongoing.
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Prodigiosins, for example, 1 and 2, are a family of naturally
occurring tripyrrolic red pigments that were first isolated in

1. R'=H,R?= n-undecyl (prodigiosin 25-C)
2: R' = n-pentyl, R? = Me (prodigiosin)
3: R'=H,R?=Et

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

To date, two very different modes of action have been put
forward to explain their anticancer activity. One suggestion,
proposed by Manderville, Melvin, and co-workers,”! and
further supported by Fiirstner and Grabowski,® is that
prodigiosin mediates its anticancer effect through copper-
mediated cleavage of double-stranded DNA. The second
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mechanistic suggestion, proposed by Ohkuma, Wasserman,
and co-workers in 1998,°! is that the biological activity of
prodigiosin derives from its ability to effect concurrent
transmembrane transport (“symport”) of H and Cl~ ions
into cells.””’ Support for this mechanism came partly from the
finding that the activity of prodigiosin as well as prodigiosin-
based lysosomal acidification were dependent on the concen-
tration of extracellular chloride ion and that chloride ion
channels were not responsible for these effects.”) However, to
date, little in the way of direct chemical support for the
mechanism has been provided.'“! Accordingly, we have
undertaken a detailed study of the anion-binding and
through-membrane transport properties of several prodigio-
sin analogues and corresponding dipyrromethene constitu-
ents. Herein, we report that it is the rate of transport, rather
than the anion-binding ability, that correlates most closely
with anticancer activity in vitro, as judged from cell prolifer-
ation assays involving A549 human lung and PC3 human
prostate cancer cells.

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

HN

=N

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

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

Figure 1. Crystal structure of 4-HCl. This complex is essentially planar.
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Figure 2. Two views of the crystal structure of the complex formed
between monoprotonated prodigiosin 7 and chloride ion.

some deviation from planarity is seen in 7-HCI. In 4-HCI, the
NH---Cl distances (2.25 A) are roughly equal, while in the case
of 7-HCl they are found to be longer for ring A than rings B
and C (NH--Cl1=2.72,2.28, and 1.97 A for rings A, B, and C,
respectively).

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

Table 1: Apparent association constants (K,) for binding of chloride ion to the monoprotonated (HI)
salts of dipyrromethenes and prodigiosin analogues 3-7 in CH;CN, as determined by ITC analysis at

30°C using TBACI as the anion source. Errors are estimated to be 10%.

vesicles were loaded with a solution of NaCl (500 mm) and
then diluted to produce a 1 mm suspension in a solution of
NaNO; (500 mm). The integrity of the liposome membranes
was established according to reported procedures.""! The
efflux of chloride ion was monitored as a function of time
using an Accumet glass-bodied chloride-selective electrode in
conjunction with a Jenco multimeter. The results of the
transport studies are summarized in Figure 3. Note that
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Figure 3. Time-dependent efflux of chloride ion from 200-nm vesicles
loaded with a solution of NaCl (500 mm) and suspended in a solution
of NaNO; (500 mm) and triethylsilane (5 mm), adjusted to pH 7.4.
Prodigiosins are indicated by filled markers (3 @, 6 m, 7 #); dipyrrome-
thenes are indicated by open markers (4 0, 5 0).

tripyrrole 3, the compound that bears the greatest structural
similarity to the natural prodigiosins, demonstrated remark-
ably high transport efficiency. In fact, the rate of efflux of
chloride ion was sufficiently rapid that studies were con-
ducted using a 0.5 pM solution of the carrier. The remaining
compounds were studied using 2 pMm solutions. The order of
transport efficiency, as inferred from initial rates, was found to
be 3>6~4>5>7. Additionally,
compounds 3-6 were all seen to
prompt = 60% release of chloride
ions from the interior of the vesicles

within 300 seconds.

3 4 5 6 7
AH [kealmol™] 42 -3.35 —227 ~1.59 -2.03 To determine the mechanism of
TAS [keal mol ] 38 4.88 5.33 5.35 4.93 transport, the experiments were
AG [kealmol ] -8.0 ~8.23 ~7.60 —6.94 ~6.96 repeated with the pH of the exter-
K, M7 5.9x10° 8.8x10° 3.0x10° 1.1x10° 1.1x10° nal solution initially set at pH 5.5.

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

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

www.angewandte.org
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The efflux of chloride ions was less
efficient than when the external
solutions were neutral or basic. This behavior is consistent
with an H*/Cl™ ion mechanism of transport, as it is expected
that the driving force for proton egress would be reduced with
a lower external pH value.

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

Angew. Chem. Int. Ed. 2005, 44, 5989 -5992
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intensity was monitored at 511 nm. Following addition of the
carrier, an increase in the peak at 450 nm and a corresponding
decrease in the peak at 405 nm were observed. Upon lysis of
the vesicles and subsequent contact with external hydroxide
ion, these spectral changes became even more pronounced. In
contrast, in the absence of chloride ion (but in the presence of
carrier) no effects were seen. Such findings are also consistent
with an H*/CI™ ion symport mechanism.

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

Anticancer activity in vitro was assessed using a cell
proliferation assay with A549 human lung cancer and PC3
human prostate cell lines."® The order of activity in vitro in
both cell lines was found to be similar, namely,3>6 >4>5>
7 (A549; see Figure4) and 3>6>4>5~7 (PC3; see
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Figure 4. Antiproliferative activity of prodigiosin analogues and dipyr-
romethenes in A549 human lung cancer cells. Exponential phase cells
were treated with compounds 3-7 at the indicated concentrations for
24h (34,4 x,5e,6e,7m). The number of viable cells was deter-
mined after 3 days using a standard tetrazolium salt reduction assay.
Data are presented as the fraction of untreated cells (see Supporting
Information for details).

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

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

Angew. Chem. Int. Ed. 2005, 44, 59895992
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the low antiproliferative activity of 7 can be rationalized in
terms of an anion affinity that is too low to make it a highly
effective chloride ion carrier. The present findings thus
provide support for a mechanism such as H*/CI™ ion symport
that is dominated by kinetic rather than thermodynamic
factors.

The present study does not address the issue of whether
recruitment of copper and DNA modification plays a
significant role in mediating the action of prodigiosin.
However, the strong correlation between transport rates
and anticancer activity in vitro, in conjunction with evidence
for anion binding in the solid state and solution phase, lead us
to suggest that the H*/Cl™ ion symport mechanism proposed
by Ohkuma, Wasserman, and co-workers!” is chemically
reasonable. If such a conclusion is correct, it leads to the
suggestion that other chloride ion transport systems, including
those that may have no direct structural resemblance to
prodigiosins, may show interesting anticancer activity.
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The synthetic utility and pervasiveness of hypervalent io-
dine(v) reagents have become increasingly evident in recent
decades, as underscored by a multitude of protocols that
highlight the oxidative capabilities of A*-iodanes and their
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successful employment for the construction of diverse arrays
of molecular targets.'* As part of our explorations into the
realm of hypervalent iodine(v) chemistry, we recently
reported a number of useful applications involving both
Dess—Martin Periodinane (DMP) and o-iodoxybenzoic acid
(IBX). Included in these discoveries are the IBX-induced
conversion of amines into imines!* and the initiation of
cascade reactions by DMP leading to a variety of imidoqui-
nones and heterocycles from anilide precursors.”® The
intelligence gathered in the course of these investigations
led us to hypothesize about additional modes of reactivity that
could perhaps be unveiled through further explorations of the
chemistry of such hypervalent iodine(v) reagents toward
other classes of heteroatom-containing substrates. These
speculations proved fruitful, and herein we report the direct
oxidation of amides into imides and N-acyl vinylogous
carbamates and ureas, the dehydrogenation of benzylic and
related amines to aromatic nitriles by DMP, and applications
thereof.

Imides are well represented in the literature, often
appearing as productive components in a variety of reactions,
ranging from condensations to alkylations and from acyla-
tions to cycloadditions.” This structural motif also appears in
certain natural products such as fumaramidmycin,® conio-
thyriomycin,”! and SB-253514.1"! Despite several procedures
being available for their preparation, new methods for the
synthesis of imides are nevertheless of considerable impor-
tance, especially when their direct access from readily
available substrates could be secured under mild conditions.

The mechanistic rationale for the oxidation of amides to
imides with DMP is shown in Scheme 1 A. Thus, it was
anticipated that nucleophilic attack onto the iodine core of
the reagent by the amide oxygen atom with concomitant
expulsion of an acetate group may lead to intermediate I,
whose spontaneous intramolecular rearrangement was antici-
pated to result in its collapse to Ac-IBA, AcOH, and N-acyl
imine intermediate 3. The latter, highly reactive, species 3
may then be transformed into imide 6, either by addition of
H,0, with subsequent oxidation of the putative hemiaminal
with DMP (Scheme 1 A, path A), or by the incorporation of
Ac-IBX (4), to generate an intermediate of type II (Sche-
me 1 A, path B).

This hypothesis proved correct as secondary amides were
smoothly oxidized to imides by heating with DMP in a
mixture of fluorobenzene and DMSO at 80-85°C. As seen by
inspection of Table 1, an extensive range of functional groups
is tolerated by this protocol, including aromatic halides,
olefins, and acetates. Particularly significant are the results in
Table 1, entries 3 and 5, which demonstrate the superiority of
the present method over contemporary techniques employing
RuO,,M a reagent whose tolerance of the olefinic and
ethereal sites of substrates 15 and 19, respectively, would be
questionable, at best.'”! Table 1, entries7 and 8 are also
noteworthy as they provide information regarding chemo-
selectivity preferences for the action of DMP on amide-
containing substrates. Thus, carbamates are inert to these
oxidation conditions (Table 1, entry7), as are benzylic
positions (Table 1, entry 8). The latter observation is expected
as DMP is not, unlike IBX, a willing single-electron-
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Scheme 1. Mechanistic rationale for the DMP-mediated oxidation of
amides (A) and f-amido esters and amides (B). Ac-IBA=T-acetoxy-
1,2-benziodoxol-3 (1H)-one; Ac-IBX=1-acetoxy-1-oxide-1,2-benziodoxol-
3(1H)-one.

transfer reagent. The minimal amount of DMSO is recom-
mended for this reaction as it was found that larger amounts
of this solvent (needed to ensure dissolution of certain
substrates) proved deleterious (see Table 1, entry 5).

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

Encouraged by these results, we further postulated that
secondary amides equipped with N-B-carbonyl structural
motifs could furnish vinylogous carbamates and ureas under
suitable conditions. This speculation, which rested on the
mechanistic rationale shown in Scheme 1B, proved well
founded as demonstrated in Table 2. Thus, the reaction
conditions have been demonstrated to favor the cis-config-
ured product, likely due to the stabilization provided by the
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Table 1: Synthesis of imides by oxidation of amides with DMP."
Entry Substrate Product t  Yield
] [%]"
0 o o
1 ©)J\H/\/\Me 1 ©)LH)K/\Me 12 1.0 98
0
0
2 &NH 13 (:i‘;NH 14 05 86
o
3 N e 15 N e 16 3.0 61
H H
o o) JOL
4 Br\(jﬂN)LMe 17 Br\©)\N Me 18 05 98
H H
o o o
5 @NJK/OTME 19 ° NJ\/OTMS 20 50 96«
H 0 H )
o o o
6 @N@ 21 ©)ka© 22 1.0 86
H H
L 2 2
N._OfBu N.__OtBu [d]
7 Me HA&\[{ 23 Hkﬁﬂr 24 35 86
o) o)
X I
8 ©/\/\N P 25 ©/VU\N Ph 26 2.0 98
H H
o Br o O Br
28 1.0 92

o T

[a] Reactions were conducted on a 0.2-0.5 mmol scale in PhF/DMSO

(minimal amount of DMSO) at 85°C with DMP (2.0 equiv),

unless

otherwise noted. [b] Yield of isolated product with no chromatography
necessary. [c] Based on 42% recovery of 19. [d] DMP: 6.0 equiv. DMSO =

dimethyl sulfoxide.

Scheme 2. Synthesis of the ethyl ester analogue of fumaramidmycin.
Reagents and conditions: a) monoethyl fumarate (0.5 equiv), EDC

(0.6 equiv), 4-DMAP (0.05 equiv), CH,Cl,, 25°C, 19 h, 73%; b) DMP
(2.0 equiv), PhF/CH,Cl,/H,0 (40:20:1), 85°C, 14 h, 96% (36% conver-
sion). EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride; 4-DMAP = 4-dimethylaminopyridine.
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Table 2: Synthesis of N-acyl vinylogous carbamates and ureas by oxidation of 3-amido esters and amides with DMP.1

Entry Substrate

Product cis/trans Yield [%]®!

1
1 (;Hm OEt 33

o (0]
2 PhO\)J\N/\/u\OEt 35
H

[e]
N
@Hl 34
(o] OEt

o
PhO
\)\ﬁi 36 19:1 550

>25:1 98

o] OEt
X 1
3 @A” OFt 37 @Hi 38 > 2511 67
AcO AcO O~ OEt
GNP i
4 d N OEt 39 d NS 40 2311 5914
Br Br 07 “OEt
o] o) o
s ©)km/\)LNan M @ﬁi 42 >25:1 52
O NBn
o]
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[a] Reactions were conducted on 0.1-0.3 mmol scale in PhF at 85 °C for 1 h with DMP (5.0 equiv). [b] Based on 45 % recovery of 35. [c] Based on 41%

recovery of 39. Bn=benzyl; Bz=benzoyl; THP =tetrahydropyranyl.

intramolecular hydrogen bond present within 9 and 10
(Scheme 1B) which is reinforced by the use of a nonpolar
solvent (fluorobenzene) 14 these conditions also tolerate the
presence of phenolic acetates (Table 2, entry 3) and N,N-
dibenzylamides (Table 2, entry 5). The latter example, in
particular, along with that in Table 2, entry 6, underscores the
oxidative potential of DMP, as it represents a direct dehy-
drogenation between two amide functionalities, a task very
few reagents, if any, can smoothly achieve. Possible applica-
tions of this type of synthetic transformation include the
construction of the N-acyl vinylogous urea and carbamic acid
structural domains found in palytoxin,'”! enamidonin," and
CJ-15,801," as specifically highlighted in Table 2, entry 7, in
which tetrahydropyranyl derivative 45 was oxidized with
DMP to compound 46, which could, in principle, be converted
into a palytoxin-like side chain following, among other steps,
cis—trans isomerization of the alkene.!'/

To highlight the applicability of this reaction further, a
formal total synthesis of the antibiotic CJ-15,801, along with
the construction of its cis isomer, was also completed from
commercially available starting materials (Scheme 3). Thus,
allylation of B-alanine (47),"¥ followed by subsequent reac-
tion of the resulting amino ester 48 with p-(—)-pantolactone
in refluxing toluene, afforded diol 49. Acetonide formation
within 49 led to 50, whose oxidation with DMP gave a mixture
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of the N-acyl vinylogous carbamates 51 (cis isomer) and 52
(trans isomer) in approximately 8:1 ratio in favor of the cis
compound. While the arrival at 52 (Table 4) signals a formal
total synthesis[w] of antibiotic CJ-15,801, the major isomer 51
was converted into cis-CJ-15,801 (53) by sequential cleavage
of the acetonide (BiCl;) and allyl ester ([Pd(PPh,),])*"
protecting groups (Scheme 3).

As a result of the aforementioned successes, we sought to
test the reactivity of DMP on additional nitrogen-containing
substrates, namely benzylic primary amines. We were
attracted by the prospect of directly accessing nitrile com-
pounds, intermediates and products whose ubiquitous appli-
cations in synthesis are well appreciated and documented.!!
Our reasoning for this expectation is encapsulated in
Scheme 4. Thus, it was hypothesized that aromatic amine
substrates such as 55 could associate with DMP to form
complexes such as IV with concomitant loss of AcOH,
followed by an intramolecular benzylic hydrogen abstraction
by an acetate group. This would then result in a net
dehydrogenation to afford aldimines of type 56. These
fleeting intermediates would then be expected to be either
hydrolyzed by H,O to aldehydes (e.g. 57) or oxidized a second
time by DMP to furnish nitriles (e.g. 58).

Indeed, we were pleased to discover that an assortment of
benzylic and related primary amines undergo the projected
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Scheme 3. Formal total synthesis of the antibiotic CJ-15,801 (54) and
its cis isomer 53. Reagents and conditions: a) see reference [18]; b) D
(—)-pantolactone (1.5 equiv), NaHCO; (5.0 equiv), PhMe, reflux, 20 h,
59% (23% of 48 was also observed by "H NMR prior to purification of
crude mixture); c) 2-methoxypropene (10 equiv), pTsOH (0.1 equiv),
acetone, 0°C, 1 h, 78%; d) DMP (5.0 equiv), PhF, 85°C, 2 h, 93%
(based on 39% recovered 50, cis and trans isomers isolated in ~8:1
ratio, respectively); e) BiCl; (0.2 equiv), H,O, MeCN, 25°C, 14 h, 98 %;
f) [Pd(PPh;),] (0.2 equiv), dioxane/H,O (4:1), 25°C, 14 h, 87%.

Ts = p-toluenesulfonyl.
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Scheme 4. Mechanistic rationale for the oxidation of benzylic and
related amines to aromatic nitriles with DMP.

transformation into nitriles upon reaction with DMP at 25°C
in CH,Cl,. The generality and scope of this reaction is
demonstrated in Table 3 with examples of substrates contain-
ing halide (Table 3, entries 3, 4, and 6), ether (entries 1 and 3),
electron-donating (entry 1), and electron-withdrawing
(entries 4 and 6) groups, as well as isoxazoles (entry 7) and
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Table 3: Dehydrogenation of amines to nitriles.”!

Entry Substrate Product t Yield
[min] %]
CN
1 59 ©/ 60 10 95
MeO

NH, CN
61 @ 62 10 7

3 ©/0 c 6 @(O\@(C' 64 15 94
CN
/@ 65 J@/ 6 10 77
F F
[b]
5 HZN\/©VNH2 CA )@LCN 68 15 90
Oiw o 1 w7
F.C CN

7 A 71 A 72 15 84
|
NI Me N- Me

[a] Reactions were conducted on a 0.2-0.5 mmol scale in CH,Cl, at 25°C
with DMP (2.0-3.0 equiv), unless otherwise noted. [b] DMP: 5.0 equiv.

bifunctional systems (entry5). Aside from demonstrating
considerable tolerance, this DMP dehydrogenation protocol
has proven capable of affording nitriles through the imple-
mentation of brief reaction times, without excessive amounts
of aldehyde by-products, unlike previously reported proce-
dures employing iodosobenzene!® or IBX.[*!

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

Experimental Section

General procedure (amides): Generation of imides: In a sealed tube
the amide (0.1-0.3 mmol) was dissolved in fluorobenzene (0.15M) and
several drops of wet DMSO were added (or enough to ensure
dissolution of substrate). After addition of DMP (2.0 equiv), the
mixture was heated behind a blast shield at 80-85°C until the starting
material was consumed (monitored by TLC analysis). The resulting
mixture was allowed to cool and was then quenched with saturated
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Table 4: Selected physical properties for 31, cis-34, 52, 53, and 64.

31: R=0.50 (silica gel, EtOAc/hexanes 1:2); IR (film): 7, = 3282, 2981,
1723, 1690, 1508, 1453, 1367, 1300, 1157, 1031 cm™'; '"H NMR

(400 MHz, CDCl,): 6=8.04 (br s, 1H), 7.46 (d, J=15.2 Hz, 1H), 7.38—
7.32 (m, 3H), 7.28-7.26 (m, 2H), 6.90 (d, /=15.5 Hz, 1H), 4.27 (q,
J=7.0 Hz, 2H), 3.95 (s, 2H), 1.32 ppm (t, J=7.0 Hz, 3H); *C NMR
(125 MHz, CDCl;): d=172.1, 165.0, 164.4, 134.8, 134.3, 133.0, 129.7,
129.1,127.8, 61.7, 44.4, 14.2 ppm; HRMS (ESI TOF): calcd for
CraH1sNO,Na* [M+Na]*: 284.0893; found: 284.0898

cis-34: R;=0.78 (silica gel, EtOAc/hexanes 1:2); IR (film): ¥, =3311,
1673, 1616, 1480, 1395, 1378, 1220, 1030, 802, 695 cm™'; '"H NMR
(400 MHz, CDCl,): 6=11.53 (brs, 1H), 7.97-7.95 (m, 2H), 7.74 (dd,
J=89,11.2 Hz, TH), 7.61-7.57 (m, 1H), 7.52-7.49 (m, 2H), 5.26 (d,
J=9.0 Hz, 1H), 4.24 (q, J=7.4 Hz, 2H), 1.33 ppm (t, ] =7.4 Hz, 3H);
BC NMR (150 MHz, CDCl,): 6=169.8, 164.7, 138.9, 133.1, 132.3, 129.1,
127.9, 97.4, 60.5, 14.4 ppm; HRMS (ESI TOF): calcd for C;,H;;NO;Na*
[M+Na]*: 242.0788; found: 242.0782

52: R;=0.78 (silica gel, EtOAc/hexanes 1:1); [a]¥ =+ 38 (CHCl;,
¢=0.13); IR (film): ¥,,,,=3331, 2947, 1715, 1635, 1495, 1378, 1298,
1256, 1195, 1134 cm™"; "TH NMR (500 MHz, CDCl;): 6 =8.41 (brd,
J=11.9 Hz, 1H), 8.00 (dd, J=13.8, 11.9 Hz, TH), 5.98-5.90 (m, TH),
5.62 (d,J=13.8 Hz, 1H), 5.33 (d, J=16.5 Hz, 1H), 5.23 (d, J=10.1 Hz,
1H), 4.65-4.64 (m, 2H), 4.20 (s, 1H), 3.71 (d,J=11.9 Hz, 1H), 3.32 (d,
J=11.9 Hz, TH), 1.52 (s, 3H), 1.45 (s, 3H), 1.05 (s, 3H), 1.00 ppm (s,
3H); BCNMR (125 MHz, CDCly): 6=168.1, 166.9, 136.5, 132.5, 118.1,
102.8, 99.7, 77.3, 71.4, 65.0, 33.6, 29.6, 22.0, 19.0, 18.8 ppm; HRMS
(ESI TOF): calcd for C;sH,;NOsNat [M+NaJ*: 320.1468; found:
320.1464

53: [a]? =+ 18 (MeOH, ¢=0.08); IR (film): #,,,,=3317, 2960, 2873,
1655, 1625, 1467, 1402, 1320, 1243, 1108, 1044 cm™'; 'H NMR

(500 MHz, CD,0D): =7.37 (d, /=8.4 Hz, 1TH), 5.18 (br s, TH), 4.03 (s,
TH), 3.48 (d, J=11.0 Hz, TH), 3.39 (d, J=11.0 Hz, 1H), 0.93 (s, 3H),
0.92 ppm (s, 3H); *C NMR (125 MHz, CD,0D): 6 =174.4 (2C), 133.8,
129.9, 77.0, 70.0, 40.7, 21.4, 20.6 ppm; HRMS (ESI TOF): calcd for
CoH1,NO;~ [M—H] : 216.0877, found: 216.0875

64: R;=0.68 (silica gel, EtOAc/hexanes 1:2); IR (film): 7, = 3449, 1570,
1488, 1449, 1262, 1199, 929, 765 cm™'; "H NMR (500 MHz, CDCl,):
8=7.43 (dd, J=8.5, 7.4 Hz, 2H), 7.36 (t, J=8.5 Hz, 1H), 7.27-7.24 (m,
TH), 7.17 (dd, J=8.1, 0.8 Hz, TH), 7.11-7.09 (m, 2H), 6.73 ppm (dd,
J=8.8, 0.8 Hz, 1H); *C NMR (125 MHz, CDCl,): 6 =161.5, 154.7,
138.3, 134.2, 130.4, 125.7, 123.5, 120.5, 114.6, 113.3 ppm; HRMS

(ESI TOF): caled for Cy3HsCINOHY [M+H]*: 230.0367, found: 230.0359

aqueous Na,S,0; (2mL) and stirred vigorously until the solution
became clear. The mixture was poured into Et,0 (15 mL) and the
ethereal phase was washed twice with 10 % aq. Na,S,0s/aq. NaHCO;
(1:1 mixture, 15 mL) and brine (15 mL), and then dried (MgSO,).
Removal of the solvent in vacuo afforded the imide, often pure
enough (by 'NMR spectroscopic analysis) to forgo chromatography.
Generation of N-acyl vinylogous carbamates and ureas: In a sealed
tube the amide (0.1-0.3 mmol) was dissolved in fluorobenzene (0.1m)
and DMP (5.0 equiv) was added. The mixture was heated at 80-85°C
until full consumption of starting material was noted (monitored by
TLC analysis). The reaction mixture was then quenched and purified
in the same manner as for the preparation of imides described above.

General procedure (amines): The amine (0.1-0.4 mmol) was
dissolved in a small amount of CH,Cl, and added dropwise over a
period of 5-10 min to a homogeneous mixture of DMP (2.0 equiv) in
CH,C], to form a 0.15M solution with respect to the amine. The
reaction mixture was stirred at 25°C until the starting material was
consumed (as observed by TLC analysis), at which time the reaction
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was quenched with saturated aqueous Na,S,0; (2mL) and the
resulting mixture was stirred vigorously until it became clear. The
mixture was then poured into Et,O (15 mL) and the ethereal phase
was washed twice with 10% aq. Na,S,0;/aq. NaHCO; (1:1 mixture,
15 mL) and brine (15 mL) and then dried (MgSO,). Removal of the
solvent in vacuo afforded the nitrile, which was purified by silica-gel
column chromatography.
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There has recently been intensive effort to develop porous
metallic materials because of their promising applications in
catalysis, separation technology, sensors, and fuel cells. The
success of these applications strongly relies on the availability
of porous metallic materials with specific pore sizes and
structures. In the quest to fabricate porous metallic materials
with desired pore sizes and structures, attempts have been
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made to use templates in a replication process.'"! For
example, anodic alumina and lyotropic liquid crystals®
were used as templates to fabricate mesoporous (voids
<50 nm) metal films with cylindrical and parallel pores. It
was also shown that techniques involving colloidal templates
could be used to create ordered macroporous (voids
>50nm) metal films."® The latter method is attractive
because of its pore-size tuneability and the ordered structure
it produces. A critical issue in using this method is how to
controllably fill the interstitial space of the colloidal templates
with a desired composition. In previous work,?! the use of
this method invariably led to a complete infiltration of the
interstitial space with different materials, which, to some
extent, limits the application of such a method to produce
porous metal materials with novel structures.

Porous hollow metallic spheres often exhibit catalytic
activities different from their solid counterparts and have the
advantages of low density and the use of less material.”* For
example, Hyeon and co-workers!”) showed that hollow Pd
spheres possess excellent catalytic activity in Suzuki reactions
and can be recycled without loss of the catalytic activity. The
extension of such a structure to bimetallic nanomaterials is of
great importance since the properties of one metal are usually
improved by the addition of another.” 1! Nevertheless, we are
not aware of publications on the generation of such materials
with ordered structures that may lead to the formation of
hierarchical porosity.

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

The starting material for the template is a colloidal
suspension of highly monodisperse silica spheres in ethanol.
The silica spheres were prepared by the improved Stober
growing procedure,'"'? and subsequently modified with 3-
aminopropyltrimethoxysilane (APTMS). The closely packed
colloidal template was assembled on silicon wafers or glass
substrates that were placed vertically in a slowly evaporating
dispersion of APTMS-modified silica spheres in ethanol, as
described by Jiang et al.'¥! The colloidal template was then
immersed in an aqueous solution of gold nanoparticles having
an average diameter of 3 nm. Since the cross-sectional area of
the smallest channel inside the colloidal template is much
larger than the gold nanoparticles, the nanoparticles can flow
freely throughout the colloidal template. Different kinds of
nanostructures can be prepared by varying the immersion
times and concentrations of the gold solution (see below and
the Experimental Section). Finally, the dried colloidal tem-
plate with the gold nanoparticles was dipped into a plating
solution for coating with platinum. During the plating process,
the small gold nanoparticles can serve as seeds to accelerate
the reduction of the PtCls*~ ions by ascorbic acid. Removing
the silica template with 4% HF solution gave black self-
supporting flakes. Shrinkage of the pores was avoided since
the silica template was removed at room temperature.

It is very important to generate high-quality templates for
this template-directed method since the quality of any

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

Chemie

5997



Communications

5998

material formed by this method depends sensitively on the
ordering and the properties of the starting template. Fig-
ure 1a shows a typical scanning electron microscopy (SEM)
image of the top view of one of the silica colloidal templates.
The SEM image reveals that the 267-nm silica spheres are

Figure 1. a) SEM image of a template consisting of 267-nm silica parti-
cles, and SEM images of typical ordered hollow nanostructures formed
using b) 267-nm and c) 300-nm silica colloidal crystals as templates,
respectively. The insets show the corresponding high-magnification
images.

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

Energy-dispersive X-ray analysis (EDX) is a technique
that enables the elemental composition of a small selected
area of the sample to be identified with a sensitivity of about
1% for elements heavier than beryllium. Figure 2 a shows an
EDX analysis of the hollow nanostructures shown in Fig-
ure 1b before (left) and after removal (right) of the SiO,
template as an example. The EDX analysis shows strong Au
and Pt peaks from the hollow nanostructures. The reasonably
strong O peak present before removal stems from the SiO,
template. The Sipeak in both Figures originates most
probably from the silicon wafer. The appearance of the
remaining very weak O peak after the removal of the
template can be attributed to the reduction reagents (citrate
ions or ascorbic acid); this proposal is further supported by
the presence of the C peaks (not shown). On the basis of the
above EDX analysis it is reasonable to conclude that the silica
template is completely removed and, thus, ordered hollow
Au/Pt nanostructures are formed. Figure 2b presents an X-
ray diffraction (XRD) pattern of the sample shown in
Figure 1b. Broad diffraction peaks corresponding to metallic
Au and Pt are observed which are indicative of the presence
of nanosized Au/Pt particles (see the bulk reflexes, bottom of
Figure 2b).

Ordered macroporous metallic nanostructures are
another kind of important porous material. We found that
the current method is also applicable to the formation of such
structures if the experimental conditions are suitably con-
trolled (see Experimental Section, Method B). Figure 3 shows
a typical SEM image (top view) of the macroporous structure
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Figure 2. a) EDX analysis of the ordered Au/Pt nanostructures shown

in Figure 1b before (left) and after (right) HF treatment, and b) XRD
pattern of the hollow nanostructure from Figure 1b.

formed by this method. It is evident that the resulting material
exhibits relatively uniform porosity with hexagonal close
packing, while the pores match the size of the starting silica,
thus indicating that negligible shrinkage of the metallic
structure occurs.’¥! The ordered regions can extend to several
hundreds of micrometers. The small nanoparticles around the
large pores in the original interstitial space can be clearly
observed in the corresponding higher magnification images
(Figure 3, inset). EDX and XRD analysis show that the as-
prepared materials consist of nanosized metallic Pt and Au.

Figure 3. Typical SEM image of an ordered macroporous Au/Pt nano-
structure. The inset shows a corresponding high-magnification image.
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The success of the current method for selective fabrication
of two different kinds of ordered bimetallic nanostructures
with hierarchical porosity is rationalized as follows. Accord-
ing to previous reports,””! in which the colloidal template was
immersed in an aqueous solution of gold nanoparticles, small
gold nanoparticles were deposited in the interstices of the
colloidal template by an infiltration process to form a
mesoporous structure around the silica spheres. Since the
porosity allowed the solvent to flow freely through the
structure, the pores can be completely filled with gold
nanoparticles. However, the situation is different in the
present study. Modification of the silica spheres with APTMS
results in the APTMS molecules bonding to the surface of the
silica spheres with their NH, groups directed outwards.
Immersion of this modified colloidal template leads to an
intense coverage of gold nanoparticles on the surface of the
silica spheres through the interaction between the negatively
charged gold nanoparticles and the positively charged NH,
groups (see also ref. [14]). If the concentration of the gold
nanoparticles is relatively low ([Au]=0.06 mm) and the
immersion time in the gold solution is comparatively short
(8 h), the assembly of the gold nanoparticles on the surface of
the silica spheres predominates. A small quantity of residual
gold nanoparticles in the interstices of the colloidal template
can be removed by rinsing with deionized water (and/or by
deposition on the surface of the silica spheres during the
drying process). This is followed by a 16-minute electroless
deposition of Pt only on the surface of the silica spheres
(Method A). As a result, the removal of the template leads to
the formation of ordered porous Au/Pt nanostructures con-
structed from hollow spheres. In contrast, if the concentration
of the gold nanoparticles is higher ([Au]=0.3 mMm) and the
immersion time in the gold solution is long (16 h), besides the
assembly of gold nanoparticles on the surface of the silica
spheres, the relatively large amount of small gold nano-
particles in the interstices of the colloidal template in
combination with those on the surface of the silica spheres
associate into a larger, mesoporous structure. The following
16-minute Pt deposition leads to almost complete infiltration
of the pores of the colloidal template, and macroporous Au/Pt
nanostructures are obtained after removal of the template
(Method B).

In a second set of experiments, monodisperse but non-
ordered APTMS-modified silica spheres were used as tem-
plates and the same experimental procedures were per-
formed. We found that only hollow porous Au/Pt nano-
structures were obtained by both Methods A and B (Fig-
ure 4a). As evidenced in higher magnification images, the
shell of the hollow spheres is built-up by stringlike, structured
aggregates consisting of small Au/Pt nanoparticles which
results in many pores with an average diameter of 32 nm.
Such nanostructured materials can be particularly desirable
for application in catalytic nanoreactors. This result further
strengthens our above explanation: Since the templates are
non-ordered and the silica spheres within the template are
loosely arranged, the assembly of the gold nanoparticles and
the following Pt deposition only occurred on the surface of
the silica spheres. As a result, only hollow nanostructures can
be formed under Methods A or B. Interestingly, porous
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Figure 4. SEM images of a) hollow spheres prepared by Method B,
and b) hollow hemispheres prepared by Method A with a concentration
of gold of 0.06 mm, an immersion time in the gold solution of 10 h,
and a Pt plating time of 12 min. Non-ordered APTMS-modified silica
spheres on silicon wafers were used as templates.

hollow Au/Pt hemispheres can also be fabricated under
appropriate experimental conditions (such as, for example, an
increase in the Au concentration compared to Method A;
Figure 4b), which may provide an alternative method for the
synthesis of such materials.

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

Experimental Section

3-nm gold nanoparticles:™®! A 1% solution of HAuCl, (1 mL) was
added to water (90 mL) at room temperature. After stirring the
mixture for 1 min, 1% sodium citrate solution (2 mL) was added.
Freshly prepared 0.075% NaBH, (in 1% sodium citrate solution;
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1 mL) was added 1 min later. The resulting solution was stirred for an
additional 5 min and kept at about 4°C until use.

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

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

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

Characterization: SEM images were obtained with a Leo 1550
supra instrument equipped with an EDX Si-detector (Oxford Instru-
ments). All structures were characterized by XRD (Philips; X’pert
MPD).
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catalytic metal-mediated conversions of organonitriles into
important organic compounds are currently being devel-
oped. In contrast to other unsaturated molecules, such as
alkynes, alkenes, CO, or RNC, nitriles insert less easily into
metal-carbon bonds. Most of the known examples involve
nitriles RCN and early-transition or actinide metal organo-
complexes [M]—R’ to give azaalkenylidene complexes [M]—
N=CRR'’ upon insertion.*”! In a few cases, the azaalkenyli-
dene ligand in [M]-N=C(R)CH,R' rearranges by a 1,3-H shift
to the corresponding enamide [M]-NHC(R)=CHR'."”} Some
special cases involve low-valent transition-metal organocom-
plexes [M]-CH,C(O)R’ that react at high temperature with a
nitrile RCN and PPh, to give a ¥*-C,O-cyclometalated imino
complex [M]-NHC(R)CHC(O)R".) Another unusual case is
the reaction between the extremely reactive Fe,Mes, (Mes =
2,4,6-Me;C¢H,) and PhCN to give the dimer [{(PhCN)-
(Mes)Fe},(u-N=CPhMes),].”" Herein, we report a new type
of nitrile insertion that also represents the first example of the
insertion of a nitrile into a C—M bond (in which M is a late-
transition element).

[Pd{2-(OH)C¢H,}I(tmeda)] (tmeda= N,N,N',N'-tetrame-
thylethylenediamine) reacts at room temperature with
excess RCN and 1 equivalent of TIOTf (OTf = CF;SO;) to
give [Pd{1-O-2-[C(R)=NH]CsH,-x*-O,N}(tmeda)|OTf [R=
Me (1), C¢F5 (2), CH,=CH (3)] (Scheme 1). As many known

ﬂ Q(OHM
/Ne2

RCN
’Pd\ j Tlng
I N
Me
2 Me,
QN
1:R=Me Pd j OTf
2:R=CF; —N N
3R=CH,=CH M

Scheme 1. Reaction of [Pd{2-(OH)C¢H,}I(tmeda)], excess nitrile, and
TIOTf (1 equiv).

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

nation of the nitrile ligand and then in the generation of a
partial negative charge on the ipso carbon atom of the aryl
ligand.

Recently, the reaction of acrylonitrile with [PdMe-
(NMe,Ph)L,]*, [{PdMe(L,)},(u-CD)]* (L, = various bidentate
N-donor ligands),”) and [Pd(O,N)Me(NCMe)] (ON=
Grubbs salicylaldiminato and related diazene ligands)!'”
were reported to give a-cyanopropyl derivatives, that is, the
insertion products of the olefinic part of the nitrile into the
Pd—Me bond. In all cases, the first step was, as we propose in
our case, the N-coordination of the nitrile but the difference
from our result (complex 3) proves to be the crucial role
played by the hydroxy group in our reactions. We have
reported that CO and olefins insert into the C—Pd bond of
[Pd{2-(OH)C,H, }JI(tmeda)] without intervention of the hy-
droxy group.™!

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

Complexes similar to 1-3 were prepared by the reaction of
1) [Ru(L,),(CO;)] (L, =bpy (2,2"-bipyridyl), phen (1,10-phe-
nanthroline)) with p-{CH,N=C(Me)(2-OHC(H,)},CH,,"
2) [Ru(PPh;);Cl,] with oximes of salicylaldehyde, 2-hydroxy-
acetophenone, or 2-hydroxynaphthylaldehyde,'¥ and
3) aqueous ammonia, 2-hydroxo-4-methoxyacetophenone,
and copper(in) salts.™ Therefore, in the known complexes
the main skeleton of the ligand is preformed in the organic
reagent. Complexes 1-3 contain ligands of the same family as
that present in Grubbs nickel catalysts.!"!

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

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

F7

Figure 2. Thermal ellipsoid plot (30% probability) of 2. Selected bond
lengths [A] and angles [°]: Pd-N1 1.9769(13), Pd—O1 1.9804(12), Pd—
N2 2.0636(15), Pd—N3 2.0698(14), O1-C1 1.308(2), N1-C7 1.288(2);
N1-Pd-O1 90.91(5), N1-Pd-N2 94.21(6), O1-Pd-N3 89.00(5), N2-Pd-N3
85.88(6), C1-O1-Pd 125.59(10), C7-N1-Pd 127.26(11), N1-C7-C2
125.08(15), N1-C7-C11 115.63(14), C2-C7-C11 119.29(14).

Cation/anion bonds are
observed.

In conclusion, we have reported the first examples of the
insertion of nitriles into a late-transition-metal-carbon bond.
The process involves the insertion of an alkyl (Me), aryl
(C4Fs), or vinyl nitrile into an aryl-palladium bond. The
insertion is assisted by the protonation of the nitrile nitrogen
atom by the ortho-hydroxy group present in the aryl ligand

and thus represents a new type of insertion reaction.

N-H--O(0,)SCF; hydrogen
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Figure 3. Thermal ellipsoid plot (30% probability) of 3. The anion has
been omitted. Selected bond lengths [A] and angles [°]: Pd—O1
1.966(2), Pd-N1 1.983(2), Pd—N3 2.054(2), Pd—N2 2.060(2), O1-C1
1.319(3), N1-C7 1.287(4), C8-C9 1.310(4); O1-Pd-N1 90.11(11), N1-
Pd-N3 95.10(11), O1-Pd-N2 88.65(9), N3-Pd-N2 86.12(10), C1-O1-Pd
123.44(18), C7-N1-Pd 128.7(2), N1-C7-C2 121.4(3), N1-C7-C8 116.8(3),
C2-C7-C8 121.8(3).

Preliminary results allow us to state that the process also
occurs with other alkyl and aryl nitriles.

Experimental Section

General procedure: The nitrile (1.15 mmol) and TIOTf (81 mg,
0.23 mmol) was added to a solution of [Pd{2-(OH)C;H,}I(tmeda)]™!
(100 mg, 0.23 mmol) in CH,Cl, (15 mL). The resulting mixture was
stirred for 4 h at room temperature, the suspension was filtered over
celite, the yellow solution was concentrated (3 mL), and Et,O
(10 mL) was added, which resulted in the precipitation of a solid.
The precipitate was filtered, washed with Et,O (3 x5 mL), and dried
to give the corresponding complex as a yellow solid.

1: Yield: 90 mg, 78 %; m.p. 164°C; Ay =143 Q'cm’mol . IR:
7= 3275 v(NH), 1605 cm ' »(C=N); 'H NMR (300 MHz, CDCl,): § =
8.71 (s, 1H; NH), 7.47 (dd, 1H, %/ = 8.3 Hz, *Jyyy = 1.5 Hz; C(H,),
7.27 (ddd, 1H, 3y = 6.9 Hz, 14y = 8.4 Hz, “J iy = 1.6 Hz; C,H,), 6.91
(dd, 1H, *Jyy=8.4 Hz, “Jyyy=1Hz; CH,), 6.64 (ddd, 1H, *Jy,;=
6.9Hz, *yy=81Hz, “Jyy=16Hz; CH,), 292 (s, 6H; Me
(tmeda)), 2.85 (s, 4H; CH,), 2.74 (s, 6H; Me (tmeda)), 2.68 ppm (s,
3H; Me (MeCN)); *C{'H} NMR (100 MHz, CDCl;): 6 =172.11 (C),
163.24 (C), 134.30 (CH), 130.93 (CH), 121.04 (CH), 120.92 (C), 115.93
(CH), 6330 (CH,), 60.39 (CH,), 50.92 (Me (tmeda)), 48.99 (Me
(tmeda)), 24.53 ppm (Me (MeCN)); elemental analysis: calcd for
C;sH,N;0,SF;Pd: C 35.62, H 4.78, N 8.31, S 6.34; found: C 35.31, H
4.67, N 8.21, S 6.09; single crystals were grown by slow diffusion of n-
hexane into a solution of 1 in CH,Cl,.

2: Yield: 125mg, 83%; m.p. 218°C (decomp.); Ay=
125 Q'em’mol™; IR: #=3193 »(NH), 160lcm™' v(C=N);
'H NMR (400 MHz, [Dg]acetone): 6 =9.75 (s, 1H; NH), 7.39 (ddd,
1H, 3y = 6.9 Hz, *Jy =8.6 Hz, Yy = 1.7 Hz; C¢H,), 7.11 (dd, 1H,
3 =83 Hz, “Jyu = 1 Hz; C.H,), 7.04 (dd, 1H, ¥y = 8.6 Hz, V=
1 Hz; CH,), 6.58 (ddd, 1H, *Jyy=7Hz, Jyy=830Hz, “Jyy=
1.1 Hz; C¢H,), 3.14 (s, 4H; CH,), 2.96 (s, 6 H; Me), 2.91 ppm (s, 6 H;
Me); “C{'"H} NMR (100 MHz, [D4]acetone): 6 =166.65 (C), 161.16
(C), 136.80 (CH), 133.27 (CH), 122.64 (CH), 120.70 (C), 117.15 (CH),
64.15 (CH,), 61.45 (CH,), 51.31 (Me), 49.67 ppm (Me); elemental
analysis: caled for C,)H,; N;O,SFPd: C 36.52, H 3.22, N 6.39, S 4.87;
found: C 36.41, H 3.20, N 6.43, S 4.80; single crystals were grown by
slow diffusion of n-hexane into a solution of 2 in acetone.

3: Yield: 100mg, 84%; m.p. 169°C (decomp.); Ay=
100 Q'em’mol™; IR: #=3293 »(NH), 1603cm™' »(C=N);
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'HNMR (400 MHz, CDCl,): 6=8.38 (s, 1H; NH), 7.46 (dd, 1H,
i =82Hz, *Jyy=1.6 Hz; CH,), 7.29 (ddd, 1H, *J;;=6.8 Hz,
Tan=8.5 Hz, iy = 1.7 Hz; CgH,), 6.96-6.89 (m, 2H; C(H,, CH,=
CH), 6.64 (ddd, 1H, *Jy=7.0Hz, *J,y=8.1Hz, “Jy=1.1Hz,
C¢H,), 5.83 (m, 2H; CH,=CH, CH,~=CH), 2.91 (s, 6H; Me), 2.89 (s,
4H; CH, (tmeda)), 2.75 ppm (s, 6H; Me); “*C{'"H} NMR (400 MHz,
CDCl;): 6 =171.05 (C), 164.64 (C), 134.77 (CH (C4H,)), 133.32 (CH,=
CH), 132.34 (CH (C4H,)), 126.73 (CH,=CH), 121.10 (CH (C¢Hy,)),
115.85 (CH (CH,)), 120.58 (C), 115.85 (CH (C¢H,)), 63.30 (CH,
(tmeda)), 60.46 (CH, (tmeda)), 50.91 (Me), 49.36 ppm (Me);
elemental analysis: calcd for C,sH,,N;O,F;SPd: C 37.11, H 4.67, N
8.11,S 6.19; found: C 36.86, H 4.78, N 8.11, S 6.03; single crystals were
grown by slow diffusion of Et,O into a solution of 3 in CH,Cl,.
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Synthesis of Stable Aragonite Superstructures by a
Biomimetic Crystallization Pathway™**

Nadine Nassif,* Nicole Gehrke, Nicola Pinna,
Natasha Shirshova, Klaus Tauer, Markus Antonietti,
and Helmut Colfen*

Many organisms make use of calcium carbonate as a
construction material, and for this purpose are able to
selectively control the formation of the different polymorphs
of this material. This is not the case for technical processes.
Calcite is thermodynamically more stable at ambient pressure
and temperaturel!! than the other anhydrous CaCOj; poly-
morphs (vaterite and aragonite), and thus is most easily
obtained with long reaction times. There are some technical
procedures which generate vaterite (usually the first poly-
morph formed as a result of the Ostwald rule of stages) by
performing the precipitation along the kinetic pathway and
yielding the kinetic metastable vaterite product or by trapping
and stabilizing the very early crystals® with appropriate
stabilizers. However, the mechanically very interesting ara-
gonite (usually a high-pressure modification) is virtually
inaccessible by chemical means, except by adding extreme
amounts of Mg®* ions to the mother liquor.**! It should be
recalled that nacre, with its extraordinary mechanical perfor-
mance, is based on pure aragonite platelets® and shows clear
long-time stability even in the presence of water. In contrast,
aragonite usually starts to transform to calcite within a day or
faster depending on the pH value and temperature.®” Thus,
one of the main challenges in the crystallization of calcium
carbonate remains the synthesis of pure aragonite of uniform
size and morphology under ambient conditions.

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

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

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

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

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

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

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

magnification (Figure 1b) reveals the high uniformity of this
superstructure morphology and the quite narrow size distri-
bution with a diameter of about 60 pm. It will be shown below
that all the superstructures have been heterogeneously
nucleated at interfaces. We therefore assume that the calcite
contamination arises from the co-occurrence of free calcite
nucleation in homogeneous solution, which cannot be com-
pletely suppressed by the very low concentrations of polymer
modifier employed (0.1 ppm).
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The identification of the phase of the synthesized CaCOj;
was carried out by X-ray powder diffraction (XRD) analysis.
The XRD pattern of the sample displays the following
diffraction peaks (20 [°]): 26.12, 27.10, 32.74, 33.06, 36.12,
37.29, 37.89, 38.48, 39.42, 41.27, 43.01, 45.96, 48.44, 50.25,
52.44, and 52.92, which can be correlated to the (hkl) indices
(111), (021), (121), (012), (200), (031), (112), (130), (211),
(220), (221), (202), (132), (113), (321), respectively, of pure
aragonite. For the sample collected from the bottom of the
flask, peaks of rhombohedral calcite are also observed
(diffraction peaks 26 [°] (hkl): 29.27 (104), 39.42 (202), 47.36
(018)). These results are in agreement with the SEM
observations. The identification of the phase of these crystals
was also confirmed by Fourier transform infrared (FTIR)
spectroscopy, which showed characteristic vibrational bands
at 699, 711, 852, and 1082 cm™". The characteristic vibrational
band corresponding to the asymmetric C—O stretch is
1469 cm™" for aragonite and 1422 cm™' for calcite. However,
the broadness in this wavenumber region means that it is not
possible to assign the band at 1445 cm™.

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

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

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

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

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

Figure 3. TEM overview images of two building blocks (a, c) and their

respective electron diffractions (b, d). HRTEM image of parts of differ-
ent building blocks (e, f) and their respective power spectra (g, h). The
arrows indicate the [001] direction.

on the primary building blocks seen clearly in Figure 2b.
These subunits are quite homogeneous and have a rodlike
shape with lengths ranging from 500 nm to a few micrometers
(Figure 3a and 3c). Their diffraction patterns are in some
cases typical of mesocrystals such as the particle presented in
Figure 3a (Figure 3b; in this case the crystal is oriented along
the [110] direction) or typical of a single crystal such as the
one presented in Figure 3 d which is characteristic of the [010]
zone axis. In both cases the long axis of the crystal is [001].
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High-resolution TEM (HRTEM) was used to study the
crystallinity and the surface of the particles (Figure 3¢ and f).
The particles show a well-defined crystalline core as demon-
strated by their power spectra (PS, Figure 3¢ and 3h), which
are characteristic of single crystals viewed along the [110] and
[010] directions, respectively. Surprisingly, they also show a
clearly developed amorphous layer of around 5-nm thickness
on their surface. This layer can not be formed by organic
compounds such as the 1-um polymer template used to induce
the nucleation, and in fact this thin layer starts to crystallize
slowly under the intense electron beam of the microscope.
This observation suggests that this layer is composed of
amorphous calcium carbonate (ACC), as was found recently
on the aragonite platelets of nacre.” Thus, the above
observations show the possibility to retrosynthesize the
amorphous-layer-coated aragonite platelets in nacre by
using the current synthetic polymers and crystallization
conditions. The exact reason for the stabilization of the
aragonite polymorph by a protective ACC layer is as yet
unknown and the subject of ongoing work. Nevertheless, this
amorphous “coating” could protect the aragonite against
recrystallization when in contact for longer times with water.

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

Figure 4. SEM images at lower and higher (inset) magnification of the
mineralized polymer microgels (1 mgmL™).

tration for each polymer particle. Dynamic light scattering
(DLS) investigations confirmed the interactions between the
core of the particle, which is mainly composed of acidic
groups (PMAA), and the calcium ions of the solution. Indeed,
DLS studies have shown that an increase in the ionic strength
of the solution leads to a decrease in the average particle
diameter of the stabilizing microgel particles (the average
diameter of the triblock particles is ca. 1000 nm in water!"!
whereas it decreases to ca. 800 nm in 0.01m CaCl, solution).
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The increase in the pH value in the experimentally important
range from the starting value of 5.8 to the end value of 9.5
slightly increases the size of the particles to 1200 nm as a
consequence of PMAA charge repulsion in the core.

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

The lower the polymer concentration, the fewer the
nucleation sites, so that the most developed and diversified
structures are indeed formed at the extremely low concen-
tration of 0.1 mgL ™" (0.1 ppm), a reactant concentration well
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below usual values chosen to modify a physicochemical
process. The fact that the aragonite superstructures nucleate
on the glass walls indicates that the amphoteric microgels with
a cationic outer layer indeed interact with the negatively
charged glass wall. This interaction was confirmed by SEM
investigations (see Supporting Information). Indeed, the
triblock particles were still found to be attached to the glass
surface after immersion of the glass slide in the 0.01m CaCl,
solution and extensive washing.

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

Furthermore, all the structures are found to adopt a
structurally well-defined, highly reproducible, “sheaf bundle”
morphology. This shows that propagation of a structurally
confined nucleation on the micrometer scale (a ring of
radially aligned aragonite nanocrystals) can lead to control of
crystals with high structural complexity, even without the
action of geometric confinements, templates, and outer force
fields. The formed superstructures are stable against recrys-
tallization for at least two weeks even in contact with water,
thus indicating the stability of the formed aragonite in this
special morphology, which is in contrast to literature reports
on aragonite stability in water.®” This stability could arise
from the observed outer ACC layer (Figure 3) preventing the
aragonite—water contact. The unexpected stability of the ACC
layer in water is the subject of ongoing investigations.
However, this ACC layer does not seem to perfectly protect
the aragonite crystals as deduced from the observation that a
single microgel particle is able to nucleate a whole trunk of
apparently unconnected aragonite crystals (Figure2). As
calcite is observed as the default solution-nucleated product
(Figure 1a) and there is no additional polymer available
beside the microgel templates, the exclusive formation of
aragonite in the complex superstructures (Figure 2) could not
be explained unless a crystallographic bridge is present
between the individual particles. Such a bridge extending
throughout the ACC layer could then act as a nucleation site
for the formation of another aragonite particle by mesoscopic
transformation of ACC precursors.” This result means that
the whole particle superstructure is crystallographically con-
nected, thus giving a possible explanation for the finding in
biomineralization that very minute amounts of additive can
influence a much larger amount of inorganic crystals. The
present synthetic block copolymer microgels are indeed able
to selectively nucleate aragonite at 0.1 ppm at ambient
conditions in water. In summary, our study reveals three
important and novel points: an easy biomimetic set-up to
obtain aragonite with only a negligible concentration of
polymer, the presence of an ACC layer never observed before
around each single crystal block of the bundle, and the
probable influence of the tertiary amine in this example as
opposed to acidic molecules which are normally discussed as
effective crystallization additives.
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Experimental Section

CaCO; synthesis: Calcium carbonate polycrystals were grown by
diffusion of carbon dioxide into calcium chloride solutions according
to the gas diffusion method by thermal decomposition of ammonium
carbonate. Experiments were performed at room temperature (22 +
1°C). Two flasks containing 0.01m calcium chloride solutions (20 mL)
mixed with different concentrations of DHBC particles (107, 1073,
1072, 0.1, and 1 mgmL™") and fresh ammonium carbonate (2 g) were
placed into a closed chamber (1000 cm®). The aqueous solutions of
CaCl, were prepared in doubly distilled water and bubbled with N,
overnight before use. The decomposition of ammonium carbonate
produced ammonia and carbon dioxide diffusing through 5 needle-
holes pierced into the parafilm cover of the flasks. The initial solution
was slightly acidic (pH 5.8) but the pH value rose to 9.5 because of the
dissolved NHj;. After completion of mineral deposition (12 days), the
sample was removed from solution, rinsed with filtered water and
ethanol, then air-dried.

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

Crystal characterizations: The crystals were washed with distilled
water then ethanol and dried in air for further characterization.
Powder X-ray diffraction (XRD) patterns were recorded on a
PDS 120 diffractometer (Nonius GmbH, Solingen) with Cug, radia-
tion. The SEM measurements were performed on a LEO 1550-
GEMINI with gold-coated samples. FT-IR spectra were recorded
either on a Nicolet Impact 400 or a BioRad FTS6000 spectrometer.
For TEM studies one or more drops of the solution of the nano-
particles dispersed in ethanol were deposited on an amorphous
carbon film. A Phillips CM200 FEG microscope, 200 kV, equipped
with a field emission gun was used. The coefficient of spherical
aberration was C;=1.35nm. The average particle diameter was
determined by dynamic light scattering methods with a NICOMP
particle sizer (model 370, NICOMP particle sizing systems, Santa
Barbara, California, USA) as well as with a commercial goniometer
with a digital correlator (both ALV, Langen, Germany) and a helium—
neon laser (Polytec, Waldbronn, Germany) with wavelength 1=
633 nm. The data evaluation of the correlation functions was based
on the computer program CONTIN (Provencher, 1982), which
performs an inverse Laplace transformation.
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Controlling the wettability of a solid surface is important for
myriad applications, ranging from self-cleaning surfaces to
microfluidics to biomedicine.~! Recently, a variety of smart
surfaces with reversibly switchable wettability have been
developed. The reversible switching is realized through the
adjustment of electrical potential,*® temperature,”® and
light illumination,”**! adsorption of biopolymer,'* and treat-
ment of selective solvents.'>!®) Among these approaches, the
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switch of the electrical potential receives special attention
because it is simple and conveniently controlled by electricity.
Moreover, the switching is readily individually addressable
when an array of small surfaces is involved. Lahann et al.
constructed a reversibly switching surface by depositing a
low-density carboxylate-terminated self-assembled mono-
layer on a gold surface. Electrical potential was used to
trigger the conformational transition of the monolayer,
resulting in switching of the surface wettability. However,
the change in surface wettability is small (20 to 30° water
contact angle), which is likely to limit its practical applica-
tions. It is reported that ZnO films"*?! and poly(N-isopro-
pylacrylamide)-modified patterned surfaces” can undergo
reversible wettability switching between two extremes, super-
hydrophobicity (water contact angle > 150°) and superhydro-
philicity (water contact angle < 5°) through the use of ultra-
violet light and a temperature change, respectively. The
photoswitching requires several days to achieve the hydro-
philic-to-hydrophobic conversion, and both the photoswitch-
ing and thermal switching are difficult to implement to
individually address an array of small surfaces. Herein we
report a simple electrochemical process to fabricate super-
hydrophobic conducting polypyrrole (PPy) films and demon-
strate that their properties can be switched conveniently from
superhydrophobic to superhydrophilic by changing the elec-
trical potential.

Conducting polymers (also called conjugated polymers or
synthetic metals) such as polypyrrole (PPy) have been studied
in great detail because their unique optical, electrical, and
mechanical properties offer many new possibilities for device
fabrication.'”!®! Interest has recently developed in their
surface properties such as wettability because of potential
applications in corrosion protection,'”) conductive textiles,*"!
and antistatic coatings,”) and in the immobilization of
biopolymers®! and growth control of living cells.® Usually
the conducting polymers contain a positively charged con-
jugated backbone and negatively charged counterions (dop-
ants). The wettability of conducting polymers depends greatly
on the types of dopants used.” For example, a PPy film
containing a perfluorinated dopant exhibited hydrophobicity
(water contact angle >90°), while ClO, -doped PPy was
hydrophilic.”! Furthermore, the doping level can be con-
trolled by changing the electrical potential, resulting in

reversibly switchable surface wettability.”?*! Scheme 1
0
* Reduction / \ - -
/ \ A_v lymer —_—— + A(in solution) -e
N npolyme)  (yyidation N
H /n R/

Scheme 1. A~ =anion.

shows the reversible switching process between the doped
(oxidized) state and dedoped (neutral) state of PPy. To
achieve a large variation in wettability (water contact angle
difference > 80°) between the doped and neutral states of
conjugated polymers, researchers have focused on fabricating
hydrophilic conducting polythiophene and then converting it
into hydrophobic neutral polythiophene.’>?! This study
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describes the first synthesis of superhydrophobic conducting
polymers and the reversible control of the wettability of
conducting polymer films between superhydrophobicity and
superhydrophilicity.

Superhydrophobic PPy films were synthesized on a
conducting surface such as Au-coated glass by electrochem-
ical polymerization. The electroplating solution contained
0.1m pyrrole, 0.05m tetraethylammonium perfluorooctane-
sulfonate (TEAPFOS, Et,NTCF;(CF,),;SO;"), and 2.0 x 10~*m
FeCl; in acetonitrile. The electropolymerization was carried
out galvanostatically. Figure 1a is a typical top view obtained

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

d) Top view of the compact PPy film.

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

The tiny amount of Fe in the plating solution plays a key
role in the formation of this highly porous structure. When no
Fe was in the solution, a compact structure (Figure 1d) was
obtained. Fe** and Fe®" salts have been used as catalysts for
the chemical polymerization of conducting polymers such as
PPy and polyaniline (PAni), while oxygen, ozone, or H,O,
were used as the oxidizing reagent.””?! In our system, the
formation of the porous PPy film may be attributed to the
coexistence of electropolymerization and chemical polymer-
ization processes. Without Fe in the plating solution, the PPy
was produced by only electropolymerization and had a
compact structure. When Fe** was included in the solution,
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besides the electropolymerization, Fe**-catalyzed bulk chem-
ical polymerization may also occur (Scheme 2). For the
Fe**-catalyzed polymerization, the tiny amount of Fe* first
oxidizes the pyrrole monomer to give PPy and the Fe*" ions
are reduced to Fe*" ions. Then the Fe?" ions are oxidized into

1) Electropolymerization:

n@_»/\

N
H

Iz
3

2) Catalytic chemical polymerization:

) @ Fe** 135 / \

N
H

Chemical polymerization

Iz
>

Fe** — e— et Electrochemical oxidation

Scheme 2.

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

Other types of iron salts, such as FeCl,, Fe(ClO,)s,
Fe(ClO,),, and FeSO,, can also be used to produce similar
PPy structures. To control the rate of chemical polymerization
and the import of excess amounts of codopants such as Cl™,
ClO,, and SO,*", the concentration of the iron salts is usually
kept very low (<107 m).

As-prepared highly porous PPy films have interesting
surface properties. As can be seen from the SEM images
(Figure 1a-c), the porous PPy films exhibit both coarse-scale
and fine-scale roughness (so-called double-roughness struc-
ture), which is a favorable structure for mimicking the lotus-
leaf effect for repelling water.™” When low-surface-energy
perfluorooctanesulfonate (PFOS) was used as a dopant in the
polymerization, the PPy films showed superhydrophobicity
with a static water contact angle as high as 152 + 2° (Figure 2a
left), while the water contact angle of the compact smooth
PPy film was about 105 +2° (Figure 2b left). It is well-known
that surface roughness amplifies hydrophobicity.”'=* The
common way to obtain superhydrophobicity is to modify a
rough surface with low-surface-energy materials such as
perfluorinated materials, or to produce a rough structure on
a hydrophobic surface. The advancing (6,) and receding (0y)
contact angles of the superhydrophobic surface were mea-
sured to be 155+2° and 147+2°, respectively. The low
contact angle hysteresis (~8°) of water on the PPy surface
confirms the lotus effect which results from the double-
roughness structure of the porous PPy films. Our method
offers a simple, one-step process to fabricate conducting
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Figure 2. Electrical-potential-induced wettability conversion between
PFOS-doped (oxidized) PPy films and dedoped (neutral) PPy films.
Under negative potential (—0.6 V vs. Ag/AgCl), the oxidized PPy films
were reduced to neutral PPy films, and under positive potential (1.0 V
vs. Ag/AgCl), the neutral PPy films were again oxidized to oxidized PPy
films. The conversion is reversible. a) The profile of a water drop on a
highly porous PPy film. Oxidized PPy film shows superhydrophobicity
with a water contact angle of 152+2° (left); neutral PPy film shows
superhydrophilicity with a water contact angle of ~0° (right). b) The
profile of a water drop on a compact PPy film. Oxidized PPy film is
hydrophobic with a water contact angle of 105+2° (left); neutral PPy
film is hydrophilic with a water contact angle of 48 +2° (right).

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

Conducting polymers like PPy can be reduced and
oxidized reversibly by controlling the electrochemical poten-
tial. It is expected that the oxidized (doped) PPy and neutral
(dedoped) PPy show different wettability. Neutral PPy, which
contains pyrrole moieties, is usually slightly hydrophilic.
Surface roughness enhances both the hydrophilicity of hydro-
philic surfaces and the hydrophobicity of hydrophobic ones.
When we held the PFOS-doped PPy in a 0.05M solution of
TEAPFOS in acetonitrile at a negative potential (—0.6 V vs.
Ag/AgCl reference electrode) for 20 minutes, the superhy-
drophobic PPy film was converted to neutral PPy film, which
exhibits a water contact angle of about 0°, indicating that a
superhydrophilic PPy surface was achieved (Figure 2a). The
superhydrophilicity results from the imbibition of water into
the texture of neutral PPy films with high roughness and a
hydrophilic nature (see Supporting Information). Under
similar switching conditions, the compact PPy film changed
to a neutral one having a contact angle of 48 +2° (Figure 2b).
When we held the superhydrophilic (neutral PPy) film in a
0.05M solution of TEAPFOS in acetonitrile at a positive
potential (1.0V vs. Ag/AgCl reference electrode) for
20 minutes, the superhydrophobic (oxidized PPy) surface
was regenerated. Through controlling the electrochemical
potential, PPy films were changed between the oxidized state
and neutral state repeatedly, resulting in a reversibly switch-
able superhydrophobic and superhydrophilic surface
(Figure 3).

The neutral and oxidized PPy films are different not only
in their surface properties but also in their chemical compo-
sition, electronic structure, color, conductivity, and volume.
Energy dispersive X-ray (EDX) spectra reveal that little
PFOS dopant exists in the neutral PPy films but significant
amounts are found in the oxidized ones. Neutral PPy films are
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Figure 3. Reversible superhydrophobic-to-superhydrophilic conversion
of the porous PPy films through applying alternative negative potential
(—0.6 V vs. Ag/AgCl) and positive potential (1.0 V vs. Ag/AgCl).

0= contact angle.

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

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

Experimental Section

Synthesis of superhydrophobic polypyrrole films: The electrochem-
ical cell, which consisted of a glass tube 3 cm in diameter that
terminated in a 1.6-cm?> “O” ring seal, was placed on top of the
conducting substrate (such as Au-coated glass slides, steel foils, and
ITO-coated glass slides) and held in place with a clamp. The
electroplating solution, which contained 0.1M pyrrole, 0.05M tetra-
ethylammonium perfluorooctanesulfonate (TEAPFOS), and 2.0 x
10~*m FeCly in acetonitrile, was then added to the cell, and conducting
polypyrrole (PPy) was plated at a constant current of ~0.25 mA cm™>
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in an argon atmosphere using a Solartron 1287 A potentiostat/
galvanostat. Pt wire and Ag/AgCl electrode (sat. KCI) were used as
the counter electrode and reference electrode, respectively. The time
for the polymerization was usually 1 h. After polymerization, the PPy
films were washed in acetonitrile and then dried under a flow of
argon.

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

Characterization: SEM images and EDX spectra were obtained
on an XL30 FEG scanning electron microscope. Contact angle
measurements were performed using a VCA Optima contact angle
instrument at ambient temperature (AST Products, Inc.). The water
droplets used for measurements had a volume of 3.0 uL. Dynamic
advancing (6,) and receding (0y) contact angles were recorded as
water was added to and withdrawn from the water droplet,
respectively. The conductivity of the samples in the plane direction
was determined by a standard four-probe method. UV/Vis absorption
spectra of PPy films were recorded on Varian Cary 50 UV/Vis
spectrophotometers (190-1000 nm).
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Nanoarrays of Single Virus Particles™*

Rafael A. Vega, Daniel Maspoch, Khalid Salaita, and
Chad A. Mirkin*

Microarray technology has led to significant advances in
many areas of medical and biological research,') opening up
avenues for the combinatorial screening and identification of
single-nucleotide polymorphisms (SNPs),”! high-sensitivity
expression profiling of proteins,®¥ and high-throughput
analysis of protein function.”) With the advent of high-
resolution direct-write lithographic methods such as dip-pen
nanolithography (DPN),® it is possible to conceive of
methods for miniaturizing such structures to the nanometer-
length scale.’””) Such massive miniaturization provides the
clear potential advantages of larger, denser libraries for
screening complex chemical and biological systems. However,
miniaturization on this size scale also provides the potential to
site-isolate nano- and microscale biological entities (proteins,
viruses, and cells) at the single-particle level. Once this can be
done routinely for many different systems, new opportunities
will be available to the biochemical and biomedical research
communities to study such entities individually rather than
collectively. Herein, we describe a novel strategy that uses
DPN in combination with coordination chemistry to precisely
immobilize and position many individual virus particles in the
context of large arrays. Tobacco mosaic virus (TMV) was
chosen as the test case scenario because of its anisotropic
tubular structure (length ~300 nm, diameter =18 nm), size,
stability, and well-characterized carboxylate-rich surface.l'l It
serves as an excellent model system to evaluate how DPN can
be used to control the positioning and orientation of nano-
scale virus particles within an extended array.

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

researchers to prepare arrays of collections of virus particles
at individual feature sites, but not to site-isolate individual
particles. The approach used herein relies on the ability of
metal ions (Zn*") to bridge a surface patterned with features
made of 16-thiohexadecanoic acid (MHA) and the TMV with
its carboxylate-rich surface.

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

Scheme 1. Selective immobilization of single virus particles on DPN-
generated MHA nanotemplates treated with Zn(NO;),-6 H,0.

passivated with a monolayer of 11-thioundecyl-penta(ethy-
lene glycol) (PEG-SH) by immersing the substrate in an
alkanethiol solution (5 mM in ethanol) for 30 min followed by
copious rinsing with ethanol. The passivation layer minimizes
nonspecific binding of the virus particles to the unpatterned
areas. The carboxylic acid groups of MHA were coordinated
to Zn>" ions (represented as spheres) by exposing the
substrate to a solution of Zn(NO,),-6 H,O (5 mm in ethanol)
for one hour followed by rinsing with ethanol to remove any
unbound metal ions from the surface. The metallated
substrate was then exposed to TMV (100 pygmL™", American
Type Culture Collections) in phosphate-buffered saline (PBS,
10 mm with NaCl (0.15m), pH 7) for 24 h at room temperature
in an air-tight humidity chamber. Excess virus particles were
removed by washing the substrates with highly purified
(NANOpure) water. The cleaned substrates were then dried
under a stream of N,. All virus arrays were characterized by
tapping mode AFM (TMAFM), and the chemical identity of
the surface-immobilized virus particles was confirmed by
treatment with a highly specific antiserum (American Type
Culture Collections) against TMV, which upon binding
increases the height of each virus particle (see below).

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

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of all the virus particles along the long axis of each rectangular
template (Figure 1a,b). The average height of each feature on
the template is 16 = 1 nm. Furthermore, each virus particle on
the lines is 45 + 2 nm wide and 320 4 40 nm long (measured at
the base, disregarding tip convolution), parameters consistent

particle was tested by immobilization along two different

directions within one array. Indeed, the use of an MHA

template consisting of 350 x 110 nm* features perpendicular

to each other produced an array of site-isolated single TMV
virus particles perpendicular to each other (Figure 1b).

Polarization modulation infrared reflection

absorption spectroscopy (PM-IRRAS) was used to

characterize bulk gold thin-film substrates modified

with TMV by using the same coordination chemis-

try approach used to generate the TMV arrays

(Figure 2a). The MHA monolayer exhibits two

main bands in the high-frequency CH, stretch

region at 2856 and 2930 cm™! and two in the C=O

stretch region at 1741 and 1718 cm™, which are

attributed to the presence of free and hydrogen-

bonded carboxylic groups,™ respectively. After the

substrate was immersed in an ethanolic solution of

Zn(NO;),:6 H,O (5 mm) for 1 h, the coordination of

MHA carboxylic groups to Zn’* metal ions was

confirmed by /¢ band shifts to lower energy (V=

1602/1556 and 1453 cm™'). The C=O stretch region

changes again after exposing the MHA-Zn?* sur-

face to the TMV solution. Three main bands are

detected in this spectral region that can be identified

as the amide I band centered at 1661 cm™" (which is

characteristic of proteins in TMV!®)), the amide II

and asymmetric COO~ bands centered at

1546cm™, and a symmetric COO~ band at

Figure 1. AFM tapping mode (silicon cantilever, spring constant~40 Nm™') images and 1458 cm ™. Also, the presence of CH; features,

height profiles of TMV nanoarrays: a) 3D topographical images of pairs of virus
particles within larger arrays: a parallel array (left), a perpendicular array (middle),
and dot arrays (right); b) topography images and height profiles of a perpendicu-
lar array of single virus particles (40x40 um?); c) topography image and height
profiles of a TMV nanoarray (20x 20 pm?) formed on an array of MHA dot fea-
tures (=350 nm) pretreated with Zn(NO;),-6 H,O. All images were collected at
a scan rate of 0.5 Hz.

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

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

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

Figure 2. a) PM-IRRAS spectra of a monolayer of MHA on Au (bottom
spectrum), after treatment with Zn(NO;),-6 H,O (middle spectrum),
and subsequent incubation with TMV (top spectrum). b) Topography
image and height profile of an MHA array treated with the antiserum
against TMV. The antibodies are electrostatically attached to the MHA
features. Topography images and height profiles of a pair of parallel
single virus particles c) before and d) after treatment with a PBS solu-
tion containing the antiserum against TMV. All AFM images were
taken at a scan rate of 0.5 Hz in tapping mode.

6014 www.angewandte.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 6013 -6015
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attributed to proteins with methyl groups, is confirmed by the
emergence of a new band at 2967 cm ™! after incubation with
TMV.

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

To provide further evidence for the chemical identity of
the tubular virus structures imaged by AFM, the single virus
arrays were treated with a PBS solution containing an
antiserum against TMV (200 ygmL~', pH7) at 37°C for
30 minutes. The substrates were rinsed with PBS and then
dried under a stream of N,. A comparison of the AFM images
of the substrate before and after incubation with antibody
shows a height increase of approximately 9 nm (Figure 2 c,d).
This increase is consistent with the height of the antibody
(Figure 2b) and therefore, the presence of TMV particles on
the arrays."”! Note that the expected height increase upon
antibody binding was independently modeled and measured
by using direct adsorption of the antibody onto an MHA
array (Figure 2b). This approach has been used to study
protein binding events in the context of other protein
immobilization experiments.”!

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

Experimental Section

All DPN patterning was done with a CP AFM (ThermoMicroscopes)
interfaced with commercialized lithographic software (DPNwrite,
Nanolnk Inc., Chicago, IL) and conventional Si;N, cantilevers
(ThermoMicroscopes-sharpened ~ Microcantilever A, force con-
stant =0.05 Nm™"). Tapping mode images were taken with a Nano-
scope IIIa and MultiMode microscope (Digital Instruments). Unless
noted otherwise, all DPN patterning experiments were conducted at
35% relative humidity and 24 °C with a tip—substrate contact force of
0.5 nN. DPN was used to pattern MHA on gold substrate (50 nm Au
and 10 nm Cr on a silicon wafer, Silicon Sense, Inc.). PM-IRRAS
spectra of 2048 scans at a resolution of 4 cm™' were obtained with a
Thermo Nicolet Nexus 870 with tabletop optics module (TOM)
(courtesy of the Keck II Center at Northwestern University). The
PM-IRRAS differential reflectance (% AR/R) values were converted
into absorbance units for comparison with conventional IRRAS data.
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Recently we reported the preparation of heterobimetallic
sulfides that contained aluminum atoms [LAI(p-S),MCp,]
M=Ti, 1; M ="Zr, 2; L=HC[C(Me)N(2,6-iPr,C¢H,)],; Cp =
CsH;)." The X-ray crystal structural analysis of the titanium
compound 1 confirmed the presence of a highly strained
{Al(p-S),Ti} four-membered ring (S-Al-S 102.5(1), Al-S-Ti
84.7(1) and 83.6(1), S-Ti-S 89.3(1)°). The ring strain and the
short Al--Ti separation (3.118 A) prompted us to examine the
reactivity of 1 and 2 with water in expectation of a
nucleophilic attack that would lead to the opening of the
ring and to the isolation of compounds containing the
{LAI(EH)(n-E)M(EH)Cp,} framework (E=0 or S depend-
ing on the degree of hydrolysis). Such species could serve as
unique precursors for the preparation of trimetallic systems
comparable with the alumoxane [(u-O)[LAl(u-O),AlMe],
which is prepared from [(u-O)[LAI(OH)],] and AlMe,H.”
Although a few dinuclear systems that contain the {M'(EH)-
(w-E)M(EH))} arrangement have been described (M’ = Al

Fe,?d Ge, P9 In, B9 Re Pl Ry, Sn,*8l 3 7By none has
been structurally characterized that contains two different
metal atoms stabilized by organic ligands.

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

[*] Dr. V. )ancik, Prof. Dr. H. W. Roesky

Institut fiir Anorganische Chemie der Universitit
Tammannstrasse 4, 37077 Géttingen (Germany)
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The driving force for this intramolecular rearrangement is
the high oxophilicity of the metal centers and the higher
stability of the {Al-O-Ti} frame compared to {Al-S-Ti}."
Compound [LAI(SH)(u-O)MCp,(SH)] reacts with a second
equivalent of water with elimination of H,S to form 3 or 4
(Scheme 1).

A

_mo S,
Al‘ ’/ Al‘ M

y No\y

2: M:Zr
Ar=

IAr ,Ar
N 0., /% H,0 N o., /%
C i\ M C ALY ‘M
N OH HS y ~HS N SH HS ﬁ
Ar Ar
3: M=Ti
4. M="Z7r

Scheme 1. Preparation of compounds 3 and 4.

After elucidating the course of the hydrolysis, we focused
on the optimization of the hydrolysis conditions. The presence
of the intermediates in the final product can be explained by
the low solubility of the bridged species in THF and their
crystallization from the mother liquor before the reaction was
complete. Thus, the use of THF/CH,CI, (1:1) in the reaction
mixture led to the formation of pure 3 or 4. It is surprising that
in these reactions, the Al—S bond is more reactive than the
M-S bond. [LAI(SH),] reacts smoothly with two equivalents
of water to give [LAI(OH),] with elimination of H,S,” but the
reaction is relatively slow and needs at least 20 minutes to
reach completion at room temperature. It was reported that
even traces of moisture in systems that contain Ti—S or Zr—S
bonds lead to fast hydrolysis of these bonds.”! As reported
earlier, the alumoxane [{LAI(OH)},0]? is stable, whereas
[LAI(OH),] decomposes even under an inert atmosphere.” Tt
seems that the presence of at least one bridging oxygen atom
is necessary for the stabilization of the species containing the
{AlO,} unit.

The isomorphous compounds 3 and 4 crystallize in the
monoclinic space group P2,/n, with one molecule in the
asymmetric unit (Figure 1).®] We were not able to crystallize
pure 4, thus data for 4 contaminated with about 15% of the
intermediate [LAI(SH)(u-O)Zr(SH)Cp,] were used. The OH
moiety on the Al atom and the SH groups on the Ti (3) and Zr
(4) atoms adopt a cis conformation and are involved in an
intramolecular hydrogen bond O—H-S (3 2.66 A; 4 2.80 A).
The AI-O(H) (3 1.726 A; 4 1.720 A) and AI-OM) (3
1.717 A; 4 1.713 A) bond lengths are similar to those in
[LAI(OH),] (1.711 and 1.695 A),””) [{LAI(OH)},O] (1.694—
1.741 A),” and in the trimeric alumoxane [(p-O)[LAl(u-
0)],(MeAl)] (1.726-1.708 A),” but considerably shorter than
those in the p-OH derivatives (1.787-1.928 A)."") The O-Al-
O angles (3 114.0°; 4 114.7°) are similar to those of

Angew. Chem. Int. Ed. 2005, 44, 6016 -6018



Figure 1. XP plots at the 509% probability level of 3 (a) and 4 (b; the
presence of the reaction intermediate that contains an SH group on
the aluminum atom, the proton of which could not be localized, is
obvious). Hydrogen atoms except those of the SH and OH groups and
the H(3A) protons are omitted for clarity. Selected bond lengths [A]

and angles [°]: 3: Al(1)-N(1) 1.897(2), Al(1)-N(2) 1.901(2), Al(1)-O(1)

1.726(2), Al(1)-0(2) 1.719(2), O(1)-H(1) 0.85(2), Ti(1)-O(2) 1.820(2),
Ti(1)-S(1) 2.482(1), S(1)-H(2) 1.25(3), Ti(1)-Xcpr 2.107(3), Ti(1)-Xcp
2.098(3); N(1)-Al(1)-N(2) 95.7(1), O(1)-Al(1)-0(2) 114.0(1), Al(1)-
O(1)-H(1) 119(3), AI(1)-O(2)-Ti(1) 148.9(1), O(2)-Ti(1)-5(1) 97.3(1),
Ti(1)-S(1)-H(2) 100(2), Xcpr-Ti(1)-Xcpy 128.6(2). 4: Al(1)-N(1) 1.895(2),
Al(1)-N(2) 1.898(2), Al(1)-O(1) 1.720(6), Al(1)-S(2) 2.08(1), Al(1)-O(2)
1.713(2), O(1)-H(1) 0.85(2), Zr(1)-O(1) 1.939(2), Zr(1)-S(1) 2.573(1),
S(1)-H(2) 1.19(3), Zr(1)-Xep 2.237(3), Zr(1)- Xepr 2.240(3); N(1)-Al(1)-
N(2) 96.1(1), O(1)-Al(1)-0(2) 114.7(2), O(2)-Al(1)-S(2) 112.2(4), Al(1)-
O(1)-H(1) 122(3), Zr(1)-S(1)-H(1) 100(2), Al(1)-O(2)-Zr(1) 147.2(1),
O(2)-Zr(1)-S(1) 98.7(1), Xcpr-Zr(1)-Xcp, 128.0(2).

[LAI(OH),], [{LAI(OH)),0], and  [(u-O)[LAI(k-O)]>-

(MeAl)] (108.3-115.3°);>°! the AI-O-M angles are 148.9°
for 3 and 147.2° for 4. The Ti—O (1.820 A) and Ti—S (2.482 A)
bond lengths and the O-Ti-S angle (97.3°) are similar to those
reported for other [Cp,TiOS] fragments: Ti—O 1.845-1.872 A;
Ti—S 2.314-2.467 A; O-Ti-S 87.7-97.9°.'!l| Furthermore, in the
zirconium derivative the Zr—O (1.939 A) and Zr—S (2.573 A)
bond lengths and the O-Zr-S angle (98.7 A) are similar to
those reported previously for species that contain the
{Cp,ZrOS} moiety: Zr—S 2.459-2.554 A; Zr—O 1.941-
2.199 A; O-Zr-S 92.6-103.3°.112

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

Experimental Section

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

3: H,O (26 uL, 1.46 mmol) was added quickly to a solution of 1
(0.50 g, 0.73 mmol) in THF/CH,CI, (45 mL, 1:1) at room temperature.
The suspension was stirred for 10 h and filtered. All the volatile
species were removed under vacuum to leave a brown solid residue,
which was treated twice with cold toluene (5 mL). After filtration and
drying in vacuo, 3 was obtained as a light brown powder. Yield 0.31 g
(60%); m.p.: 227°C (decomp); '"H NMR (500.13 MHz, CDCl;, 25°C,
TMS): 6 =1.07 (s, 1H, OH), 1.10 (d, *J;1.y = 6.9 Hz, 6H, CH(CH,),),
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1.20 (d, *Jyy = 6.7 Hz, 6H, CH(CH,),), 1.37 (d, 3.y =6.9 Hz, 6H,
CH(CH,),), 1.44 (d, *J;.y = 6.7 Hz, 6 H, CH(CH,),), 1.77 (s, 6 H, CH3),
2.08 (s, 1H, SH), 3.03 (sept, /.y = 6.9 Hz, 2H, CH(CHS),), 3.49 (sept,
*Jun=06.7 Hz, 2H, CH(CH,),), 5.20 (s, 1 H, y-CH), 5.36 (s, 10H, Cp—
H), 7.04-720 ppm (m, 6H, m-, p-Ar—H); “C NMR (125.77 MHz,
CDCl,;, 25°C, TMS): d =23.6, 24.2, 24.4, 24.7 (CH(CHa),), 26.1, 27.5
(CH(CHs),), 28.7 (CH3), 97.5 (y-CH), 113.9 (C of Cp) 124.0, 125.2,
127.3,140.9, 142.9, 145.6 (i-, 0-, m-, p-C of Ar), 170.6 ppm (C=N); IR
(KBr pellet): #=3551 br (OH), 2574 vw (SH) cm™'; EI MS (70 eV):
miz (%): 623 (10, [M—Cp]*), 605 (50, [M—Cp—H,O]"); elemental
analysis calcd for C;,Hs; AIN,O,STi (688.78 gmol !): C 68.0, H 7.8, N
4.1; found: C 67.5,H8.0,N 4.2%.

4: The synthesis of 4 was similar to that of 3. Compound 4 was
obtained from the reaction of H,O (25 pL, 1.37 mmol) with 2 (0.50 g,
0.69 mmol) as a pale yellow powder. Yield 0.31 g (62 % ); m.p.: 235°C
(decomp); '"HNMR (500.13 MHz, CDCl,, 25°C, TMS): 6=0.36 (s,
1H, OH), 1.11 (d, *J,.y=6.8 Hz, 6H, CH(CH,),), 1.21 (d, *Jyy=
6.8 Hz, 6H, CH(CH,),), 1.38 (d, *J;.y = 6.8 Hz, 6 H, CH(CH,),), 1.39
(d,*J1.y = 6.8 Hz, 6H, CH(CH,),), 1.65 (s, 1 H, SH), 1.77 (s, 6 H, CH}),
3.04 (sept, *Jiy = 6.8 Hz, 2H, CH(CH,),), 3.50 (sept, *Jy.;; = 6.8 Hz,
2H, CH(CHj),), 520 (s, 1H, y-CH), 5.46 (s, 10H, Cp-H), 7.04-
7.20 ppm (m, 6 H, m-, p- Ar-H); *C NMR (125.77 MHz, CDCl,, 25°C,
TMS): =235, 244, 245, 24.6 (CH(CH,),), 27.5, 28.6 (CH(CH,),),
28.7 (CHs), 97.4 (y-CH), 111.8 (C of Cp) 124.0, 125.1, 127.3, 140.6,
143.2,145.5 (i-, 0-, m-, p- C of Ar), 170.6 ppm (C=N); IR (KBr pellet):
#=3560 br (OH), 2562 vw (SH) cm™'; EI-MS (70 €V): m/z (%): 665
(5, [M—Cp]™"), 647 (50, [M—Cp—H,0]*); elemental analysis calcd for
C3,H5;AIN,0,8Zr (732.12 g-mol™): C 64.0, H 7.3, N 3.8; found: C
63.5,H74,N39%.
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Alkali-Metal-Mediated Zincation of Ferrocene:
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Lithium Tmp/Zincate Reagent**

Helen R. L. Barley, William Clegg, Sophie H. Dale,
Eva Hevia,* Gordon W. Honeyman, Alan R. Kennedy,
and Robert E. Mulvey*

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

It is surprising that prior to this investigation nBu,Zn had
not been subjected to a transformation to prepare a tmp
zincate system given that both the parent organozinc
reagent”!  and its homoleptic zincate derivative
“[LinBu;Zn]”® have reasonably well developed chemistries.
In the event, the transformation proved straightforward by
applying the same method of addition as that used previously
to prepare “[LifBu,Zn(tmp)]”;"l however, the bulk solvent
was changed from polar THF to nonpolar hexane and then
the reaction was completed with the introduction of a
stoichiometric amount of the donor solvent, TMEDA, in a
deliberate attempt to afford a crystalline zincate [Eq. (1)].”)

Li(tmp) 4+ nBu,Zn + TMED A2, [LinBu, Zn(tmp)(tmeda)] 1)

The new zincate 1 was produced as colorless crystals (65 %
yield of the isolated product). NMR ('H, "Li, and "“C)
spectroscopic characterization of these crystals in a solution
of deuterated benzene established the co-complexed nature
of 1, as revealed most diagnostically in the chemical shift of
the M—CH, resonance of the M—nBu linkage. This signal
appears at 0 =0.24 ppm in 1 relative to 6 =0.27, —0.23, and
—0.83 ppm in nBu,Zn, “[LinBu;Zn]”, and nBuli, respec-
tively, thus suggesting that the nBu group in the new mixed-
metal co-complex retains much of its original “zinc charac-
ter”.

This last point was confirmed when the complete molec-
ular structure of 1 was revealed through an X-ray crystallo-
graphic study (Figure 1)."") Both nBu ligands remain attached
to the Zn center, one at a modestly shorter distance than the
other (namely, C(5)—Zn: 2.011(2) A; compare with C(1)—Zn:
2.041(2) A). The nBu attachment is terminal for the shorter
bond; however, the other nBu ligand bridges to the Li center,
which explains the slight bond elongation. The Li—C(1)
connection is relatively long (2.551(5) A) relative to corre-
sponding bonds in, for example, [{(LinBu),(tmeda)}.]
(2.131(8)-2.326(8) A)"'! but markedly shorter than the
Li--C separation ( 2.736 A) in the hexamethyldisilazido
zincate [Li{u-N(SiMe;),}Zn(CH,SiMe;),(tmta)] (tmta = tri-
methylenediamine-N,N,N',N'-tetraacetic acid),'” which is
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Figure 1. Molecular structure of 1. The hydrogen atoms are omitted for
clarity. Only one component is shown for each disordered group. Dis-
placement ellipsoids are shown at the 30% probability level.

considered to have an open rather than a closed cyclic
arrangement, such as the {LiNZnC} unit. This weak, but
significant, attraction of the Licenter to the C(1)center
results in a slight pyramidalization of the {LiNNN} coordina-
tion sphere (sum of the N-Li-N bond angles: 350.98°) that is
made up of u-tmp and bidentate tmeda ligands. In contrast,
the {Zn-N(1)-C(1)-C(5)} coordination is nearly perfectly
planar (sum of the bond angles around Zn: 359.98°).
Completing the four-membered {LiNZnC} ring, the tmp
nitrogen bridge, unlike its nBu carbon bridge counterpart, is
much more symmetrical (span lengths: 2.047(4) and
2.0612(18) A to the Li and Zn centers, respectively).

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

reaction pathway shown in Scheme 1, it was found that pure
“[Li,nBu,Zn(tmp),(tmeda)]” also metalates ferrocene to
yield 3. The first step in the pathway remains an open
question as no intermediate could be detected/isolated at this
juncture, though logically it is likely to be the hypothetical
“[LinBu(Fc)Zn(tmp)]”, which must undergo a fast dispro-
portionation reaction to the neutral zinc and the zincate
species [(Fc),Zn(tmeda)] and “[Li,nBu,Zn(tmp),(tmeda)]”,
respectively.

Two polymorphs of 2 crystallize from hexane/toluene and
hexane/THF solutions to form monoclinic and orthorhombic
systems, respectively. Because of the general similarity of
these systems, only the former is discussed herein. A simple
mononuclear arrangement is revealed,™™ with Zn at the
center of a distorted (2 x C; 2 x N) tetrahedron, which is made
up of two monodeprotonated ferrocene units and one
bidentate tmeda ligand (Figure?2). The Zn center, on a
twofold rotation axis, is almost coplanar (0.064 A deviation)
with each of the CsH,rings to which it is bonded. This
structure bears some similarity to [Zn
{2-(CH,NMe,),CsH;FeCsHs),] ' though the ligating nitro-
gen atoms belong to N,N-dimethylaminomethyl side arms on
the ferrocenyl framework. However, there is a major
synthetic distinction, as the latter compound is not prepared
through direct zincation but by a common metathetical
approach from ZnCl, and the analogous ferrocenyllithium.
Three crystallographically independent ion pairs that have
essentially the same structure make up the asymmetric unit of
3, together with three uncoordinated THF molecules.™ The
anion is unprecedented, with the Zn center in a distorted
trigonal planar (3 x C) arrangement comprising three mono-
deprotonated ferrocenyl ligands (Figure 3). The counterca-
tion, pseudotetrahedral [Li(thf),]* ion, is known. The crystal
structure shows extensive disorder, thus requiring the use of
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Figure 2. Molecular structure of 2. The hydrogen atoms, except those
belonging to the ferrocene rings, are omitted for clarity. Displacement
ellipsoids are shown at the 30% probability level.
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Figure 3. Molecular structure of one anion of 3. Displacement ellip-
soids are shown at the 10% probability level. Only one component of
the disorder is shown.

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

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

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

1: Bu,Zn (5 mL, 1M solution in hexane, 5 mmol) was added to a
suspension of Li(tmp) in hexane (prepared in situ by reaction of BuLi
(3.1 mL, 1.6Mm solution in hexane, 5 mmol) with TMP(H) (0.85 mL,
5 mmol)). The reaction mixture was stirred for 30 min, thus affording
a pale yellow solution. At this stage, TMEDA (0.75 mL, 5 mmol) was
introduced. After the solution was stirred for 15 min, it was
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concentrated by removal of some solvent in vacuo. Placed in the
refrigerator at 0°C, the resulting pale yellow solution deposited a crop
of colorless crystals (1.42 g, 64%). "H NMR (400 MHz, 25°C, C¢Dy):
0=2.08 (m, 4H; CH, Bu), 1.84 (m, 14H; CH; tmeda and H, tmp),
1.79 (s 4H; CH, tmeda), 1.69 (m, 4H; CH, Bu), 1.51 (m, 4H; Hj; tmp),
1.21 (m, 18 H; 12H of CH; tmp and 6 H of CH; Bu), 0.28 ppm (m, 4H;
Zn—CH, Bu); “C{'"H} NMR (100.63 MHz, 25°C, C,Dy): 6 =57.70
(CH, tmeda), 53.47(C, tmp), 47.30 (CH; tmeda), 39.04 (C; tmp),
36.24, 34.28 (CH, tmp), 33.53 (CH, Bu), 31.44 (CH, Bu), 2041 (C,
tmp), 16.42 (Zn—CH, Bu), 15.15ppm (CH; Bu); ’Li NMR
(155.50 MHz, 25°C, C¢Dy, reference LiCl in D,0O at 0.00 ppm): 6 =
0.561 ppm.

2: Bu,Zn (1 mL, 1M solution in hexane, 1 mmol) was added to a
solution of Li(tmp) in hexane (prepared in situ by reaction of BuLi
(0.62 mL, 1.6M solution in hexane, 1 mmol) with TMP(H) (0.17 mL,
1 mmol)), and TMEDA (0.15mL, 1 mmol) was introduced, thus
affording a pale yellow solution. Ferrocene was added (0.18 g,
1 mmol), and the reaction mixture was stirred for 12 h. An orange
solid started to precipitate after 0.5 h. THF (2 mL) was added to this
suspension to afford an orange solution that was placed in the freezer
at —20°C. A crop of orange crystals was obtained after 24 h (0.20 g,
35%; note: maximum yield possible is only 50%). 'HNMR
(400 MHz, 25°C, C,Dy): d=4.55 (m, 4H; CH, CsH, Fc), 4.30 (s,
10H; CsH;sFc),4.17 (m,4H; CH, CsH, Fc), 1.97 (s, 12H; CH; tmeda),
1.60 ppm (s, 4H; CH, tmeda); C{'H} NMR (100.63 MHz, 25°C,
C4Dy): 0 =79.39 (Zn—C, Fc), 77.94 (C; Fc), 70.60 (C, Fc), 68.04 (CsH;
Fc), 57.45 (CH, tmeda), 48.10 ppm (CH; tmeda).

3: A solution of 1 in hexane was prepared in situ as described
above for 2 by reaction of Bu,Zn (1 mmol), Li(tmp) (1 mmol), and
TMEDA (1 mmol). Two equivalents of ferrocene (0.37 g, 2 mmol)
were then introduced, and the reaction mixture was stirred for 24 h,
thus producing an orange solid. THF (2mL) was added to the
reaction mixture to afford an orange solution. Placed in the
refrigerator at 0°C, this solution deposited a crop of orange crystals
(034 g, 34%). '"HNMR (400 MHz, 25°C, C;De): 0 =457 (m, 6H;
CH;; CsH, Fc),4.49 (m, broad, 21 H; 6 H of CH,, C;H, and 15H of CsH;
Fc), 341 (m, 16H; CH,O thf), 1.36 ppm (m, 16H; CH, thf);
BC{'H} NMR (100.63 MHz, 25°C, C¢Dy): 6=86.70 (Zn—C, Fc),
79.38 (Cy Fc), 70.33 (C, Fc), 68.37 (CH,O thf), 67.67 (CsHs Fc),
26.11 ppm (CH, thf); "Li NMR (155.50 MHz, 25°C, C¢Dq, reference
LiCl in D,O at 0.00 ppm): 6 = —1.05 ppm.

Received: May 7, 2005
Published online: August 26, 2005

Keywords: amides - ferrocene - metalation - synergy - zinc

[1] Y. Kondo, M. Shilai, M. Uchiyama, T. Sakamoto, J. Am. Chem.
Soc. 1999, 121, 3539.

[2] T. Imahori, M. Uchiyama, T. Sakamoto, Y. Kondo, Chem.
Commun. 2001, 2450.

[3] M. Uchiyama, T. Miyoshi, Y. Kajihara, T. Sakamoto, Y. Otani, T.
Ohwada, Y. Kondo, J. Am. Chem. Soc. 2002, 124, 8514.

[4] M. Uchiyama, S. Nakamura, T. Ohwada, M. Nakamura, E.

Nakamura, J. Am. Chem. Soc. 2004, 126, 10897; A.E.H.

Wheatley, New J. Chem. 2004, 28, 435; D. J. Linton, P. Schooler,

A. E. H. Wheatley, Coord. Chem. Rev. 2001, 223, 53.

For recent examples, see: E. Hevia, G. W. Honeyman, A.R.

Kennedy, R. E. Mulvey, D. C. Sherrington, Angew. Chem. 2005,

117, 70; Angew. Chem. Int. Ed. 2005, 44, 69; E. Hevia, D. J.

Gallagher, A.R. Kennedy, R.E. Mulvey, C.T. O’Hara, C.

Talmard, Chem. Commun. 2004, 2422 ; K. W. Henderson, A. R.

Kennedy, R. E. Mulvey, C. T. O’Hara, R. B. Rowlings, Chem.

Commun. 2001, 1678.

[6] R. E. Mulvey, Chem. Commun. 2001, 1049.

[5

—_

Angew. Chem. Int. Ed. 2005, 44, 6018 -6021

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

Angewandte

[7] P. Knochel, P. Jones,
Press, Oxford, 1999.

[8] For examples, see: T. Harada, D. Hara, K. Hattori, A. Oku,
Tetrahedron Lett. 1988, 29, 3821; T. Harada, T. Katsuhira, K.
Hattori, A. Oku, Tetrahedron Lett. 1989, 30, 6035; T. Harada, K.
Hattori, T. Katsuhira, A. Oku, Tetrahedron Lett. 1989, 30, 6039;
T. Harada, Y. Kotani, T. Katsuhira, A. Oku, Tetrahedron Lett.
1991, 32, 1573; T. Harada, T. Katsuhira, A. Osada, K. Iwazaki, K.
Maejima, A. Oku, J. Am. Chem. Soc. 1996, 118, 11377.

[9] For a similar strategy used to prepare a sodium tmp/zincate
system, see: P. C. Andrikopoulos, D. R. Armstrong, H. R. L.
Barley, W. Clegg, S. H. Dale, E. Hevia, G. W. Honeyman, A. R.
Kennedy, R. E. Mulvey, J. Am. Chem. Soc. 2005, 127, 6184.

[10] Crystal data for 1: C,3Hs,LiN;Zn, M,=443.0, triclinic, space
group P1, a=10.5066(3), b =11.2545(3), ¢ =12.4831(4) A, a =
92.151(2), B=108.109(2), y=106.064(2)°, V=1335.80(7) A?,
Z=2, Paa=1101gem>, 4=093mm™', T=123K, R(F;
F*>20)=0.0427, R,(F, all data)=0.1049, S=1.025 for 6050
unique data (6 < 27.5°; nonius kappaCCD diffractometer, Mo,
radiation, 1=0.71073 A) and 279 refined parameters; final
difference synthesis within +0.95 ¢ A=,

[11] N. D. R. Barnett, R. E. Mulvey, W. Clegg, P. A. O’Neil, J. Am.
Chem. Soc. 1993, 115, 1573.

[12] M. Westerhausen, B. Rademacher, W. Schwarz, Z. Naturforsch.
B 1994, 49, 199.

[13] Crystal data for 2: C,sH3,Fe,N,Zn, M, = 551.6, monoclinic, space
group I2/a, a=11.5061(8), b=15.0879(11), c=14.0876(10) A,
B=101.967(1)°, V=2392.5(3) A’, Z=4, peyeq=1.531 gem™, u =
221 mm™!, T=150 K, R (F; F* >20) =0.0185, R (F?, all data) =
0.0481, §$=1.032 for 2889 unique data (0<28.3°; Bruker
SMART 1K diffractometer, Mok, radiation, A=0.71073 A)
and 144 refined parameters; final difference synthesis within
+034eA

[14] N. Seidel, K. Jacob, P. Zanello, M. Fontani, J. Organomet. Chem.
2001, 620, 243.

[15] Crystal data for 3: CysHsyO4Fe;LiZn-C,HgO, M, =987.9, triclinic,
space group PI, a=10.0396(4), b=10.3045(4), c=
38.1464(16) A, a =86.678(1), f=89.840(1), y =61.239(1)°, V=
34527(12) A%, Z=3, paa=1425gem™>, u=149mm™', T=
120K, R(F; F°>20)=0.0848, R,(F%, all data)=0.2429, S=
0.980 for 27691 unique data (6 <26.0°; Bruker APEX2 diffrac-
tometer, synchrotron radiation, 4 =0.6768 A) and 2118 refined
parameters; final difference synthesis within =+ 1.63 eA
CCDC-267370-267372 (1-3, respectively) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data_request/cif.

[16] Though rarely stated, heteroaggregation (same metal, but
different ligand) can sometimes also lead to enhanced reactivity;
for an example in organolithium chemistry, see: W. Peascoe,
D. E. Applequist, J. Org. Chem. 1973, 38, 1510.

[17] For a recent review of heteroaggregation in aryl and alkyl
lithium reagents, see: R. A. Gossage, J. T. B. H. Jastrzebski, G.
van Koten, Angew. Chem. 2005, 117, 1472; Angew. Chem. Int.
Ed. 2005, 44, 1448.

Organozinc Reagents, Oxford University

www.angewandte.org

Chemie

6021


http://www.angewandte.org

Communications

Ferrocenes

DOI: 10.1002/anie.200501564

Intramolecular Rotation through
Proton Transfer: [Fe(n’-CsH,CO, ),] versus
[(n*-CsH,CO, )Fe(n*-CsH,CO,H)**

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

Intramolecular rotation is important in molecular dynamics;
it is a fundamental molecular property and can be used to
understand the concept of molecular motors. Inspired by
elegant biological and macroscopic analogues,!'™ the fabri-
cation of molecular machines has been
very actively pursued recently,™ resulting
in a variety of molecular devices, such as
rotors,” ¥ shuttles,” ' and ratchets.!"”
The central theme of molecular devices
is to control molecular motions and bind-
ings upon external stimuli. The smallest
molecular machine can downscale to a
single molecule, and such a single molec-
ular rotor has been observed.'*l Herein,
we report the observation of intramolec-
ular rotations of a single ferrocene derivative through proton
transfer.

Ferrocene is a prototypical sandwich complex with an iron
atom symmetrically situated between two CsHs (cyclopenta-
dienyl, Cp) rings and has been the subject of many exper-
imental and theoretical studies since its discovery."*'" It has
many applications in both fundamental research and materi-
als science. In the solid phase the two Cp rings are in a
staggered confirmation (Ds,),'" whereas in the gas phase they
are eclipsed (Ds,).” The rotational barrier of the two rings
along the Cs axis is very small in the gas phase (E~ 1.1 kcal
mol ). Therefore, ferrocene would be an ideal candidate
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for a molecular rotor if the rotational freedom can be
controlled. Proton transfer, that is, acid-base chemical
reaction, is one of the most commonly used external stimuli
along with photoinduced processes and electrochemical
reactions in realizing molecular devices.[**! Proton transfer
is also ubiquitous and plays a vital role in biological motors.”*
It changes the charge state of a molecule to result in
alternation of electrostatic interactions. Such effects may
influence molecular binding, particularly in the gas phase or
hydrophobic environments. Here, we study the energetics and
conformations of two ferrocene derivatives, the doubly
charged [Fe(n’-CsH,CO,7),] ([FeCp’,], 1) and the singly
charged  [(n’-CsH,CO, )Fe(’-CsH,CO,H)] (2; see
Scheme 1), and demonstrate that they can be viewed to
form a model molecular rotor system controlled by proton

transfer.
Fe Fe

2 3

Scheme 1. Structures of the ferrocene derivatives 1-3.

Complexes 1 and 2 were produced using electrospray
ionization, and their geometric and electronic structures were
probed by photoelectron spectroscopy (PES) and theoretical
calculations. The experiments were carried out on a newly
developed low-temperature PES apparatus coupled with an
electrospray source.™ We detected abundant 1 and 2 by
electrospray of a 1 mm solution of 1,1’-ferrocenedicarboxylic
acid in a water/methanol mixed solvent system. The 193-nm
(6.424 eV) PES spectrum of 1 (Figure 1a) reveals two broad
spectral bands, which likely contain many overlapping
detachment transitions. No transitions were observed
beyond binding energies of 3 eV owing to the cut-off by the
repulsive coulomb barrier, unique to photodetachment of
multiply charged anions.”*?! We also measured the photo-
electron spectrum of 1 at 266 nm (4.661 eV) with slightly
better resolution. Molecular orbital analysis based on the
optimized structure (see below) indicates that the lower-
binding-energy features (0.2-1 eV) are due to detachments
from primarily lone-pair electrons of the carboxylate groups,
whereas the higher-binding-energy features (1.5-2.5eV) are
due to detachments from the ferrocene framework, which
contains closely spaced molecular orbitals from both the Fe
3d orbitals and the Cp' rings. The surprising observation is the
extremely low electron-binding energy for 1. We measured an
adiabatic detachment energy (ADE) of 0.25+0.05 eV for 1
(Figure 1a). This low electron-binding energy is a result of the
strong intramolecular coulomb repulsion due to the two
negative charges in 1. To assess the influence of the coulomb
repulsion, we performed a control experiment on a mono-
carboxylated ferrocene anion, [(n’-CsHs)Fe(n’-CsH,CO,7)]
(3, Scheme 1), as shown in Figure 1c. Three spectral bands
were observed, all with very high electron-binding energies, in
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approximately 3 eV is obtained. 0/° —
Figure 1b displays the 193-nm spectrum of 2, which  Figure 3. Calculated energies as a function of rotational angle defined
reveals spectral patterns that are similar to those for 1 but by the two carboxylate groups for a) 2 and b) 1. The two minima
at much higher binding energies. We expected that 2 would  located at 63° and —68° for 2 are identical. At these angles, the intra-
have binding energies similar to 3 because the first electron molecular hydrogen bond is optlmlze.d. Deviation from these angles
detachment in both systems should be from the CO,~ group. disrupts the hydrogen bond to result in a non-hydrogen-bonded form
H the ADE of 2 d to be 3.80+0.03 eV of 2. The sharp minima in (a) reflect the narrow angles for the hydro-
owever, the . oL = was measure. o be . A Doev, gen bonding, outside which the rotational potential is relatively flat.
about 0.5 eV higher Fhan.that 9?3' This o?bservanon.suggests The potential for 1 is primarily coulombic and is simpler: the mini-
that the CO,™ group in 2 is stabilized relative to that in 3. The mum at 180° corresponds to the trans structure, whereas the maxima
only mechanism for this stabilization is through an intra-  at 0° and 360° correspond to the cis form.
molecular hydrogen-bonding interaction between the CO,~
group and the COOH group on the second Cp’ ligand. This is ADEs for 1. 2. and 3 d with th . |
possible if the two Cp’ ligands in 2 would adopt a staggered s for 1, &, an are compared wit t, ¢ experimenta
. e )1 values in Table 1. Although the theoretical values are
conformation, that is, if the two Cp’ ligands would be rotated ; )
180° relative to each other. as shown in Scheme 1 consistently lower than the experimental values by approx-
To obtain more definitive information about the struc- imately 0.2 eV, they reproduce the experimental trend very
. . . well. In particular, a significantly smaller ADE is predicted
tures and energetics, we performed theoretical calculations on ; ] .
the three species.® The optimized structure of 1 indeed for the trans confirmation of 2. In fact, the predicted ADE for
shows C,, symmetry (Figure 2), in which the two CO,~ groups the trans form of 2 is in remarkable agreement with the ADE
are opposite each other in a trans conformation. For 2, an of 3, and confirms unequivocally that the hydrogen-bonded
intramolecular hydrogen bond is observed between the cis form is more stable and is the structure that was observed
-COOH and -COO™ groups, as expected, that lock the two experimentally. . L
Cp’ ligands in a cis conformation. The two Cp' ligands are not Therefore, we see that the different electrostatic inter-
' actions lock 1 and 2 in two different conformations. The
Angew. Chem. Int. Ed. 2005, 44, 6022 -6024 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 6023
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Table 1: Experimental adiabatic detachment energies (ADEs [eV]) of 1, 2,
and 3, compared to calculated values.

Species Experimental Calculated
1 0.25+0.05 —0.03
2 (cis) 3.80+0.03 3.64
2 (trans) 3.32
3 3.31+0.03 3.18

intramolecular coulomb repulsion dictates that the two
negative charges in 1 lie as far apart as possible, locking it
in the trans conformation, whereas intramolecular hydrogen
bonding locks 2 in the cis conformation. Deviation from the
optimal angle of 68° disrupts the hydrogen bond and results in
non-hydrogen-bonded forms of 2. The rotational barriers for
1 and 2 are 1.4 and 0.6 eV, respectively (see Figure 3), in the
gas phase, which are much higher than thermal energies at
ambient temperatures. As shown in the Figure 2, structures 1
and 2 are controlled by a proton-transfer process. Protonation
of 1 induces a 112° rotation that leads to 2, while deproto-
nation of 2 results in 1 by also involving a 112° intramolecular
rotation.
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Biomolecules are prone to self-assemble in vivo and in vitro.!"
For example, collagen proteins can self-organize initially into
triple helices and then into ordered fibers, gels, and liquid-
crystalline (LC) phases through noncovalent forces.?*"
Elucidation of the underlying mechanisms is important but
tremendously challenging. An alternative is to decipher
nature’s bewildering tricks with the help of synthetic systems
made from natural starting materials.”! In this context, the
natural amino acid based dendrons or dendrimers (NAADs)
are of great significance because of their similarity to proteins
in composition and topology,®! as well as their architectural
difference from currently prevalent linear model peptides. In
addition, potentially chiral and biocompatible NAADs pro-
vide exciting possibilities in the creation of new materials for
nano- and biotechnology.

However, little attention has been paid to the self-
assembly of NAADs,”! and especially to their gelation and
LC properties. Only polylysine dendrimers have been studied
as gelators by Smith et al.?! and gelation is mentioned for
dendrimers built from glutamates by Ranganathan et al.’>”!
Research on NAADs as liquid crystals is even scarcer.
Moreover, to the best of our knowledge, there is no report
on amino acid based dendrimers that function as gelators and
form liquid crystals. We have been interested in the synthesis
and self-assembly of dendrimers for many years."l Herein, we
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present the synthesis of a dendron composed of two natural
amino acids, glycine and aspartic acid, and its self-assembly
which leads not only to organogels but also to lyotropic liquid
crystals. Recently, a type of amphiphilic dendritic dipeptide
was described by Percec et al.”’! as self-assembling in helical
pores. In contrast to their design of an aromatic dendron and a
peptide core, our NAADs have peptidic dendrons with a
benzyl periphery.

The poly(Gly-Asp) dendrons were convergently synthe-
sized as depicted in Scheme 1. It is well-known that glycine
appears at every third position in the predominant sequences
of collagen,™ and aspartic acid is similar to the building unit
of a well-investigated linear model peptide, poly(benzyl L-
glutamate) (PBLG), which behaves as a gelator and liquid
crystal.'”! The dendrons, which resemble the repetitive
patterns always found in the sequences of natural fibrous
proteins,” were branched iteratively with Gly-Asp dipep-
tides, instead of with one amino acid as in other NAADs,']
and without any help from a nonnatural amino acid linkage.

Standard DCC coupling of Boc-glycine and benzyl-
protected aspartic acid, which was readily prepared by the
benzyl esterification of aspartic acid, gave the branching unit
in 60 % yield. This is the first generation (G1) of the dendron.
The second (G2) and third generations (G3) were synthesized
convergently in 35 and 17 % yields, respectively, by repeating
a two-reaction cycle, that is, by removing the Boc group of the
lower-generation dendron with TFA, and then coupling the
resultant N-deprotected intermediate to the C-deprotected
G1 (Boc-G1-COOH), prepared by hydrogenative debenzyl-
ation of the dipeptide. Currently, one of the major obstacles
that hindered the research and applications of NAADs is the
tedious process for the purification of the dendritic prod-
ucts.'”! Notably, G3 is relatively easy to obtain by simple
precipitation in water and MeOH consecutively (see Sup-
porting Information). 'H, "*C, two-dimensional, and DEPT
NMR techniques, MALDI-TOF mass spectrometry, and
elemental analyses were used to verify the structure and
purity of the G3 dendron (see Supporting Information).

We found that G3 could act as an efficient low-molecular-
mass organogelator (LMOG). LMOGs!"*! are a family of low-
molecular-mass organic molecules (M, <3000) that can gel
organic solvents at very low concentrations through non-
covalent forces. LMOGs have attracted considerable renewed
interest in recent years, not only because of their interesting
roles in materials science and supramolecular chemistry but
also because gelation remains poorly understood. Most
organogels are achieved through the ordered arrangement
of gelators during the cooling of the mixture of LMOGs and
organic solvents after heating to form a homogeneous
solution.'” However, a solvent-solvent gel preparation
procedure distinguishes G3 from other LMOG:s, including
the previously reported dendritic ones.™ In a typical
example, G3 (0.04 g) was first dissolved in CHCly/CH;OH
(9:1 v/v; 6 mL) by sonication. Then, with the addition of ethyl
acetate (4 mL), the solution immediately became viscous and
gelled within 5 seconds. Meanwhile, a 10-mL gel as dilute as
02wt% (0.98 mMm, one G3 molecule entraps about 9000
solvent molecules) in a 1-cm-diameter test tube could be
turned upside down without downward flow of the gel. A thin

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Convergent synthesis of the first three generations of poly(Gly-Asp) dendrons Gn (n=1-3).
Reagents and conditions: a) p-toluenesulfonic acid, benzene, benzyl alcohol, reflux; b) CH;OH, KOH;

c) Boc-glycine, DCC, —10°C; d) TFA, CH,Cl,; €) Pd-C, H,, ethanol; and f) DCC, Boc-G1-COOH, N-methyl-
morpholine, NHS, —10°C. Boc = tert-butoxycarbonyl, DCC = dicyclohexylcarbodiimide, TFA=trifluoroacetic

o] H o
Boc-G1-COOH

N o
ﬁ@ T ENe:

G3

acid, NHS = N-hydroxysuccinimide.
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layer of liquid exuded as time went by, but the main part kept
its gel state for more than half a year. The transmission
electron microscopy (TEM) image of the G3 gel showed that
the G3 dendrons self-assembled into a ramified network of
intertwined fibers. The width of the fibers ranged from several
dozen to more than a hundred nanometers (Figure 1a). The

Figure 1. Morphology of G3: a) TEM image of a G3/CH,Cl/CH;0H/
ethyl acetate gel; b) TEM image of a G3/CH,Cl/CH;OH/ethyl acetate
suspension; c¢) AFM image of the G3/CH,Cl/CH,OH/ethyl acetate gel
(G3] =0.02 wt %).
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atomic force microscopy (AFM) image
recorded in the tapping mode (Fig-
ure 1c) revealed that the smaller fibers
were about 30-70 nm in width, many
micrometers in length, but less than
20 nm in height. Considering the con-
volution effect arising from the finite
size of the AFM tips, the real width of
the fibers should be even less.

The gel preparation details have a
f @ great effect on gelation. If ethyl acetate

o was added before G3 was totally dis-
solved in CH;OH/CHCI;, an opaque
suspension was formed instead of a gel.
TEM shows a rather different morphol-
ogy of the aggregates in such a suspen-
sion (Figure 1b). In addition to the
above case, G3 dissolved in and gelled
a mixture of CH;OH and THF in
several hours. However, the resultant
gels were less stable than the CH;Cl/
CH;OH/ethyl acetate gels at the same
concentrations. Neither G1 nor G2
formed a gel in the above-mentioned
mixed solvents under similar experi-
mental conditions. CH;OH, CHCI,,
CH,Cl,, THF, acetone, ethyl acetate,
diethyl ether, ethanol, petroleum ether,
hexane, cyclohexane, dioxane, acetoni-
trile, N,N-dimethylformamide,
dimethyl sulfoxide, styrene, water, and benzyl alcohol were
tested for the preparation of G3 gels by the conventional
heating and cooling method. Except for benzyl alcohol, none
of the single solvents could be gelled by G3.

Noncovalent forces, mainly hydrogen-bonding and aro-
matic-stacking interactions, were proposed to be the driving
force for the self-assembly of G3 dendron. The role of
hydrogen bonding in gelation is supported by the fact that the
gels changed into clear solutions after the addition of LiCl,
which is known to interact strongly with amides and break
hydrogen bonds (see Supporting Information). The FT-IR
spectrum of the dry gel also revealed characteristic stretching
vibrations as a result of hydrogen-bonding interactions in the
N-H (3309 cm™') and C=0O (amide I: 1660 cm ') moieties.
However, further proof is needed to verify the presence of
hydrogen bonds in the gel state. Other weak interactions may
also play an important role in the self-assembly. Fluorescence
spectroscopy™ with pyrene as a probe was employed to
examine the effect of benzyl rings. The intensity ratio 1,/I; of
pyrene emissions is an established index for the polarity of the
environment. This ratio decreased as the concentration of G3
was increased in THF/CH;O0H (9:1; see Supporting Informa-
tion), which suggests that nonpolar domains were formed as a
consequence of the aromatic stacking of peripheral benzyl
rings.

What is the relationship between the structure of a native
gel and the organization of gelators in the solid state ? This is
an important question that has puzzled researchers for many
years. To address this question in the case of G3, as well as to

o

N
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obtain some hints on its packing pattern in native gels, X-ray
diffraction (XRD) was carried out on the native gel, xerogel,
and dendrite. No reflection could be detected in the CH;OH/
CHCly/ethyl acetate gel, presumably as a consequence of
strong scattering from the electron-rich CHCI; solvent. The
one-dimensional (1D) XRD pattern of the xerogel is shown in
Figure 2. The large scattering halo with a maximum in 26 at

- 1.126 nm
1.162 nm

T 1.195 nml

(<=}
S  Sax
hel I Pl
3
e
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Figure 2. 1D XRD pattern of the G3/CH;OH/CHCl;/ethyl acetate xero-
gel. The inset shows reflections around 20 =7.86°.

around 20° (corresponding to a dspacing of =0.45nm)
indicates that the major portion of G3 in the xerogel was
amorphous. However, the existence of a series of sharp
diffractions reveals that the G3 of the xerogel could partially
crystallize. Efforts were made to grow single crystals, but
failed. However, G3 dendrites up to centimeter dimensions
were obtained in DMF through evaporation at room temper-
ature for a month. Figure 3 shows a two-dimensional (2D)

Figure 3. 2D WAXD pattern (left) and its schematic drawing (right) for
one fiber-like branch in a G3 dendrite.

wide-angle XRD (WAXD) pattern obtained
from one fiber-like branch of a dendrite,
which was collected in the transmission
mode with the X-ray incident beam perpen-
dicular to the long axis of the fiber. The
sample was rotated through 360° around the
long axis during exposure. It was difficult to
deduce the precise crystal structure of G3
because of the scarcity of diffraction lines.
However, by assuming that the crystallo-
graphic c axis is parallel to the fiber long
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axis, and that the diffraction lines that correspond to a
d spacing of 1.162, 0.581, 0.522, and 0.451 nm are the (100),
(200), (141), and (006) planes, respectively (Figure 2), we
might tentatively propose an orthorhombic lattice with a =
1.162, b =2.395, and ¢ =2.706 nm. As shown in the right-hand
side of Figure 3, all the diffraction lines observed can be
indexed. The calculated d spacings fitted the measured ones
quite well (see Supporting Information). Meanwhile, we
noted that the (100) diffraction with a d spacing of 1.162 nm in
the dendrite could also be identified in the xerogel (see the
inset of Figure 2). Although the intensity is relatively weaker,
it indicates that the crystal in the xerogel could have the same
structure as the dendrite. However, the coexistence of three
peaks with very close d spacings proves that the G3 crystals
are in fact polymorphic. Still assuming an orthorhombic
lattice, we found that the strongest diffraction with a d spacing
of 1.126 nm and following peaks in the higher 20 region in
Figure 2 could be indexed with a=1.126, b=2.331, and c=
2.582 nm, values that deviate only slightly from those
proposed for the dendrite. Reexamination of the dendrite
testified that polymorphism also occurred. Occasionally, two
sets of diffractions could be detected (see Supporting
Information) in one fiber. This polymorphism may arise
from the rich intra- and intermolecular hydrogen-bonding
interactions, which lead to a G3 molecular packing trapped in
different local Gibbs energy minima during crystallization by
solvent evaporation.

The gel became a turbid solution and would not regel after
it was destroyed by mechanical agitation. Therefore, the
morph responsible for gelation is probably not of the most
thermodynamically stable phase. Recently, it was proposed’!
that one prerequisite of gel formation is the 1D alignment of
gelator molecules. If so, the morph in the gel state should be
different from that in the 3D orthorhombic crystals. A
structure change, such as crystallization, is quite possible
during the formation of a xerogel from a gel by the
evaporation of solvents.

G3 can self-organize into lyotropic LC phases in benzyl
alcohol. When the concentration of G3 exceeds a certain limit
(about 6 wt%), spherulites and oily streaks (Figure 4a)
appeared, as viewed by polarizing optical microscopy
(POM). With an increase of the concentration, more spher-
ulites formed and eventually the whole field of view became
dominated by a polygonal texture (Figure 4b). The textures
can be deformed with pressure and are self-healing. No
evidence of microcrystallites was observed. The lyotropic LC

www.angewandte.org
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Figure 4. Representative microphotographic textures of G3 in benzyl alcohol under crossed polariz-
ers. a) Spherulites and oily streaks in 14-wt% samples at room temperature (RT); b) polygonal tex-
ture (or focal-conic-like texture) in 30-wt% samples at RT; c) filament texture of 40-wt % samples

heated at 10 Kmin™' and held for 5 min at 100°C.
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behavior of the G3/benzyl alcohol phase at several represen-
tative concentrations was also examined by differential
scanning calorimetry (DSC; see Supporting Information). A
single endothermal peak was observed on heating 8-, 14-, and
20-wt % samples. The peak temperature increased monoto-
nously from 60°C for 8-wt% samples to 80°C for 20-wt %
samples, which was in accordance with the trend of transition
of birefringence from anisotropic to isotropic observed by
POM.

In the cases of 25-, 30-, 40-, and 50-wt % samples, the DSC
heating traces showed a broad endothermic process with two
peaks, which indicates two possible transitions. For example,
the 40-wt % sample exhibited a lower peak at 88°C and a
higher peak at 95 °C before it completely entered the isotropic
state after 105°C. A new POM texture different to that in
Figure 4b developed above the lower transition temperature
(Figure 4c). This was also the case for the other samples in the
range of 25-50 wt % . The combination of the POM and DSC
results suggests that the G3/benzyl alcohol mixture may have
one lyotropic LC phase below the isotropic temperature at a
concentration of 5-20 wt%. As the concentration ranged
from 25 to 50 wt %, the samples may have one low- and one
high-temperature LC phase prior to the LC-to-isotropic
transition.

In contrast to most other LC dendrimers, G3 is
lyotropic and intrinsically mesogenic with relatively flexible
chains. It may serve as a good testing bench for the study of
the structure-mesophase relationship. The lyotropic LC
phase structure of the G3/benzyl alcohol mixture at low
temperature (below the isotropic temperature for 5- to 20-
wt % samples and below the lower transition temperature for
25-to 50-wt % samples) was identified by XRD. In the low 26
region (Figure 5), a series of scatterings up to the fourth order
could be observed for all the concentrations investigated, and
the corresponding scattering vector ratios exactly followed
1:2:3:4 which clearly indicated a lamellar structure. This
finding agrees well with the spherulites, oily streaks, and
polygonal textures observed with POM, which were believed
to be the characteristic features of the lyotropic lamellar
phase.['”!

Despite varying the concentration, the long period of the
lamellae was measured as 4.59 nm. This result indicated that,

— 4.59 nm

50 wit%
40 wi%

hrel

30 wit%
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10
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Figure 5. 1D XRD patterns of G3 in benzyl alcohol. Left: diffraction
patterns from 260 =2.5° to 20 =12° with a prolonged exposure time.
Right: overview diffraction patterns at different concentrations.
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at low temperature, the samples shared the same lyotropic LC
phase where the lamellae coexisted with the solvent. We
expected that the lamellae should be a bilayer structure.
According to our preliminary computer modeling of the G3
molecule, the distance from the focal point to the periphery
was estimated to be about 2.8 nm if the G3 molecules were
fully extended. Hence, each lamella might consist of two
layers of G3 molecules that are partially interdigitated. In the
inner part of the lamellae, the G3 molecules might associate
with their neighbors through hydrogen bonds, while the
benzyl rings of the G3 molecules are packed on the lamellar
top and bottom surfaces. More systematic structural and
thermodynamic transition property analyses, as well as more
morphological studies, are necessary to finally identify the
textures and the corresponding phases.

In summary, we have successfully synthesized a novel
dipeptide-branched poly(Gly-Asp) dendron (G3) capable of
self-organizing into organogels and lyotropic LC phases. With
a solvent—solvent gel preparation process, the G3 dendrons
self-assembled into a network of intertwined fibers. Both
hydrogen-bonding and aromatic-stacking interactions might
be responsible for the aggregation. The ordered structure in
the xerogel has a close relationship with the orthorhombic
packing of G3 in dendritic crystals. G3 exhibits lyotropic LC
behavior in benzyl alcohol, and a low-temperature lamellar
phase with a long period of 4.59 nm can be identified. Fibrous
proteins are ubiquitous in nature. Silk fibroin, amyloid, and
collagens are but a few remarkable examples.'¥! The systems
described herein may give us more chance to understand the
basic principles governing their supramolecular organization
from a new angle different to that offered by linear model
peptides. Further investigation is in progress to gain deeper
insight into the mechanisms of gelation and mesophase
formation, and to unravel the precise molecular-packing
patterns of G3 in the gels, crystals, and liquid crystals. In
addition, the applications of such nanostructured materials
could be explored as potentially biocompatible systems for
drug delivery, molecular recognition, and other diagnostic or
therapeutic functions.
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Guanosine Tautomers
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Tautomers of One-Electron-Oxidized
Guanosine**

Chryssostomos Chatgilialoglu,* Clara Caminal,
Maurizio Guerra, and Quinto G. Mulazzani

8-Bromoguanine derivatives, such as 1a and 1b, capture
electrons (e,, ) with quantitative formation of the corre-
sponding debrominated nucleosides!"? and, therefore, they
are efficient detectors of excess electron-transfer processes.”!
Indeed, in two recent papers 8-bromo-2’-deoxyguanosine
(1b) was incorporated in a variety of single- and double-

o]
¢ f H— Ii W

N 2 NH,
3 CH3

1a: R =ribose 2 3
1b: R = 2'-deoxyribose
1c: R = methyl

,&

stranded oligonucleotides and G-quadruplexes, and the
reaction with e,,” indicated that excess electron transfer is
effective.>*

The reaction of e,,~ with 1a was previously studied by
pulse-radiolysis techniques in some detail.!"! These experi-
ments revealed the formation of two short-lived intermedi-
ates at pH ~ 7. Figure 1 shows the absorption spectrum of the
first observable species (solid line) obtained 2 ps after the
pulse. This species of uncertain structure decays by first-order
kinetics (k=5.0x10*s™") to produce the one-electron-oxi-
dized guanosine (dashed line).!! In the present work we
studied the kinetics in the temperature range of 5.8-50.3°C
and obtained the following Arrhenius parameters: log(A/
s)=874+0.4 and E,=23.0+25kImol™! (errors corre-
spond to one standard deviation).

What is the structure of the first observable species, which
has a characteristic absorbance around 600 nm? We found
previously that time-dependent (TD) DFT calculations at the
B3LYP/6-31G* level®® provide reliable optical transitions
for nucleoside radicals.”® In neutral solution, the initial
electron adduct of 1 should be rapidly protonated.”’ There-
fore, TD-B3LYP/6-31G* calculations were carried out on 8-
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Figure 1. Absorption spectra obtained from the pulse radiolysis of Ar-
purged solutions containing 1 mm 1a at pH~7 with 0.25m tBuOH,
recorded 2 ps (solid line) and 45 pus (dashed line) after the pulse
(adapted from ref. [1]). The lines show the calculated vertical optical
transitions for radical 2 (dashed lines, A(f): 290 (0.128), 350 (0.054),
470 nm (0.014)) and its tautomer 3 (solid lines, A(f): 290 (0.138), 350
(0.042), 610 nm (0.051)).

bromo-9-methylguanine (1¢) radical anion, protonated at N7
(as suggested previously!') and at any other possible sites; no
optical transition was predicted to exist above 500 nm.
Interestingly, protonation at C8 produces loss of Br~, and it
could be hypothesized that the first observable species in
pulse radiolysis had already lost Br~. Consequently, we
computed the optical spectra (transition wavelengths A and
oscillator strengths f) of the deprotonated 9-methylguanine
radical cation (i.e., oxidized 9-methylguanine 2) and its
tautomers bearing an iminic substituent at C2. The computed
data for the radical 2 are reported in Figure 1 and are in good
accord with values assigned with certainty to the oxidized
guanosine.'”’ More interestingly, calculations showed that a
band is computed at wavelengths longer than 500 nm only for
the tautomer 3. The computed optical transitions are also
reported in Figure 1 and are in good agreement with the
experimental spectrum recorded 2 ps after the pulse; these
data correspond to the transient of uncertain structure.

On the basis of these findings, we propose a revised
mechanism for the reaction of e,,~ with 1 (Scheme 1). The

0]

€aq
1 — Br—<’
w, N

R

LA
NfNH —*</fx

R

)\

/§

5 6

Scheme 1. Proposed mechanism for the reaction of e,,~ with 8-bromo-
guanosine (1a). The initial adduct 4 is rapidly protonated to give the
first observable species 5. The tautomer 6 is assigned to the second
transient species observed in the pulse-radiolysis studies (see

Figure 1).
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initial electron adduct 4 is rapidly protonated at the C8
position to release Br~ and the first observable transient
species 5, which should have a pK, value similar to that of
oxidized guanosine (pK,=3.9).!"”] The subsequent tautome-
rization 5—6 occurs with a log(A/s™') = 8.7, which suggests a
complex transition state, and an activation energy of
23.0 kI mol~'. Another point supporting a complex transition
state is also the previously reported kinetic isotope effect

k(H,0)/k(D,0)=28.0.11
The reaction barrier (E,) for the direct tautomerization
3—2 is computed to be 183.7 kJmol * at the B3LYP/6-31G*
level. Such a large value is in evident contrast with the
activation energy measured for the

o tautomerization 5—6. In analogy

H- 185 H  with the keto—enol tautomerization
_<N N 1282 T126¢ in guanine!™” and 8-0x0-7,8-dihydro-
)%N H guanine,"” the water-assisted proton

transfer is computed to occur with a
much lower reaction barrier (the
calculated transition-state structure
is given in Figure 2). Indeed, the
reaction barrier is computed to be as
small as 18.8kJmol™!, in good
accord with experiment.!!

To gain insight into the different
tautomeric forms, the 8-bromo derivatives 7 and 10
(Scheme 2) were prepared, since the analogous tautomeriza-

g f ﬁ -
Br— |
_<ﬁ N{/L\NH2 ’L§ /L\

R

CHj

Figure 2. Structure of the
transition state for the
water-assisted tautomeri-
zation 3—2 computed at
the B3LYP/6-31G* level.
Distances are in A.

7 8 9
ol o}
N N
NH S0,” NH
o1 f e
N N‘J\N /l\NEQ N N¢i\NEQ
R R
10 11 12

Scheme 2. Reactions of e,,” with 8-bromoguanosine derivatives 7 and
10, of Br,™ with 9, and of SO,~ with 12. The radicals 8 and 11 are
assigned to the transient species observed in the pulse-radiolysis stud-
ies (see Figures 3 and 4, respectively).

tion 5—6 could not occur as a result of alkylation at NH and
NH, moieties. y-Radiolysis of 7 and 10 in aqueous solutions at
pH~7 was followed by product studies, which showed the
quantitative formation of debrominated derivatives 9 and 12,
respectively.™ Rate constants of 1.1 x 10'° and 8.0 x 10°M~''s™!
were determined at pH ~ 7 for the reactions of e,,~ with 7 and
10, respectively, by measuring the rate of the optical density
decrease of e,,~ as a function of the concentration of the
added nucleoside.™® Figures3 and 4 show the optical
absorption spectra obtained from these reactions. The ¢
values were calculated using G =0.27 pmolJ~!, since HO*
species are scavenged by the added tBuOH, and the H* atoms
follow another path and therefore do not contribute to the
reaction.'®! The decay of these transients follows second-
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Figure 3. Absorption spectrum (m) obtained from the pulse radiolysis
of Ar-purged solutions containing 0.5 mm 7 at pH~7 and 0.25m
tBuOH, recorded 10 ps after the pulse. Absorption spectrum (o) is
taken from reference [10] and refers to the reaction of Br,”™ with 9. The
lines show the calculated vertical optical transitions for radical 8
(R=Me) (A(f): 290 (0.063), 360 (0.036), 650 nm (0.040)).
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Figure 4. Absorption spectrum (m) obtained from the pulse radiolysis
of Ar-purged solutions containing 0.5 mm 10 at pH~7 and 0.25m
tBuOH, recorded 2 ps after the pulse. Absorption spectrum (o)
obtained from the pulse radiolysis of Ar-purged solutions containing
0.1 mm 12 and 10 mm K,S,0; at pH & 7 with 0.1 M tBuOH, recorded

6 us after the pulse. The lines show the calculated vertical optical tran-
sitions for radical 11 (R=Me) (A(f): 290 (0.149), 390 (0.070), 480
(0.029), 1030 nm (0.027)).

order kinetics and their disappearance does not lead to other
transients. Furthermore, these spectra are identical to those
obtained after the oxidation of 9 by Br,” ¥ and of 12 by SO,
at pH~ 7 (Figures 3 and 4).

Therefore, the spectra in Figures 3 and 4 are assigned to
radicals 8 and 11, respectively, which can be obtained either
from the reduction of 8-bromoguanine derivatives or from the
oxidation of the debrominated compounds as illustrated in
Scheme 2. TD-B3LYP/6-31G* calculations carried out on the
corresponding 9-methyl derivatives of radicals 8 and 11 fit
very well with our assignment. Indeed, the computed optical
spectra for the radical 8 and for the radical 11"] are in good
agreement with the spectra shown in Figures3 and 4,
respectively. Interestingly, both the spectrum of radical 8
and that of radical 5 have a band at 610-620 nm, which is
consistent with an iminic substitution at the C2 position.
Obviously, radical § can tautomerize to 6, whereas radical 8 is
blocked in one form.
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In conclusion, our work here demonstrates the first
directly observed differences of the two tautomeric forms of
oxidized guanosine. The energetically most stable form 6 is
the one that is obtained directly by oxidation of guanosine.
The less stable form 5 is obtained from the protonation of the
8-bromoguanosine electron adduct, and its tautomerization to
6 has an activation energy of 23.0 kJ mol .

Experimental Section

Pulse radiolysis with optical absorption detection was performed by
using a 12-MeV linear accelerator, which delivered 20-200 ns electron
pulses with doses between 5 and 50 Gy, by which HO", H", and e,,"
were generated with concentrations of 1-20 um. Continuous radiol-
yses were performed at room temperature using a “Co-Gammacell,
with a dose rate of ca. 15 Gymin™'. Compounds 7, 10, and 12 were
prepared following known procedures.*"!
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Transition-State Effects of Ionic Liquids in
Substitution Reactions of Pt" Complexes**
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Ligand-substitution reactions of square-planar complexes of
d® metal ions such as Pt" and Pd" play a fundamental role in
many chemical processes, for instance, in the treatment of
tumors and in homogeneous catalysis.*?) Detailed mechanis-
tic studies have demonstrated that such complexes usually
undergo associative ligand-substitution reactions as a result of
the 16-valence-electron structure of the square-planar com-
plex.P! The transition state has either a semi-five-coordinate
character in the case of an associative interchange (I,)
mechanism, or forms a short-lived, five-coordinate intermedi-
ate in the case of a limiting associative (A) mechanism.
Exceptions are found in cases in which two neighboring
spectator ligands form metal-carbon bonds with the metal
center and induce a dissociative mechanism.

In terms of the biological or catalytic application of such
metal complexes, the fundamental understanding of the
ligand-substitution mechanisms enables a systematic tuning
of the lability of the metal center, that is, the efficiency of the
chemical process. A distinction between the three mecha-
nisms can usually be made on the basis of activation
parameters derived from the temperature and pressure
dependence of the reaction, that is, AH®, AS¥, and AV* %>
In recent work performed in our laboratories, the lability of
Pt" complexes could be systematically tuned through the
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introduction of o-donor and m-acceptor spectator chelates.:*!

Rate and activation parameters clearly supported the asso-
ciative nature of the underlying substitution mechanism.

In recent years, ionic liquids have become a popular
research area that is expected to grow as a result of their
potential industrial application.”) Not only are such liquids
interesting in terms of applications in separation techniques
but also they may be used to improve the solubility of weakly
soluble gases and enhance the catalytic activity of metal
complexes.'”! The first industrial process based on the
application of ionic liquids has been launched.!!

Mechanistic studies on chemical reactions in ionic liquids
have only been performed to a limited degree. Skrzypczak
and Neta determined the rate constants for the reaction of
1,2-dimethylimidazole with benzyl bromide (Menschutkin
reaction) in a series of ionic liquids and organic solvents. The
rate constants in the ionic liquids are comparable with those
for polar aprotic solvents, but much larger than those for
weakly polar organic solvents and alcohols.”? Chiappe and
Pieraccini determined rate constants and activation parame-
ters (AH™ and AS™) for the reactions of Bry~ and ICl,™ ions
with some alkenes and alkynes in a series of ionic liquids and
in 1,2-dichloroethane.® McLean and co-workers'¥ studied
the effect of ionic liquids on bimolecular rate constants for the
displacement of solvent from [(C¢Hg)Cr(CO),(solv)]. Inhib-
ition of the catalytic activity of a Ru" catalyst in ionic liquids
was recently reported by Daguenet and Dyson for a reaction
system in which chloride dissociation is a crucial step.*) More
recently, work in our laboratory demonstrated that this
inhibition could be related to the selected anionic component
of the employed ionic liquids, since other anions in our hands
clearly lead to a faster chloride dissociation step from a Pt"
complex in the catalytic process studied.'” Following the
submission of this work, Shaughnessy and co-workers
reported kinetic data for oxidative-addition and ligand-
substitution reactions in ionic liquids.!'”-!¥!

A fundamental question, however, does remain: Do ionic
liquids really behave as “normal” solvents, or are there
unknown aspects that could affect the substitution behavior of
square-planar Pt" complexes? We report herein a detailed
kinetic study of the substitution reactions of the [Pt"(apa)CI]*
complex 1 (apa=2,6-bis(aminomethyl)pyridine; Scheme 1)
with thiourea and iodide as nucleophiles, in water, methanol,
and the ionic liquid 1-butyl-3-methylimidazolium bis(trifluor-

Scheme 1. Chemical formula and DFT structure of complex 1;
distances in pm.
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omethylsulfonyl)amide ([BMIM]BTA) as solvents. This ionic
liquid has a melting point of —4°C!" and a polarity close to
that of ethanol.”! We studied the reaction as a function of the
concentration of the entering ligand, the temperature, and the
pressure to determine all the rate and activation parameters

i

[BMIM]BTA

(CF3SO,)N™

RZAN
N@/N

(AH™, AS™, and AV™). This is, as far as we know, the first time
that a systematic pressure-dependence study was undertaken
for a chemical reaction in an ionic liquid. The reported rate
and activation parameters show a rather “normal” behavior
for the employed ionic liquid and demonstrate some unique
properties of the ionic liquid as medium for the investigated
substitution reactions.

The solvent dependence of the ligand-substitution reac-
tions of 1 with thiourea (TU) and iodide (Scheme 2) were

N

N j2+/+
L~

Y, e )
H,N— P{'—NH, €I pN— PU'—NH,
Cl Nu

Scheme 2. The investigated substitution reaction for thiourea (Nu°)
and iodide ion (Nu~).

studied by dissolving the isolated complex 1-Cl in the
selected solvents followed by rapid mixing with a
stock solution of the nucleophile. Typical examples of
the observed spectral changes and kinetic traces are
shown in Figure 1. The overall spectral changes were
found to be rather similar for the studied solvents,
with the exception of [BMIM]|BTA due to the
absorption of this liquid in the wavelength range 1 <
350 nm (see Figure 1¢). All kinetic traces (Figur-
e 1b,d) showed excellent fits to a single-exponential
function, in line with pseudo-first-order behavior. The
calculated pseudo-first-order rate constants, k,, were
plotted against the concentration of the entering
nucleophiles, TU and iodide, and are linear with a
zero intercept under all conditions (see typical
examples given in the Supporting Information). The
rate constant k,, can be expressed as a function of the
concentration of the entering ligand, namely, k=
k,[Nu], in which k, is the second-order rate constant.

We also studied the effect of the water content of
the ionic liquid on the second-order rate constant for
the reaction of 1 with TU in [BMIM]BTA. The
following k, values were obtained at 25°C (water
content in ppm in brackets): 0.260 (23), 0.245 (100),
and 0.259 m~'s™! (200). It follows that the water
content has no significant effect on the rate constant
in the investigated concentration range.
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The activation parameters were determined from the
effect of temperature and pressure on k,. Spectral changes
observed for the reaction in [BMIM]BTA at 100 MPa (see
Supporting Information) are in excellent agreement with
those observed at ambient pressure. The thermal activation
parameters, AH™ and AS™, were obtained from Eyring plots
(see example in the Supporting Information), whereas AV~
was calculated from the gradient (—AV*/RT) of the plot of
Ink versus pressure (see Supporting Information). Table 1
summarizes the values of the dielectric constants (&), EI;, k,,
AH*, AS™, and AV for the studied reactions in the three
selected solvents. It should be noted that the reactions in the
ionic liquid showed the same behavior as that found for other
more conventional solvents as a function of the experimental
variables.

The reaction of 1 with TU, a strong nucleophile, is
considerably faster than the reaction with iodide in the same
solvent. The k, values show that the substitution reactions
depend significantly on the polarity of the solvent, namely,
k,(H,0) > k,(MeOH) = k,(ionic liquid). A likely reason is an
increase in the dipole moment during the course of the
reaction due to partial lengthening of the Pt—Cl bond in the
five-coordinate trigonal-bipyramidal transition state. In gen-
eral, a decrease in solvent polarity results in a decrease in the
rate of a reaction that involves an increase in dipole moment
in going from the reactant to the transition state.””! The trend
in the values of k, clearly indicates that the ionic liquid
behaves like methanol and that no drastic acceleration or
deceleration of the substitution of chloride, as reported for
other Pt" complexes in this and closely related ionic liquids,
can be observed.!">'f!

Figure 1. UV/Vis spectra (a,c) and typical kinetic traces at 320 nm (b,d) recorded
for the reaction of 1 with iodide in methanol (a,b) and [BMIM]BTA (c,d). The
experimental kinetic traces can be perfectly fitted with a single-exponential
function. Experimental conditions: a) [Pt"]=9.5x107°m, LiCl (0.002 m),
[I"1=0.015 wm, ionic strength=0.2m (LiClO,), pH 2 (0.01 m trifluoromethanesul-
fonic acid), T=25°C, optical path length=10 mm. b) [Pt"]=9.5x107> m, LiCl
(0.002 m), [I7]=0.0090 M, ionic strength=0.2m (LiClO,), pH 2 (0.01 m trifluoro-
methanesulfonic acid), T=25°C. ¢,d) [Pt"]=3.3x10"*m, [I']=0.0392m,
T=25°C, optical path length=5 mm.
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Table 1: Summary of second-order rate constants and activation parameters® for the displacement of

chloride by iodide and thiourea in 1 in different solvents.

Angewandte

mechanism and represents the
intrinsic volume collapse associated

Solvent £(298 K), ENPI - 10°k, at 25°C  AH* AS* AV* with the formation of a five-coor-
M7's7 [kkmol™  [K'mol”]  [em’mol”']  dinate transition state.>

I water 7830,1.000 25342 5841 —62+3 ~69403 To gain further insight into the
I~ methanol 32.66, 0.762 15.3+0.2 691 5144 ~100+02 details of the ligand-substitution
I~ [BMIM]BTA -, 0.642 321402 661 —53+5 —14.140.4 mechanism, in particular, the ques-
TU water 78.30, 1.000 1620+10 4941 —77+4 —10.4+0.5 tion of associative interchange (I,)
TU methanol 32.66, 0.762 385+2 63+1 —42+4 —6.6£0.1 vyersus associative (A), we calcu-
TU  [BMIMIBTA -, 0.642 27743 4941 —92+2 ~13.940.2

lated the pathways for the reactions

[a] Activation parameters were calculated from the temperature and pressure dependence of the second-  of
order rate constant in the usual way. No corrections were made for changes in solvent density™ or
viscosity? as a function of temperature and pressure. [b] Dielectric constant () of the solvent and its

polarity (EY).

The activation parameters summarized in Table 1 show
some interesting trends. Throughout the series of reactions
studied, the negative activation entropy and volume data
clearly support the operation of a compact transition state in
terms of an associative mechanism.’! For the reaction
between complex 1 and TU, significantly more negative
activation entropies and volumes are found for water and
[BMIM]BTA as the solvent irrespective of their significant
difference in polarity. This finding suggests that reorganiza-
tion in the transition state is not controlled by solvent
electrostriction. The less negative activation entropies and
volumes for the reaction in methanol once again illustrate
that solvent electrostriction does not contribute significantly
to the transition state, otherwise the opposite effect would
occur. In this case, TU is a neutral entering nucleophile and
the mentioned activation parameters mainly correspond to
intrinsic entropy and volume changes.

In the case of iodide as the entering nucleophile, the
values of the activation entropy are almost the same for the
different solvents, whereas the activation volumes are sig-
nificantly more negative in the case of methanol and
[BMIM]BTA as solvents. This result suggests that charge
neutralization in the five-coordinate transition state leads to a
decrease in electrostriction—that is, a less negative activation
volume—in the more polar solvents (water and methanol).
This trend, however, does not show up in the values of the
activation entropy, which is probably related to the usually
larger error limits of this parameter. Nevertheless, the trend in
the activation volumes for the different solvents is quite
convincing.

The activation volumes for the reactions with TU and
iodide in [BMIM|BTA are indeed very similar, which suggests
that volume changes in this ionic liquid do not respond to
changes in the overall charge of the transition state. We
suggest that this lack of response is due to strong hydrogen
bonding and possibly also van der Waals forces in ionic
liquids, which result in specific solvent structures that consist
of well aligned cation—anion aggregates. The formation of
such aggregates in ionic liquids has recently been investigated
by using microcalorimetry.””! The stability of such aggregates
will show a resistance towards solvent structural changes
(electrostriction/solvation) as a result of charge neutralization
or charge creation. The value of about —14 cm*mol ™" for AV*
is close to that expected for an associative ligand-substitution
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1 with chloride (chloride
exchange), iodide, and thiourea by
using B3LYP hybrid density func-
tional theory®! and the LANL2D-
Z ECP basis set augmented with
polarization functions.*) We have employed this theoretical
level in previous work.['**"

The first step in the reaction is the formation of a
precursor complex between the platinum complex 1 and the
incoming ligand. As 1 bears a positive charge, interaction
energies in the gas phase are dominated by electrostatics and
exaggerated interaction energies are calculated, particularly
for the complexes with the anionic nucleophiles chloride and
iodide. Nevertheless, the structures of the precursor com-
plexes for all incoming ligands indicate rather weak bonding.
The main contact consists of a hydrogen bond to one of the
amine hydrogen atoms (202, 249, and 221 pm for CI~, I", and
S, respectively). On the other hand, the platinum-halide
distances, 386 (chloride) and 437 pm (iodide), and the
platinum-sulfur separation (for the reaction with thiourea),
458 pm, are very long. The other bonds around platinum
differ only to a minor extent from those in 1.

Hydrogen bonds to an amine hydrogen atom are well
known in the solid state,” but may be unrealistic in the gas
phase. Therefore, we also studied the reactions for the
dimethylamino  derivative,  [Pt{2,6-bis(dimethylamino-
methyl)pyridine}CI]* ([Pt"(mapa)Cl]*, 2). As expected, the
platinum-ligand bonds are shorter in the absence of the
hydrogen bonds, but only modestly: Pt—Cl 346, Pt—1409, Pt—S
378 pm.

All reactions proceed through a single transition-state
structure. Despite extensive searches along the reaction
coordinate, no stationary points other than the precursor
and product complexes could be located. Thus, the reactions
clearly proceed by an interchange-type mechanism. The
calculated activation barriers range from 64 to 89 kJmol™'
and show that the nucleophile has a remarkably small
influence (Table 2). Due to the presence of the hydrogen
bond in the precursor complex, the barriers for the reactions
of 1 are somewhat higher than for the reactions of 2. The
influence of N-methylation on the coordination sphere
around the platinum center appears to be negligible.

The transition-state structures are compact, with rela-
tively short bonds to the ligands that are being exchanged
(Figure 2). This compactness is best seen in the reaction of 1
with Cl": the Pt—Cl bonds of the transition state are 259 pm,
only 26 pm longer than the Pt—Cl bond in 1 itself and 23 pm
longer than the Pt—CI bond in the precursor complex. The
situation in the other transition-state structures is very similar.
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Table 2: Computational results for the reactions 1+X and 24X (X=ClI~, 17, TU). whatsoever were observed. For the
Reaction Relative energies [k) mol '] Distances [pm] (Pt—Cl/Pt—X) first time it has been possible to
Eepe Ercact Ea precursor transition state product ~ determine the activation volume for

1+cl 451 0 89 236/386 259/259 386/23 2 ligand-substitution reaction on a
1417 364 3 77 235/437 259/287 385/266 Mmetal complex in an ionic liquid.
147U 36 13 72 235/458 259/268 298/238 An analysis of the thermal and
pressure activation parameters indi-

2+ClI- 415 0 66 237/346 260/260 346/237  cates that the ionic liquid exhibits
2+1" 334 21 75 237/409 262/291 345/269  rather unique properties in terms of
241V > 13 64 237/378 265/268 318/239  ¢lectrostriction/solvation of transi-

[a] Ep: complexation energy released on the formation of the precursor complex; E,,: reaction energy
for the formation of the product complex; E,: activation energy for the formation of the transition state

relative to the precursor complex.

Figure 2. Calculated transition-state structures for the reaction of 1 with CI~, 17, and

thiourea. Distances are given in pm.

Hence, the reactions are best characterized as proceeding by
an associative interchange, I,, mechanism. In addition, in the
reactions with thiourea, a hydrogen bond between chloride
and one of the thiourea hydrogen atoms is preserved
throughout the reaction.

The reactions of 1 with I" and TU are both calculated to
be mildly endothermic (43 and + 13 kImol ™!, respectively)
in the gas phase. This is due to the lack of stabilizing solvation
of the leaving chloride ion. For the reaction of 1 with iodide,
inclusion of the influence of the bulk solvent through the
isodensity polarizable continuum model (IPCM) gives a
reaction energy of —7 kImol .

In conclusion, the studied substitution reaction was
selected as a test system to investigate the behavior of ionic
liquids as reaction medium for ligand-substitution reactions in
comparison to conventional solvents. The observed spectral
changes, kinetic traces, rate, and activation parameters clearly
demonstrate the “normal” behavior and innocence of the
selected ionic liquid in ligand-substitution reactions of Pt"
complexes. The kinetic data can be treated according to the
transition-state theory as for any other solvent. No deviations
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tion states that involve different
degrees of polarity as reflected by
similar activation parameters in
conventional solvents. The appar-
ent insensitivity of the ionic liquid
towards changes in polarity on going to the
transition state can be ascribed to its ten-
dency to form well-structured cation—anion
aggregates. As a result of the apparent
absence of solvent reorganization due to
changes in electrostriction in this medium,
the observed activation volume can be
directly correlated with intrinsic volume
changes that result from changes in bond
lengths and bond angles on going to the
transition state. This factor can, in principle,
considerably simplify the accurate assign-
ment of intimate mechanisms in cases in
which changes in the polarity of the tran-
sition state cause large solvent effects in
terms of electrostriction/solvation in con-
ventional solvents and complicate the mech-
anistic assignment on the basis of activation
parameters, especially activation entropy
and volume data. This unique property of
ionic liquids may come in very handy to
resolve mechanistic discrepancies in con-
ventional solvents.

Experimental Section

All chemicals used were of analytical reagent grade and of the highest
purity commercially available. K,[PtCl,] was obtained from Strem
Chemical Co.; [BMIM]CI and lithium bis(trifluoromethylsulfonyl)-
amide were obtained from Solvent Innovation. Ultrapure water was
used for the spectroscopic and kinetic measurements. The solvato-
chromic Reichardt’s dye, (2,6-diphenyl-4-(2,4,6-triphenylpyridinium-
1-yl)phenolate hydrate, was obtained from Aldrich.

The complex 1-CI-H,O, was synthesized following a reported
procedure.” The ligand, 2,6-bis(aminomethyl)pyridine, was prepared
according to a method used to synthesize 6-(aminomethyl)-2,2'-
bipyridine®™ by using 2,6-bis(bromomethyl)pyridine®®!! as the starting
material. The corresponding platinum complex was prepared as
described previously and was obtained in the same quality (see
Supporting Information).!

The ionic liquid [BMIM]BTA was synthesized by using a reported
procedure.’>*! A solution of [BMIM]CI (705 g, 4.04 mol) in H,O
(200 mL) was added to a solution of Li(bis(trifluoromethylsul-
fonyl)amide) (1.054 kg, 3.67mol) in H,O (200mL; 1.1:1 molar
ratio). The reaction media was mixed whereupon two phases
formed: the bottom, slightly yellow phase was [BMIM]|BTA; the
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top phase was aqueous LiCl. The reaction mixture was stirred
overnight at room temperature and the top phase was decanted off.
CH,Cl, (200 mL) was then added and the mixture was washed three
times with H,O (500 mL). The addition of CH,Cl, led to an improved
separation of the phases. After removal of CH,Cl, and addition of
activated carbon, the mixture was stirred for over 48 h at room
temperature. Filtration of the mixture through a normal frit followed
by Millipore filtration (pore size 0.22 pm) afforded a colorless liquid,
which was washed with water once more, dried at 50-60°C under
vacuum for 48 h and filtered through a Millipore filter (pore size
0.22 um). The product, [BMIM]BTA, was a clear colorless liquid; its
NMR data are in close agreement with those reported for an acetone
solution (see Supporting Information).®® The water content of
[BMIM]BTA was determined by a Karl-Fischer titration by using a
Metrohm 756 KF coulometer and found to be 23 ppm.

Instrumentation and measurements: [BMIM]BTA was dried and
degassed before use. Its polarity was determined by using the
solvatochromic Reichardt’s dye (see the Supporting Information).
The dimensionless normalized E} values of the solvent were
calculated according to reference [34].

Carlo Erba Elemental Analysers 1106 and 1108, and Bruker
Avance DPX 300 and DRX 400 NMR spectrometers were used for
chemical analysis and compound characterization, respectively. The
UV/Vis spectra for the study of slow reactions were recorded on a
Varian Cary 1G spectrophotometer equipped with a cell holder and
thermostat. For the kinetic measurements on fast reactions an
Applied Photophysics SX 18MV stopped-flow instrument was used.
The wavelengths used are listed in the Supporting Information.
Kinetic experiments at elevated pressure (1 to 130 MPa) were
performed in a laboratory-made high-pressure stopped-flow instru-
ment®®! or a Shimadzu UV-2101-PC spectrophotometer equipped
with a high-pressure cell designed for the study of slow reactions.”!
The temperature of the instruments was controlled within an accuracy
of £0.1 K. TU and I (as Lil) were used as entering nucleophiles.
Their high nucleophilicity prevents the back reaction. The starting
complex was dissolved in water and methanol that contained LiCl
(0.002m) to avoid its solvolysis. Trifluoromethanesulfonic acid (0.01m)
was added to avoid formation of hydroxo or alcoholate ions, which
could compete in the chloride displacement. In the case of iodide as
nucleophile and methanol and water as solvent, the ionic strength was
kept at 0.2M (LiClO,). The reactions were studied under pseudo-first-
order conditions by using at least a tenfold excess of the nucleophiles.
All listed rate constants represent an average value of at least five
kinetic runs for each experimental condition.

Calculations: Structures were fully optimized at B3LYP/
LANL2DZp?*?! and characterized by calculation of vibrational
frequencies. Relative energies include corrections for zero-point
vibrational energy differences. Solvent effects were probed with
IPCM single-point energy calculations by using the default param-
eters, that is, water as solvent.”” The Gaussian program was used.’”!

Supporting Information available: Yields, elemental analyses,
and 'H NMR data for synthesized compounds; plots showing the
concentration, temperature, and pressure dependence of the
observed rate constants for the reactions between complex 1 and
thiourea or iodide.
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Polycyclic Molecules from Linear Precursors:
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At the time of this publication, over 100 lycopodium alkaloids
have been isolated.l'! The 16-carbon-atom-containing lycopo-
dium alkaloid family features a variety of polycyclic ring sizes,
stereochemistry, and oxidation patterns. The classic tetracy-
clic skeleton of the lycopodane family has a rich history in
organic chemistry and has been a proving ground for new
approaches to the synthesis of polycyclic alkaloid targets.”!
Despite the number of research groups that have contributed
to the synthesis of this family of alkaloids, all have proceeded
in a linear fashion from cyclic starting materials.

The structure of lycopodine provides an instructive model
to explore a strategy centered on 1) a convergent synthesis of
a linear precursor that contains the complete carbon back-
bone and 2) the incorporation of a reaction cascade sequence
to construct the remaining carbon—-carbon bonds. In this
study, we pursued the synthesis of clavolonine (2), which was

lycopodane (1) lycopodine clavolonine (2)

first isolated in Jamaica in 1960°! from the club moss
Lycopodium clavatum and was synthesized as a racemate by
Wenkert and Broka.™"

The disconnections required to transform the lycopodium
skeleton 3 into its derived acyclic precursor may be accom-
plished with three principal constructions: 1) a Mannich
reaction, 2) a Michael addition, and 3)a C-N alkylation
(Figure 1). If the C-N alkylation is the last skeletal discon-
nection, then these reactions are implemented in a macro-
cyclic manifold (path A). Alternatively, if the C-N alkylation
is the first skeletal disconnection, the same reactions are
implemented in a linear environment (path B). Herein, we
report the evaluation of both distinct approaches to the
synthesis of the lycopodium skeleton.
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Figure 1. Synthesis plan: macrocyclic path A and linear path B.

First, let us consider path A. Macrocycles often adopt
well-defined conformations that exhibit a pronounced influ-
ence on the stereochemical course of reactions.”” The inves-
tigation of this route required the synthesis of the 16-
membered macrocycle 11a (Scheme 1). The synthesis began
by the boron-mediated aldol addition of (R)-3-propionyl-4-
benzyloxazolidinone to cinnamaldehyde to provide crystal-
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line 4 as a single diastereomer. This aldol adduct
was successively reduced to the diol and trapped as
the derived benzylidine acetal. Subsequent reductive
cleavage revealed the primary alcohol (DibalH,
CH,Cl,, —35°C) which was transformed into nitrile
5 via the intermediate tosylate.[”’ Following ozonol-
ysis of the styrene moiety, the aldehyde derived from
5 was condensed with 3-ketophosphonate 7 to afford
a,B-unsaturated ketone 8 in 90% yield.®! After
protection of the enone in 8, the nitrile and protected
hydroxyl termini were modified to the macrocycli-
zation requisite precursor 9. Macrocyclization was
accomplished by activation of the primary alcohol as
its iodide derivative, which was immediately sub-
jected to ketoester alkylation conditions (Cs,COs,
THF, 37°C, 0.007m).% In this manner, macrocycle
10 was reproducibly obtained in good yield. Oxida-
tion of the allylic alcohol afforded the desired enone
11a, which was crystallized as a single diastereomer

(m.p.: 127°C) and analyzed by X-ray diffraction.
The deprotected macrocyclic amine 11b may
react with either the C13 or the C5 carbonyl groups.
We predicted that deprotection of the amine would
result in condensation at the C13 ketone to provide
the vinylogous urethane 12 (Scheme 2)."! In the event,
carbamate cleavage of amine 1la afforded none of the
desired enaminone 12; rather, exclusive formation of 13
(attack at C5) was observed (97 % yield). Exposure of 13 to
protic or Lewis acids promoted a stereoselective transannular
Michael addition of the ketoester to the a,p-unsaturated
iminium ion 14. The derived tricyclic enamine 15 was unstable
and underwent a spontaneous intramolec-
ular Mannich cyclization to the tetracyclic
ketoester 17 upon attempted purification
by chromatography on silica gel or alu-
mina. In practice, enamine 13 was trans-
formed directly into 17 (81 % yield) upon
heating in ethanol with piperidinium ace-

g © tate. The structural assignment of this

compound was verified by X-ray diffrac-
tion analysis of derivative 18 (m.p.: 194°C).
For the purpose of complete characteriza-
tion, enamine 15 was selectively reduced to
amine 19 and analyzed by X-ray diffraction
as its hydrochloride salt (m.p.: 225°C). An
examination of the solid-state conforma-
tion of macrocycle 11a provides no clear
rationale for the observed N-C5 conden-
sation of amine 11b. The protected amine
9 is positioned at the same distance from

both the ketones at C5 and C13 (5.38 and

54% (5 steps)

CO,Et

Scheme 1. Reagents and conditions (see reference [7] for explanation of abbreviations):

a) LiBH,, Et,0, H,0, 0°C; PhCH(OMe),, TsOH, 939%; b) DibalH, CH,Cl,, —35°C, 76%;

c) TsCl, NEt;, DMAP; KCN, DMSO, 50°C, 94 %,; d) NaH, allyl bromide, DMF, —20 to 10°C,

55%, 90% based on recovered material; e) 9-BBN, H,0,; TBSCI, imid, DMF, 83 %, f) nBuli,
MePO (OFEt),, THF, —78°C, 98%; g) O,, —78°C; DMS; h) NaH, THF, —78 to —20°C, 90%;

i) L-selectride, THF, —78°C; j) TBSCI, imid, DMF, 81% (2 steps); k) DibalH, CH,Cl,, —50°C,
87%; |) ethyldiazoacetate, SnCl,, 82%; m) HF-py, THF, 0°C, 72% (93 % based on recovered
material); n) I, PPh;, imid, —5°C; o) Cs,CO;, THF (0.007 m), 37°C, 65% (2 steps); p) F-py,

THF, 23°C; q) DMP, NaHCO;, 74% (2 steps).
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5.41 A, respectively). As a result of the
undesired chemoselectivity of the trans-
annular amine condensation,' we turned
our attention to an alternative sequence of
events.

Macrocycle 11a underwent a selective
transannular Michael reaction upon expo-
sure to base (Cs,CO;, EtOH, —78°C) to
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Scheme 2. Reagents and conditions: a) TFA, CH,Cl,, DMS, 0°C, 97%; b) ZnCl,; c) SiO,; d) piperidinium acetate, EtOH, 80°C, 48 h, 81%;
e) tBuOK, DMSO; HCl, 40°C, 85%; f) H,, Pd(OH),/C, EtOH, 70%; g) NaBH,CN, MeOH, AcOH; h) Cs,CO,, EtOH, —78°C, 83%; i) TMSOTY,

CH,Cl,, —20°C.

provide 21 as a mixture of diastereomers (94:6) in 83 % yield
(Scheme 2, m.p.: 136°C). The stereochemical outcome of this
cyclization was established by X-ray crystallography. Both
newly formed stereocenters are those desired for
construction of the lycopodium core. The crystal
structure of the Michael product 21 depicts a
cyclohexane-ring conformer that minimizes non-
bonding interactions. If we assume that the transition
state resembles the solid-state conformer, then the
transannular addition of the dipole minimized E,E-
enolate 20 into a pseudo-axially disposed enone
rationalizes the outcome and minimizes developing
syn-pentane interactions. Removal of the carbamate
protecting group in 21 results in condensation at C5
to yield the previously described tricyclic enamine 15.
It was apparent that protection of the ketone at C5,
which is positioned in close proximity to the carba-
mate nitrogen center (4.7 A by X-ray crystallogra-
phy), would be necessary to divert the condensation
to the carbonyl group at C13. A variety of protections
at C5 were investigated, however, no reaction
between the free amine and C13 ketone could be
observed. In conclusion, it appears that the C13 condensation
pathway to provide intermediate 22 is disfavored for both
entropic and steric reasons. To effect reaction between the
amine and C13, we reasoned that disconnection of the N—C1
bond would be necessary (Figure 1, path B).

With respect to path B, the linear precursors 26 and 27
were selected as targets and assembled in a manner analogous
to the preparation of 8 (see above, Scheme 1). This synthesis
employed a similar Horner—Wadsworth-Emmons coupling to
afford 23. After reduction of the ketone and protection of the
alcohol as its silyl ether, the nitrile terminus was converted
into aldehyde 24 (DibalH, CH,Cl,, —50°C). An aldol-
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oxidation sequence provided flexibility in the synthesis of
both substituted and unsubstituted P-ketoesters 26 and 27
(Scheme 3)

O Me OTES Me
= a—C
TBDPSO/\/\/U\/\l/I\/CN > R)\/\l)\/CHO do
23 OBn ° 24 OBn 87%
o) Me O tBUoZC\(\/LNHBOC
= 25
TBDPSO NHBoc
OBn CO,Bu
26
O Me O

€ = CO,tBu
24 — N\)K/Yl\)J\/ 2
4% TBDPSO

OBn
27

Scheme 3. Reagents and conditions: a) L-selectride, —78°C; b) TESCI, imid.,
DMF, 73%; c) DibalH, CH,Cl,, —50°C, 83 %, d) LDA, 25; PPTS, EtOH; DMP,
NaHCO;, 87% (3 steps); e) LDA, tBuOAc; PPTS, EtOH; DMP, NaHCO;, 84%
(3 steps).

A survey of conditions to effect a selective intramolecular
Michael reaction was undertaken (Scheme 4). The unstable {3-
ketoester precursor 27 was immediately subjected to cycliza-
tion conditions (Cs,CO;, EtOH, —78°C) to provide 28 as a
mixture (> 10:1) of diasteromers (Scheme 4, equation (1)).[**
The additional three carbon atoms and amino terminus were
appended through an acrylonitrile Michael addition
(BuNOH-30H,0, MeCN, 0°C, 71%) to provide 29 as a
single diastereomer.

In general, Michael additions with the substituted {3-
ketoester 26 were less selective than with its unsubstituted
counterpart 27 (Scheme 4, equation (2)). Products 30a and

Angew. Chem. Int. Ed. 2005, 44, 6038 -6042
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sy K o ion. Thi§ objective was realized on
Cs,COs, EtOH, BuNOH-30H,0  Bu0C ™) both Michael adducts 30a and 29
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—78 °C, 96%

MeCN, 0 °C, 71%

28: R=-(CH,),0TBDPS

which were independently carried
forward to the common tetracyclic
dihydropyran 32 (Scheme 5). Car-
29 bamate deprotection (TFA,
CH,Cl,) of 30a initiated condensa-

NHBoc tion, leading to intermediate imine
o 31. On exposure to methanolic
HCLI' a series of reactions
conditions 7 @) ensued, including decarboxylation,
(see table) H formation of a dihydropyran, and
o OBn Mannich cyclization to provide 32
30b in 71% yield. To effect a similar
sequence from 29, it was necessary
E,E-enolate (extended).  30a 30b 30c 30d to reduce the nitrile (Raney Ni, H,)
Cs,CO;, EtOH, —78°C 5 2 0 0 to give imine 33. The adjacent
BnMesNOMe, 0 °C, CHCl, 5 2 0 0 e
: quaternary  center  sufficiently
Z_’Z_enOIa_te (chelate). retards reduction of the imine
LiOMe, LiCIO,, E,0,0°C 1 1 6 0 .
NaH, toluene, 0 °C 1 0 3 0 moiety to prevent over-reduc-

Scheme 4. Survey of conditions for selective intramolecular Michael reaction; the table shows the
conditions for equation (2), and the relative proportions of product obtained.

30d contain the requisite stereochemistry at C7 for elabo-
ration to the lycopodium skeleton. Generation of chelate-
organized Z,Z-enolate complexes (NaH or LiOMe/LiClO,)
afforded predominately diastereomer 30¢."*! Conditions that
favor extended or dipole-minimized E,E-ketoester enolates
(Me;NBnOMe or Cs,CO;) afforded a turnover in selectivity,
providing a modest bias for the desired diastereomeric
Michael reaction product 30a.['>“l Both Me;NBnOMe or
Cs,CO; reaction conditions were equally convenient to
execute and high yielding (55-60% 30a, 22-24% 30b).
Product 30d was not detected under any conditions.!'®!

With the configuration at C7 established through a
selective Michael reaction, the next objective toward the
lycopodium skeleton was the Mannich addition between the

tion."®! Methanolic HCI converted
imine 33 into the aforementioned
dihydropyran 32. Inspection of
intermediates 31 and 34 indicates
an epimeric configuration at CI12.
Owing to the stereoelectronic imperatives of the Mannich
reaction, the latter will not undergo cyclization without prior
decarboxylation and formal inversion.['”)

Treatment of dihydropyran 32 with HBr/HOACc cleaved
both the benzyl ether and the dihydropyran functions to
provide intermediate ammonium bromide salt 35. On expo-
sure to methanolic base, intramolecular N-alkylation and
saponification of the acetate was realized, leading to clav-
olonine (2) in 95 % yield. The structure of clavolonine (2) was
verified by single-crystal X-ray crystallography (m.p.:
227°C).20

In conclusion, the synthesis of clavolonine (2) has been an
exercise in the conversion of functionalized linear carbon
chains into polycyclic architectures. The end products include

tBu020 HHH
TRLTom m&‘ T
N Me +N 13 T H
§ H |,
2, O o
R“0O 31 -Bn/+Ac
A
1 Br
30a: R' = -(CH,),OTBDPS
R? = TBDPS, H
H
H
BUO,C OBn N o
b (BUOC Me ~—
‘Me 74_06% A Mesen oo
OBn
R'" ~o clavolonine (2) 35

Scheme 5. Reagents and conditions: a) TFA, DMS, CH,Cl,, 23°C; HCl, MeOH, 70°C, 24 h (71%);

MeOH, 70°C, 42 h, 96%; d) HBr, HOAc, CH,Cl,; MeOH, NaOH, 95 %.
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b) Raney Ni, H,, EtOH, 74-96%; c) HCl,
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not only the target structure but also a diverse array of
complex nitrogen-containing polycyclic structures that are
accessible from simple Michael-Mannich reaction cascades.
The illustrated strategy of cyclization-based multistep bond
constructions is currently being applied to other complex
natural products.
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Highly Enantio- and Regioselective Quinone
Diels—Alder Reactions Catalyzed by a Tridentate
[(Schiff Base)Cr'™'] Complex*

Elizabeth R. Jarvo, Brian M. Lawrence, and
Eric N. Jacobsen*

The octocoral Pseudopterogorgia elisabethae produces a
variety of terpenoids, such as colombiasin A, elisapterosin B,
and elisabethin A, that display diverse structural frameworks
and bioactivities."! These secondary metabolites are possibly

IV_jeO

Elisabethin A

derived from a relatively simple common biosynthetic
precursor; indeed, compounds such as 1, which could undergo
transformation to the more complex polycyclic natural
products by divergent cyclization pathways, have been
isolated from the same organism.”) We became interested in
developing efficient quinone Diels—Alder (QDA) catalysts for
the preparation of intermediates related to 1 [e.g. 2, Eq. (1)]
as part of a unified biomimetic strategy for the syntheses of
this family of natural products. Herein, we report a new
method for highly enantioselective qDA reactions of qui-
nones with a variety of dienes catalyzed by a new, monomeric
[(Schiff base)Cr™] complex.”! In the following paper in this
issue, we describe concise asymmetric catalytic syntheses of

[*] Dr. E.R. Jarvo, B. M. Lawrence, Prof. Dr. E. N. Jacobsen
Department of Chemistry and Chemical Biology
Harvard University
Cambridge, MA 02138 (USA)

Fax: (+1) 617-496-1880
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Dr. R. Staples for carrying out the X-ray crystal structure analyses.
) Supporting information for this article is available on the WWW

under http://www.angewandte.org or from the author.
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(—)-colombiasin A and (—)-elisapterosin B employing this
methodology in the pivotal step.™

The reaction of quinones with dienes was the first class of
cycloaddition pathways to be recognized by Diels and
Alder,"! and it has enjoyed widespread use in organic
synthesis ever since.l) However, until recently, effective
catalysts for enantioselective qDA reactions have remained
elusive. In seminal studies by Mikami and co-workers, Ti-
binolate complexes were found to be effective for a limited
range of substrates.®! Subsequently, Evans and co-workers
reported bis(oxazoline)-lanthanide complexes as asymmetric
catalysts for reactions of methyl-substituted dienes with ester-
substituted quinones capable of two-point binding.”! Corey
and co-workers described the use of cationic oxazaborilidines
as enantioselective qDA catalysts that promote cycloaddition
through single-point binding, with unsymmetrical quinones
undergoing reaction by activation of the most Lewis basic
carbonyl group."”! Despite these important advances, identi-
fication of new and highly active qDA catalysts with broad
substrate scope remains an important goal, particularly for
accessing the diversity of cycloadducts of interest in the
synthesis of biologically active compounds.

Our own catalyst development studies focused initially on
the reaction of quinone 3 and diene 4, a model relevant to the
colombiasin A effort and designed to gauge both catalyst
enantioselectivity and regioselectivity (Scheme 1). As the

Chemie
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DBU (1 equiv) ©
aro°c MO
o ,
MeO Me OTES
catalyst 0 Me O Me
Me (5mol%) | MeO : 5
o}
toluene, 0°C | Me i OTES
N
5AMS 0 Me
OTES - OAc Me
Me o~ _~# ©
Me Ac,0 (3 equiv)
cy equiv
4 DMAP (3 equiv) M€ OTES
RT OAc Me
6

Scheme 1. Quinone Diels—Alder (qDA) reaction followed by in situ derivatization
of the cycloadduct. TES =triethylsilyl; DBU =1,8-diazabicyclo[5.4.0]undec-7-ene;

DMAP = 4-dimethylaminopyridine.

gDA cycloadduct obtained is not stable to air or silica gel at
room temperature, further functionalization of the cyclo-
adduct was performed to facilitate isolation and analysis. In
situ air oxidation to the quinone S, or tautomerization and
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trapping with acetic anhydride to 6, provided stable materials
that could be handled easily using standard laboratory
techniques.['"1?

Recognizing the demonstrated ability of chiral [(Schiff
base)Cr'™] catalysts to activate simple carbonyl compounds to
cycloaddition through one-point binding mechanisms,” ¥ we
explored their possible application to the qDA reaction.
Preliminary studies with the broadly useful dimeric catalyst
8! led to an intriguing and unexpected observation: catalysts
prepared by different extractive workup procedures led to
dramatically different results in the model reaction (Table 1).

CH,

Table 1: Effect of catalyst preparation conditions on the asymmetric qDA
reaction of quinone 3 with diene 4.

Entry  Catalyst preparation Quinone Diels—Alder
Extractive Predominant Reaction Yield ee Regioselectivity!”
workup  species time (%6 [%]

1 H,0 8 26 h 82 39 3.3:1

2 TN HCl 8 (49) 35min 70 96 12:1

3 3NHC 9 10 min 86 96 12:1

[a] Reactions were carried out with 5 mol % catalyst and 1.5 equiv diene 4
in the presence of crushed 5A molecular sieves in toluene (0.2m).
[b] Yield of isolated product after oxidation to quinone 5 and purification
by silica gel chromatography. [c] Determined by HPLC analysis with
commercial chiral stationary phases. See Supporting Information for full
details.

We had found previously that synthesis of 8 accompanied
by aqueous workup under either neutral or acidic (In HCI)
conditions afforded catalysts that performed similarly in
hetero-Diels—Alder (HDA) reactions, with the preferred
method of catalyst preparation involving extraction with
neutral H,O.'" Catalyst prepared in this manner is dimeric in
the solid state®™ and in solution.'® However, the qDA
reaction catalyzed by dimer 8 was sluggish and afforded
products with low enantio- and regioselectivity, whereas
catalyst prepared by acidic workup procedures afforded
markedly improved results (Table 1, entry 2, 96% ee, 12:1
regioselectivity). This suggested that another chromium-
ligand complex was being generated as a minor component
under the acidic workup conditions, and that this impurity

www.angewandte.org
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could be the active species in the quinone DA reaction. The
conditions for catalyst preparation were therefore varied
systematically to optimize the rate and enantioselectivity in
the DA reaction. Catalyst prepared by using 3N HCl for the
extractive workup proved most effective, affording product §
with 96 % ee and 12:1 regioselectivity after a reaction time of
only 10 min. The major regioisomer was found to be that
which would arise from Lewis acid coordination to the less
Lewis basic carbonyl group, as would be required for our
syntheses of colombiasin A and related natural products.!'”!

Catalyst prepared by using the 3N HCI workup protocol
was recrystallized to afford single crystals suitable for X-ray
analysis. In the solid state, complex 9 has a monomeric,
pseudooctahedral structure with two water molecules and a
chloride ligand in the coordination sphere of the metal
(Figure 1).1®! This crystalline material was introduced in the

Figure 1. Preparation of catalysts 8 and 9, and the X-ray crystal struc-
ture of 9. Ellipsoids are drawn at the 30% probability level.

gDA reaction between 3 and 4, and it exhibited nearly
identical selectivity to the bulk catalyst (95% ee versus
96 % ee, 12:1 regioselectivity). Thus, Cr'™ complexes derived
from the same tridentate Schiff base ligand 7 are generated in
different aggregation states depending only on the workup
conditions (Figure 1), with the dimeric complex 8 being
optimal for HDA reactions, and the monomeric complex 9
optimal for gDA reactions.””’ While the aggregation state of
the active catalyst derived from 9 has not yet been elucidated,
it is clear that it is distinct from the dimeric catalyst derived
from 8.1

The scope of catalyst 9 in qDA reactions is illustrated by
the examples in Tables 2 and 3. A variety of cycloadducts were
prepared with greater than 90 % ee in reactions carried out at
0°C. Despite the fact that quinone 3 undergoes reaction by
apparent activation of the less basic carbonyl group adjacent
to the methoxy group, bidentate chelation to the catalyst by
the quinone is not required. Thus, naphthoquinone (10) and
2,3-dimethylquinone both underwent reaction with diene 4 to
yield products in 94 % ee (Table 2, entries 2 and 3). The same
sense of stereoinduction was observed in reactions with 3 as in
reactions with quinones incapable of two-point binding.*?
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Table 2: Enantio- and regioselective qDA reactions of a variety of
quinones with diene 4.7

Yield
[9%]"

Reaction
time

Entry Quinone Temperature

[°q

o)

Meo]i:;
83
1 0 10 min

Me (9)

(e}

3
o)

2 O‘ 0 10 min 85 94
[¢]

ee [%)],
regioselectivity!?

96, 12:1

30dl

10
Me
Me
[¢]
4 @ o B
o]

[a] Unless noted otherwise, reactions were carried out using 5 mol %
catalyst 9 with 1.1 equiv diene 4 in the presence of crushed 5 A molecular
sieves in toluene (0.2Mm). [b] Yields of isolated quinone (q) or hydro-
quinone diacetate (hd, see Scheme 1), after purification by silica gel
chromatography. [c] Determined by HPLC. [d] Reaction carried out at
higher concentration (0.8 M in quinone). See Supporting Information for
full details.

0 30 min 94

The reactions of a variety of dienes with napthoquinone
(10) and methoxy-substituted quinone 3 were also examined
(Table 3). Electronic activation of the diene by silyloxy or
alkoxy substituents is not required, as dienes such as 1,3-
pentadiene and 2-methyl-1,3-pentadiene were found to

Table 3: Enantio- and regioselective qDA reactions of a variety of dienes with quinones 3 and 10.7

Angewandte

undergo reaction with acceptable rates to afford highly
enantioenriched qDA products (Table 3, entries 1-3). Steri-
cally demanding substituents at both the 1- and 3-positions of
the diene are well tolerated: iPr-substituted dienes 11 and 12
(Table 3, entries 6 and 8) required prolonged reaction times,
but afforded products with high levels of enantioselectivity
(90 and 96% ee, respectively). Reaction of diene 11 with
quinone 3, a model system for our synthetic efforts [see
Eq. (1)], provided the required isomer with high regioselec-
tivity (9:1).

In conclusion, a seemingly minor change in the conditions
used for workup in the catalyst synthesis resulted in the
identification of a new, monomeric [(Schiff base)Cr""] com-
plex with broad scope in the asymmetric JDA reaction. The
utility of this catalyst in natural product synthesis is illustrated
in the following communication, where we report the total
syntheses of (—)-colombiasin A and (—)-elisapterosin B.[*
Further studies related to the scope and mechanism of
catalyst 9 are underway.
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For example, the inverse electron demand hetero-Diels—Alder
reaction employed in the first step of the colombiasin synthesis
(see preparation of 6 in Scheme 3 in reference [4]) proceeded
with 78 % ee with monomeric catalyst 9 and 93 % ee with dimeric
catalyst 8.

If a monomeric catalyst structure analogous to that of 9 is
assumed in the ee-determining step with one of the water
molecules replaced by the quinone substrate, then the intriguing
question arises about which of the two stereochemically
inequivalent binding sites is engaged. Qualitatively, it would
appear that binding to the inner, concave face of the catalyst
would be most consistent with the high enantioselectivities
observed in the gDA.

O /C—"D concave face
4
Cr.
H

Cd
0 L\CI

convex face
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[21] Reactions carried out at —40°C generally afforded higher

enantioselectivity, albeit with slower rates; these conditions
were employed for those substrates that were generated in <
90 % ee at 0°C. For example, the reaction of benzoquinone with
diene 4 afforded cycloadduct in 79 % ee at 0°C, and 86 % ee at
—40°C (Table 2, entry 4).
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The gorgonian corals are notable as sources of many diverse
pharmacological agents! and substantial effort has been
directed toward isolation of natural products from these
organisms. One species from this family, the soft coral
Pseudopterogorgia elisabethae, has provided compounds
with antiinflamatory, analgesic, cytotoxic, antiviral, antibac-
terial, antituberculosis and antimalarial activity.”) Members
of the pseudopterosin family of diterpene glycosides
(Scheme 1) were isolated from this organism and have
subsequently been found to be potent antiinflamatory and
analgesic agents.” This class of natural products, which
contains more than 15 variants, has been shown to be derived
from a common biosynthetic precursor, erogorgiaene.”! More
recently, other secondary metabolites that appear to originate
from a related biosynthetic pathway have been recovered
from extracts of this species.’! These compounds, such as
colombiasin A, elisapterosin B, and elisabethin A, have
attracted considerable interest from the synthetic community,
due in significant part to the challenge presented by their
interesting molecular architectures.*® It has been proposed
that these natural products could be derived from a common
intermediate such as 1 by different cyclization pathways."”)
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Elisabethin A 1

Scheme 1. Representative secondary metabolites isolated from
Pseudopterogorgia elisabethae.

Such diversity-oriented synthesis practiced on a biosynthetic
level would allow the organism to generate an array of
compounds for chemical defence, and is supported by the
observation of 1 in extracts from P. elisabethae."”

We were intrigued by the versatility of putative biosyn-
thetic intermediate 1, and became interested in developing a
synthetic route to (—)-colombiasin A that would proceed
through a similar advanced intermediate, such as alcohol 2
(Scheme 2). We envisioned preparation of 2 by a diastereo-

(-)-Colombiasin A

O
Me
7
|
o 0
6 4
5 3

Scheme 2. Retrosynthetic analysis applied to colombiasin.
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and regioselective quinone Diels—Alder (qDA) reaction. This
strategy would require a method to adjust the stereochemistry
at C6 (colombiane numbering) in a subsequent step. Indeed,
while several elegant syntheses of colombiasin A have been
reported, control over all stereochemical elements of the
molecule has proven to be a most significant challenge.”” To
insure high selectivity in the DA reaction, we undertook an
effort to develop new catalysts for this reaction as an integral
part of our synthetic plan. The details of those studies are
presented in the preceding communication in this issue.!"!! To
address the stereochemistry at C6, we chose to employ silyl
enol ether 5 as the diene component, with the thought that the
ketone 3 could undergo epimerization to afford the desired
diastereomer. The silyl enol ether would also serve to
differentiate the diene termini, and thus allow high regiose-
lectivity in the gDA reaction.

Our synthesis of diene 5 began with an inverse electron
demand hetero-Diels—Alder (HDA) reaction catalyzed by
dimeric chromium complex 8, a reaction that was developed
in our group for the preparation of optically pure dihydro-
pyrans.'>3 Reaction of ethyl vinyl ether with trans-croton-
aldehyde afforded cycloadduct 6 in good yield (81%) and
high enantioselectivity (93 % ee) on multigram scale, thereby
introducing the requisite stereochemistry of the methyl-
bearing stereocenter at C7 (Scheme 3). Palladium-catalyzed

Chemie

CH,
Me Me
= a
S l 81% | l
o OFEt ° 0" TOEt WN_ O
AN
93% ee /CKOHZ
6 "/O/ Cl

5 CH, (1S,2R)-8

Scheme 3. Synthesis of diene 5. a) (15,2R)-8 (5 mol %), MS 4 A, 20 h; b) 1.

tBulLi, THF, —78 to 0°C, 0.5 h; 2. ZnCl,, THF, 0°C to RT, 0.5 h; 3. [Pd-

(PPh;),] (2.5 mol %), 1-bromopropene (2 equiv, cis/trans 1:1), THF, 2 h; 4.

HCl (aq.) (0.5m), 1h; ) 1. BrCH,PPh,, KHMDS, PhMe, 0°C, 1 h; 2.7, —78

to 0°C, 82%; d) 1. KHMDS, THF, —78°C, 0.5 h; 2. TESCI, —78°C, 0.5 h,
90% (90% isomerically pure). HMDS = bis(trimethylsilyl)amide,
TES = triethylsilyl.

Negishi coupling with 1-bromopropene (1:1 E/Z mixture) was
performed after lithiation of 6 with /BuLi and transmetalation
with ZnCL,."" The isomerically pure cross-coupled product
was hydrolyzed directly to afford ketoaldehyde 7 in 81 %
yield. Selective olefination of the aldehyde in the presence of
the enone was achieved by a standard Wittig olefination. The
enone was then treated with KHMDS and the resultant
enolate was quenched with TESCI to provide diene 5.
With diene 5 in hand, catalysis of the key qDA reaction
was investigated (Table 1). Reactions of simpler model dienes
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suggested that monomeric chromium complex 12 might be a
suitable catalyst (see previous paper for a detailed discus-
sion).1%) The inherent substrate-induced diastereoselectiv-
ity, as measured by catalysis with achiral catalyst 11, was low
(1.8:1 d.r., 3:1 regioselectivity; Table 1, entry 1), though the

Me Me
| |
meTN\C/O %:N \C/O
e I I,
o | el o | ¢
(OHy), (OH,),
1 (1R,25)-12

Table 1: Diels—Alder reaction of quinone 4 and diene 5.

9a: X=0Me, Y = Me
10a: X = Me, Y = OMe

9b: X =0OMe, Y = Me
10b: X = Me, Y = OMe

Entry Catalyst d.r. (9a:9b) Regioselectivity (9:10)
1 achiral 11 1.8:1 3:1

2 (1R.25)-12 17:1 10:1

3 (1S5,2R)-12 1:6.5 4.6:1

[a] Catalyst (10 mol%), MS 5 A, PhMe, 0°C; b) salcomine (10 mol%),
DBU, O,, 0°C, 0.5 h.

diastereomer required for the synthesis was obtained as the
major product.'” Gratifyingly, chiral catalyst 12 was found to
exert high levels of stereocontrol over the reaction. In the
matched case, catalyst (1R,2S5)-12 provided the
desired product in high diastereoselectivity
(17:1) and regioselectivity (10:1; Table 1,
entry 2). The mismatched catalyst, (1S52R)-
12, though less selective overall, induced a
reversal in diastereoselectivity (1:6.5 d.r., 4.6:1
regioselectivity; Table 1, entry 3).

Having demonstrated the highly stereo-
selective qDA reaction, we next investigated
the crucial epimerization of the C6 stereo-
center (Figure 1). The DA reaction of 4 and 5§
afforded silyl enol ether 13, along with an
olefin isomer 13, in 86% vyield.'¥! These
isomers were not separated as both led to the
desired ketone upon hydrolysis. Treatment
with a 1:1 mixture of concentrated HCl and
methanol effected deprotection of the silyl
enol ether, tautomerization of the enedione to
the hydroquinone, and epimerization to the
desired diastereomer (> 10:1 d.r. as measured
by 'HNMR spectroscopy).'”) The relative
stereochemistry of ketone 14 was confirmed 2. air, RT, 2 h.
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by X-ray crystallography (Figure 1).2 A highly diastereose-
lective reduction followed by in situ aerobic oxidation
furnished quinone alcohol 15 in 75 % yield (over two steps
from 13 + 13').!

We planned to install the tertiary allylic alcohol by a cross-
metathesis reaction catalyzed by the Grubbs second-gener-
ation ruthenium catalyst 18 (Scheme 4).*?! Preliminary stud-
ies suggested that the free secondary alcohol of 15 could
interfere with the subsequent dehydration reaction to the
requisite diene, so we chose to block this group first. As
deoxygenation at C5 would ultimately be required, xanthate
was chosen as a functional protecting group.? The cross-
metathesis reaction of quinone 16 with 2-methyl-3-buten-2-ol
catalyzed by 18 (10 mol%) proceeded smoothly at room
temperature (87% yield).® Warming a solution of tertiary
alcohol 2 in benzene to reflux in the presence of MgSO,
resulted in a tandem dehydration-intramolecular gDA reac-
tion to assemble the tetracyclic colombiane framework (77 %
yield). The 'H and *C NMR spectra of xanthate 17 matched
those reported by Nicolaou and co-workers for this inter-
mediate in their synthesis of colombiasin A.[°l Completion of
the synthesis proceeded in a straightforward fashion. Deoxy-
genation and demethylation were performed by using mod-
ifications of the literature conditions, <! affording the natural
product, (—)-colombiasin A in 67 % yield for the two-step
sequence. Spectral data (NMR, HRMS, IR) of synthetic
material and natural (—)-colombiasin A were in complete
accord.”®

During the course of investigations into alternate depro-
tection conditions for methyl colombiasin A, we discovered
that treatment of (—)-colombiasin A with superstoichiometric
quantities of BF;-Et,O resulted in smooth conversion to (—)-
elisapterosin B (Scheme 5). This reaction may proceed by a
fragmentation reaction, affording an allylic cation that under-
goes subsequent cyclization, or by a retro [4+2] cycloaddition
followed by a [5+2] cycloaddition. While the mechanism of
this reaction has yet to be determined, it is stereoselective and

Figure 1. Synthesis of alcohol 15 and the X-ray crystal structure of 14. Ellipsoids are
drawn at the 50% probability level. a) (1R,25)-12 (10 mol %), 5 A MS, PhMe, 0°C, 24 h;
b) HCl (conc.), MeOH, 0°C to RT, 10 h; c) 1. NaBH,, CeCl;-7H,0, MeOH, —78°C, 1 h;
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C" | Pn
PCy3

18

N—Mes

(-)-Colombiasin A

Scheme 4. Completion of the synthesis. a) 1. NaH, THF, 0°C to RT,
0.5 h; 2. CS;; 3. Mel, 9 h; b) 1. 2-methyl-3-buten-2-ol, catalyst 18 (10
mol %), CH,Cl,, 24 h; c) MgSO,, PhH, reflux, 3 h; d) AIBN, nBu,;SnH,
PhMe, 110°C, 0.5 h; €) AlCl,, PANMe,, CH,Cl,, 0°C to RT, 0.5 h.
AIBN =2,2"-azobisisobutyronitrile.

Colombiasin A Elisapterosin B

Scheme 5. Conversion of colombiasin A to elisapterosin B. a) BF;-Et,0,
CH,Cl,, RT, 4 h

high-yielding (94 %), and underlines the close structural
relationship between these natural products.

The enantioselective synthesis of (—)-colombiasin A was
accomplished in 12 steps and 11.5 % overall yield from ethyl
vinyl ether and trans-crotonaldehyde. A stereoselective qDA
reaction catalyzed by a [(Schiff base)Cr™] complex developed
expressly for this purpose allowed control of diastereo- and
regioselectivity in one of the key steps of the sequence. Other
key steps included highly selective installation of the C6
stereocenter under thermodynamic control, and a tandem
dehydration-qDA reaction to assemble the tetracyclic frame-
work of the molecule. The use of protecting groups was
minimized by careful synthetic design. (—)-Elisapterosin B
was prepared by a remarkably facile Lewis acid-mediated
rearrangement of colombiasin A. Current studies focus on

Angewandte

biomimetic syntheses of other natural products isolated from
Pseudopterogorgia elisabethae by way of intermediates such
as tertiary alcohol 2.
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A Template-Based Electrochemical Method for
the Synthesis of Multisegmented Metallic
Nanotubes**
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Tubular nanostructures have stimulated extensive research
efforts in recent years because of their technological impor-
tance in advanced electronic or magnetic devices and
prospective applications in catalysis,”! sensors,®l and biolog-
ical separation and transport.! To date, various methods®
including reductive sulfidization, thermal decomposition of
precursors,[” atomic layer deposition (ALD),®! hydrothermal
pyrolysis,”! galvanic replacement reactions,'” and surfactant-
or template-based growth!"!! have been developed for the
fabrication of such tubular nanostructures. Among them,
template-based synthesis using anodic aluminum oxide
(AAO) or track-etched polymer membranes has attracted
much attention, because it provides several distinct advan-
tages over other approaches. It offers a convenient way for
producing structurally uniform nanostructures periodically
aligned in template matrices. A wide range of materials
including metals, semiconductors, and polymers have been
prepared in the form of nanotubes.'” However, few examples
have been reported on the fabrication of metal nanotubes
despite their technological importance. The development of a
generalized method for the fabrication of aligned metal-
nanotube arrays remains a challenge. Precise control of the
nanotube growth process and formation of well-aligned
arrays will greatly assist investigations of their physical
properties and their potential use in nanoscale fluidics,
chemical and biological separations, sensors, and catalysts.
Herein, we report a novel approach for the preparation of
metallic nanotubes based on the preferential electrodeposi-
tion of a metal along the pore walls of an AAO membrane in
the presence of metallic nanoparticles on the wall surfaces
(Figure 1). Several reports on the immobilization of metallic
nanoparticles on the pore walls of AAO have been published
previously. Schmid and co-workers showed that Au nano-
particles can be self-assembled on AAO channels modified
with organosilane molecules, which function as molecular
anchors binding the nanoparticles.'¥l More recently, Rubin-
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Figure 1. Procedure for the preparation of metal nanotubes and the
proposed mechanism of metal nanotube growth (see text).

stein and co-workers demonstrated the preparation of Au
nanoparticle nanotubes (NPNTs) by introducing a colloid
solution of Au nanoparticles into the pores of an organo-
silane-modified AAO, followed by spontaneous coalescence
of the surface-bound Au nanoparticles." In an alternative
approach, Johansson et al. deposited Pd nanoparticles on the
pore walls of AAO by using a sequential electroless deposi-
tion technique, in which a palladium complex ([Pd(NH;),]*")
was thermally reduced to metallic Pd."™ In the present study,
metallic nanoparticles (for example, Ag) were immobilized
on the pore walls of an AAO membrane by the spontaneous
reduction of Ag' by Sn", which is a modification of the
previously established sensitization—preactivation process of
AAOU! or polymer membranes!'”! prior to the electroless
deposition of metals. To induce the selective reduction of
metal cations on the surfaces of oxide membranes, Sn" was
first deposited on the pore walls by immersing the membranes
in an aqueous solution of SnCl,. After a drying step, the
resulting membranes were soaked in an aqueous solution of
AgNO;. These two steps constitute one deposition cycle and
were repeated several times (typically six cycles). The
standard reduction potential of Sn"/Sn™ (0.151 V versus
standard hydrogen electrode, SHE) is lower than that of the
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Ag'/Ag" pair (0.80 V versus SHE). Therefore, the surface-
bound Sn!! . . cations would be spontaneously oxidized into
Sn", thus producing discrete metallic Ag nanoparticles on the
surface of the Sn"-treated AAO membrane upon immersion
in an aqueous solution of AgNO; [Eq. (1)].

= 2Ag e + S0, 1)

surface surface

1 11
2Ag,, +5n

This process results in homogeneous deposition of metal
nanoparticles over the entire surface (pore walls and faces) of
AAO membranes (Figure 2a). The size and the number of

Figure 2. a) Cross-sectional SEM image of the Ag-nanoparticle-immo-
bilized anodic aluminum oxide (AAO) membrane. b) Cross-sectional
SEM image of the Au nanotube-AAO composite showing Au nano-
tubes embedded in the alumina matrix. ¢) and d) SEM images of Au
nanotubes after removal of alumina matrix with NaOH (1.0m); part d)
illustrates the open-end tips of Au nanotubes at the levels of different
length. e) Representative TEM image of Au nanotubes showing their
tubular structure.

metal nanoparticles depend on the number of deposition
cycles. The average particle size determined by TEM analyses
was 11+4nm (Supporting Information). Unlike the Au
NPNTs reported by Rubinstein and co-workers!"! which
showed good electrical conductivity with a specific resistivity
of 6 Qcm, our Ag-nanoparticle-modified AAO membranes
exhibited a typical insulating behavior even after 10 deposi-
tion cycles. This finding indicates that the Ag nanoparticles
immobilized on the surfaces of AAO membranes are isolated
from each other without the formation of a continuous
conduction path for current transport. Electrodeposition of
Au at current densities ranging from 2.2 to 2.5 mAcm™
resulted in the formation of Au nanotubes embedded in the
alumina matrix (Figure 2b). Subsequent removal of the oxide
matrix with NaOH (1.0m) led to the release of Au nanotubes
with surfaces decorated with Ag nanoparticles (Figure 2 c,d).
The presence of Ag nanoparticles on the surface of the metal
nanotubes is inevitable, and results in mixed-metal nanotubes.
TEM investigations of Au nanotubes revealed that the
average outer diameter of the nanotubes is 330 nm (Fig-
ure 2¢). Further evidence for the tubular nanostructure was
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obtained directly from water permeation experiments
through the gold nanotube arrays embedded in the alumina
matrix: a drop of water placed on one side of the membrane
was transported to the other side.

In the process described herein, the growth of metal
nanotubes starts at the base-metal electrode at the bottom of
the pores (that is, a bottom-up deposition of metal) as a result
of the nonconducting nature of the nanochannels. It is
believed that Ag nanoparticles immobilized on the oxide
nanochannel surfaces play a key role in the growth of the
metallic nanotubes, and enable preferential electrodeposition
of metal along the nanochannel surfaces. Nanotube formation
in this electrodeposition process can be understood in terms
of the relative rates of deposition and the diffusion of metal
ions. It is believed that the deposition process takes place at
the tube tips, and therefore the deposition interfaces and the
diffusion layers of metal ions move dynamically with the
growth process of the tubes (Figure1l). Once a small
conducting path is created by electrodeposition between the
tube tip and an isolated Ag nanoparticle, the deposition
interface will move toward the recently created area, and a
majority of the metal ions will be deposited on the newly
connected nanoparticle until another isolated particle is
electrically connected. This electrodeposition effect estab-
lishes a depletion layer of metal ions, and thus the ion
concentration below the tube tips should be very low, and the
metal deposition on the inner tube wall should be negligible.
Our assumptions were proven by electrodeposition experi-
ments with different deposition rates. The electrodeposition
carried out at a low current density (< 0.4 mA cm™?), at which
the focusing effect at the tube tip could be neglected as a
result of the slow deposition rate, produced only arrays of
solid metal nanorods. In contrast, the electrodeposition
performed at a high current density (> 3.0 mA cm?) resulted
in mechanically unstable metal nanotubes with highly porous
wall surfaces (Supporting Information).

For cases in which the whole surface of the membrane is
electrically conductive, electrodeposition of metal should
occur evenly over the entire membrane surface at the same
time. In other words, radial growth of metal nanotubes occurs
inside the nanochannels, gradually decreasing the channel
diameter. The underpotential deposition (UPD) technique is
required’ for the fabrication of pore walls of uniform
thickness over the whole length of the membranes. The
deposition rate must be sufficiently lower than that of the
axial mass transfer of metal cations to guarantee a homoge-
neous ion concentration over the whole pore length.

By taking advantage of the preferential deposition of
metal along the wall surfaces of oxide nanochannels, we were
able to prepare multisegmented metallic nanotubes with a
bimetallic stacking configuration along the nanotube axes.
Figure 3 shows representative SEM images of multiseg-
mented metallic nanotubes with a stacking configuration of
Au-Ni-Au-Ni-Au, before (Figure 3a) and after (Figure 3b,c)
removal of the alumina matrix with a solution of NaOH
(1.0m). The average outer diameter of the nanotubes was
estimated to be 300 nm. Ni segments about 800 nm long with
a dark image contrast can be clearly observed between
adjacent Au nanotube sections (Figure 3¢; see also the color-
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Figure 3. SEM images of multisegmented metal nanotubes with a
stacking configuration of Au-Ni-Au-Ni-Au along the nanotube axis.
a) Cross-sectional SEM image of as-prepared metal nanotube-AAO
composite, which shows metal nanotubes embedded in an alumina
matrix. The signals from Au and Ni are shown in yellow and purple,
respectively. b) and c) SEM images of multisegmented metal nano-
tubes after removal of alumina matrix with NaOH (1.0 m); part c)
clearly shows the stacking configuration of multisegmented metal
nanotubes in which the segments with bright and dark image con-
trasts correspond to Au and Ni, respectively.

enhanced view of Au-Ni segments in Figure 3a). This
contrast in the SEM images results from differences in the
intensity of backscattered electrons from the two metals. In
this nanofabrication process, various metallic segments (Ag,
Au, Pt, Pd, Fe, Co, Ni, etc.) can be incorporated into the
nanotube structure, thus enabling the fabrication of barcode-
type nanotubes."” The length of each metal segment can be
tuned by controlling the amount of total integrated charges
involved in the electrochemical reaction. Such a unique
capacity for tailoring the nanotube structure could provide an
opportunity for engineering the physical properties of nano-
tube materials.

Arrays of continuous Ni nanotubes and of multiseg-
mented nanotubes (Au-Ni-Au-Ni-Au stacking configuration,
Figure 3) were examined by a superconducting quantum
interference device (SQUID) magnetometer at 298 K for
comparison of their magnetic properties. The corresponding
hysteresis loops are presented in Figure 4. With the magnetic
field applied along the nanotube axis (]|), both samples
showed coercivities H in the range of 85 to 90 Am™" and
relatively low remanence values (4 and 17%). As the
saturation field Hy > H,, both samples exhibited reversible
magnetic behavior. The nanowire diameter was at least one
order of magnitude larger than the magnetic exchange length
for nickel Ay;=~ 13 nm, and we therefore assume that the Ni
nanotubes switched by a curling-like switching mode.?”! The
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Figure 4. Magnetic hysteresis loops for arrays of Au-Ni-Au-Ni-Au nano-
tubes shown in Figure 3 (-----) and ferromagnetic Ni nanotubes
(—), measured with the applied magnetic field a) parallel and b) per-
pendicular to the nanotube axis.

multisegmented nanotube arrays could be completely mag-
netized at lower saturation fields (H,;~750 Am™") than the
array of continuous Ni nanotubes (H, 2300 Am™'). The
positions of the Ni segments along the pore axis showed large
variations (Figure 3a). Although the tube diameter, spacing,
and wall thickness for both samples were similar, we assume
that the array of multisegmented nanotubes exhibited lower
dipolar interactions. The average distance between the
neighboring Ni segments was larger than the intertube
distance of the continuous nanotube array. In the perpendic-
ular field direction (L), both samples were completely
magnetized around H,, ~2000 Am™' and show highly similar
hysteresis loops with a reversible magnetic behavior (H,, >
H_ ). In comparison of the hysteresis loops for both magnet-
ization directions the array of continuous nanotubes showed a
nearly isotropic magnetic behavior, whereas the multiseg-
mented sample exhibited a preferential magnetic orientation
along the direction of the magnetic nanotubes as a conse-
quence of the low dipolar interactions and the magnetic
anisotropy resulting from the nanotube shape.

In summary, we have developed a simple electrochemical
method for the preparation of metal nanotubes. The process is
based on the preferential electrodeposition of a metal along
the pore walls of an anodic alumina membrane in the
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presence of Ag nanoparticles on the wall surfaces. We have
demonstrated for the first time the preparation of multi-
segmented metallic nanotubes with a bimetallic stacking
configuration along the nanotube axes. This nanofabrication
method can be readily extended to a wide range of metallic or
semiconducting materials. Furthermore, the unique capacity
for tailoring the nanotube structure, along with the function-
alization of the inner wall surface of metal nanotubes with
various molecules (for example, proteins and DNA), are
expected to be particularly useful in the field of catalysis,
advanced microfluidics, biological and magnetic sensors, and
molecule separation.

Experimental Section

Membrane preparation: Self-ordered nanoporous Al,O; membranes
were prepared by the two-step anodization®! of surface-finished
aluminum. In brief, Al sheets (typical diameter 4 cm) were anodized
under a regulated cell voltage of 195 V with H;PO, as electrolyte. The
first anodization was started under relatively mild electrochemical
conditions with H;PO, (0.5 wt.%, 0.6°C) to prevent the Al from
breakdown in the early stages of anodization. After 3 h, the
concentration of the H;PO, was increased to 1.0 wt. % by directly
injecting 85 wt.% H;PO, into the electrochemical cell, and the
temperature of the electrolyte was adjusted to 1.4°C. The anodization
proceeded for 15h under these conditions. Afterward, the porous
oxide layer was completely removed by immersion in an acid mixture
(1.8 wt. % chromic acid and 6 wt. % H;PO,) at 43°C for 12 h to obtain
a textured surface on the Al sheet. The second anodization was
conducted in H;PO, (1.0 wt. %, 1.4°C) for 16 h. Subsequently, free-
standing alumina membranes were obtained by a stepwise voltage
reduction technique. The membranes had nominal pore diameters of
300 nm and contained 4.6 x 10° pores per cm” of membrane surface
area.

Immobilization of metal nanoparticles: The immobilization of
metal nanoparticles on the surfaces (pore walls and faces) of an AAO
membrane was carried out as follows. First, Sn" was deposited on the
surfaces by immersing an AAO membrane in an aqueous mixture of
SnCl, (0.02m) and HCl (0.01m) for 2 min. The membrane was
thoroughly rinsed in distilled water several times, subsequently in
acetone, and finally dried at 70°C for 1 min. Second, the resulting
membrane was dipped into an aqueous solution of AgNO; (0.02m)
for 2 min to deposit Ag nanoparticles on the pore walls of the AAO,
followed by the same drying process used in the first step. These two
steps constituted one cycle for metal nanoparticle deposition on the
surfaces of a membrane. Typically, six deposition cycles were
employed.

Electrodeposition: A thin Au layer was deposited by sputtering
on the pore-mouth surface of a nanoparticle-modified AAO mem-
brane to make the surface electrically conductive. This Au layer
served as a working electrode in the subsequent electrodeposition of
the desired metal. A commercially available plating solution
(Auruna 5000) was used for Au nanotubes. Nickel was deposited
from a solution of NiCl,,6H,O (8.41 x 10*m), Ni(H,NSO;),-4 H,0
(1.59m), H;BO; (0.33M), and sodium acetate buffer (pH 3.4). The
typical current density was about 2.4 mA cm~2 The total membrane
area in contact with the electrolyte was 2.7 cm?; the total pore area
(actual deposition area) was estimated to be 33 % of this area.
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The rapid development of pharmacogenomic research and
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highly luminescent, and, more importantly, ultrasensitive in
both in vitro and in vivo bioassays. To find fluorophores that
can meet these requirements, various semiconductor quan-
tum dots (QDs) with tunable size-dependent emission, high
quantum yields of photoluminescence (PL), broad excitation
spectra, and narrow emission bandwidths have been devel-
oped and successfully applied in biological analyses.'™
However, they also have intrinsic limitations. On the one
hand, their inherent toxicity and chemical instability limits
their application in biological detection and medical diag-
nosis.”! On the other hand, although these QDs work well
under laboratory conditions, an increase in their background
signal may be noted in the presence of interfering biomole-
cules (such as green-fluorescent proteins) and other fluores-
cent organic molecules that are usually present in biological
and environmental samples and which can also be excited by
UV radiation. The sensitivity of detection would hence be
lowered. To improve the sensitivity, fluorescence resonant
energy transfer (FRET) has been introduced into QD-based
bioanalysis of molecular structure and protein—protein,
protein—nucleic acid, and other interactions.”® Owing to
the specificity and the intrinsic sensitivity of FRET to small
changes in donor-acceptor distances,”) these FRET-QD
systems have been demonstrated to show higher sensitivity.
However, the inherent limitations of the fluorescence of QDs,
including high background noise, potential toxicity, and
instability, as mentioned above, cannot be eliminated by
incorporating FRET technology and still restrict their appli-
cation in the analysis of biological samples.

Hence, to find a more appropriate luminescent label
remains a challenging task and is crucial to the development
of modern gene technology and medical sciences. Upconver-
sion (UC) nanophosphors, which are excited in the infrared
region instead of the UV region to give emission in the visible
domain, may be such an alternative. These UC nanophos-
phors show a high chemical stability, high quantum yields, and
low toxicity, and their optical properties can be tuned by
variation of lanthanide dopants and the host matrix."” In
particular, the fluorescence from biological samples (back-
ground) upon excitation with IR radiation is extremely low as
the interfering biomolecules in question absorb in the UV
(not the IR) region. All these favorable properties have
indicated the great potential of UC nanoparticles in the
analysis of biological and environmental samples, and espe-
cially for fluorescence imaging in vivo."!! Furthermore, if
FRET technology can be coupled with bioassays based on UC
nanoparticles, a further enhancement in the selectivity and
sensitivity of detection can be expected. However, to the best
of our knowledge, no such system has yet been reported.
Herein, we demonstrate a novel biosensor for the detection of
trace amounts of avidin which is based on FRET between
bioconjugated UC nanoparticles and gold nanoparticles.

The UC nanoparticles we chose are Na(Y,sNays)-
Fs:Yb*"Er't. As can be seen in the spectrum shown in
Figure 1 a, the nanoparticles show three emission bands at 1 =
525, 540, and 655 nm, which correspond to energy-transfer
processes from the excited states *Hij,, ‘Ss;p, and “Fyp,
respectively, to the ground state “I;5,.") However, the peak
at 540 nm is the main peak, while the other peaks are very
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Figure 1. a) Upconversion luminescence spectrum of hexagonal-phase

upconversion nanoparticles in solution upon excitation with a 980-nm

laser; b) green luminescence observed from sample. c) UV/Vis absorp-
tion spectrum of 7-nm gold nanoparticles in aqueous solution.

weak in comparison, which makes it an excellent single-
emission biological label. As typical organic fluorescent dyes
display broad emission spectra with a long tail, an “impurity”
in the form of the emission from the nanoparticles can
introduce spectral cross-talk between different detection
channels which thus makes them unsuitable for biological
applications and creates difficulties in the quantification of
the relative amounts of different probes. An ideal probe for
multicolor experiments should emit at spectrally resolvable
energies with a narrow, symmetric emission spectrum, and the
complete set of probes should be excitable at a single
wavelength.”! Here, the monodispersed nanoparticles emit
strong and pure green fluorescence with a symmetric and
narrow emission spectrum upon excitation at a single wave-
length (980-nm laser), which makes them more suitable as a
probe for multicolor biological detection. The strong green
UC luminescence from suspensions of the nanoparticles in
water upon excitation with a 980-nm laser is easily visible to
the naked eye.

It is also well-known that gold nanoparticles have good
absorption properties in the UV region.'” The 7-nm gold
nanoparticles used in our experiments show a strong absorp-
tion at A~ 520 nm, which matches well with the UC emission
of Na(Y,sNays)Fs:Yb** Er**. According to the theory of
FRET, when the absorption of the energy acceptor is close to
the emission of the phosphor and when the donor and the
acceptor are close enough, the emission of the energy donor
(upconversion phosphor nanoparticles) will be quenched by
the energy acceptor (gold nanoparticles). Thus it is intrinsi-
cally possible to couple the UC Na(Y,sNays)Fs:Yb*" Er**
nanoparticles (energy donors) with 7-nm gold nanoparticles
(energy acceptors) to give a FRET biosensor.

To test the UC phosphor-based FRET biosensor, first, we
functionalized the UC nanoparticles by the layer-by-layer
(LbL) method™ to introduce an NH, group that can be
attached to biotin. The LbL approach is based on the
electrostatic attraction between the oppositely charged spe-
cies deposited, and its major advantage is that it permits the
preparation of coated colloids of different shapes and sizes,
with uniform layers of diverse composition as well as control-
lable thickness.""! To enable the application of the green
upconversion phosphors as fluorescent biological probes, the
50-nm upconversion hexagonal-phase nanoparticles were
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functionalized by the LbL method (Figure2; see also
Supporting Information). Zeta potential experiments indi-
cated that the UC nanoparticles were negatively charged
under weakly basic conditions (Figure 3a), so the fabrication
of the polyelectrolyte was performed at pH 8.5. The fabrica-

Figure 2. Schematic illustration of the functionalization of the upcon-
version nanoparticles. PAH = poly(allylamine hydrochloride); PSS=
poly(styrene sulfonate), EDC = T1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide; NHS = N-hydroxysuccinimide.
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Figure 4. IR spectrum of the as-prepared phosphor/PAH/PSS/PAH
nanocomposite.

vibration of the N-H bond in the primary amine in PAH
which further indicates the existence of amine groups on the
surface of the functionalized phosphor nanoparticles. Thus,
the data from zeta potential and FTIR experiments indicated
that the fabrication of phosphor/PAH/PSS/PAH nanocompo-
sites was successful. Similarly, we prepared biotin-conjugated
gold nanoparticles (Au-biotin; see Supporting
Information). Thus, on the basis of Au-biotin
nanoparticles and biotinylated UC phosphor

3 jg; AH‘\‘ b) 60 . nanoparticles, the FRET system was developed
1 N 40 ," as shown in Figure 5.
207 \A I 204 /\ / To demonstrate the practicality of the UC
e 04 S 0- \\ nanoparticle-based FRET method, the probe
20 ; \ V/mV_ZO_ , was applied to the detection of trace amounts
—40- ' ‘\A l".I ] of avidin. Different concentrations of avidin were
60 oA —407 v added to the mixture of the biotin-phosphor
LR é; o e 1a Ot T 5 5 5 5 nanoparticles (80 nm) and Au-biotin nanoparti-
pH—» layers —» cles (144 nm), and PL spectra were measured as a

Figure 3. Zeta potentials a) of the upconversion-luminescent nanoparticles at different
pH values and b) of negatively charged (under weakly basic conditions) phosphor
nanoparticles as a function of the number of layers of the polyelectrolyte: 1) naked
phosphor nanoparticle; 2) phosphor/PAH; 3) phosphor/PAH/PSS; 4) phosphor/PAH/

PSS/PAH.

tion process slightly affected the luminescence of the phos-
phors. The functionalized upconversion-luminescent nano-
particles were then conjugated with biotin according to a
reported procedure™ (see Supporting Information). The
phosphor/PAH/PSS/PAH nanocomposites were character-
ized by analysis of the zeta potential (Figure 3b) and FTIR
spectroscopy (Figure 4). The zeta potential of the nano-
composites alternated from negative to positive values with
the alternating absorption of the polyelectrolyte, which
indicated that PAH and PSS were absorbed alternately onto
the surface of the phosphor nanoparticles. Figure 4 presents a
series of peaks corresponding to the stretching vibrations of
organic functional groups in the polyelectrolyte absorbed
onto the phosphor nanoparticles. Strong bands at 7=
3433 cm! indicate the N-H stretch for the amine group in
PAH. The weak bands at # = 1647 and 1414 cm ™! result from
the vibrations of the C-C skeleton of the benzene rings in
PSS. The band at #=739cm™! results from the bending
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function of the concentration of avidin. When
avidin was added, Au-biotin nanoparticles were
conjugated to the surface of the UC phosphor-
biotin nanoparticles through the sensitive and
selective interaction between avidin and biotin.
As shown in Figure 6a, the luminescence was
gradually quenched with increasing amounts of
avidin added to the system. Figure 6b shows the linear
relationship between the relative intensity of PL (F/F) of the
system and the concentration of avidin, wherein F, and F
represent the intensity of luminescence in the absence and
presence of different amounts of avidin, respectively. The

Figure 5. Scheme of the FRET system, with phosphor-biotin nanoparti-
cles as energy donors and Au-biotin nanoparticles as energy acceptors,
in the analysis of avidin. ET =energy transfer.
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Figure 6. FRET-based assay of avidin: a) PL spectra of the FRET
system at different concentrations of avidin as indicated (nm);

b) linear relationship between the relative intensity of PL (F,/F) and
the concentration of avidin in the system.

intensity of upconversion luminescence varied linearly with
the concentration of avidin in the solution from 0.5 nm to
370 nMm. The results indicated that a FRET system based on
upconversion-luminescent nanoparticles was reasonable and
feasible.

To further test the FRET system based on the upconver-
sion-luminescent nanoparticles, we also prepared Na(Y,s-
Nays)Fs:Yb*, Tm*" nanoparticles using solvothermal tech-
nology. The as-prepared upconversion-luminescent Na(Y s-
Na,5)Fs:Yb** Tm*™ nanoparticles emit violet fluorescence
with single excitation at A =980 nm. These nanoparticles were
also bioconjugated with biotin and applied to a FRET study
using Au-biotin nanoparticles to quench the violet emission
(see Supporting Information). The results showed that the
FRET system based upon the single-emission upconversion
nanoparticles was very efficient and versatile. Applications of
the FRET system in fluorescence immunoassays, DNA
detection, and fluorescence imaging are in progress.

In conclusion, hexagonal-phase Na(Y; sNa,5)Fq: Yb*" Er**
and Na(Y;sNay;)F,:Yb*, Tm*" nanoparticles with good crys-
tallinity, strong single-emission upconversion fluorescence,
good monodispersibility, and controllable size have been
successfully prepared. The synthetic methodology also can be
used to prepare other single-emission upconversion-lumines-
cent nanoparticles. A FRET system with upconversion-
luminescent nanoparticles as energy donors and gold nano-
particles as energy acceptors has been developed and applied
to detect trace amounts of avidin. The results indicated that
such a FRET system is sensitive and simple for use in
biological analyses. Further studies may pave the way to wider
applications of these upconversion phosphors in ultrasensitive
multicolor detection of nucleic acids and proteins, fluores-
cence immunoassays, and fluorescence imaging performed in
vitro and in vivo.

Experimental Section

Bioconjugation of nanoparticles: Biotin (0.1 mmol) was added to
morpholine ethanesulfonic acid (MES) buffer solution (pH 6.0,
2.5mL) containing functionalized luminescent nanoparticles
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(20 mg; ~50 nm), and the mixture was ultrasonicated for 10 min.
Then, EDC (0.1 mmol) and NHS (0.2 mmol) were added, and the
mixture was mixed slowly with a vortex stirrer for 3 h. Excess biotin,
EDC, and NHS were removed by three repeated separation/wash/
redispersion centrifugation cycles. The biotin-conjugated phosphors
were dispersed in water (10 mL) and stored at 4°C.

Determination of avidin: Different concentrations of avidin were
added to the mixture of the biotin-phosphor nanoparticles (concen-
tration fixed at 80 nm) and biotin-Au nanoparticles (concentration
fixed at 144 nm), and the mixtures were mixed thoroughly. After
stirring the mixtures with a vortex stirrer at room temperature for
30 min and ultrasonication for a further 5 min, PL spectra were
measured of the samples.
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The isoquinoline skeleton is found in a large number of
naturally occurring and synthetic biologically active hetero-
cyclic compounds.!'! In particular, interesting characteristics
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Scheme 1. Struc-
tural skeleton of

of 1,2-dihydroisoquinolines and the closely related
1,2,3,4-tetrahydroisoquinolines have been reported.
Such characteristics include the ability to act as
delivery systems that transport drugs through the
otherwise highly impermeable blood-brain barrier.”!
These substances also exhibit sedative,? antidepres-
sant,!l antitumor, and antimicrobial activity.'®!
Many of these compounds, natural or synthetic in

the optically origin, are chiral and owe their chirality to a stereo-
af:t"(’je synthe- genic carbon atom located adjacent to the nitrogen
:Zzndcso " atom (carbon 11b in Scheme 1).[% Herin, we present
(R=CH,OH e construction of optically active 1,2-dihydroiso-

th truct f optically active 1,2-dihyd
CHO; Z=CH, quinoline and -phthalazine derivatives based on the
N). general structure shown in Scheme 1.

6058

Synthetic methodologies for the formation of
chiral isoquinoline derivatives either involve the use of chiral
building blocks or rely on diastereoselective reactions with a
stoichiometric amount of chiral sources.** To our knowl-
edge, only few approaches are based on asymmetric cataly-
sis."#81 Herein we present a novel approach based on
organocatalysis employing chiral C,-symmetric secondary
amines for the diastereo- and enantioselective annulation
reaction of 2-(5-oxopentyl)isoquinolinium and -phthalazi-
nium derivatives.

Asymmetric amine catalysis has received much attention
in recent years, and a large number of reactions catalyzed by
chiral secondary amines have been reported.”'” As 12-
dihydroisoquinolines may be prepared by nucleophilic addi-
tion to isoquinolinium salts””!!! we envisioned that aldehydes
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nolinium salts under organocatalysis. Potentially, such a
reaction would lead to the formation of optically active 1,2-
dihydroisoquinoline derivatives that contain two adjacent
stereocenters together with a carbonyl group suitable for
further chemical transformations.

Initially, isoquinolines activated by ethyl chloroformate,
were treated with, for example, 3-methylbutyraldehyde in the
presence of different organocatalysts. However, all reactions
studied proceeded with very low yield and stereoselectivity.

We next turned our attention to the intramolecular
variant of the reaction.' Scheme 2 outlines our proposal
for the catalytic intramolecular annulation reaction cycle. The

~N
Z
@CN@ x°
”N
@]
2

BHX +

FN/> *
H

H,0, B: H,O

~z
(*NGBX@
>

\

H

N
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Scheme 2. Mechanistic proposal for the organocatalytic asymmetric
annulation reaction.

first is the reaction of the chiral amine 1 with the aldehyde of
the 2-(5-oxopentyl)isoquinolinium derivative 2 which results
in the formation of the corresponding enamine 3 and H,O.
Attack of the nucleophilic enamine carbon atom at the
electrophilic carbon atom of the isoquinolinium moiety then
results in ring closure and formation of iminium ion 4. Finally,
4 is hydrolyzed to give the 1,2-dihydroisoquinoline derivative
5 and HX, which is scavenged by an external base to
regenerate the organocatalyst.

The synthetic route for model substrate 2-(5-oxopentyl)-
isoquinolinium iodide (2a) (Scheme 2, Z=CH) used in the
screening process is outlined in the Supporting Information.
Table 1 presents the results for the screening of different
chiral amines 1a—g as catalysts for the annulation reaction of
2a. It should be stressed that in all cases the reactions
proceeded with good to high conversions without formation
of by-products. However, the product Sa was unstable and
was protected to facilitate its isolation and full analysis.'”!
Protection of the enamine moiety of Sa in situ using
(CF;C0O),0 gave the isolable compound 6a, which was
subsequently reduced with NaBH, to produce the fully
analyzable alcohol 7a.

(—)-(S)-Proline (1a) proved to be an effective catalyst for
the annulation reaction of 2-(5-oxopentyl)isoquinolinium
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Table 1: Screening of chiral amines 1a-g as catalysts for the annulation reaction of 2-(5- oxopentyl isoquinolinium iodide Za H,

1.5 equiv (CF4C0),0 CFs
A o © 10mol% catalyst ~ 3.0 equiv Et;N
NI | 1.0 equiv Et;N N 0.15 equtv DMAP 0.5 equiv NaBH4
—_—
HN CH,Cly, —20 °C H -20 °c 45 min. EtOH 0 °C, 20 min.
(¢] o
2a 5a 6a 7a
O o [ \_owe : M
Q‘COZH Q\/ FNX( N h/[N Me
H H H  NH, H
1a 1b 1c 1d 1e
MeO OMe
v Phe_.. Ph O\ L~ j : \©\ :
Ph Q‘Ph N Q\/ Ny Ny
H H H H
1f 19 1h 1i
Entry Catalyst t [min] Conversion [%]"! d.r. (trans:cis) ee [%6]
18 1a 20 95 2:1 rac
2 1b 5 88 2:1 rac
3 1c 90 40 2:1 7
4 1d 10 92 2:1 11
5 Te 180 40 3:1 rac
6 1f 90 47 8:1 8
7 1g 190 94 8:1 84

[a] All reactions were performed on a 0.20-mmol scale. [b] The conversion of 2a into 5a was estimated by 'H NMR spectroscopy. [c] Determined by
"H NMR spectroscopy. The trans/cis ratio refers to the relationship between 1-H and 11b-H. [d] The ee value of the major diastereomer of compound
7a was determined by chiral HPLC. [e] The reaction was performed at room temperature.

iodide 2a with almost full conversion into the desired product
5a after 20 min at room temperature (Table 1, entry 1).
However, the diastereoselectivity of the reaction was low, and
the two diastereomers were formed as racemates. For the
catalysts 1b—e, the annulation reaction also proceeded with
low diastereo- and enantioselectivity (Table 1, entries 2-5).
Improved diastereoselectivities were observed for the cata-
lysts (25,55)-2,5-diphenylpyrrolidine (1f) and (25,55)-2,5-
dibenzylpyrrolidine (1g). However, whereas 1f gave very
low enantioselectivity, catalyst 1g produced the major dia-
stereomer with 84 % ee (Table 1, entries 6 and 7). A number
of solvents were also screened for the annulation reaction of
2a catalyzed by 1g. In all cases high conversions (>75%)
were observed; however, the stereoselectivity of the annula-
tion reaction performed in CH,Cl, was superior.l!

Table 2 summarizes the results obtained from the screen-
ing of external bases in the annulation reaction of 2a. In the
absence of an external base, the reaction did not proceed
(Table 2, entry 2). Furthermore, a 1:1 ratio of the amount of
added base and the amount of formed product resulted
(Table 2, entry3 vs. 1). A possible explanation for these
observations is protonation of the catalyst which renders it
unreactive. Also, compound 5a could revert back to 2a owing
to the presence of HI. The essential external base also
promotes a racemic background reaction in the absence of the
chiral amine catalyst (Table 2, entry 4), and dropwise addition
of Et;N over the course of 4h resulted in a significant
improvement only in the diastereoselectivity (Table 2, entry 5
vs. 1). Application of a stronger base, such as DBU, resulted in
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Table 2: Screening of external bases for the organocatalytic annulation
reaction of 2a catalyzed by 1g.!

Entry External base t Conv. d.r ee
(equiv) [h] [%]" (%]
1 EtN (1.0) 3 9% 81 84
2 none 5 0 - -
3 ELN (0.15) 5 15 nd. nd.
4 E;N (1.0) 3 25 >98:2  rac
50 Et,N (1.0) 4 94 121 86
6 DBU (1.0) 0.5 94 10:1 7
7 DIPEA (1.0) o.nle 92 10:1 84
8 quinuclidine (1.0) 1 94 12:1 78
9 N-methylmorpholine (1.0) 96 37 8:1 44
10 2,6-di-tert-butylpyridine (1.0) 96 0 - -

[a] All reactions were performed at —20°C in the presence of 1g
(10 mol %) in CH,Cl, on a 0.20 mmol scale. [b] The conversion of 2a into
5a was estimated by '"H NMR spectroscopy. [c] Determined by '"H NMR
spectroscopy of 7a (the trans/cis ratio refers to the relationship between
1-H and 11b-H). [d] The ee value of the major diastereomer of
compound 7a was determined by chiral HPLC. [e] Reaction performed
without a catalyst. [f] Slow addition of the external base. [g] Overnight
reaction.

a conversion and diastereomeric ratio similar to those
obtained with Et;N. However, the reaction was almost
racemic, therefore indicating that the background reaction
caused by the achiral base superseded the chiral-amine-
catalyzed reaction (Table 2, entry 6). The use of bases of
similar strength to that of Et;N, such as diisopropylethylamine
(DIPEA) and quinuclidine, resulted in a higher diastereo-
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meric ratio, whereas the conversion and enantioselectivity
were either unaltered or lower (Table 2, entries 7, 8 vs. 1). A
decrease in the strength of the added base had a significant
effect on the conversion of the reaction. The use of N-
methylmorpholine resulted in a slow reaction and the
production of compound 5a with low conversion and low
enantiomeric excess, whereas 2,6-di-fert-butylpyridine gave
no conversion at all (Table 2, entries 9 and 10, respectively).
In conclusion, 1 equivalent of Et;N as an external base proved
to be optimal for the annulation reaction.

Table 3 summarizes the results of the annulation reaction
of 2a catalyzed by C,-symmetric disubtituted pyrrolidines 1g—

Table 3: Catalyst modifications and screening of catalyst loading and
reaction temperature for the annulation reaction of 2-(5-oxopentyl)-
isoquinolinium iodide 2a®.

Entry  Cat. ¢ T Loading  Conv. d.rM e
h [°q [mol%]  [%]" (%]
1 1g 4.5 -20 2 95 9:1 41
2 1g 3 -20 5 94 9:1 71
3 1g 3 -20 10 94 8:1 84
4 1g 3 20 20 94 81 87
5 1g onl —40 10 94 15:1 92
6 1h 6 -20 10 90 7:1 36
7 Ti o.nt —40 10 96 15:1 88

[a] All reactions were performed in the presence of Et;N (1 equiv) in
CH,Cl,. Entry T was performed on a 0.40-mmol scale, entries 2-7 on a
0.20-mmol scale. [b] The conversion of 2a into 5a was estimated by
"H NMR spectroscopy. [c] Determined by "H NMR spectroscopy of 7a
(the trans/cis ratio refers to the relationship between 1-H and 11b-H).
[d] The ee value of the major diastereomer of compound 7a was
determined by chiral HPLC. [e] Overnight reaction.

i under various reaction conditions. The conversion and
diastereoselectivity of the annulation reaction were found to
be independent of the catalyst loading (Table 3, entries 1-4).
However, a significant drop in the enantiomeric excess
(indicating considerable involvement of the racemic back-
ground reaction caused by the external base) was observed
with low catalyst loadings. An increase in the catalyst loading
from 10 to 20mol% did not significantly improve the
stereoselectivity (Table 3, entries 1-4). A decrease in the
reaction temperature from —20 to —40°C maintained a high
conversion of the reaction, but resulted in a significant
increase in both the diastereo- and enantioselectivity to 15:1
and 92 % ee, respectively (Table 3, entry 5 vs. 3).

The dependence of the structural and electronic proper-
ties of 1g on the stereoselectivity of the reaction was also
investigated. Replacement of the phenyl groups of 1g by
bulky non-aromatic groups, such as cyclohexyl groups (cata-
lyst 1h), did not change the diastereoselectivity of the
reaction. However,catalyst 1h was slightly less active than
catalyst 1g, and the enantioselectivity decreased significantly
(Table 3, entry 6 vs. 3). The effect of the electron density of
the aromatic substituents was tested by applying a catalyst
with electron-donating substituents such as (2S5,55)-2,5-bis(4-
methoxybenzyl)pyrrolidine (1i). The results in Table 3,
entry 7 show that no significant changes in the outcome of
the reaction were observed when 1i was applied as catalyst.
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With the optimized conditions for the catalytic diastereo-
and enantioselective annulation reaction at hand, the scope
and limitation of the system was investigated (Table 4). In
general, the annulation reactions proceeded with good to high
conversions (70-100 % ), high diastereoselectivity (d.r. > 15:1)
and excellent enantioselectivity (85-96 % ee). Products with
functional groups suitable for further manipulations were
obtained (Table 4, entries 2 and 4), and the scope of the
annulation reaction could be extended beyond isoquinoli-
nium salts to substrates based on the phenanthridine and
phthalazine skeleton (Table 4, entries 5 and 6). Limitations of
the reaction were observed for substrates based on the
electron-rich  isoquinolines  5,7-dimethoxyisoquinoline
(Table 4, entry 7) and 6,7-dimethoxyisoquinoline (the latter
gave <10% conversion after several days).

The reported yields are for two (Table 4, entries 3, 5, and
6) or three (Table 4, entries 1, 2, 4, and 7) reaction steps that
were performed to obtain compounds that could be isolated
and fully analyzed.'”! Additionally, although the final prod-
ucts 7a—g were obtained in low yields, the conversions of 2a—g
into Sa—g in the catalytic enantioselective annulation step
were high. With the exception of substrate 2g (Table 4,
entry 7), the catalytic annulation reaction proceeded without
the formation of by-products.

Compound 7b was obtained as a white solid, which after a
single recrystallization from CH,Cl, and hexane gave crystals
suitable for X-ray crystallographic analysis.'®! The analysis
revealed that the absolute configurations of the newly formed
stereocenters at C1 and C11b could both be described as S
(Figure 1).

Figure 1. X-ray crystal structure of compound 7b.

A proposal for the transition state involved in the
stereoselective step of the annulation reaction is presented
in Figure 2. In this transition state a favorable interaction
between the isoquinolinium moiety and a phenyl ring of the
catalyst—a cation—m interaction!'—was anticipated. The
phenyl ring, positioned parallel to and above the cationic
isoquinolinium moiety with a face-to-face interaction,'”*
allows the Re face of the enamine double bond to approach
the Si face of the iminium double bond without significant
steric hindrance. With this approach, the annulation reaction
results in the product with 1.5 and 11 bS configurations at the
formed stereocenters in accordance with the experimental
observation.
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Table 4: Scope and limitation of the organocatalytic annulation reaction catalyzed by 1g.1

Entry Substrate Product Conv. Yield d.r ee
[%][b] [%][CI [%][EI
0y_CF;
X N X
@ |(7
1 s NV\/\H/H N 94 41 15:1 92
2 0 7a
OH
Oy _-CFs3
Br Br
N X
S]
2 cy N 70 40 24:1 92
~N H
2b \N\g/ 7b
OH
Ph
Ph N
X
S} N
3 el H 70 18 16:1 85
2 \/W 7c
c (o]
OH
O+_-CF3
NO, O,N
N X
©
4 ® | N 100 38 36:1 93
N H
2d \/\/\[Or 7d
OH
5 O e® Y O N 100 73 >98:2 9%
N \/\/ﬁo( 7o
OH
SN
Ny © N
~N H .
6 z ~TNY . 100 59 >98:2 93
O
OH
O« CF3
MeO MeO
X
Q@Q 1© N 50 18 104 49
7 < :
~-N H MeO
MeO
e \/\/E -
OH

[a] All reactions were performed at —40°C in the presence of 1g (10 mol %) and Et;N (1.0 equiv) in CH,Cl, on a 0.40 mmol scale. Reaction were carried
out overnight (15-21 h) for entries 1-6. For entry 7 the reaction time was 10 days. [b] The conversion of 2a-g into 5a-g was estimated by 'H NMR
spectroscopy. [c] Yields of isolated compounds 7a-g based on 2a-g, respectively. [d] Determined by '"H NMR spectroscopy of compounds 5a-g or
6a—g (the trans/cis ratio refers to the relationship between 1-H and 11b-H). [e] The ee values of the major diastereomer of compounds 7a-g were
determined by chiral HPLC.

Figure 2. Proposed transition state in the annulation reaction catalyzed by 1g.
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In conclusion, we have developed the first organocatalytic
diastereo- and enantioselective annulation reaction of 2-(5-
oxopentyl)isoquinolinium derivatives. The reactions gener-
ally proceed with good to high conversions (70-100 % ), high
diastereoselectivities (d.r.>15:1), and good to excellent
enantioselectivities (85-96 % ee). The scope of the annulation
reaction is demonstrated in the synthesis of a series of
optically active 1,2-dihydroisoquinoline and
-phthalazine derivatives. The stereochemical outcome of the
organocatalytic asymmetric annulation reaction is explained
on the basis of a favourable cation-r interaction between the
isoquinolinium moiety and one of the phenyl rings of the
catalyst.
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A great deal of interest has developed in the synthesis of
metal-organic coordination polymers as they offer opportu-
nities for preparing materials with controllable functionali-
ties."] Although remarkable progress has been made in this
new field of chemistry and materials science, largely due to
efficient design strategies, it is still difficult to prepare
metal-organic frameworks with predictable topologies, even
structures composed of simple inorganic salts.! The mimick-
ing of topologies of natural minerals has rapidly become one
of the most challenging issues in the design of metal-organic
frameworks.”! Many 3D structures with mineral topologies
such as NbO, quartz, pyrite, rutile, sodalite, CdSO,, and
halite® have been reported recently from attempts to obtain
geometric characteristics with designable functionalities.
From the reported characterization of the net topologies,”
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all of these networks are based on the use of three-, four-, or
six-connected building blocks.”! Connectivities of five, seven,
or eight are extremely rare as a result of limitations in the
symmetry or steric hindrance associated with connected
nodes."*! Although the body-centered cubic (bcu) net®*
and the fluorite (flu) net®™ are commonly seen in textbooks,
such topologies with eight connecting nodes in a cubic
geometry have only appeared in a few examples. To fulfill
their geometric limitations, an eight-coordinated metal center
or an eight-connecting polynuclear metal cluster block would
be required; neither is easily achieved.® The former has been
obtained with eight-coordinated lanthanide ions or
[M(CN)]*~ to form the bcu-type net,®® and the latter by
using an eight-connecting cluster containing a tetracadmium
carboxylate moiety and a four-connecting ligand to form the
flu-type net. However, the bcu-type topology with only an
eight-connecting polynuclear metal cluster unit has not yet
been realized.

As part of our ongoing efforts in the design and synthesis
of functional crystalline materials,* we report herein the
rare, porous bcu-type framework of {[Cu;Cly(4-ptz),
(H,0),]-3DMF-5H,0},, (1), assembled from 5-(4-pyridyl)-
tetrazolate (4-ptz) as a bridging ligand and an eight-connect-
ing tricopper cluster (Cu;CL** = Cu, cluster) as a building
block. To the best of our knowledge, this is the first bcu-type
structure with an eight-connecting polynuclear metal cluster
unit, and represents one of the highest connected topologies
known for coordination polymers. The appropriate choice of
an organic ligand with specific functional groups and geom-
etry is also a major factor in achieving this target. The reasons
for using the 4-ptz ligand are twofold: first, the tetrazole
group is a widely known alternative to a carboxylate moiety,
and second, the five-membered heterocyclic tetrazole group,
which contains four N donors and a pyridine group, could
serve both as a potential active coordination site and a
hydrogen-bond acceptor, thus permitting the polymeric
framework to be expanded through hydrogen-bonding inter-
actions. Interestingly, until now, such coordination polymers
based on tetrazole derivatives®'”! have not been extensively
studied, in contrast to metal carboxylates.'* Inspired by the
work of Sharpless and co-workers,"'! the preparation of 5-
substituted 1H-tetrazoles is now a safe and convenient route.
Nevertheless, the generation of tetrazole-based coordination
polymers would be a new and potentially useful research
theme, which is currently in its infancy.

Compound 1 was synthesized by the reaction of copper(ir)
chloride and 5-(4-pyridyl)tetrazole (4-H-ptz) in DMF at
ambient temperature in high yield by a single-step self-
organization process (Scheme 1). The asymmetric unit con-
sists of two Cu" centers, one bridging chloride ion, one 4-ptz
ligand, one coordinated water molecule, and other disordered
guest molecules (Figure 1a). An analysis of the local symme-
try of the two nonequivalent Cu centers reveals that the Cul
center resides on a special symmetry site (SOF =0.25)
containing three mutually perpendicular twofold axes of
rotation, and the Cu2 center resides on the other special
symmetry site (SOF=0.5) containing a twofold axis of
rotation. Cul is bound to four tetrazole nitrogen atoms and
two bridging chlorine atoms, and Cu2 is bound to two

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Ne
% NH
CuCly-2H,0 + ND—(N{)II\]

Scheme 1. Synthesis of 1 by a one-step organization; DMF = N,N-dimethylformamide.

Figure 1. a) Local coordination environment of Cu" in 1 (atoms are represented as 30% thermal ellipsoids);
hydrogen atoms and disordered molecules have been omitted for clarity. b) Simplified view of an eight-con-
nected Cus-cluster subunit. ¢) Perspective view of the network of 1 simplified according from part (b). d) The

DMF

J N-N
CusCly \\/NC\>—</ a0y
N N/N/4
4-Hptz

body-centered cubic lattice net (bcu net).
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tetrazole nitrogen atoms, two pyridyl nitrogen atoms, one
bridging chlorine atom, and one coordinated water molecule.
The two nonequivalent Cu atoms adopt a distorted octahedral
(Cul)CLLN, and (Cu2)CIN,O coordination geometry, respec-
tively. The tetrazole ligands adopt a bridging mode with a
coordinating pyridyl group and a p,n’*-tetrazolato bridge. The
copper—copper separation, bridged by the chloride and
tetrazole moiety of the 4-ptz ligands, is 3.545(1) A. Each 4-
ptz ligand coordinates through the 1,2-nitrogen atoms of the
tetrazole group and the pyridyl nitrogen atom. Each Cu2
atom is weakly coordinated by a water molecule (Cu—O =
2.890(3) A) resulting from a strong Jahn-Teller effect. Except
for the coordinated water molecules, all donor atoms form
reasonably strong bonds with the copper atoms. All of the
Cu—N distances are in the range between 2.015(3) and
2.024(3) A.

From further analysis of the structure of 1, five unique
features are apparent: 1) a three-dimensional neutral net-
work with a bcu-type topology; 2) eight-connected Cus-
cluster-building subunits; 3) large octahedron-shaped cham-
bers; 4) potential functionalization sites on the copper atoms;
5) nanoscale open windows and a 3D intersecting channel
system with an extra-framework volume of 57 %.

www.angewandte.org

- 3DMF-5H,0
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The bcu-type topology of 1 is as follows: the motif of
the Cu; cluster connected to eight 4-ptz linkers is
represented by a box connected with eight bars (Fig-
ure 1b). The positions of the eight connecting nodes
correspond to the four pyridyl nitrogen atoms and the
centers of the 2,3-nitrogen atoms of
the tetrazole group, which results in
an eight-connected net with the
Schlafli symbol {4**6*) that resem-
bles the topology of a bcu net
(Figure 1c¢, d). To fulfill a beu-type
topology, our design strategies were
focused on the selection of clusters
with eight connectivities as secon-
dary building units (SBUs)!"? as they
provide a suitable geometry that
permits the target structures to be
constructed. The assembly of the
eight-connected Cu; clusters and the
tetrazolate ligand successfully forms
the first example of a neutral body-
centered-type metal-organic frame-
work. Owing to limitations in geom-
etry, the angle of the unit cell
diagonals is distorted from 90° to
75.8° and the symmetry of the crys-
tal system is lowered from cubic to
orthorhombic (see Supporting Infor-
mation).

As a result of the geometry of
the bcu-type net, the combination of
channels running parallel and per-
pendicular to each other gives rise to
large pockets of extra-framework
space. Considering the octahedron-
shaped chamber (Figure 2a) in the
framework, the diagonal distances of the chamber are
15.507(0) A (Cul—Cul) and 19.917(3) A (Cul—Cul). Such a

Figure 2. Views of the octahedron-shaped chamber: a) A few large
van der Waals spheres with diameters of about 5.78-7.14 A inside.
b) Weakly coordinated water molecules on Cu, clusters act as
removable shutters.

chamber, with an inner void space, can accommodate at least
two van der Waals spheres with maximum diameters of up to
7.14 A without coming into contact with the framework. The
calculated density (in the absence of guests) of compound 1 is
0.99 gcm™. Analysis with the PLATON!! software tool
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indicates that the extra-framework volume per unit cell is
approximately 57 %. The use of the “CAVITY” routine in
PLATON indicates that the six largest voids are located at
(0.3, 0, 0.625) and other symmetric sites with diameters of
7.14 A, four other middle voids at (0, 0.5, 0) with diameters of
5.84 A, and so on, with fourteen other cavities with diameters
in the range of 5.78-5.04 A (van der Waals surfaces consid-
ered). Furthermore, the overall shape of the void does not
allow the packing of spheres larger than 7.14 A, although
several spheres with different diameters can be accommo-
dated by the same large elongated void. The void is actually a
large ellipsoid with a total volume of 1775 A%, These large free
spaces within the framework cause the structure to be highly
porous. In addition, four weakly coordinated water molecules
serve to gate the chamber (Figure 2b). The O1-O1 distance is
4.63(1) A, and the naked Cu2—Cu2 distance is 10.338(1) A.
Therefore, the chamber is a potential candidate for a micro-
reactor with metal-containing active sites. These sites in
crystalline porous materials have functionalities that could
permit molecular recognition, catalysis, or gas storage.?

An inspection of Figure 3 reveals that the overall array
contains a 3D intersecting channel system and nanoscale open
windows, with an approximate diameter of up to 10 A.
Notably, the 3D intersecting channels, which frequently occur
in zeolites, are constructed by the interconnection of 1D
channels from different directions. Coordination polymers
with 3D intersecting channels are often unstable upon loss of
solvent as a result of framework instability associated with
high porosity.'¥

Compound 1 is non-interpenetrating, despite the large
pores and channels within its framework, mainly because the
beu-type net is not self-dual.’™ The unique eight-connected
Cus-cluster SBUs cause compound 1 to contain nbo-type
intersecting channels, which is the dual net of body centered
cubic (Figure 4). Thus, compound 1 is a perfect candidate for
a highly porous network.

A thermogravimetric analysis of 1 shows that guest
molecules are eliminated from the network (calcd. 71%;
found 74 %) when the temperature is increased from room
temperature to about 220°C, after which decomposition of
the framework occurs. Powder X-ray diffraction spectra
recorded after heating samples of 1 at 220°C show some
indication of stability upon the removal of guest molecules.
However, the broadening and decrease of intensity of the

Angewandte

Figure 4. a) Dual relationship of the bcu net (blue) and the nbo net
(yellow). b) The nbo-type intersecting channels (yellow) in the bcu-type
framework of 1.

peaks implies that the material appears to lose crystallinity
gradually, thus producing an amorphous phase upon heating.

The magnetic exchange coupling between the copper
centers for compound 1 was analyzed based on the Curie—
Weiss expression and a trinuclear magnetic model. The
negative values of the Weiss constant and the magnetic
exchange coupling constant indicate the antiferromagnetic
characteristics of the copper centers. At temperatures below
20 K, the Cu" ions are weakly antiferromagnetically coupled,
with J=-2.84cm™' (based on the Hamiltonian # =—-2J
[(ScurScuw) + (ScuScwza)] and using the expression for the
molar magnetic susceptibility S=1/2 of a linear trinuclear
system). The observed antiferromagnetic interaction is
resolved into contributions arising from each Cu-ligand—Cu
linkage. The propagation of the antiferromagnetic exchange
interaction in the linear Cu; unit is expected to depend
predominantly on 4-ptz bridges. It may be processed through
the d,. , orbitals on the Cu" ions that interact with the
o orbitals of the nitrogen atoms of the tetrazolate ligands,
which are all situated in the equatorial plane and contain Cu—
N-N-Cu torsion angles of —3.41°. Crystal engineering of the
substituent on the 4-pyridyl moiety could increase the Cu—N—
N-Cu torsion angles in the tricopper center and thereby
change the exchange coupling from antiferromagnetic to
ferromagnetic.!'¥!

In conclusion, compound 1 s the first porous, neutral, bcu-
type structure that contains an eight-connected polynuclear
cluster unit and a tetrazole-based ligand. The synthesis of bcu-
type frameworks with expanded analogous ligands offers the

Figure 3. Superimposed space-filling representation of 1 showing channel openings along the g, b, and ¢ axes. Hydrogen atoms have been omitted

for clarity (red=Cu, blue=N, green=Cl, yellow=0).
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potential for pore-size expansion in their nbo-type intersect-
ing channel systems. The preparation of a rare framework
from 4-ptz and Cu; clusters confirms the potential for
synthesizing new structures of functional materials using
tetrazole derivatives as ligands. Further research is currently
in progress.

Experimental Section

1: A solution of CuCl,-2 H,O (0.10 mmol) and 4-H-ptz (0.13 mmol) in
DMF (8 mL) was stirred for 15 min. It was then allowed to stand at
room temperature for several days, whereupon deep-blue, rhombus-
like crystals were formed in 61 % yield (based on 4-H-ptz). The solid
product was washed with deionized water and ethanol, and dried in
air. Elemental analysis (%) calcd for C;;Hs,Cl,Cu;N,;0,): C 33.27,
H4.31, N27.04; found: C33.59, H4.51, N 25.66. The formula
[Cu;Cl,(4-ptz),(H,0),] 3DMF-5H,0 was assigned by elemental
microanalysis, thermogravimetric analysis, and single-crystal X-ray
diffraction studies.™
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Metal Ions Play Different Roles in the
Third-Order Nonlinear Optical Properties of
d" Metal-Organic Clusters**

Hongwei Hou,* Yongli Wei, Yinglin Song, Liwei Mi,
Mingsheng Tang, Linke Li, and Yaoting Fan

Research into nonlinear optical (NLO) materials has become
increasingly intensive because of their potential applications
in optical fibers, data storage, optical computing, image
processing, optical switching, and optical limiting.!"! Thus, the
design and synthesis of new materials with large NLO
capability represents an active field in modern chemistry,
physics, and materials science.” Metal clusters are reported to
be excellent candidates for NLO materials® since they
involve dn—pm delocalized systems and dn—dm conjugated
systems.! These compounds have a large variety of structures
and diverse electronic properties that can be tuned by virtue
of the coordinated metal;®' thus the opportunity exists to tune
the NLO properties of metal complexes. Metal clusters can
also extend the m-conjugated length, which is one of the many
methods used to increase molecular NLO susceptibility
% values. Moreover, the NLO properties of metal clusters
can be enhanced by the introduction of metal—ligand and
ligand —metal charge-transfer states.®! Although many meth-
ods can be used to promote the NLO properties of metal
clusters, the origination of the NLO properties is the
delocalization of the m-electron cloud.” This delocalization
in metal clusters is mainly brought about by metal ions
constructing the skeleton and organic ligands fixing the
skeleton, thus both the metal ions and the organic ligands
should be important for the nonlinear optical properties of
the clusters. To the best of our knowledge, however, all studies
confirm that heavy-metal ions play very important roles on
the third-order NLO properties of metal clusters because
their incorporation introduces more sublevels into the energy
hierarchy, which permits more allowed electronic transitions
to take place and hence a larger NLO effect to be produced.™
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However, we believe that both metal ions and ligands affect
the NLO properties from their contribution to the delocal-
ization of the m-electron cloud. If metal ions make a greater
contribution than ligands, then the effect of the metal ions on
the NLO properties will be greater; however, ligands can also
make an important contribution to the NLO properties.

How do we investigate the contribution of metal ions and
ligands to the delocalization of the m-electron cloud? The
frontier molecular orbital corresponds to the delocalization of
the m-electron cloud, so we can understand the contribution
of metal ions and ligands to the delocalization of the m-
electron cloud by calculating their component of the frontier
molecular orbital. We can then deduce whether the metal ions
or ligands play more important roles in the NLO properties.
This approach has been utilized herein. We prepared 2,6-
dicarboxamido-2-pyridylpyridine (H,dcapp), the unique
crownlike cluster [Ag;,(dcapp),]-2(OH)-12H,0 (1), as well
as clusters [Zn,O(dcapp);]-6 H,O (2) and [Hg,(dcapp),] (3),
and studied their third-order NLO properties. We determined
by quantum chemical calculations the contribution the metal
ions and organic ligands make to the NLO properties and
found them to be consistent with the experimental results. In
addition, we found that the population of the triplet excited
state for nanosecond laser radiation is responsible for the
third-order nonlinear properties of these compounds.

The reaction of AgNO; with 0.5 equivalents of H,dcapp in
a mixture of THF, DMF (N,N-dimethylformamide), and H,O
leads to the formation of the light-yellow decanuclear cluster
[Agio(dcapp),]-2 (OH)-12H,0 (Figure 1).”! The main unit is a
decanuclear silver aggregate [Ago(dcapp),]*", which has a
crownlike architecture. The ten silver atoms are arranged in
two irregular tetrahedrons (Agl-AglA-Ag2-Ag2A and
AglB-AglC-Ag2B-Ag2C) and a distorted octahedron
(Ag2-Ag2A-Ag2B-Ag2C-Ag3-Ag3A). The two tetrahedrons
and the octahedron are connected by the two edges Ag2-
Ag2A and Ag2B-Ag2C. The edge lengths of the tetrahedra
are in the range 2.8329(16)-3.0259(9) A, and in the octahe-
dron the closest Ag--Ag contacts are found and range from
2.6521(9) to 2.9345(11) A. The Ag2-Ag3 distance
(2.6521(9) A) is much shorter than that in elemental silver
(2.88 A). The distances of 2.8329(16)-3.0259(9) A are com-
parable t02.88 A and twice the van der Waals radius for silver
atoms (3.44 A). We could calculate Wiberg bond orders!"" by
quantum chemical calculation and found that the Ag2—Ag3
bond order is 0.1354, thus indicating a strong metal-metal
bond between the Ag2 and Ag3 atoms, while other Ag—Ag
bond orders are in the range from 0.0847 to 0.0371, thus
suggesting the existence of further metal-metal bonds. In
addition, Wiberg bond orders of Ag—N range from 0.2329 to
0.3453 and the C—C bond orders are about 1.4.

There are three crystallographically distinct silver ions in
the decanuclear silver cluster [Ag;o(dcapp),]**. Agl ions are
located on both sides of the crown and are coordinated to
three nitrogen atoms and three Ag ions; Ag3 ions coordinate
with two N atoms and further bond to four Ag2ions; and
Ag2 ions are surrounded by two N atoms and six Ag ions.
Each ligand surrounds the silver ions in a helical conforma-
tion and functions as a pentadentate building block, in which
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Figure 1. a) Crystal structure of the decanuclear cluster [Ag,,(dcapp).]
-2 (OH)-12H,0 (1). Ag atoms are shown as green, yellow, and pink
spheres; O red, N blue, C gray, H white. b) Arrangement of the

10 silver atoms.

N1, N3, N4, and N5 are monocoordinated to a silver center,
while N2 acts as a u, donor.

The colorless tetranuclear cluster 2 was prepared from
H,dcapp and Zn(OAc),"6 H,0.”! The arrangement of the zinc
ions and the bridging modes of the dcapp®~ ligands are shown
in Figure 2. The cluster consists of three dcapp®~ and four zinc
ions and a central oxygen atom. Five N atoms of each ligand
coordinate to three Zn ions. The four Zn—O,,, bond lengths
are almost equivalent, and the Zn-O,,-Zn bond angle (av)
is 109.4°. The Zn,0% core is an almost perfect tetrahedron,
with Zn--Zn separations ranging from 3.117 to 3.240 A, which
is consistent with tetrazinc carbamato complexes having a
Zn,0% core."'! Wiberg bond orders of Zn—Zn are about 0.01,
thus showing the presence of a weak Zn—Z7n metal bond. The
corresponding Wiberg bond orders of Zn—O and Zn—N are
about 0.38 and 0.26, respectively. The Zn,O% cluster ion plays
an important role in metal organic frameworks (MOFs),
which are novel microporous materials that show potential
applications in catalysis, gas storage, and molecular recog-
nition.?

The reaction of H,dcapp with Hg(OAc),2H,O leads to
colorless block crystals [Hg,(dcapp),] (3, Figure 3).’7 The
Hg(1)--Hg(2) distance is 3.157 A, which is comparable to
twice the van der Waals radius of Hg atoms (3.10 A). The
Wiberg bond order of Hg(1)—Hg(2) is 0.0106, thus indicating

Angew. Chem. Int. Ed. 2005, 44, 60676074
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Figure 2. The structure of cluster [Zn,O(dcapp);]-6 H,O (2). Zn pale
blue spheres; O red, N blue, C gray, H white.

Figure 3. The molecular structure of [Hg,(dcapp),] (3). Hg purple
spheres; O red, N blue, C gray, H white.

a weak interaction between the two Hg ions. The correspond-
ing Wiberg bond orders of Hg—N are about 0.52. There are
few reports of polynuclear Hg complexes™ apart from
organomercury compounds.'¥ The two dcapp?~ ligands wrap
helically around the two Hg centers, with the length of the
double helix being 3.157 A.

The third-order NLO properties of 1-3 and H,dcapp were
investigated with laser pulses of wavelength 532 nm and
duration 8 ns by a Z-scan experiment in DMF solution. The
results show that cluster 1 exhibits both very strong NLO
absorptive and refractive effects, while H,dcapp as well as
clusters 2 and 3 show weaker NLO absorption and strong
NLO refractive behavior. The linear absorption spectra of
H,dcapp and 1-3 in DMF are shown in Figure 4. The
absorption of the ground state is low in the visible and near-
infrared wavelength region (>380 nm); the maxima of the
absorption bands for the ground state are 286 nm for
H,dcapp, 282 nm for 1, 311 nm for 2, and 296 nm for 3. The

Angew. Chem. Int. Ed. 2005, 44, 60676074
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Figure 4. The linear absorption spectra of H,dcapp, 1, 2, and 3, at
6.2x107%, 2.0x107%, 3.7x 10, and 4.8x 10 m, respectively, in DMF

wavelength of the laser light (532 nm) is within the non-
resonant absorption region.

The NLO absorption components were evaluated by a Z-
scan experiment using an open-aperture configuration.
Figure 5 depicts the NLO absorptive properties of 1 and
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Figure 5. NLO absorptive properties of a 4.1x107*m solution of [Ag;,-
(dcapp)4]-2 (OH)-12H,0 (1) in DMF. The black squares are the experi-
mental data, and the solid curve is the theoretical fit.”!

clearly illustrates that the absorption increases as the intensity
of the incident light rises, with light transmittance (7)) being a
function of the Z position of the samples. A reasonably good
fit between the experimental data and the theoretical curves
was obtained. This result suggests that the experimentally
detected NLO effects have an effective third-order character-
istic. It is clear that the theoretical curves qualitatively
reproduce the general pattern of the observed experimental
data." The nonlinear absorptive index g, is calculated to be
1.4x10" mW™! for a 4.1 x 10~*m solution in DMF.

The nonlinear refractive components were assessed by
dividing the normalized Z-scan data obtained under a closed-
aperture configuration by the normalized Z-scan data
obtained under the open-aperture configuration. Figure 6
depicts the nonlinear refractive effects of 1-3 and H,dcapp.
The valleys and peaks occur at equal distances from the focus.
These results are consistent with the notion that the observed
optical nonlinearity has an effective third-order dependence
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Figure 6. NLO refractive properties: a) [Agyo(dcapp)4]-2 (OH)-12H,0 (4.1x107*m) in DMF; b) [Zn,O(dcapp);]-6 H,O (7.5x107* M) in DMF;
c) [Hg,(dcapp),] (9.7x107*m) in DMF; d) H,dcapp (3.1x107m) in DMF. The black squares are the experimental data, and the solid curves are

the theoretical fit.

on the incident electromagnetic field."®! A reasonably good fit
between the experimental data (black squares) and the
theoretical curves (solid curves) was obtained.!"” The effec-
tive third-order refractive index n, of 1-3 and H,dcapp are
calculated to be 2.2x 1071, 1.2x 107!, 1.3x107", and 1.1 x
107" esu, respectively.

It is very interesting that the NLO properties of 1 are
completely different from those of 2, 3, and H,dcapp. Cluster
1 shows strong NLO absorption and refractive effects, but 2, 3,
and H,dcapp only show NLO refractive behavior and give the
same refractive index n, value. It can be seen from the results
that the Agions play very important roles in the NLO
behavior of 1, while the influence of the Zn and Hg ions to the
optical nonlinearity of 2 and 3 is very small, with the
dcapp”” ligands dominating the optical nonlinearity. The
reason for this difference cannot be explained by the heavy-
atom effect: the strength of the NLO properties can be
altered by the m-back-donation capacity of the metal ions to
the ligands, and the increased m-back-donation capacity of the
metal ions to the ligands may enhance the extension of the
electronic  system and improve the NLO properties.®!

It was reported that the NLO properties of m-conjugated
complexes originate from the delocalization of the m-electron
cloud.[” Since the delocalization corresponds to the frontier
molecular orbital, we can determine the contribution of the
Agt, Zn**, Hg*, and dcapp” ions to the NLO properties of
clusters 1-3 by molecular orbital theory. We have calculated
the frontier molecular orbitals of cluster skeletons [Ag,-
(dcapp)y]**, [Zn,O(dcapp)s], and [Hg,(dcapp),] by density
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functional theory (DFT) and Hartree-Fock (HF) calculations
using the LanL2MB basis set.'” It can be seen from Figure 7
that the frontier molecular orbitals of [Ag,(dcapp).]*',
namely HOMO-1, HOMO, LUMO, and LUMO +1, are
Ag*- and dcapp® -based orbitals (DFT/B3LYP 11.08, 5.01,
37.06, 80.84 %, respectively, and HF 6.13, 6.94, 63.96, 83.28 %,
respectively, for Ag*,): HOMO—1 and HOMO are primarily
dcapp®~-based orbitals, while LUMO + 1 is primarily an Ag*-
based orbital. The frontier molecular orbitals in [Zn,O-
(dcapp)s] (Figure 8) are primarily dcapp’-based orbitals
(DFT/B3LYP 0.92, 0.94, 1.80, 2.03 %, respectively, and HF
1.48, 1.24, 2.01, 2.22 %, respectively, for Zn**,), and the four
orbitals have barely any Zn?** character. In addition, the
frontier molecular orbitals in [Hg,(dcapp),] (Figure 9) are
also primarily dcapp® -based orbitals (DFT/B3LYP 1.48, 1.58,
1.58, 1.61 %, respectively, and HF 1.88, 1.79, 1.32, 7.50 %,
respectively, for Hg*,). It is usually found that the electron in
the highest occupied molecular orbital (HOMO) or the next
highest occupied molecular orbital (HOMO-1) is excited to
the lowest unoccupied molecular orbital (LUMO) or the next
lowest unoccupied molecular orbital (LUMO + 1) to give the
first excited singlet state S, or the first excited triplet state T;.
In general, the photochemical and photophysical properties
of compounds are governed by the first excited singlet state S,
and the first excited triplet state T}, thus the most important
frontier orbital is LUMO or LUMO + 1. Both the Ag*t and
dcapp® ions contribute to the LUMO and LUMO 41 of
[Ag;o(dcapp),])*t, while the LUMO and LUMO +1 of [Zn,O-
(dcapp);] and [Hg,(dcapp),] primarily have dcapp”~ charac-
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Figure 7. The frontier molecular orbital of [Ag;-
(dcapp),]*™: a) HOMO-1, b) HOMO, ¢) LUMO,
d) LUMO+1. Ag light blue, N dark blue, O red,
C gray, H white.

ter. Therefore, we can deduce that the NLO
properties of cluster 1 are controlled by the
Ag*' and dcapp® ions while in clusters 2
and 3 the Zn** and Hg’"ions have no
influence on the NLO properties, which are
dominated by the dcapp®” ligands. This
finding is consistent with the experimental
results: 2, 3, and H,dcapp show the same
NLO refractive behavior (self-focusing
effect) and also have the same refractive
index n, value, while 1 not only shows a
strong NLO refractive effect (self-focusing)
but also displays strong NLO absorptive
properties. It should be pointed out that
both the excited-state population (and
absorption) and the two-photon absorption
can be responsible for the measured NLO
effect.l') In addition, it can be seen from
Figure 7 that there are large dm—dm con-
jugated systems in the LUMO and
LUMO +1 of [Agy,(dcapp),]*" which can
enhance the molecular NLO properties.
The strong nonlinear absorption makes
cluster 1 an interesting case for an optical
limiting (OL) study. An ideal OL material

Angew. Chem. Int. Ed. 2005, 44, 60676074

Figure 8. The frontier molecular orbital of [Zn,O(dcapp)]: a) HOMO—1, b) HOMO, ¢) LUMO,

d) LUMO+1. Atoms colors as in Figure 2.
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should be able to respond quickly to
the incident light and become increas-
ingly opaque as the incident light
increases in intensity. Cluster 1 dis-
plays such an OL ability, but 2, 3, and
H,dcapp do not; they give weaker OL
effects. The optical limiting effect of 1
is depicted in Figure 10. The linear
transmittance is 70%. The light
energy transmitted starts to deviate
from Beer’s law as the intensity of the
input light reaches 0.03Jem™, and
the material becomes increasingly
less transparent as the intensity rises.
The optical limiting threshold, which
is defined as the incident intensity at
which the actual transmittance falls to
50% of the corresponding linear
transmittance, is 0.15Jcm™, with a
saturation intensity transmitted of
0.23 Jcm 2. Lower limiting thresholds
and saturation levels provide a
greater safety margin for device pro-
tection. It is interesting to compare
cluster 1 with other well-known opti-
cal limiting materials for nanosecond
pulsed radiation of 532 nm wave-
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Figure 9. The frontier molecular orbital of [Hg,(dcapp),]: a) HOMO—-1, b) HOMO, c) LUMO,

d) LUMO+1. Hg silver, N blue, O red, C gray, H white.
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Figure 10. Optical limiting effect of [Ag,o(dcapp),]-2 (OH)-12H,0
(4.1x107*m) in DMF.

length. The optical limiting threshold of 1 (0.15Jcm™) is
lower than that observed in Cy, and the octanuclear Ag cluster
[Agg(2,4,6-iPr;CsH,Se)s] "1 The lower limiting threshold
makes cluster 1 a very promising candidate for broadband
OL applications.

It should be pointed out that our measurement of the
transmitted pulse energy was conducted with a full collection
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of the transmitted pulse, and no aperture
was used. Therefore, the observed OL
originates from an NLO absorptive pro-
cess."! Most nanosecond OL perform-
ances, such as that of Cg, can be inter-
preted by the five-level (three singlet
states and two triplet states) model, and a
triplet—triplet transition has been identi-
fied as the main mechanism responsible
for nanosecond OL effects."! Ji etal.
developed a five-level model for metal
clusters: one ground state, one excited
singlet state, one ionized state, one first
excited triplet state, and one higher
excited triplet state. The initial absorp-
tion promotes molecules from the
ground to the excited singlet state, the
ionized state, and to the first excited
triplet state, and then further absorption
excites the molecules in the first excited
triplet state to the higher excited triplet
state. If the absorption cross-section of
the triplet state is greater than that of the
ground state, then the absorption
becomes stronger as the incident inten-
sity increases, which results in an OL
effect.'”]

To further study the third-order opti-
cal nonlinearity performance of 1-3, and
H,dcapp we investigated their NLO
properties with laser pulses of wave-
length 532 nm and duration 30 ps by the
closed-aperture Z-scan experiment in
DMF solution (Figure 11). We find from the data that the
closed-aperture Z-scan experimental curves of 1-3 and
H,dcapp in DMF solution are the same as that of the DMF
solvent for laser radiation of picosecond duration. Moreover,
the experimental curve (4 ) of H,dcapp at a higher concen-

1.6 O: DMF
] +1 H,dcapp (higher C)
T 1.4 § %il;lzdcapp (lower C)
] "N .
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Figure 11. The NLO properties of clusters 1, 2, 3, and H,dcapp
(3.4x107*,2.3x107%, 3.4x107* and 2.0x107m (or 9.3x 107> m),
respectively) in DMF solution, as well as DMF itself, with laser pulses
of wavelength 532 nm and duration 30 ps by the closed-aperture
Z-scan experiment.
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tration (9.3 x 10~°M) in DMF solution is the same as that (2)
of H,dcapp at lower concentration (2.0 x 107>m). Hence, we
believe that there exists no third-order optical nonlinearity
for 1-3 and H,dcapp with laser radiation of picosecond
duration. This result also shows that the population of the
singlet excited state cannot contribute to the third-order
optical nonlinearity performance of 1-3 and H,dcapp with
laser radiation of nanosecond duration. The third-order
nonlinearity performance results from the population of the
triplet excited state in nanosecond laser radiation. For
comparison, the closed-aperture Z-scan experiment of a
solution of C4 in toluene was also investigated with laser
pulses of wavelength 532 nm and 30 ps duration (Cy, gives
strong NLO properties; see Supporting Information). This
result illustrates that the NLO performance of Cy, is brought
about by the population of the singlet excited state and triplet
excited state in laser radiation of nanosecond duration, and it
is different from those of 1-3 and H,dcapp.

Experimental Section

H,dcapp: 2,6-Pyridyldicarboxylic acid (1.67 g, 10 mmol) was dis-
solved in SOCI, (20 mL). The resulting 2,6-pyridinedicarboxylic acid
chloride was dissolved in anhydrous pyridine (10 mL), and a solution
of 2-aminopyridine (1.90 g, 20 mmol) in pyridine was added dropwise
with stirring in an ice bath. Yield: 4.21 g (70%). IR (KBr): 7=1698,
1579, 1545, 1442, 1322, 999, 780 cm™'. Elemental analysis (%) calcd
for C;H;3N50,: C 63.95, H 4.08, N 21.94; found: C 63.14, H 451, N
21.81; "TH NMR (400 MHz, DMSO, 25°C, TMS): 6 =7.25 (quin, 2H;
C¢H,), 7.93 (hept, 2H; CH,), 8.31 (hept, 3H; C¢H,), 8.41 (d, 2H;
CeH,), 8.50 ppm (d, 2H; C;H,); ESI-MS: m/z: 319.9 [H,dcapp + H] ™.

1: The cluster was prepared by reaction of AgNO; (0.0169 g,
0.1 mmol) with H,dcapp (0.0161 g, 0.05 mmol) in a mixture of THF
(1 mL), water (1 mL), and DMF (4 mL). The reaction mixture
crystallized at room temperature on slow evaporation of the solvent
to give the desired decanuclear silver cluster as a light-yellow
crystalline solid. Yield: 63 %. IR (KBr): 7=1702, 1572, 1532, 1439,
1419, 1384, 1319, 1148, 774 cm™'. Elemental analysis (%) calcd for
CyH;5AgsN Oy C32.15, H 2.75, N 11.03; found: C 33.01, H 2.12, N
11.03.

2: A solution of H,dcapp (0.0161 g, 0.05 mmol) in DMF (5 mL)
was added to a solution of Zn(OAc),2H,0 (0.1 mmol, 0.0219 g) in
methanol (5 mL). The mixture solution was left to stand in the air at
room temperature for a week, which resulted in colorless crystals
suitable for X-ray diffraction analysis. Yield: 46%. IR (KBr): 7=
1616, 1578, 1556, 1477, 1434, 1381, 1312, 1160, 779 cm™'. Elemental
analysis (%) caled for C5H,sN;5O,3Zn,: C 45.76, H 3.36, N 15.70;
found: C 44.98, H 3.21, N 15.38.

3: Complex 3 was prepared in an analogous manner to that used
to prepare 2, except that Hg(OAc),x2H,0 was used instead of
Zn(OAc), x 2H,0. Yield: 40 %. IR (KBr): #=1630, 1581, 1460, 1433,
1385, 1355, 779cm™. Elemental analysis (%) calcd for
CyH,,Hg,N (O, C 39.47, H 2.13, N 13.54; found: C 38.95, H 2.00,
N 13.27.
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Four-Way-Branched DNA Connector**
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The programmed self-assembly of molecular building blocks
into desired structures is one of the most fascinating
challenges in the field of supramolecular chemistry, and the
basic methodology is also applicable for the creation of
nanoscale materials."~*! Double-stranded DNA is a promising
candidate for achieving the desired structural formation and
arrangement, because of the reliable molecular assembly
based on the base-pairing system and well-defined periodic
structure of the double helix DNA. Structurally controlled
crossover DNA motifs, called “DNA tiles”, have been used as
building blocks for creating one- and multi-dimensional
nanostructures.*”1 Recently, by utilizing these crossover
DNA molecules, extended structures such as tube structures
have been created."'”! Further extension of the design of
desired DNA structures could be achieved by employing
various chemically modified oligonucleotides.

Here we report a novel method for preparation of
structurally controlled DNA tubes by using a DNA tile
system” with the assistance of a four-way-branched DNA
connector. Branched DNA can assemble multiple double
helices by duplex formation.['!! In this study, we designed and
synthesized a DNA-porphyrin connector, Porph-(Tc), 1, in
which 10-mer DNA strands are connected to four spacers of a
tetraphenylporphyrin  derivative (Figure 1a). We also
employed the DNA tile system which can assemble two
planar DNA tiles (tile A and tile B) into two-dimensional
(2D) array structures by using the geometry of 2.5 helical
turns between two DNA tiles (Figure 1b and the upper part of
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Figure 1. The DNA-porphyrin connector and the DNA tiles system employed in
the experiment. a) Structure of the DNA—porphyrin conjugate, Porph-(Tc), 1.

b) The sequences of DNA tile A (green) and DNA tile BT (blue), which has an
extra single strand (orange sequence). The orange dot on tile B represents the
extra single strand. c) Two-dimensional DNA array prepared from the tiles A and
BT (top) and the three-dimensional DNA tube structure formed in the presence

of Porph-(Tc), 1 (bottom).

Figure 1¢)."1 The center strand of tile B has an extra 12-mer
single strand (T =tag strand) that has 10 bases as a recog-
nition sequence for hybridization with a complementary
DNA strand (Tc = complementary to the tag strand) and two
additional thymidines as a linker. We planned to assemble the
four BT tiles by using the DNA-porphyrin connector, which
captures and brings multiple B tiles together by hybridizing
with the extra tag strands of the B” tiles. The four neighboring
tiles constrained by the DNA-porphyrin connector could
then induce tube formation during assembly with the A tiles.
The length between the center of the porphyrin and the 5-end
of the DNA strand in the DNA—porphyrin connector is 7—
8 nm (Figure 1a), which could allow the alignment of the four
short axes of the B tiles side by side (total 16 nm) for A—BT”
array formation.

DNA-porphyrin conjugate 1 was synthesized by coupling
the tetramaleimide-linked tetraphenylporphyrin with a 3'-
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thiol-modified 10-mer DNA strand (Tc) that
is complementary to the tag strand of the
tile B" (see Supporting Information). Ten
DNA strands and Porph-(Tc), 1 were mixed
together and annealed from 95°C to room
temperature for 36 h in a buffer containing 2-
[4-(2-hydroxyethyl)-1-piperazinyl]ethanesul-
fonic acid (HEPES; pH 7.5), ethylenediami-
netetraacetate (EDTA), and Mg?*.['4

After complex formation, we observed the
DNA nanoscale structures by using atomic
force microscopy (AFM) in solution.!” In the
case of annealing with tiles A and B* only, 2D
DNA arrays were obtained which were sim-
ilar to those previously described with the A—
B array system (Figure 2a).*” By contrast,
with addition of 1/4th of an equivalent of
Porph-(Tc), 1 connector and annealing with
tiles A and B”, the large 2D structures were
not observed and fiber-like structures
appeared (Figure 2b), the lengths of which
reaching over 20 um. When 1/16th of an
equivalent of 1 was annealed with tiles A
and B”, we obtained a mixture of fibers and
the usual 2D arrays (see Supporting Informa-
tion). Thus, the formation of fiber structures
depended on the stoichiometry between the
tiles and Porph-(Tc), 1.

To characterize the detailed nanoscale
structures, we analyzed the surface of the
DNA fibers. A cross-section analysis of the
long axis of the DNA fiber structure reveals

Figure 2. AFM images of the DNA structures. a) Annealing with tiles A
and B". Image size: 8 x8 um” b) Annealing with tiles A and BT in the
presence of Porph-(Tc), 1. Image size: 8x8 um® Inset: Expanded
image of the DNA structure prepared from tiles A and B" with 1.
Image size: 500x 500 nm?. c) Cross-section analysis of the long axis of
the DNA structure shown in the inset of (b). Orange arrows represent
peaks of the periodical stripes. d) Cross-section analysis of the short
axis of the DNA structure shown in the inset of (b).
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that periodic stripes are observed on the surface of the fiber
(Figure 2c¢). The distance between two stripes was 29-34 nm,
which corresponds to the total length of the long axis of the A
and Btiles (32nm; Figure 1c). Therefore, these stripes
originated from the extra strand of tile BT. In the case of the
initial A-BT 2D array without the addition of the connector 1,
stripes were not clearly observed, because the extra single
strand (tag strand T) attached to the B tile was flexible (see
Supporting Information). In contrast, the A-B* 2D array,
which has hairpins on the 2D tile that work as topological
markers, showed clear stripes, because the stable hairpins are
oriented out of the plane of the 2D array as described
previously (see Supporting Information).l*” These suggest
that the strong stripe formation on the DNA fiber is induced
by duplex formation between the tag strand of the tile B" and
its complementary strand (Tc) of the connector 1. The
individual DNA fibers showed uniform width (approximately
55 nm) and height (5.2-5.6 nm; Figure 2d). The height of the
stripes was 0.3-0.8 nm. The analysis indicates that the height
of the DNA fiber structures is larger than the two layers of the
double helices. According to the cross-section analysis of the
DNA fiber (Figure 2b, inset), the center of the top surface is
slightly squashed by 0.2-0.3 nm as compared to both edges
(Figure 2d)."® From these observations, the DNA structures
observed here exhibited the features of DNA tube structures,
similar to those described in previous reports.%>5 We
conclude that the DNA structures obtained here are tube
structures. In the present study, the locations of the DNA-
porphyrin connectors in the DNA tube structures remain
unclear. Casual inspection of the AFM images gives the
impression that the DNA-porphyrin connectors are on the
outside of the tube structures. However, from thickness
measurements, we cannot exclude the possibility that they are
on the inside, the circumstance that is most likely to lead to
tube formation.

We also obtained DNA structures with a height lower
than the tubes, and these two structures were located on the
same DNA fibers (Figure 3a). We noted that in the detailed
images of these lower-height structures (Figure 3b), each
stripe on the DNA surface has two or three blocks of dotlike
structures, which were characterized by a cross-section
analysis of the stripes (red arrows in Figure 3d). Cross-
section analysis for the long axis revealed that the stripes were
separated by 29-34 nm (Figure 3 c), which corresponds to the
total length of the long axis of the A-BT tiles as described
previously. The height of the surface of the lower-height
structures was 2.7 nm (Figure 3d). The height of the stripes
was 0.3-1.0 nm, which is comparable to the stripes of the tube
structures shown in Figure 2. A high-resolution AFM image
of the DNA surface in the lower-height structures in a
different area is shown in Figure 3 e. Each stripe is separated
and the individual A tiles can be observed to be the same as
those of the A-B* arrays. In this lower-height section, the
visible part of the array contains seven A tiles and a similar
number of less well resolved BT tiles as repeating units.

To examine the difference between the tube and lower-
height structures, we analyzed the boundaries of these
structures on the same fiber (Figure 3a), and two interesting
features were observed: 1) The stripes in the tube and lower-
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Figure 3. AFM images of the DNA structures. a) Mixed area of normal
and lower-height DNA structures. Image size: 1x1 um? b) Expanded
image of the lower-height section. Image size: 300x300 nm?. c) and
d) Cross-section analysis of the lower-height area in Figure 3b for the
long (c) and short (d) axes. Orange arrows in (c) represent peaks of
the periodical stripes and red ones in (d) represent dotlike structures
on the stripe of the lower-height area. e) High-resolution AFM image
of the DNA nanostructure of the lower-height area. Image size:

200x 200 nm?.

height areas are successive without any gap. 2) The height of
the lower-height DNA structures is clearly changed to almost
half the height of the tube ones, and the width of the short axis
of the lower-height structures (ca. 65 nm) is always larger than
that of the tubes (ca. 55nm) on the successive DNA
structures. From these observations, we conclude that the
lower-height areas on the DNA fibers are incomplete tubes
with the height of single-layer duplexes, as described pre-
viously.®® 13!

We estimated the complex-formation process by using the
UV absorption change at 260 nm versus temperature. The
duplex formation of Porph-(Tc), 1 with its complementary
strand occurs at 46 °C, which is slightly higher than the initial
temperature of the A-B array formation (40-45°C). This
indicates that the complex formation between 1 and four
BT tiles precedes assembly of the A-B tiles, and then the
constrained BT tiles with 1 and the A tiles form some con-
strained array leading to the tube formation.

We have demonstrated a novel method for the prepara-
tion of DNA tubes, by using the A-B tile system and the four-
way-branched DNA connector which converts DNA arrays
into DNA tube structures. The DNA-porphyrin connector
clearly restricted the extension to the short axis of the tile,
while the long axis did not change as compared to that of the
usual A-B tile system. We expect that the DNA tubes
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prepared by using this method can be employed as nanoscale
scaffolds for the preparation of structurally defined materials
and devices.[>14
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Mechanism of the Initial Conformational
Transition of a Photomodulable Peptide**
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The ability to control the specific conformation of peptides or
proteins is highly desirable in the design of bioactive
materials,'! optical data storage devices,” or for triggering
the folding/unfolding of oligopeptide chains.** Conforma-
tional changes in macromolecules can be achieved by
incorporating a photoresponsive “monomer” into the mole-
cule backbone;"! such a monomer is capable of converting
light energy into a permanent change in geometry. This
approach is also seen in biological receptors®® where the
photoisomerization of organic chromophores is used to switch
between different conformations. One of the most prominent
examples of such switches is the protonated Schiff base (PSB)
of retinal found in rhodopsin proteins. This chromophore
undergoes a cis —all-trans photoisomerization that triggers a
conformational change of the native protein scaffold.!'*!!]
We recently concluded that synthetic PSBs may provide
suitable frameworks for the design of molecular switches or
motors.'” We demonstrated that 5-methyl-4-(5'-methyl-
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cyclopent-2'-enylidene)-3,4-dihydro-2H-pyrrolinium, 1 in
Scheme 1, a PSB featuring a “locked” backbone, satisfies
the criteria for an efficient switch.

Previous studies on the octapeptide (OP) H,N-Alal-

Cys2-Ala3-Thr4-Cys5-Asp6-Gly7-Phe§-COOH, derived
”8—H7—1—60H2 HQCﬁf\él—ﬁﬁ‘NH
oM S o ’ oM
MM MM

Phe8Gly7Asp6Cys5Thr4Ala3Cys2Alal

Scheme 1. Subsystems of cis-1-OP treated by quantum mechanics
(QM) and molecular mechanics (MM). Box (dotted lines) encloses 1.
Angles a, B, o', and B are discussed in the text.

from the thioredoxin reductase active site, revealed that this
chain can be conveniently used to prepare a bicyclic peptide
incorporating the azobenzene (Ab) photoisomerizable unit
and a disulfide bridge." In such a system light irradiation
may be used to permanently switch the conformation of the
peptide.

Herein, our target is to investigate the photoisomerization
mechanism of an analogue system, 1-OP in Scheme 1, where
Ab is replaced with the computationally tractable!™™ PSB unit
1. While in previous studies,”! which focused on longer
timescales, the photochemical step was treated empirically,
herein we show that the photoisomerization of cis-1-OP can
be characterized by the novel quantum mechanics/molecular
mechanics (QM/MM)!"*'3] strategy recently applied to rho-
dopsin® and featuring a CASPT2//CASSCF QM level (see
Experimental Section). To determine the intrinsic factors
driving the transmission of the photoinduced strain to the
peptide backbone we focus on gas-phase 1-OP. The results
indicate that while the switch starts to change immediately
after excited state (S;) population, the change of the peptide
moiety occurs only after decay to the ground state (S;). The
resolution of the structure of the conical intersection funnel
(CI) driving the S,—S, decay, allows the effect of the S,
energy surface on the initial Sy dynamics of 1-OP to be
explored. This effect is simulated at the QM level by running a
3ps ground state Car—Parrinello!"” molecular dynamics
(CPMD) trajectory.

Photoexcitation of cis-1-OP initiates the relaxation along
the S; energy surface (Figure 1), ultimately leading to a CI
located approximately 30 kcalmol™ lower in energy. The
deformation driving the reactant out of the Franck—Condon
(FC) region corresponds to a skeletal single-bond contraction
and double-bond expansion (the reactive C4—C1’ double
bond is lengthened to 1.48 A) coupled with an approximate 3°
increase of the C5-C4-C1'-C2’ torsion angle. Further evolu-
tion along the same coordinate, leads to a transition structure
(TS.,) located about 4 kcalmol™' higher than cis-1-OP.
Analysis of the TS, structure indicates that the corresponding
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Figure 1. Energy profiles along the paths describing the S, and S, relax-
ation. The structures (geometrical parameters in [A] and [°]) document
the progression of the molecular structure of 1 and related link
regions. The agreement between different computational methods is
also shown (for computational details see Experimental Section and
Supporting Information). o S; CASPT2//CASSCF/6-31G*/Amber, ® S,
CASPT2//CASSCF/6-31G*/Amber, m PBE/6-31G*; a CP plane-wave
PBE.

barrier is due to the steric repulsion between the hydrogen at
C3 and methyl group at C5'. The steric repulsion is decreased
by further twisting about the C4—Cl’ bond that drives the
system along a barrierless region of the S; path. Along this
region the stretching deformation of 1 decreases, the C4—-C1’
bond length stabilizes at 1.46 A, and the twisting about this
bond becomes dominant. The CI structure, located at the
bottom of the S, surface, features a central double bond
twisted by 89°.

Inspection of superimposed peptide backbones of the cis-
1-OP and CT structures (Figure 2) reveals that, despite the
difference in twist of unit 1 of approximately 75° in these two
structures, the peptide conformations are still remarkably
similar with a root-mean-square (rms) deviation of less than
0.6 A. Both conformations exhibit a right-handed helical
shape at Ala3 and an inverse y turn centered on Asp6.

To provide mechanistic insight into the ground-state
decay we have calculated the S, path departing from CI and
leading to the photoproduct (trans-1-OP; Figure 1). The S,
energy profile displays an approximately 0.9 kcalmol ' bar-
rier at 102° twisting, suggesting the presence of a restrain
force, attributed to initial peptide deformation. Further
progression along the isomerization coordinate induces a
limited change in energy up to 114° followed by a slope
leading to the trans-1-OP energy minimum (characterized by
a trans configuration of the switch).

Even though the superimposed peptide backbones of cis-
1-OP, CI, and photoproduct structures share a common
overall fold, trans-1-OP displays a more extended (stretched)
conformation. Rms deviation between the CI and trans-1-OP
peptide is about 1.5 A. Analysis of the standard dihedral
angles ¢ and ¥ along the backbone reveals that the helical
character of Ala3 in the product is less pronounced than in the
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Figure 2. Top: superposition of the cis-1-OP (red), Cl (blue), and trans-
1-OP (magenta) structures. Bottom: hydrogen-bond patterns of Cl and
trans-1-OP. The hydrogen bonds a—e are discussed in the text.

reactant. However, cis- and trans-1-OP differ mainly in the
orientation of the inner cycle formed by the disulfide bridge
between Cys2 and Cys5. In fact, the limited twisting of the
Cys2-S-S-CysS5 dihedral angle by about 25° is accompanied by
the reorientation of residues Asp6, Gly7, and Phe8 of the C-
terminal part of the peptide backbone.

The response of the peptide secondary structure to the
isomerization of 1 is described in terms of the changes in the
hydrogen-bond pattern (a-e, see Figure2). The results
suggest that on S; there is no change in the number or
location of the hydrogen bonds (three hydrogen bonds,
indicated as a, b, and c¢ in Figure 2, could be detected).
However, upon departure from the CI structure and relaxa-
tion on the S, energy surface, two new hydrogen bonds d and e
that run between the Thr4 carbonyl group and the N7-H
group of the link region and between the N*-H group of 1 and
the Ala3 carbonyl group are formed. Similarly, the hydrogen
bonds a and b between the Asp6 hydroxy and Phe8 carbonyl
groups and between the N7-H of the link group and the Ala3
carbonyl, respectively, are broken. The only hydrogen bond
that remains intact during both the S, and S, relaxations is ¢
between the N-H group of Gly7 and the carbonyl group of
CysS. The treatment of the hydrogen bonds between atoms
treated by QM and MM methods, has been validated by
comparing the QM/MM and the full PBE-functional opti-
mized structures of cis- and trans-1-OP. It is shown that by the
OM/MM methods the hydrogen bonds a, b, and d are less
than 0.04 A longer at the PBE level. A larger difference is
found for the bent hydrogen bond e that is 0.14 A longer
when computed at the PBE level.

The link regions between the switch 1 and the octapeptide
are made up of the -CH,-NH- and -CH,-CO- groups

Angew. Chem. Int. Ed. 2005, 44, 6077 -6081
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connected to carbon atoms C5 and C2', respectively (see
Scheme 1). Accordingly, the evolution of these links is
characterized in terms of the values of the angles a (C4-C5-
C6-N7) and 8 (C5-C6-N7-C8), and o (C1'-C2'-C6’-C7’) and p'
(C2-C6’-C7'-N8). It is apparent from Figure 1 that a and f
undergo a limited overall change (4+40° and —18°) with
respect to o and B’ (+ 133° and —145°). Since, these changes
provide information on the way the photoinduced torsional
strain is transmitted from the switch to the octapeptide, we
conclude that the strain is transmitted asymmetrically by the
two link regions. This behavior is easily related to the fact that
o and (3 are made stiffer by the involvement of the N7-H, C8=
O, and N*-H groups in the hydrogen-bond network. Notice
that the change of o and [’ along the S, path is very limited.
Thus, similar to the octapeptide chain, the link region changes
mainly during S, relaxation.

Information on the effect of the S, path on the early S,
relaxation dynamics including the relative timescales of the
leading molecular modes, are obtained through the analysis of
a 3 ps CPMD trajectory. As shown in Figure 1, both CPMD
(CP plane-wave PBE) and Gaussion98 PBE/6-31G* yield
energy profiles qualitatively close to the QM/MM one. The
largest discrepancies are found in the initial part of the path
where the density functional theory (DFT) curves show an
inflection. The consistency of DFT//CASSCF and CASPT2//
CASSCF S, energy profiles for PSBs has been previously
evaluated.™ The relaxation process of the chromophore is
monitored by the time evolution of the torsional deformation
and length of the C4—C1" bond. The relaxation of the peptide
is monitored by studying four hydrogen-bond lengths. Finally,
the evolution of the link region between the switch and the
peptide is studied by monitoring the o’ and 3" angles.

As shown in Figure 3 the relaxation of the switch is
characterized by coherent changes in torsional deformation

Figure 3. Time evolution of the C5-C4-C1’-C2’ dihedral angle [°] and
C4-C1’ bond length [A]. The arrows indicate the trans-1-OP values.

and bond lengths. In fact, both quantities approach the S,
equilibrium values in less than 0.5 ps. No back oscillation
towards the S; values is observed. On the other hand, the
change in the peptide secondary structure reported in
Figure 4 is consistent with a slower process (>3 ps). In fact,
although breaking of hydrogen bond a seems to occur on the
picosecond timescale, a large oscillation is observed which
continues up to 3 ps. An oscillatory behavior is also observed
for the switching in the hydrogen bonds b and d. After 1 psbis
broken while d is formed. However, after 2 ps these hydrogen
bonds are pushed back to their original positions, while at
2.5 ps a new inversion takes place. Remarkably, after 3.0 ps a,
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Figure 4. Evolution of the hydrogen bonds a, b, d, and e defined in
Figure 2. The arrows indicate the trans-1-OP values.

b, and d seem to have reached the final values of the S trans-
1-OP energy minimum. The behavior of hydrogen bond e is
different. Although initial relaxation promotes formation of
this (looser and bent) hydrogen bond just after 0.6 ps, the
bond breaks and remains substantially broken up to the end
of the simulation. This bond will require a longer time to
reach the predicted equilibrium value. A behavior that can be
associated to the bent geometry of e that features a N—H:--O
angle of 132°.

The dynamics of the link region is displayed in Figure 5.
There is a high correlation between angles o’ and {8’ all along

Figure 5. Time evolution of the link-region torsional angles o’ and f3'.
The arrows indicate the trans-1-OP values.

the simulation. They move according to a hula-twist motion (a
clockwise and counterclockwise twist about two adjacent
bonds) of the -CH,- unit of the link. This movement provides
a way to efficiently bend the linkage without introducing
angular strain. The trans-1-OP product values are reached in
less than 1 ps.

In conclusion, we describe the mechanism of photo-
induced strain transmission in a naked macrocyclic cation. (Of
course, owing to its effect on the hydrogen-bond stability and
formation, a protic solvent may substantially change the
mechanism and timescale of the relaxation. Solvent and
counterion effects on 1-OP are currently under investigation).
While the photoinduced conformational transition from cis-1-
OP to trans-1-OP involves a total rms deviation of 2.0 A, only
a fraction of this change occurs during the S, evolution, which
mainly features stretching relaxation and an approximately
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90° twisting of the switch unit 1. The documented S,
relaxation path indicates an ultrafast S;—S, decay dynamic
at room temperature. In fact, 1) there is only a small barrier
restraining the S; evolution and 2) a S,/S, conical intersection
provides a fully efficient S;—S, decay channel. These
conclusions are consistent with the behavior observed for
experimentally accessible Ab-peptide analogues®™? where
decay to S, occurs in under 1 ps. Our reaction path and
trajectory analysis indicate that the peptide relaxation occurs
entirely on S; on a much longer timescale. Indeed, while the
relaxation of the switch is substantially completed within
0.5 ps, the hydrogen bonds b, d, and e oscillate even after 2 ps
with e still broken after 3 ps. On the other hand, the
asymmetric relaxation of the link regions is found to occur
on an intermediate time scale (< 1 ps) indicating a sequential
(switch —link —peptide) mechanism for the transmission of
the strain generated by the switch. Loosely, these results are
consistent with ultrafast IR spectroscopy measurements on an
Ab-peptide analogue indicating that the photoinduced pep-
tide stretching dynamics (that is associated with the redis-
tribution of the strain) is completed in a time window between
6 and 20 ps.” Finally, notice that within the first half-
oscillation in Figure 4, the backbone changes described by
the trajectory and S, relaxation path of Figure 1 (i.e. the static
minimum energy path) are similar. Indeed, a transient
geometry close to trans-1-OP is generated and lost after
0.7 ps indicating that the path accelerates the system directly
towards the product structure.

Experimental Section

Computational Details: Our QM/MM implementation is based on a
hydrogen link-atom scheme with the frontier placed at the CO—C ,H
and NH—C_H bonds of Alal and Phe8, respectively (see Scheme 1).
The ab initio QM calculations are based on a CASSCF/6-31G* level.
The active space comprises the full 7 system of 1 (six electrons in six
 orbitals). For the MM part we use the Amber force field" with
standard or re-parameterized van der Waals potentials. CASSCF/6-
31G*/Amber geometry optimizations are carried out with the
GAUSSIAN98 (G98) and TINKER?! programs. To account for
dynamic electron correlation effects, re-evaluation of the energy of
the optimized structures was carried out at the multiconfigurational
second-order perturbation theory level using the CASPT2 imple-
mentation of MOLCAS-57? and a two-root state-averaged CASSCF
zeroth-order wavefuntion (CASPT2//CASSCF/6-31G*/Amber level).
The initial relaxation direction (IRD) method® was used to locate
the steepest-descent direction to be followed when computing the S;
(starting at cis-1-OP) and S, (starting at CI) branches of the reaction
path of Figure 1. To simulate the S, relaxation dynamics a single
CPMD trajectory starting at CI with zero initial velocities (the
sensitivity of the trajectory to a random distribution of velocities at CI
has been tested. o’ and " are found to be the most sensitive variables)
was calculated at the full QM level, using the PBE exchange-
correlation functional®! with a plane-wave basis set and ultrasoft
pseudopotentials.”?*) Additional single-point CPMD and G98 PBE/
6-31G* calculations were performed on the QM/MM §; branch to
check the consistency of DFT and QM/MM results. See Supporting
Information for further computational details.
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Cover Picture

Shun-ichi Ishiuchi, Makoto Sakai, Yuji Tsuchida, Akihiro Takeda,
Yasutake Kawashima, Masaaki Fujii,* Otto Dopfer,* and
Klaus Miiller-Dethlefs*

The intermolecular binding motif of the argon atom in a phenol---Ar dimer has been
monitored on the picosecond timescale by time-resolved UV-UV (pump)-IR(probe)
ionization depletion spectroscopy. The cover picture shows the dynamic process,
which involves a shift of the initially m-bound Ar atom to a hydrophilic, hydrogen-
bound site. For more details, see the Communication by M. Fujii, K. Miiller-Dethlefs,
and co-workers on page 6149 ff.

Odor Perception

Humans can distinguish more than 10000 odors. But how are these odors perceived
and processed in the brain? R. Axel and L. Buck describe their research on

page 6111 ff. and page 6128 ff., respectively, work for which they received the 2004
Nobel Prize for Medicine or Physiology.

Coordination Chains

In their Communication on page 6142 ff., T. Classen, S. Fabris, K. Kern, and co-
workers describe the templating effect of the Cu(110) surface on trimesitylic acid that
results in the formation of one-dimensional metal-organic coordination chains.

Metal Nanoparticles

Porous coordination polymers such as MOF-5 readily accept MOCVD precursors, and
the stored compounds are easily reduced to give the corresponding metal
nanoparticles, as described by R. Fischer et al. in their Communication on

page 6237 ff.
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The following Communications have been judged by at least two referees to be “very

important papers” and will be published online at www.angewandte.org soon:
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Hydrogel-Stamping of Arrays of Supported Lipid Bilayers with
Various Lipid Compositions for Screening of Drug-Membrane
and Protein-Membrane Interactions

Yoshitaka Ishibashi, Yuhki Bessho, Masahiro Yoshimura,
Masaki Tsukamoto, Masato Kitamura®

Origin of the Minor Enantiomeric Product in a Noyori
Asymmetric Hydrogenation

Holger Braunschweig,* Thomas Herbst, Daniela Rais, Fabian Seeler

Synthesis of Borirenes by Photochemical Borylene Transfer from
[(OC)sM=BN(SiMe;),] (M =Cr, Mo) to Alkynes

Meeting Reviews

ADHOC 2005 in Cologne: The Latest in Dioxygen Activation and
Homogeneous Catalytic Oxidation

Books

Books for the (Chemical) Senses

Reviews

Y. Andrew Yang, Huimeng Wu, K. R. Williams, Y. Charles Cao*
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Injection
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Two-Step Spin Conversion in a Cyanide-Bridged Ferrous Square

Sean F. Brady,* Jon Clardy
Cloning and Heterologous Expression of Isonitrile Biosynthetic
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A sense of occasion: Around 20 years after

the start of their pioneering studies on the

R. Axel* 6111-6127

function of the nose and brain in odor

perception, R. Axel and L. Buck have

Scents and Sensibility: A Molecular Logic
of Olfactory Perception (Nobel Lecture)

received the 2004 Nobel Prize for Medi-
cine or Physiology. The picture shows

schematically the coding of different

L. B. Buck* 6128-6140

olfactory bulb (OB).

Unraveling the Sense of Smell (Nobel
Lecture)

Communications

Coordination Chains

odors in the olfactory epithelium (OE) and

Line them up: Metal-organic chains (see

scanning tunneling microscopy image)

T. Classen,* G. Fratesi, G. Costantini,
S. Fabris,* F. L. Stadler, C. Kim,
S. de Gironcoli, S. Baroni,

K. Kern* 6142-6145

have been created in situ by self-orga-
nized growth at a metal surface under
ultrahigh vacuum. These 1D arrange-
ments of metal centers (Fe, Cu), regularly

spaced by organic linkers such as trime-

Templated Growth of Metal-Organic
Coordination Chains at Surfaces
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sitylic acid, open new possibilities for the
study of low-dimensional magnetism.
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Support for the direct route: That cyclo-
butenes are not necessary intermediates
in the skeletal rearrangement of enynes is
supported by DFT calculations and kinetic
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studies. Cyclobutenes may arise from
the corresponding syn-cyclopropylgold(1)
carbenes (see scheme).

That’s quite a switch! The ionization-
induced switch in the preferred intermo-
lecular binding motif of the phenol---Ar
interaction from m bonding to hydrogen
bonding (see picture) has been monitored
in real time by time-resolved picosecond
UV-UV-IR pump-probe spectroscopy. The
timescale for this prototypical intermole-
cular hydrophobic—hydrophilic (m1—H)
isomerization process (10 ps) has been
measured for the first time.

The liquid-solid transition: Automatic
assignment of solid-state NMR data as
well as fast and accurate calculation of the
structure of immobilized proteins at
atomic resolution can be achieved by
using the program SOLARIA (a modifica-
tion of the ARIA protocol). The picture
shows the lowest energy structures of the
a-spectrin SH3 domain calculated by
SOLARIA (blue) overlaid with the X-ray
crystal structure (red).

Caught in a barrel: AFM studies indicate
that the host—guest complexes formed
between B-barrel pores and polymer
blockers are pseudorotaxanes. The non-
statistical location of the contracted
supramolecular barrels on the polymers
indicates that the sticky polymer tem-
plates insert quickly into the 3 barrels (see
schematic representation) and then
undergo slow motion through the barrels.
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D-glucal is the starting point for the
efficient synthesis of the F—| fragment of
the gambieric acids (see scheme). The H-
ring diol was subjected to double two-
directional alkynyl ether formation, carbo-
cupration ring-closing metathesis, and

Cyclic pseudopeptidic thiosulfinates
reveal a new type of reaction that may be
important in biological systems. It
involves hydrolytic cleavage of the S(O)—S
bond on 1 followed by metalation to form

ArgP* X™
cat.Pd
R1/\ R1/\/Ar
L,PdA
Rz_B(OH)z M R2_AI'
R—= R—=—nr

The benzhydryl group is the key: Efficient
alkylation of 3-substituted aziridine-2-car-
boxylates is only possible with N-benzhy-
dryl-protected aziridines and occurs with
complete retention of the configuration at
the 2-position. Sequential catalytic asym-
metric aziridination and aziridine alkyla-
tion reactions have been applied to the
synthesis of BIRT-377 (see structure).

Angew. Chem. Int. Ed. 2005, 44, 6090—6099

hydroboration. The tricyclic G-I diol was
then converted into the F-| fragment by a
sequence that involves another double
two-directional ring-closing metathesis
reaction.

a dissymmetrical Co" complex with a

mixed diamidato-N, thiolato-S, sulfinato-S
donor set in 2 that is related to the nitrile
hydratase active site.

Highly efficient: Tetraarylphosphonium
halides, Ar,P*X", as arylating reagents
efficiently deliver an aryl group in Pd-
catalyzed reactions with olefins, organo-
boron compounds, and terminal alkynes
(see scheme).
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BIRT-377
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Rapid Two-Directional Synthesis of the F—
Fragment of the Gambieric Acids by
Iterative Double Ring-Closing Metathesis

Enzyme Modeling
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M. Giorgi, I. Artaud* _____ 6162—-6165

Direct Synthesis of a Thiolato-S and
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Arylating Reagents in Pd-Catalyzed Heck
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Synthetic Methods
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C-C Coupling Reactions
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General Catalysts for the Suzuki—Miyaura
and Sonogashira Coupling Reactions of
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Water
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Dynamic Kinetic Resolution of
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High Thermal Stability Imparted by a
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Synthetic Methods
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Tin-Free Radical Carbonylation: Thiol
Ester Synthesis Using Alkyl Allyl Sulfone
Precursors, Phenyl Benzenethiosulfonate,
and CO

www.angewandte.org

Amphiphilic phosphine ligands (see
structures; Cy =cyclohexyl) were prepared
and utilized in palladium-catalyzed
Suzuki—Miyaura and Sonogashira cou-
pling reactions in water or water/organic
biphasic solvents, providing excellent
yields of functionalized biaryls and aryl
alkynes, respectively.

eupomatilone-3

® (2,
PCy, iPr ni:ry2
MeO ‘ OMe O
SO;3N
sha SO,Na
for Suzuki-Miyaura for Sonogashira
couplings couplings

Only six steps were needed for the total
synthesis of eupomatilone-3 in 48 %
overall yield thanks to the development of
a dynamic kinetic resolution that allowed
the reductive conversion of a racemic a,f3-
unsaturated butenolide in high yield and
high enantiomeric and diastereomeric
excess. This copper-catalyzed dynamic
kinetic resolution was then applied to
several y-aryl-containing a,f-unsaturated
butenolides.

Let’s twist again: A cation—m interaction
between Trp and Arg is designed at the
interface between two a helices of a
coiled-coil structure and stabilizes the
structure more than Glu and Lys ion-pair
interactions. Two or three Trp—Arg sets
form an extended array of interactions
(see picture) and increase the melting
temperature of the peptide.

e}

F . PhsO,sPh +CcO — A0 SO,Ph
RSOz ¥ 2 heptane, 100 °C RJ\SPh+ A + S0

Remove contents from tin ... Thiol esters
have been successfully synthesized
through tin-free radical carbonylation (see
scheme; V-40 =initiator). This approach

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

can be further extended to sequential
radical reactions involving cyclization,
carbonylation, and trapping of acyl radi-
cals by phenyl benzenethiosulfonate.

Angew. Chem. Int. Ed. 2005, 44, 6090 —6099
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A fine pair: Excellent levels of regio-, endo/
exo-, diastereo-, and/or enantioselectivity
are attained in the Cu-catalyzed cycload-

dition of nitrones with o’-hydroxy enones

The direct generation of boryl enamine 2
by radical addition to the chiral a,f-
unsaturated oxime ether 1 (X=(1R)-
camphorsultam, Bn=benzyl) followed by
reaction with aldehydes gave rise to a

Angew. Chem. Int. Ed. 2005, 44, 6090—6099

(see scheme). The resulting adducts can
be further elaborated to the correspond-
ing isoxazolidines bearing aldehyde,
ketone, and carboxylic acid functions.

tandem carbon—carbon bond-forming
method, yielding lactones 3. The result is
a novel asymmetric synthesis of y-butyro-
lactones and y-amino acids by way of both
a radical and an ionic process.

A new and effective use of hypervalent
iodine(i11) reagents as catalysts involves
the transformation of iodoarenes 1 into
hypervalent iodine(i11) species 2 with
meta-chloroperbenzoic acid (mCPBA) as
the appropriate cooxidant. With observed
turnover numbers greater than 70, this
procedure paves the way for broader
application of these useful oxidants in
organic synthesis.

Methylation or phosphenium insertion
reactions with cyclopolyphosphines
(PtBu); or (PCy), (Cy=cyclohexyl) are
presented as stereospecific and high-
yielding preparative approaches to cyclo-
polyphosphinophosphonium cations. The
cations [ (PtBu);Me]™, [(PCy),Me]*, and
[(PtBu);PMe,]* (see picture; P orange,

C gray) are prepared as trifluoromethane-
sulfonate salts and represent key
frameworks in fundamental catena-phos-
phorus chemistry.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Single-Molecule Studies of Electronic
Energy Transfer in a Diblock Conjugated
Polymer

DNA Cleavage

M. Roginskaya, Y. Razskazovskiy,
W. A. Bernhard* 6210-6213

2-Deoxyribonolactone Lesions in
X-ray-Irradiated DNA: Quantitative
Determination by Catalytic 5-Methylene-
2-furanone Release
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A reflection on neptunium absorption:
The absorption spectrum of Np" around
980 nm originates from a 5f—5f electric-
dipole transition, which is allowed if the
Np" ion lies in a coordination environ-
ment that lacks a center of inversion, such
as in [NpO,(H,0);]*. However, the tran-
sition is completely forbidden by
Laporte’s rule in the highly symmetrical
Np" diamide complex [NpO,(L),]* (see
structure; Np green, O red, N blue,

C gray).

High-valent imido complexes are
obtained by reaction of the manganese-
(111) corrole [Mn(tpfc)] with aryl azides by
a novel reaction mechanism in which
singlet nitrene undergoes intersystem

Torn genes: DNA tetramers containing the
2-deoxyribonolactone (dL) lesion have
been isolated by HPLC from d(CGCG) and
d(pCGCQ) films irradiated with X-rays.
Upon treatment with spermine as a

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

crossing to the triplet state, which is
trapped by the metal corrole, in competi-
tion with dimerization to the azo com-
pound (see scheme).

Energy transfer at the interface of two
dissimilar conjugated polymer chains (see
picture; DMOS = 2-dimethyloctylsilyl-p-
phenylenevinylene; MEH =2-methoxy-5-
(2'-ethylhexyloxy)-p-phenylenevinylene)
has been studied using single-molecule
spectroscopy. Morphological features
control energy-transfer processes between
the blocks and lead to strongly hetero-
geneous efficiencies of energy transfer.

catalyst, the dL-containing tetramers
decompose to 5-methylene-2-furanone (5-
MF; see scheme), a characteristic product
of dL decomposition. Hence, 5-MP can be
used to quantify dL lesions in DNA.

Angew. Chem. Int. Ed. 2005, 44, 6090 —6099
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No metal required: A protocol for the
enantioselective organocatalytic chlorina-
tion of cyclic and acyclic -keto esters and
cyclic B-diketones has been developed
which is also effective for the asymmetric

Under control: Lewis acids induce an
unexpected rearrangement of 1,3-dioxola-
nyl-substituted 1,2-oxazines to provide
bicyclic compounds in a stereocontrolled

Angew. Chem. Int. Ed. 2005, 44, 6090—6099

Very low loading and short reaction times
are characteristic features of the quanti-
tative reduction of different ketones using
2-propanol and terdentate [RuX(CNN)-
(dppb)] (X=H, CI (see structure);
dppb = Ph,P(CH,),PPh,) complexes pre-
pared from 6-(4"-methylphenyl)-2-pyridyl-
methylamine. The reduction apparently
takes place by reversible insertion of the
substrate into the Ru—H bond, thus
leading to a Ru'" alkoxide.

bromination of -keto esters. The metho-
dology employs an inexpensive organo-
catalyst (e.g. benzoylquinidine) and poly-
halogenated quinolinones as the source of
the halogen (see scheme).

The dual in the crown: The same com-
pound can adopt two different, non-
equilibrium tautomeric structures. This
unique structural dualism is demonstra-
ted by the isolation of pure tautomeric
pairs, 7-RR'NH-7,8,9-C;BgH, (zwitter-
ionic) and 7-RR'N-7,8,9-C;B;H,; (neutral)
(where R,R"=H or alkyls, see scheme,
PNT = proton nontransferring, PT = pro-
ton transferring) in the tricarbollide series.

NH,

manner. They are precursors for enantio-
pure carbohydrate mimetics containing 3-
aminotetrahydropyran or 4-aminooxepane
substructures (see scheme; Bn=benzyl).

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Sultones swing again: The first total
syntheses of the title antibiotics (see
scheme) were achieved by application of
sultone methodology. Since the final lac-
tonizations with formation of the ester
linkage between C1’ and the oxygen sub-

The phosphane unit is deprotonated in the
reaction of dialkylzinc with H,PSitBu; and
(thf),Ba[N(SiMe;),], to give the title com-
pound (molecular structure shown),
which has a coordinatively unsaturated
barium center. In the absence of excess
THF, the zinc-bound alkyl groups are
activated by formation of Ba-Cg-Zn three-
center bonds.

Precursors and particles captured in a net:
Porous coordination polymers such as
MOF-5 are efficient gas storage devices
and are also able to absorb metal organic
chemical vapor deposition (MOCVD)
precursors (see picture, red: [(n*
CsHs)Pd(m*-C;Hs)]). These incorporated
compounds are easily reduced to give the
corresponding metal nanoparticles.
Applications in heterogeneous catalysis,
for instance, methanol synthesis or
hydrogenation, are described.

Plenty of phosphorus: The first Cu' oligo-
phosphanido complex [Cu,(P4Ph,),-
(PCyps)s] (1; Cyp =cyclo-CsHy), synthe-
sized from [CuCl(PCyp;),] and [Na,(thf),
(P4Ph,)], displays a remarkable cage
structure in the solid state. The central
Cu,P; core of 1 (with appendant phos-
phane P atoms) is shown in the picture.

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

R = Me:
R=Et:

pamamycin-621A
pamamycin-635B

stituent on C8 proceeded with complete
epimerization at C2’, the more readily
available C2’ epimeric smaller fragments
could be used for streamlining the syn-
thetic sequence.

Angew. Chem. Int. Ed. 2005, 44, 6090 —6099
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Corrigendum

New results have revealed that some
values given in this original contribution
are incorrect. The determined cloud point
of polymer 5 does not lie over 95°C as
originally reported, but is actually 17°C.
The previously observed high optical
transparency of a dispersion of polymer 5
was a result of the very small particle size
that resulted from ultrasonic treatment. In
light of this new result, the data for
cyclodextrin-free polymer 5 presented in
Table 1 and Figures 1, 2, and 3 are incor-
rect. In Table 1, the LCST value of polymer
5 of >95°C should be replaced by 17°C,

Angew. Chem. Int. Ed. 2005, 44, 6090—6099

while the monomer ratio (n/m) for poly-
mers 5 and 6 should now read as 20:1
instead of 1:20. In Figures 1 and 3, the
plotted data for polymer 5 in the absence
of cyclodextrin should be replaced by a
function which shows a turbidity point at
17°C. In Figure 2, the LCST value of
>95°C should be corrected to 17°C. In
the text, all passages that refer to the
cloud point of cyclodextrin-free polymer 5
are incorrect. However, all the other
presented data as well as the conclusion
remain valid.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ADHOC 2005 in Cologne:

The Latest in Dioxygen Activation
and Homogeneous Catalytic
Oxidation**

Christian Limberg*

The selective functionalization of hydro-
carbons is one of the most important
challenges of chemistry and is of great
interest for the purposes of basic
research and technology. Homogeneous,
heterogeneous, and enzymatic processes
are being pursued worldwide as poten-
tial solutions to this problem. The mech-
anisms of oxidation reactions remain
among the most puzzling issues in
chemistry. To gain better insight, model
systems with well-defined active sites
are being developed, while with the aid
of kinetic measurements, sophisticated
isotope-labeling experiments, molecular
probes, and especially computational
chemistry, structure—activity relation-
ships can be discussed and current pro-
posed mechanisms can be either sup-
ported or rejected. Naturally, there is
an intense interest in new oxidation
reactions and catalysts as well as in
novel applications of oxidation chemis-
try. All of this was the subject of the
9th International Symposium of Activa-
tion of Dioxygen and Homogeneous
Catalytic Oxidation (ADHOC) in
Cologne, Germany, which was organ-
ized for over 200 participants from

[*] Prof. Dr. C. Limberg
Humboldt-Universitit zu Berlin
Institut fiir Chemie
Brook-Taylor-Strafe 2
12489 Berlin (Germany)
E-mail: Christian.limberg@chemie.
hu-berlin.de
[**] 9th International Symposium of Activation
of Dioxygen and Homogeneous Catalytic
Oxidation (ADHOC), July 25-29, 2005, in
Cologne, Germany.

industry and academia by Albrecht Ber-
kessel (University of Cologne) and Hen-
rique Teles (BASF, Germany).

The opening lecture was given by R.
Diercks (BASF, Germany) in which he
introduced industrially relevant oxida-
tion processes for the production of
base chemicals, explained some prob-
lems therein, and addressed the impor-
tance of catalyst and reactor design. It
was clearly pointed out that the use of
HNO; as an oxidizing agent is frowned
upon, as the nitrogen oxide byproducts
are frequently cited in the literature as
environmental hazards. However, the
coupling of industrial oxidations to
other processes (NO, recovery, N,O
decomposition) can effectively turn
HNO; into a “green” reagent. Remain-
ing N,O can also be an attractive
source of oxygen, as outlined in the
talk given by G.I. Panov (Boreskov
Institute, Novosibirsk, Russia). With
this reagent it is possible to oxidize ben-
zene to phenol and its derivatives, as
well as various olefins to carbonyl com-
pounds, and to carry out the chemical
modification of polymers such as poly-
butadiene.

New perspectives in the use of sin-
glet oxygen were also highlighted. It
has been known for some time that
Na,MoO, at appropriate pH values can
catalyze the disproportion of H,0O, to
give '0,. J-M. Aubry (ENSCL, Lille,
France) reported that [Mo(O,);0]*
represents the catalytically active spe-
cies. He introduced a method with
which the 'O, produced can be used
for “dark” oxygenations of hydrocar-
bons. A problem with this is the short
lifetime of 'O, in aqueous medium,
which opposes the oxidation of hydro-
phobic compounds. It is possible, how-
ever, to carry out peroxidations as a con-
tinuous process by using specially
designed multiphase microemulsions. P.
Alsters (DSM, The Netherlands) dis-
cussed the applications of this procedure

(0]
[ M H,0
O
oxidant
activation
0] -
/\ M=0 H,0,

Scheme 1.

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

and simultaneously presented a way to
solve the problem of parallel concurrent
activation of H,0, for epoxidations
(Scheme 1): the use of pure inorganic
compounds in heterogeneous phases.
Elsewhere, A. Griesbeck (University of
Cologne, Germany) described how 'O,,
with the aid of tetraarylporphyrin-
loaded polystyrene, can be used for
ene reactions, [4+2] cycloadditions, and
can make ordinary organocatalytic reac-
tions “chiral”.

Many contributions this year also
focused on natural approaches toward
oxygen activation. These include direct
investigations of metalloenzymes and
studies concerning for the use of bioca-
talysts, as well as the development of
biomimetic and bioinspired systems.
J.D. Lipscomb (University of Minne-
sota, USA) was able to show that in
soluble methane monooxygenase, the
formation of a complex between the reg-
ulatory protein MMOB and the active
component MMOH creates a very
narrow pore, through which only meth-
ane has access to the active site
(Scheme 2). This was proposed as one
reason for this enzyme’s high substrate
selectivity for methane. This under-
standing should facilitate mutagenesis
experiments designed to expand the oxi-
dation capacity of this enzyme. Further-
more, this represents the first time that
the dioxygenase mechanism could be
followed spectroscopically through sys-
tematic substrate variation.

Such non-heme-containing enzymes
were also the basis for the talk given
by L. Que, Jr. (University of Minnesota,
USA). He reported molecular models
that catalyze the H,0,-mediated oxida-
tion of olefins through a nonradical
mechanism. The results of isotope-label-
ing experiments with these systems have
led him to conclude that the active spe-

cies bears an O=FeY-OH unit
(Scheme 3).
< '0, H,0
H

oxidant

transformation

H202

OOH

Angew. Chem. Int. Ed. 2005, 44, 6102 —6104



Scheme 2.

A dioxygenase reaction intermedi-
ate inspired T.D.P. Stack (Stanford
University, USA) to employ single-
core Fe and Mn complexes to catalyze
the epoxidation of terminal olefins
with peracids. A group of Mn complexes
has proven itself especially active and
selective, and its heterogenization by
binding to silica gel adds to its list of
advantages. W. Kroutil (University of
Graz, Austria) was able to show that a
dehydrogenase from  Rhodococcus
ruber, which is stable in organic solvents,
can carry out highly stereoselective alco-
hol oxidations. It differentiates between
not only R and S stereocenters, but also
primary and secondary alcohols (intra-
molecular as well).

Many newly developed systems use
Pd catalysts in combination with O,.
The prime example for such systems,
namely the Wacker process, occasion-
ally served as a source of ideas. S.S.
Stahl (University of Wisconsin, Madi-
son, USA) discussed an aza-Wacker
process, which gives rise to enamines,
and M. S. Sigman (University of Utah,
USA) reported the dialkoxylation of
olefins. Alcohol oxidations can also be
carried out in aqueous media with
water-soluble catalysts, as described by
I. W. C. E. Arends (TU Delft, The Neth-
erlands). D. De Vos (University of

Scheme 3. Tf=trifluoromethylsulfonyl.

Angew. Chem. Int. Ed. 2005, 44, 6102 — 6104

Leuven, Belgium) introduced a new
procedure for the alkenylation of aro-
matic compounds, the mechanism of
which was also studied in detail. Fur-
thermore, he discussed the application
of immobilized tungstate catalysts with
haloperoxidase activity: these effect
the oxidation of bromide to bromonium
ions, which in turn, can be reactive
under nonacidic conditions with olefins
and aromatic compounds. M. S. Sanford
(University of Michigan, USA) dealt
with ligand-directed oxidations of C—H
bonds, and in the process of investiga-
tions with the oxidizing agent Phl-
(OAc), she successfully isolated and
characterized a Pd' intermediate. The
relevance of the +4 oxidation state in
Pd-catalyzed reactions has been the sub-
ject of controversy for some time, and
here could be some initial evidence
that such compounds actually do exist

(Scheme 4).
The “slow-burners” of oxidation cat-
alysis are the polyoxometallates

(POMs), for instance, as ligands for
other transition-metal oxo units, which
then become active as the oxidant. M.
Bonchio (University of Padova, Italy)
reported the synthesis of POM-Ru and
POM-Fe complexes, which -catalyze
reactions with O, upon microwave irra-
diation. POMs can also exhibit interest-

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

Angewandte

T =
,,,,,, o N~ PhioAc), SR, Lo N
| Soac

OAc

Scheme 4.

ing chemistry in combination with noble
metals. Not long ago, M=O compounds
of late transition metals were unknown,
as their d electrons occupy the st* orbi-
tals of the M=O bond. The latter, how-
ever, are clearly stabilized by POM
ligands; their use, as described by C. L.
Hill (Emory University, Atlanta,
USA), had recently allowed the isola-
tion and characterization of the first
Pd=O complex, and now he reported
KoNa,[(O=PdV-OH)WO(OH,)L,] (L=
[PW,05,]°"). Furthermore, there is evi-
dence for the first O=Au complexes,
which can be produced by oxidation in
air (Scheme 5).

Scheme 5. Blue circle right: K*

The talk given by R. Neumann
(Weizmann Institute, Israel) made it
clear just how broad the range of
POM-transition-metal-catalyzed oxida-
tion reactions really is. Interestingly,
with substrate-immobilized dipyrimidyl-
platinum—-POM  hybrid compounds,
even the catalytic oxidation of methane
with O, in water was achieved, whereby
methanol and acetaldehyde are formed,
the mechanism of the surprising forma-
tion of CH;C(O)H is currently investi-
gated. Altogether, there is still great
interest in the oxidation of methane,
the simplest natural yet most resistant
source of C; hydrocarbons. After a
mechanistic discussion of proton-cou-
pled electron transfer, J. M. Mayer (Uni-
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versity of Washington, Seattle, USA)
first introduced results of his investiga-
tion of the reaction of OsO, with H,
and subsequently described initial
results of the extension of this work
toward methane as a substrate. R. A.
Periana (USC, Los Angeles, USA)
reported the use of CH, to generate
acetic acid in the metal-catalyzed oxida-
tion with O, as well as the first efforts
toward the establishment of a catalytic
cycle for the O,- oxidation of hydrocar-
bons starting from Ir alkoxides.

A further important area of oxida-
tion chemistry (especially within the
detergent industry) is bleaching cataly-
sis, to which an entire section of lectures
was devoted. There is great interest in
the development of active metal cata-
lysts, and the most prominent represen-
tative of these is [(Mestacn)Mn(p-
0O);Mn(Mestacn)]** (tacn = 1,3,7-triaza-
cyclononane). The talk given by J. R.
Lindsay-Smith (University of York,
UK) dealt with mechanistic investiga-
tions of this system, and R. Hage (Unile-
ver, UK) introduced the general devel-
opment of metal-mediated bleaching.
The lecture given by G. Reinhardt (Clar-
iant, Germany) made it clear that there
is not, and never will be a panacea for
the bleaching industry. Additional talks
on this subject were given by G. Miracle
(P&G, USA) and J. J. Dannacher (Uni-
versity of Basel, Switzerland).

Efficient systems for the oxidation of
prochiral thioethers to enantiomerically
pure sulfoxides were introduced by
R.F. W. Jackson (University of Shef-
field, UK) und C. Bolm (RWTH
Aachen, Germany). Through systematic
variation of the ligand, metal, and addi-
tives, enantiomeric excesses of up to
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99.5% could be reached, making the
procedure suitable for the synthesis of
biologically active compounds. Y. Shi
(CSU, Fort Collins, USA) reported
equally impressive ee values and yields
in his investigation of organocatalyzed
epoxidations. His research group suc-
ceeded in finding chiral ketone catalysts,
which are converted in situ by an exter-
nal oxidant into dioxiranes, which in
turn, effect an enantioselective oxygen
transfer to olefin substrates. M. Beller
(Leibniz Institute for Organic Catalysis
(IFOK), Rostock, Germany) presented
a novel chiral pyridine bisimidazoline
ligand system, in which Ru complexes
in conjunction with pyridine dicarbox-
ylic acid give the highest reported ee val-
ues for a transition-metal-mediated
epoxidation with H,O,. The talk by L.
Hermans (University of Leuven, Bel-
gium) gave rise to controversial discus-
sions, as it dealt with autoxidation of
hydrocarbons. The validity of the con-
ventionally  accepted  mechanistic
model of alcohol and ketone formation,
was put into question based on current
experimental and theoretical data; a
new proposal was presented in which
cyclohexylperoxyl radicals, for example,
do not abstract hydrogen atoms from cy-
clohexane, but instead from cyclohexyl-
hydroperoxide (—ketone).

There were many other interesting
talks regarding mechanistic and prepa-
rative aspects of oxidation catalysts the
discussion of which would significantly
expand the scope of this report [A.
Llobet (University of Barcelona,
Spain), Y. Naruta (Kyushu University,
Fukuoka, Japan), T. Geller (Bayer
CropScience, Germany), J.P. Roth
(Johns Hopkins University, Baltimore,
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USA), W.R. Thiel (University of Kai-
serslautern, Germany), T. Funabiki
(Doshisha University, Japan), C. Punta
(University of Milan, Italy), I. Wein-
stock (City College New York, USA),
Z. Gross (Technion, Haifa, Israel), C.
Limberg (HU Berlin, Germany)]. The
closing talk was given by R. A. Sheldon
(TU Delft, The Netherlands), in which
he discussed the imposing range of oxi-
dation reactions that can be catalyzed
by nitroxyl radicals.

Overall, the conference demon-
strated that through the intense efforts
of the past few years in the area of oxi-
dation chemistry, many breakthroughs
were made which, of course, have
given rise to new questions and chal-
lenges. Among these, for example, the
application of atmospheric oxygen for
the selective oxidation of hydrocarbons
remains an important goal. The mecha-
nistic understanding was broadened,
refined, and even renewed, and many
novel systems can be developed from
this. That oxidation chemistry—regard-
less of whether fundamental or technical
questions are examined—is, as always, a
very lively and rapidly developing
research area was demonstrated impres-
sively at ADHOC2005. The pro-
nounced emphasis on application was
underscored by the fact that this year’s
meeting was, for the first time, organized
jointly by both the industrial and aca-
demic spheres, and through the strong
participation and generous support of
industry (especially BASF).
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Biography pastrami in a local delicatessen. Vladimir, the Russian chef,

New York City is my world. I was born in Brooklyn, the
first child of immigrant parents whose education was dis-
rupted by the Nazi invasion of Poland. Although not
themselves learned, my parents shared a deep respect for
learning. I grew up in a home rich in warmth, but empty of
books, art, and music. My early life and education were
centered on the streets of Brooklyn. Stickball—baseball with
a pink ball and broom handle—and schoolyard basketball
were my culture. In stickball, a ball hit the distance to one
manhole cover was a single, and four manhole covers, a home
run, a “Nobel Prize”. My father was a tailor. My mother,
although quick and incisive, did not direct her mind to
intellectual pursuits and I had not even the remotest thought
of a career in academia. I was happy on the courts. In those
days, we worked at a relatively young age. At eleven, I was a
messenger, delivering false teeth to dentists. At twelve, I was
laying carpets, and at thirteen, I was serving corned beef and

Angew. Chem. Int. Ed. 2005, 44, 6111—6127

was the first to expose me to Shakespeare, which he recited as
we sliced cabbage heads for coleslaw.

My local high-school had the best basketball team in
Brooklyn, but the Principal of my grade school had a vision
different from my own and insisted that I attend Stuyvesant
High-School, far away in Manhattan. Stuyvesant High
advertised itself as a school for intellectually gifted boys but
had the worst basketball team in the city. I was unhappy about
the prospect of attending, for it seemed antithetical to my self-
image. Shortly after I entered, however, my world changed. I
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embraced the culture and aesthetics of Manhattan. The world
of art, books, and music opened before me and I devoured it.
In school, I heard bits of an opera for the first time. I
remember it distinctly, the Letter Duet from Mozart’s
Marriage of Figaro. The next night I attended Tannhauser at
the Metropolitan Opera and thus began a love affair,
bordering on an obsession, that has had no end. Twice a
week, I stood in line for standing room tickets at the
Metropolitan Opera where I was exposed to a cult of similarly
obsessed but far more knowledgeable afficionados who
taught me the intricate nuances of this rich genre. The great
Italian tenor, Franco Corelli, would serve us coffee as we
waited, and the diva, Joan Sutherland, would invite us
backstage.

On other days, I would read in a most beautifully
appointed place, the Reading Room of the Central New
York Public Library on 42nd Street. One passes the pair of
sculpted lions, ascends a flight of stairs into a huge high-
ceilinged room of impressive silence where I read incessantly
without direction but with a new-found fascination that made
up for years of illiteracy. I met a coterie of library dwellers,
men and women of New York, who spent all of their days in
the Reading Room. I did not know who they were or how they
came to be there, but they had an insight and understanding of
literature that amazed and still perplexes me, and they were
my teachers. This was New York for me, a city of the culturally
obsessed that opened up before me and framed my new
world.

To support a seemingly extravagant life for a young high-
school student, I worked. I used my skills as a waiter in a
delicatessen in Brooklyn, to wait tables in the cafes and
nightspots of Greenwich Village. In the sixties, the Village was
the home of the beat generation that, through music and
poetry and ultimately protest, translated discord into mean-
ingful changes in both America and the world. Stuyvesant
High School was on the fringe of Greenwich Village and some
of its teachers were artists, writers, and performers who fueled
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the politically fired student body, many the sons of Marxist
immigrants. With this array of artistic faculty, Stuyvesant
nourished my new and voracious appetite.

But old worlds die hard. I continued to play basketball in
high-school and this led to a most memorable and humbling
experience. I came onto the court as the starting center, and
the center on the opposing team from Power Memorial High
School lumbered out on the court, a lanky 7 foot 2 inch
sixteen year old. When I was first passed the ball, he put his
hands in front of my face, looked at me and asked, “What are
you going to do, Einstein?” I did rather little. He scored 54
points and I scored two. He was the young Lew Alcindor,
later known as Karim Abdul Jabar, who went on to be among
the greatest basketball legends, and I became a neurobiolo-
gist.

My decision to remain in New York and attend Columbia
College revealed the provincial but endearing quality of my
family. When I chose to accept a gracious scholarship offered
by Columbia, my father was disappointed. It was a well
known fact that the brightest children of Brooklyn immi-
grants attended City College. My freshman year at Columbia,
I lived with abandon. The opera, the arts, the freedom, the
protest left little time for study. In the first semester, I met a
student from Tennessee, Kevin Brownlee, who remains a dear
friend and is now a Professor of Medieval French at the
University of Pennsylvania. Brownlee urged me to redirect
this intensity to learning. The world of the arts will remain,
but my time at Columbia University was limited. Once again,
a new world opened before me. With Kevin as my guide, I
became a dedicated, even obsessed, student. My life was spent
in a small room lined with volumes of Keats’ poetry at the
Columbia Library and I immersed myself in my studies. The
study of literature at Columbia in the sixties was exciting in
the presence of the poet, Kenneth Koch, the critics, Lionel
Trilling, Moses Hadas, and Jacques Barzun. It was largely
chance, however, that led me to biology.

To support myself in college, I obtained a job washing
glassware in the laboratory of Bernard Weinstein, a Professor
of Medicine at Columbia University. Bernie was working on
the universality of the genetic code. The early sixties was a
time shortly after the elucidation of the structure of DNA and
the realization that DNA is the repository of all information
and from which all information flows. The genetic code had
just been deciphered and the central dogma was complete. I
was fascinated by the new molecular biology with its
enormous explanatory power. I was a terrible glassware
washer because I was far more interested in experiments than
dirty flasks. I was fired and was rehired as a Research
Assistant and Bernie spent endless hours patiently teaching
this scientifically naive, but intensely interested young
student. I was torn between literature and science. Dubious
about my literary ambitions and fascinated by molecular
biology, I decided to attend graduate school in genetics.

My plans were thwarted by an unfortunate war and to
assure deferment from the military, I found myself a
misplaced medical student at Johns Hopkins University
School of Medicine. I entered medical school by default. I
was a terrible medical student, pained by constant exposure to
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the suffering of the ill and thwarted in my desire to do
experiments. My clinical incompetence was immediately
recognized by the faculty and deans. I could rarely, if ever,
hear a heart murmur, never saw the retina, my glasses fell into
an abdominal incision and finally, I sewed a surgeon’s finger
to a patient upon suturing an incision. It was during this
period of incompetence and disinterest that I met another
extremely close friend, Frederick Kass, now a Professor of
Psychiatry at Columbia University. Fred was an unusual
medical student, a Texan with a degree in art history from
Harvard, who remains a kindred spirit.

It was a difficult time, but I was both nurtured and
protected by Howard Dintzis, Victor McCusick, and Julie
Krevins, three professors at Johns Hopkins who somehow saw
and respected my conflict. Without them, there is little
question that I would not have been tolerated but they urged
the deans to come up with a solution. I was allowed to
graduate medical school early with an MD if I promised never
to practice medicine on live patients. I returned to Columbia
as an intern in Pathology where I kept this promise by
performing autopsies. After a year in Pathology, I was asked
by Don King, the Chairman of Pathology, never to practice on
dead patients.

Finally, I was afforded the opportunity to pursue molec-
ular biology in earnest. I joined the laboratory of Sol
Spiegelman in the Department of Gentics at Columbia
University. Spiegelman was a short, incisive, witty man with
a tongue as sharp as his mind. Spiegelman was the first to
synthesize infectious RNA in vitro and this led to a series of
extremely interesting and clever experiments revealing Dar-
winian selection at the level of molecules in a test tube. Sol
recognized the importance of the early RNA world in the
evolution of life and had recently turned his laboratory to a
study of RNA tumor viruses. An immediate bond formed
between us, and Sol taught me how to think about science, to
identify important problems, and how to effect their solution.

Although I felt a growing confidence in my abilities in
molecular biology, I was naive in other areas of biology,
notably biophysics. Importantly, I had a sense early in my
career that my interest in biology was eclectic and that I
would need a concomitantly broad background to embrace
the different areas of biology without trepidation. I left to
begin a second postdoctoral fellowship at the National
Institutes of Health, working with Gary Felsenfeld on DNA
and chromatin structure. Since I entered medical school to
avoid the draft, I had a military obligation that was fulfilled by
my years at the NIH and was endearingly termed a “yellow
beret.” Gary was great, but the NIH was alien, a government
reservation with a fixed workday. As a night person, I found it
strange and at some level difficult since I arrived at noon after
all the parking spaces were occupied, left at midnight and
accumulated an increasing number of parking tickets. In the
midst of a molecular hybridization reaction, I was arrested by
two FBI agents (the NIH is a federal reservation) for 100
summonses for parking violations.

As a fellow in Felsenfeld’s lab studying how chromatin
serves to regulate gene expression, I formed close friendships
that continue to the present. On the beach at Cold Spring
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Harbor, I sat with Tom Maniatis and Harold Weintraub and
talked about chromosome replication and gene expression
and within a few hours a bond formed, a respect for one
another and for one another’s thinking, that has lasted for
thirty years. Hal, unfortunately, died ten years ago of a brain
tumor, but his warmth, his creativity persist.

Sol Spiegelman invited me to return to Columbia as an
Assistant Professor in 1974 at the Institute of Cancer
Research. I was ecstatic to occupy a lab and office adjacent
to his. Sol had many visitors in those years, and when he felt
bored in a meeting he would excuse himself and hide in my
office where we talked science until his visitors finally gave up
and left. I was studying the structure of genes in chromatin
and had the good fortune of participating in a revolution
made possible by recombinant DNA technology. I spent a
great deal of time with Tom Maniatis, who pioneered many of
the techniques in recombinant DNA. Tom left Harvard for
Caltech, because he was restricted from performing recombi-
nant DNA experiments in Cambridge, Massachusetts. We
learned how to cut and paste DNA, to isolate genes, and to
analyze their anatomy down to the last detail. We recognized
that to understand gene control and gene function, however,
required a functional assay. Within months of establishing my
own laboratory in 1974, Michael Wigler, my first graduate
student along with Sol Silverstein, a Professor at Columbia,
developed novel procedures that allowed DNA-mediated
transformation of mammalian cells. Michael, even at this very
early stage in his career, was conceptually and technically
masterful and within a few years he devised procedures that
permitted the introduction of virtually any gene into any cell
in culture. He developed a system that not only allowed for
the isolation of genes, but also for detailed analysis of how
they worked. We now had a facile assay to study the
sequences regulating gene expression as well as gene function.

Michael went off to the Cold Spring Harbor Laboratories
and, simultaneous with Bob Weinberg at MIT, identified the
mutant ras gene as the gene responsible for malignant
transformation in many cancer cells. My laboratory went off
in many directions, first identifying the regulatory sequences
responsible for control of specific gene expression. At the
same time, a research fellow, Dan Littman, now a Professor at
NYU, joined the lab and was interested in two molecules that
characterize the major classes of T cells. Dan, along with a
student, Paul Maddon, succeeded in exploiting the gene
transfer to isolate these two molecules. As often in science,
serendipity heightened the interest in these molecules: we
demonstrated that one of these receptors, CD4, was the high-
affinity receptor for HIV, allowing attachment and infection
of immune cells.

This early work on recombinant DNA was a period of
enormous excitement, for it led to a revolution in both
thinking and technology in biology. It provided a new tool for
the study of fundamental problems and spurred a new and
valuable industry: biotechnology. We, who were involved at
its inception, were perhaps a bit haughty, aggressive, and
proud, and were accused by many of playing “God.” As
evidence, the press noted that “I baptized my first child,
Adam.”
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Recombinant DNA aroused a good deal of passion and
hostility. The notion of tinkering with life was thought to
endanger life and this cry became one of the major indict-
ments of modern biology. These experiments raised endless
debate because the idea that genes can be taken out of one
organism and introduced into the chromosome of another is
by itself upsetting. The very notion of the performance of
recombinant DNA was linked with the mysterious and
supernatural. This conjured up myths that elicited intense
anxiety. Recombinant DNA, it was feared, would permit
biologists to alter individual species as well as the evolution of
species. This controversy emphasized the fact that advances in
science may indeed bring harm as well as benefit. In the case
of recombinant DNA, as Francois Jacob said, “Apocalypse
was predicted but nothing happened.” In fact, with recombi-
nant DNA, only good things happened. At a practical level,
the ability to construct bacteria-replicating eucaryotic genes
has allowed for the production of an increasingly large
number of clinically important proteins. At a conceptual level,
gene cloning has permitted a detailed look at the molecular
anatomy of individual genes, and from a precise analysis of
these genes we have deduced the informational potential of
the gene and the way in which it dictates the properties of an
organism.

At a personal level, the emergence of a new discipline,
biotechnology, introduced me to a world outside of academia.
This important excursion showed me that brilliance is not
limited to universities. I met and remain very close to two
dynamic leaders of technology development, Fred Adler and
Joe Pagano. Despite disparate histories, we remain very close
and they continue to fascinate me with lives quite different
from that of a university professor.

In 1982, I began to think about the potential impact of the
new molecular biology and recombinant DNA technology on
problems in neuroscience. Molecular biology was invented to
solve fundamental problems in genetics at a molecular level.
With the demystification of the brain, with the realization that
the mind emerges from the brain and that the cells of the
brain often use the very same principles of organization and
function as a humble bacterium or a liver cell, perhaps
molecular biology and genetics could now interface with
neuroscience to approach the tenuous relationship between
genes and behavior, cognition, memory, emotion, and per-
ception. This thinking was the result of a faculty meeting at
which Eric Kandel and I overcame our boredom with
administration by talking science. Eric was characteristically
exuberant about his recent data that revealed a correlation
between a simple form of memory in the marine snail Aplysia
and cellular memory at the level of a specific synapse.
Molecular biologists had encountered cellular memory before
in the self-perpetuating control of gene expression. This led to
the realization that this was the moment to begin to apply the
techniques of molecular biology to brain function and I would
attempt to recruit Eric Kandel as my teacher.

A courageous new postdoctoral fellow in my laboratory,
Richard Scheller, now Director of Research for Genentech,
was excited about embarking on an initial effort in molecular
neurobiology in a laboratory with absolutely no expertise in
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neuroscience. Together with Richard and Eric, we set out to
isolate the genes responsible for the generation of stereotyped
patterns of innate behaviors. All organisms exhibit innate
behaviors that are shaped by evolution and inherited by
successive generations that are largely unmodified by expe-
rience or learning. It seemed reasonable to assume that this
innate behavior was dictated by genes that might be
accessible to molecular cloning. It was an exciting and
amusing time, with myself unfamiliar with action potentials
and Kandel uncomfortable with central dogma. Richard
Scheller exploited the techniques of recombinant DNA to
identify a family of genes encoding a set of related neuro-
peptides whose coordinated release was likely to govern the
fixed action pattern of behaviors associated with egg laying. A
single gene, the ELH gene, specifies a polyprotein that is cut
into small biologically active peptides such that individual
components of the behavioral array may be mediated by
peptides encoded by one gene.

Watching the story unfold, observing the interface of
molecular biology and neuroscience, provided great pleasure.
More importantly, this collaboration formed the basis of a
continuing relationship with Eric Kandel, with his incisive
mind, inimitable laugh, and boundless energy. In 1986 neuro-
science for me was made even richer when Tom Jessell came
along. Tom joined the faculty at Columbia and was to occupy
a lab adjacent to my own. Not surprisingly, the lab was not
ready and [ had the great pleasure of hosting Tom in my own
laboratory, and this forged a long-lasting scientific and
personal relationship. Jessell, the understated British scientist
with a wry wit and piercing mind, joined a fellow in my
laboratory, David Julius, now at the University of California
at San Francisco, and together they devised a clever assay for
the isolation of genes encoding the neurotransmitter recep-
tors. These experiments, which might have been the last
performed by the hands of Jessell, led to the isolation of genes
encoding the seven transmembrane domain serotonin recep-
tor SHT1C, and more generally provided an expression
system that permitted the identification of functional genes
that encode receptors in the absence of any information on
the nature of the protein sequence. With Kandel one floor
above, and Jessell next door, there was no departure from
neuroscience. I was surrounded and I did not want to escape. I
was beginning to feel that neuroscience was indeed an
appropriate occupation for a molecular biologist. To quote
Woody Allen, a fellow New Yorker, “The brain is my second
favorite organ.”

In the late 1980s I became fascinated in the problem of
perception: how the brain represents the external world. I was
struck by observations from animal behavior that what an
organism detects in its environment is only part of what is
around it and that part can differ in different organisms. The
brain functions then not by recording an exact image of the
world, but by creating its own selective picture. Biological
reality will therefore reflect the particular representation of
the external world that a brain is able to build, and a brain
builds with genes. If genes are indeed the arbiters of what we
perceive from the outside world, then it follows that an
understanding of the function of these genes could provide
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insight into how the external world is represented in the brain.
Together with Linda Buck, a creative research fellow in the
lab, we began to consider how the chemosensory world is
represented in the brain. The problem of olfaction was a
perfect intellectual target for a molecular biologist. How we
recognize the vast diversity of odorous molecules posed a
fascinating problem. We assumed that the solution would
involve a large family of genes and Linda Buck devised a
creative approach that indeed identified the genes encoding
the receptors that recognize the vast array of odorants in the
environment. Linda came to me with the experimental data
late one night, exuberant, and I fell uncharacteristically silent.
There were 1000 odorant receptor genes in the rat genome,
the largest family of genes in the chromosome, and this
provided the solution to the problem of the diversity of odor
recognition. More importantly, the identification of these
1000 genes and their expression revealed an early and
unanticipated logic of olfaction. Indeed, the subsequent use
of these genes to manipulate the genome of mice has afforded
a view of how the olfactory world could be represented in the
brain and how genes shape our perception of the sensory
environment. From that late night moment to the present, it
has been a joy to watch this story unfold.

It is this work for which Linda Buck and I share the
profound honor and good fortune of having been awarded the
Nobel Prize in Physiology or Medicine. But there are, deeper,

1. Introduction

The image in the painting La Bonne Aventure is not a nose
(Figure 1). It is a portrayal by the surrealist René Magritte of
his own brain’s representation of the external world. It is a

Figure 1. The painting La Bonne Aventure (Fortune Telling), by René
Magritte (1937) portrays a monumental nose. | have added the inscrip-
tion “Ceci n'est pas un nez” (“This is not a nose”) in Magritte’s script
to emphasize the tension between image and reality, a conflict inher-
ent in much of his art as well as in the science of perception.
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more human joys, two sons, Adam and Jonathan, my sister,
Linda, a very close coterie of friends, and a new love.
Watching, contributing to the growth of my children is not
only moving but humbling and puts my intense life in science
in perspective. Often this intensity, bordering on obsession,
distracted me from fathering and this is a regret. But my sons
have emerged from a frenetic teenage into very human
college students, extremely unlikely to pursue a career in
science. My sister remains a close and dedicated member of
an increasingly small family. A new love, Cori Bargmann, a
behavioral geneticist now at Rockefeller University, has
entered my world. Her intensity for science hides a knowl-
edge and passion for books, music, and art. I have learned
much from her, but most importantly Cori has shown me how
to combine intellectual intensity with humanity and warmth.
Finally, the Nobel Prize was awarded to me not as a man,
but for my work, a work of science that derives from the
efforts of many brilliant students as well as from the incisive
teachings of devoted colleagues. I take equal pride in the
science that has been accomplished in the laboratory as in the
scientists that have trained with me and are now independ-
ently contributing to our understanding of biology. I therefore
feel that I can only accept the Nobel Prize in trust, as a
representative of a culture of science in my laboratory and at
Columbia University. I am deeply grateful for this culture.

vignette that reveals a tension between image and reality, a
tension that is a persistent source of creativity in art, brought
to its culmination by the surrealists. The problem of how the
brain represents the external world is not only a central theme
in art but is at the very core of philosophy, psychology, and
neuroscience. We are interested in how the chemosensory
world is represented in the brain.

All organisms have evolved a mechanism to recognize
sensory information in the environment and transmit this
information to the brain where it then must be processed to
create an internal representation of the external world. There
are many ways for organisms to probe the external world:
some smell it, others listen to it, many see it. Each species
therefore lives in its own unique sensory world of which other
species may be partially or totally unaware. A whole series of
specific devices alien to human perception have evolved:
biosonar in bats, infrared detectors in snakes, electrosensitive
organs in fish, and a sensitivity to magnetic fields in birds.
What an organism detects in its environment is only part of
what is around it and that part differs in different organisms.
The brain functions, then, not by recording an exact image of
the world, but by creating its own selective picture—a picture
largely determined by what is important for the survival and
reproduction of the species.

Sensory impressions, therefore, are apprehended through
the lens of the particular perceiving brain, and the brain must
therefore be endowed with an a priori potential to recognize
the sensory world.l'! Our perceptions are not direct recordings
of the world around us, rather they are constructed internally
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according to innate rules. Colors, tones, tastes, and smells are
active constructs created by our brains out of sensory
experience. They do not exist as such outside of sensory
experience.” Biological reality, I argue, therefore reflects the
particular representation of the external world that a brain is
able to build, and a brain builds with genes.

If our genes are indeed the arbiters of what we perceive
from the outside world, then it follows that an understanding
of the function of these genes could provide insight into how
the external world is represented in our brain. But what can
molecular biology really tell us about so elusive a brain
function as perception? Molecular biology was invented to
solve fundamental problems in genetics at a molecular level.
With the demystification of the brain, with the realization that
the mind emerges from the brain, and that the cells of the
brain often use the very same principles of organization and
function as a humble bacterium or a liver cell, molecular
biology and genetics could now interface with neuroscience to
approach the previously tenuous relationship between genes
and behavior, cognition, memory, emotion, and perception.

Why would a molecular neuroscientist interested in
perception choose to focus on the elusive sense of smell? In
humans, smell is often viewed as an aesthetic sense, as a sense
capable of eliciting enduring thoughts and memories. Smell,
however, is the primal sense. It is the sense that affords most
organisms the ability to detect food, predators, and mates.
Smell is the central sensory modality by which most organisms
communicate with their environment. Second, humans are
capable of recognizing hundreds of thousands of different
odors. For molecular neuroscientists studying the brain, the
mechanism by which an organism can interact with the vast
universe of molecular structures defined as odors provides a
fascinating problem in molecular recognition and perceptual
discrimination. Finally, the problem of perception necessarily
involves an understanding of how sensory input is ultimately
translated into meaningful neural output: thoughts and
behavior. In olfaction, the sensory input is extremely well
defined and consists of chemicals of precise molecular
structure. The character of the input in olfaction is far simpler
than that of a visual image, for example, which consists of
contours, texture, color, movement, and form of confounding
complexity. Representation of an olfactory image is simpler
and reduces to the problem of how precisely defined chemical
structures are transformed in brain space.

As molecular neurobiologists, Linda Buck and I
approached olfactory sensory perception by dividing it into
two problems: First, what mechanisms have evolved to allow
for the recognition of the vast array of molecular structures
we define as odorants? Clearly, there must be receptors in the
sensory neurons of the nose capable of associating with odor
molecules. Do we have a relatively small number of “pro-
miscuous” receptors, each capable of interacting with a large
number of odorous molecules? Alternatively, olfactory
recognition may involve a very large number of “chaste”
receptors each capable of interacting with a limited set of
odor molecules. The second problem is conceptually more
difficult: how does the olfactory sensory system discriminate
among the vast array of odorous molecules that are recog-
nized by the nose ? Put simply, how does the brain know what
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the nose is smelling? This question will ultimately require
knowledge of how the different odors are represented and
encoded in the brain.

2. A Large Family of Odorant Receptor Genes

We approached the problem of odor recognition directly
by isolating the genes encoding the odorant receptors.”! The
experimental design we employed to isolate these genes was
based on three assumptions: 1) the odorant receptors were
likely to belong to the superfamily of receptors, the G-protein
coupled receptors (GPCRs), that transduce intracellular
signals by coupling to GTP-binding proteins.*”! 2) The large
repertoire of structurally distinct, odorous molecules suggests
that the odorant receptors themselves must exhibit significant
diversity and are therefore likely to be encoded by a
multigene family. 3) The expression of the odorant receptors
should be restricted to the olfactory epithelium. Experimen-
tally, we used the polymerase chain reaction (PCR) to amplify
members of the GPCR gene superfamily expressed in
olfactory sensory neurons. We then investigated whether
any of the PCR products were indeed members of a large
multigene family. We observed that restriction-enzyme cleav-
age of a single PCR band generated a set of DNA fragments
whose molecular weight summed to a value significantly
greater than that of the original PCR product.”! In this
manner, we identified a multigene family that encodes a large
number of GPCRs whose expression is restricted to the
olfactory sensory neurons. The receptors were subsequently
shown to interact with odors, translating the energy of odor
binding into alterations in membrane potential.*!!!

The completed sequence of both the murine and human
genome ultimately identified 1300 odorant receptors in the
mouse!>"® and 500 in humans."*'® If mice possess 20000
genes, then as much as 5% of the genome (one in 20 genes)
encodes the odorant receptors. A large family of odorant
receptors is observed not only in vertebrates, but in the far
simpler sensory systems of invertebrates. A somewhat smaller
but highly diverse family of about 80 odorant receptor genes
has been identified in the Drosophila genome.'">*%"1 The
invertebrate, C. elegans, with only 302 neurons and 16
olfactory sensory neurons expresses about 1000 odorant
receptor genes.*?!] These experiments provide a solution to
the first question: we recognize the vast array of molecular
structures defined as odorants by maintaining in our genome
a large number of genes encoding odorant receptors.

The observation that over 1000 receptors are required to
accommodate the detection of odors suggests a conceptual
distinction between olfaction and other sensory systems.
Color vision in humans, for example, allows the discrimina-
tion of several hundred hues with only three different
photoreceptors.”>?! These photoreceptors each have distinct
but overlapping absorption spectra. Discrimination of color is
thought to result from comparative processing of the infor-
mation from these three classes of photoreceptors. Whereas
three photoreceptors can absorb light across the entire visible
spectrum, our data suggest that a small number of odorant
receptors cannot recognize the full spectrum of distinct
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molecular structures perceived by the mammalian nose.
Rather, olfactory perception requires a large number of
receptors, each capable of recognizing a small number of
odorous ligands.

The large number of odorant receptor genes when
compared with receptor numbers in other sensory systems
perhaps reflects the fact that in vision and hearing the
character of the sensory stimulus is continuously variable.
Color is distinguished by quantitative differences in a single
parameter, the wavelength of light. Similarly, one important
parameter of hearing, the frequency of sound, is continuously
variable. The diversity of chemical structures of odors do not
exhibit continuous variation of a single parameter and
therefore cannot be accommodated by a small number of
receptors. Rather, the full spectrum of distinct molecular
structures perceived by the olfactory system requires a large
number of receptors, each capable of interacting with a small
number of specific odorous ligands.

3. A Topographic Map in the Olfactory Bulb

We next turned to the question of olfactory discrimina-
tion: how does the brain know what the nose is smelling? The
identification of a large family of receptor genes allowed us to
pose this question in molecular terms. We could now ask how
the brain knows which of the numerous receptors have been
activated by a given odor. The elucidation of a mechanism by
which the brain distinguishes the different combinations of
receptors activated by different odors would provide a logic of
odor discrimination. This problem was further simplified by
the demonstration that an individual sensory neuron
expresses only one of the 1000 receptor genes.'>?* This
observation emerged from single-neuron cDNA cloning
experiments, and allowed us to translate the problem of
how the brain determines which receptor has been activated
to a far simpler problem: how does the brain know which
neuron has been activated by a given odor? As in other
sensory systems, an invariant spatial pattern of olfactory
sensory projections could provide a topographic map of
receptor activation that defines the quality of a sensory
stimulus.

In other sensory systems, spatially segregated afferent
input from peripheral sensory neurons generates a topo-
graphic map that defines the location of a sensory stimulus
within the environment as well as the quality of the stimulus
itself. Olfactory sensory processing does not extract spatial
features of the odorant stimulus. Relieved of the requirement
to map the position of an olfactory stimulus in space, we asked
whether the olfactory system might employ spatial segrega-
tion of sensory input to encode a quality of an odorant.
Robert Vassar in my lab and Kerry Ressler in Linda Buck’s
lab therefore analyzed the spatial patterns of receptor
expression in the olfactory epithelium by in situ hybridization
and observed that cells expressing a given receptor are
restricted to one of four broad but circumscribed zones.>**!
The overriding feature of this organization, however, is that
within a zone, neurons expressing a given receptor are not
topographically segregated, rather they appear randomly
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dispersed. When they performed in situ hybridization experi-
ments to the bulb, the first relay station for olfactory sensory
neurons in the brain, they observed that topographic order
was restored.””*! Neurons expressing a given receptor,
although randomly distributed in the epithelium, project to
spatially invariant glomeruli in the olfactory bulb, thus
generating a topographic map.

Peter Mombaerts, then a research fellow in the lab,
developed a genetic approach to visualize axons from
olfactory sensory neurons, thereby expressing a given odorant
receptor as they project to the brain.*” We modified receptor
genes by targeted mutagenesis in the germ line of mice. These
genetically altered receptor genes now encoded a bicistronic
mRNA that allows the translation of receptor along with tau-
lacZ, a fusion of the microtubule-associated protein tau with
[-galactosidase. In these mice, olfactory neurons that tran-
scribe a given receptor also express tau-lacZ in their axons,
permitting the direct visualization of the pattern of projec-
tions in the brain (Figure 2).

We observe that neurons expressing a receptor project to
only two topographically fixed loci, or glomeruli, in the bulb,
thus creating mirror-image maps in each bulb. Neurons
expressing different receptors project to different glomeruli.
The position of the individual glomeruli is topographically
defined and is similar for all individuals in a species
(Figure 3). Individual odors could activate a subset of
receptors that would generate specific topographic patterns
of activity within the olfactory bulb such that the quality of an
olfactory stimulus could be encoded by spatial patterns of
glomerular activity.

The identification of an anatomic olfactory sensory map
poses four questions. The first addresses the singularity of
receptor gene choice. What mechanism assures that a sensory
neuron expresses only a single receptor and then projects with
precision to one of 1000 topographically fixed glomerular
loci? Second, does the anatomic map translate into a func-
tional map such that different odors elicit different patterns of
activity? Third, can we relate specific spatial patterns of
glomerular activity to specific behaviors? Finally how is the
map read? How does the brain look down upon a spatial
pattern of activity and associate this pattern with a particular
odor?

4. Receptor Choice and the Topographic Map

The topographic map in the olfactory system differs in
character from the orderly representation inherent in the
retinotopic, tonotopic, or somatotopic sensory maps. In these
sensory systems, the peripheral receptor sheet is represented
in the central nervous system (CNS), such that neighboring
relations in the periphery are preserved in the CNS (for
reviews, see Refs. [30,31]). In this manner, peripheral recep-
tor cells may acquire a distinct identity that is determined by
their spatial position in the receptor sheet. Spatial patterning
in the periphery can therefore endow individual neurons with
positional information that directs their orderly representa-
tion in the brain.

The olfactory system, however, does not exhibit an
orderly representation of receptor cells in the periphery.

www.angewandte.org

Chemie

6117


http://www.angewandte.org

Nobel Lectures

6118

R. Axel

Figure 2. Convergence of axons from neurons expressing a given receptor. Odorant receptor loci were modified by homologous recombination in
ES cells to generate strains of mice in which cells expressing a given receptor also express a fusion of the microtubule-associated protein tau with
B-galactosidase. These photographs reveal neurons expressing either the M12 (left) or P2 (right) receptors along with their axons as they course
through the cribriform plate to a single locus in the olfactory bulb. Neurons expressing different receptors converge on different glomeruli. The
genetic modifications that assure the coordinate expression of receptor and tau-lacZ are shown beneath the photographs.

Figure 3. A Topographic map of olfactory sensory axons in the bulb. The picture reveals neurons expressing two modified P2 alleles: P2-IRES-tau-
lacZ (red) or P2-IRES-GFP (green). These neurons send axons that co-converge on the same glomerulus in the olfactory bulb. Neurons expressing
other receptors converge on different glomerular loci that are shown schematically. All nuclei are stained blue with TOTO-3. The relative positions

of the different glomeruli are maintained in different mice, thus revealing an invariant topographic map in the olfactory bulb.

Neurons expressing a given receptor are randomly dispersed
within a given zone and order is restored in the bulb where
neurons expressing a given receptor converge on discrete loci
to create a topographic map. Olfactory neurons differ from
one another not by virtue of their position in a receptor sheet,
but rather by the nature of the receptor they express. The tight
linkage between the choice of an odorant receptor and the
site of axon convergence suggests a model in which the
odorant receptor is expressed on dendrites, where it recog-
nizes odorants in the periphery, and also on axons, where it
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governs target selection in the bulb. In this manner, an
olfactory neuron would be afforded a distinct identity that
dictates the nature of the odorant to which it responds as well
as the glomerular target to which its axon projects. If the
odorant receptor also serves as a guidance molecule, this leads
to two experimental predictions. First, the receptor should be
expressed on axons as well as on dendrites, and second,
genetic modifications in the receptor sequence might alter the
topographic map.

Angew. Chem. Int. Ed. 2005, 44, 61106127


http://www.angewandte.org

Odor Perception

The first prediction was tested by Gilad Barnea, who
generated specific antibodies against two odorant receptors
and examined the sites of receptor expression on sensory
neurons.”” Antibodies were raised against extracellular and
cytoplasmic epitopes of the mouse odorant receptors MOR28
and MORI11-4. In the sensory epithelium, we observe intense
staining in the dendritic knobs, the site of odor binding. In the
olfactory bulb, antibody stains axon termini whose arbors are
restricted to two glomeruli (Figure 4). Antibody-staining of
the bulb from mice bearing the MOR28-IRES-tau-lacZ allele
reveals that the glomeruli stained by antibodies to MOR28
also receives the tau-lacZ fibers. Thus, the receptor is
expressed on both dendrites and the axons of sensory
neurons.

In a second series of experiments performed by my
student, Fan Wang, we provided genetic evidence suggesting
that the receptor on axons is indeed a guidance molecule. We
modified our gene-targeting approach to ask whether sub-
stitutions of the P2 receptor coding sequence alter the
projections of neurons that express this modified allele.*”!
We replaced the coding region of the P2 gene with the coding
regions of several other receptors, and examined the con-
sequences on the formation of the topographic map. Sub-
stitution of the P2 coding region with that of the P3 gene, a
linked receptor gene homologous to P2 and expressed in the
same epithelial zone, results in the projection of axons to a
glomerulus distinct from P2 that resides immediately adjacent
to the wild-type P3 glomerulus. Other substitutions that
replace the P2 coding sequences with receptor sequences
expressed either in different zones or from different chromo-
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somal loci also result in the convergence of fibers to glomeruli
distinct from P2. These observations, along with recent
experiments involving more extensive genetic modifica-
tions®®**! provide support for the suggestion that the olfactory
receptor plays an instructive role in axon targeting as one
component of the guidance process.

How may the odorant receptors participate in the
guidance process? In one model, the odorant receptor is
expressed on the axon termini along with other guidance
receptors where it recognizes positional cues elaborated by
the bulb. Each of the 1000 distinct types of sensory neuron will
therefore bear a unique combination of guidance receptors
that define a code dictating the selection of a unique
glomerular target. Such a model does not necessarily imply
that there are 1000 distinct cues, each spatially localized
within the bulb. Rather, a small number of graded cues may
cause the differential activation of the different odorant
receptors on axon termini. In this manner, the different
affinities of individual receptors for one or a small number of
cues, and perhaps different levels of receptor, might govern
target selection. Such a model is formally equivalent to
models of retinotopy in which a gradient of guidance
receptors on retinal axons is matched by a positional gradient
of guidance cues in the tectum (for a review see Ref. [31]).

5. The Singular and Stable Choice of Receptor

If the odorant receptor defines the functional identity of a
sensory neuron and also determines the site of projection in

Figure 4. The odorant receptor gene is expressed on both dendrites and axons of olfactory sensory neurons. The mouse sensory epithelium (top
picture) or olfactory bulb (bottom picture) was stained with antibody to either an extracellular (middle) or cytoplasmic (left) epitope of the
MOR28 receptor. These experiments reveal the expression of odorant receptor in the cell body and dendrites in the epithelium as well as on axon
termini within a defined glomerulus in the bulb. Antibody staining in the olfactory bulb coincides with the site of convergence of MOR28 axons.

Adapted with permission from Ref. [32].
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the brain, then the expression of a single receptor gene in a
neuron is an essential feature in models of olfactory
perception. This immediately poses the question as to what
mechanism has evolved to assure the expression of a single
receptor gene from the family of 1000 genes in the chromo-
some. One model for the control of olfactory receptor
expression invokes the existence of 1000 different sensory
neurons, each expressing a unique combination of regulatory
factors that governs the choice of a different olfactory
receptor gene. This deterministic model predicts that all
olfactory receptor genes will contain different cis-regulatory
sequences that are recognized by unique sets of transcription
factors. An alternative, stochastic model of receptor gene
selection suggests that all odorant receptor genes within a
zone contain the same cis-regulatory information and are
controlled by the same set of transcription factors. In this
model, a special mechanism must exist to assure that only one
receptor gene is chosen. Moreover, once a specific receptor is
chosen for expression, this transcriptional choice must be
stable for the life of the cell, because receptor switching after
stable synapse formation would seriously perturb odor
discrimination.

A series of transgene experiments performed by Ben
Shykind in my own laboratory, as well as by other researchers,
provide evidence for a mechanism of receptor choice that is
stochastic.”*¥] We have generated mice in which the endog-
enous P2 allele has been replaced with the P2-IRES-tau-lacZ
allele. We have also introduced a randomly integrated P2-
IRES-GFP transgene into the chromosome of this strain. In a
deterministic model, we predict that a unique combination of
transcription factors would activate both the endogenous and
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transgenic P2 alleles such that cells that express lacZ from the
endogenous P2-IRES-tau-lacZ allele should also express
GFP from the P2 transgene. Examination of the sensory
epithelium in these mice, however, reveals a singularity of
P2 expression. Cells that express the endogenous P2 allele
never express the transgene. In a conceptually similar experi-
ment, we generated transgenic mice that harbor an integrated
array of multiple P2 transgenes that include P2-IRES-tau-
lacZ and P2-IRES-GFP linked at the same chromosomal
locus. In these strains, we also observe a singularity of
transgene expression. Neurons that express the P2-IRES-tau-
lacZ transgene do not express the linked P2-IRES-GFP gene.
Taken together, these experiments provide support for a
model in which receptor choice is not deterministic, rather it
is stochastic.

Once a single receptor gene is chosen for expression, this
transcriptional choice must be stable for the life of the cell
because receptor switching after stable synapse formation
would seriously perturb odor discrimination. In recent experi-
ments, Ben Shykind in my lab along with the research groups
of Randall Reed and Hitoshi Sakano devised genetic
strategies that permit the analysis of the stability of receptor
choice.’**! We have employed a lineage tracer to map the
fate of sensory neurons that express either an intact or a
nonfunctional deletion of the MOR28 gene. Mature neurons
that express an intact MORZ2S8 receptor, but have not yet
formed stable synapses in the brain, can switch receptor
expression, albeit at low frequency. Thus, we observe that
switching is an inherent property of wild-type receptor gene
choice. Neurons that choose to express a mutant MOR28
receptor subsequently extinguish its expression and switch at

Figure 5. A feedback model assuring the stable expression of a functional receptor. A) The transcriptional machinery (blue sphere) expresses only
one of 1000 odorant receptor genes (in this case, R2). R2 encodes a functional receptor that elicits a feedback signal that leads to the stabilization
of receptor choice (purple sphere). B) If the transcriptional machinery chooses the nonfunctional receptor R1, which is not competent to mediate
feedback stabilization, switching occurs. The transcriptional machine is then free to select a second receptor for expression that will ultimately
mediate feedback stabilization. This model provides a mechanism to assure that a neuron expresses a functional odorant receptor.
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high frequencies to express alternate receptors such that a
given neuron stably transcribes only a single receptor gene.
These observations suggest a mechanism of olfactory receptor
gene choice in which a cell selects only one receptor allele but
can switch at low frequency. Expression of a functional
receptor would then elicit a signal that suppresses switching
and stabilizes odorant receptor expression. Neurons that
initially express a mutant receptor fail to receive this signal
and switch genes until a functional receptor is chosen
(Figure 5).

The mouse genome contains 340 olfactory receptor
pseudogenes, whereas the human genome contains 550
pseudogenes, several of which continue to be transcribed.['>1¢)
Expression of a pseudogene would result in the generation of
sensory neurons incapable of odor recognition. A mechanism
that allows switching provides a solution to the pseudogene
problem such that if pseudogenes are chosen, another tran-
scriptional opportunity is provided, thus assuring that each
neuron expresses a functional receptor. This model of serial
monogamy assures that neurons will express a single receptor
throughout their life. This feedback model in which expres-
sion of a functional odorant receptor suppresses switching to
other olfactory receptor genes is reminiscent of one mecha-
nism of allelic exclusion in T and B lymphocytes.

6. Cloning a Mouse from an Olfactory Sensory
Neuron

What mechanism assures that a single receptor gene is
chosen stochastically in a sensory neuron? One model
invokes DNA recombination of odorant receptor genes at a
single active expression site in the chromosome. DNA
recombination provides Saccharomyces cerevisiae[* trypa-
nosomes,*” and lymphocytes!*’! with a mechanism to stochas-
tically express one member of a set of genes that mediate
cellular interactions with the environment. One attractive
feature shared by gene rearrangements in trypanosomes and
lymphocytes is that gene choice is a random event, a feature
of receptor gene selection in olfactory sensory neurons.
However, efforts to demonstrate a recombination event
involving receptor genes have been seriously hampered by
the inability to obtain populations of neurons or clonal cell
lines that express the same receptor. Kristin Baldwin in my
laboratory, in a collaboration with Rudy Jaenisch, Kevin
Eggan, and Andy Chess at MIT, addressed this problem by
generating ES cell lines and cloned mice derived from the
nuclei of olfactory sensory neurons expressing the P2 receptor
(Figure 6).1* The generation of cloned mice from cells of the
nose derives from an initial insight of Woody Allen in his 1978
futuristic comedy, Sleeper. In this film, efforts are made to
resurrect a totalitarian leader by cloning from his only
surviving body part, his nose. Twenty-five years later, science
successfully imitated art with the generation of mice cloned
from a single sensory neuron from the nose.

We would predict that if DNA recombination accompa-
nies receptor gene choice, then the olfactory epithelium from
cloned mice derived from a sensory neuron expressing the
P2 gene should be clonal with respect to receptor expression,
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Figure 6. Cloning a mouse from olfactory sensory neurons expressing
the P2 odorant receptor. A) A genetic strategy to label P2-expressing
sensory neurons with GFP as well as to mark olfactory sensory neu-
rons by virtue of a unique deletion in DNA. B) The olfactory epithelium
of a mouse with the genetic modifications described in (A). A single
nucleus expressing the P2 odorant receptor gene was picked and intro-
duced into an enucleated oocyte. The epithelium was stained with anti-
body to Cre recombinase (red) to mark sensory neurons and GFP
(green) to identify P2-expressing cells. C) A green neuron expressing
P2-IRES-GFP was picked from dissociated olfactory epithelium of
donor animals. D) The olfactory epithelium from a mouse cloned from
a nucleus expressing the P2 receptor gene shows the normal distribu-
tion of P2-expressing cells. Axons from these neurons converge on a
single glomerulus in the olfactory bulb (E). All nuclei are stained with
TOTO-3 blue. The observation that mice cloned from a nucleus
expressing the P2 receptor gene do not preferentially express this gene
in the sensory epithelium suggests that DNA recombination events do
not accompany receptor gene choice. Adapted with permission from
Ref. [44].

such that all cells transcribe the rearranged P2 allele. Analysis
of the sequence and organization of the DNA surrounding the
P2 allele expressed in cloned mice revealed no evidence for
either gene conversion or local transposition at the P2 locus.
In addition, the pattern of receptor gene expression in the
sensory epithelium of cloned mice was normal. Multiple
odorant receptor genes are expressed without preference for
the P2 allele transcribed in the donor nucleus (Figure 6).
These data, along with similar experiments by Peter Mom-
baerts,*”) demonstrate that the mechanism responsible for the
choice of a single odorant receptor gene does not involve
irreversible changes in DNA. In a broader context, the
generation of fertile cloned mice that are anatomically and
behaviorally indistinguishable from wild-type indicates that
the genome of a postmitotic, terminally differentiated olfac-
tory neuron can re-enter the cell cycle and be reprogrammed
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to a state of totipotency after nuclear transfer. The stochastic
choice of a single olfactory receptor gene is therefore not
accomplished by DNA recombination but rather by a rate-
limiting transcriptional process, perhaps involving a single
transcriptional machine capable of stably accommodating
only one olfactory receptor gene.

7. Olfaction in the Fly: A Functional Map in the
Antennal Lobe

The identification of an anatomic map in the olfactory
bulb immediately poses the question as to whether this map
provides a meaningful representation of odor quality that is
translated into appropriate behavioral output. Recently, we
have become interested in how the olfactory world is
represented in the brain of the fruit fly. Drosophila provides
an attractive system to understand the logic of olfactory
perception. Fruit flies exhibit complex behaviors controlled
by an olfactory system that is anatomically and genetically
simpler than that of vertebrates. Genetic analysis of olfaction
in Drosophila may therefore provide a facile system to
understand the mechanistic link between behavior and the
perception of odors. The recognition of odors in Drosophila is
accomplished by sensory hairs distributed over the surface of
the third antennal segment and the maxillary palp. Olfactory
neurons within sensory hairs send projections to one of the
multiple glomeruli within the antennal lobe of the brain.[***7
Leslie Vosshall and Allan Wong showed that most sensory
neurons express only one of about 80 odorant receptor genes.
Neurons expressing the same receptor project with precision
to one or rarely two spatially invariant glomeruli in the
antennal lobe, the anatomic equivalent of the olfactory bulb
of mammals (Figure 7)1

Figure 7. An olfactory sensory map in the fly antennal lobe. Neurons
expressing the odorant receptor gene OR47b, also express the trans-
gene synaptobrevin GFP, thus revealing convergence on a single spa-
tially invariant glomerulus that is bilaterally symmetric in the antennal
lobe.

The anatomic organization in Drosophila is therefore
remarkably similar to that of the olfactory system of
mammals, suggesting that the mechanism of odor discrim-
ination has been shared despite the 600 million years of
evolution separating insects from mammals. This conserva-
tion may reflect the maintenance of an efficient solution to
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the complex problem of recognition and discrimination of a
vast repertoire of odors in the environment. In both flies and
mice, the convergence of like axons into discrete glomerular
structures provides a map of receptor activation in the first
relay station for olfactory information in the brain, such that
the quality of an odorant may be reflected by spatial patterns
of activity, first in the antennal lobe or olfactory bulb and
ultimately in higher olfactory centers.

An understanding of the logic of odor perception requires
functional analysis to identify odor-evoked patterns of activity
in neural assemblies and ultimately the relevance of these
patterns to odor discrimination. We have performed two-
photon calcium imaging to examine the relationship between
the anatomic map and the functional map in the antennal
lobe."!! Jing Wang and Allan Wong in my lab developed an
isolated Drosophila brain preparation that is amenable to
two-photon imaging and is responsive to odor stimulation for
up to five hours. We expressed the calcium-sensitive fluo-
rescent protein G-CaMP in primary olfactory sensory neu-
rons and projection neurons. G-CaMP consists of a circularly
permuted EGFP flanked at the N-terminus by the calcium-
binding site of calmodulin and at the C-terminus by the M13
fragment of myosin light chain kinase.*? In the presence of
calcium, calmodulin interacts with the M13 fragment and
elicits a conformation change in EGFP. The resulting
elevations in fluorescent intensity reflect changes in the
intracellular calcium concentration, a presumed mirror of
electrical activity. Moreover, the ability to express G-CaMP in
genetically defined populations of neurons allowed us to
determine with certainty the locus of neural activity. Odor-
evoked changes in fluorescence intensity within the antennal
lobe are monitored by a laser-scanning two-photon micro-
scope.”

This imaging technique has allowed us to measure the
responsivity of 23 glomeruli to 16 different odors.’ A
number of interesting features of the glomerular response
to odors are revealed by these experiments. First, different
odors elicit different patterns of glomerular activation and
these patterns are conserved among different animals
(Figure 8). At odor concentrations likely to be encountered
in nature, the map is sparse and glomeruli are narrowly tuned.

Second, the patterns of activity are insular, such that
neighboring glomeruli do not necessarily respond together to
a given odor. Each glomerulus visualized anatomically
appears to be a functional unit. Third, the patterns of
glomerular activity are qualitatively similar upon imaging
either sensory or projection neurons. These observations
suggest the faithful transmission of sensory input to higher
brain centers. Fourth, we have coupled genetic experiments
with imaging to demonstrate that the odor-evoked profile for
a given glomerulus directly reflects the responsivity of an
individual odorant receptor. This finding is consistent with
previous molecular and anatomic studies that reveal that
neurons that express only a single receptor in like axons
converge on a single glomerulus. Thus these studies, along
with other imaging approaches in insects,”**! demonstrate
that the anatomic map is indeed functional and suggests that
each odor elicits a sparse pattern of glomerular activation that
may confer a signature for different odors in the brain.
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Figure 8. Different odors elicit different patterns of glomerular activation that are conserved among different organisms. Two different flies (top
and bottom panels) bearing the GH146-Gal4 and UAS-G-CaMP transgenes were exposed to three odors. Glomerular responses reveal different
patterns of activity for the different odors that are conserved in different animals. The pre-stimulation images (left) shows the glomerlar structure

and the images on the right show the specific glomeruli schematically.

Imaging experiments in vertebrates similarly reveal a func-
tional representation of the anatomic map.l*>®

8. Spatial Representations and Innate Behavior

All animals exhibit innate behaviors in response to
specific sensory stimuli that are likely to result from the
activation of developmentally programmed circuits. Allan
Wong and Jing Wang in my lab, in collaboration with Greg
Suh, David Anderson, and Seymour Benzer at Caltech, asked
whether we can relate patterns of glomerular activity elicited
by an odor to a specific behavior.’’ Some time ago Benzer
observed that Drosophila exhibits robust avoidance to odors
released by stressed flies. Gas chromatography and mass
spectrometry identified one component of this “Drosophila
stress odorant (DSO)” as CO,. Exposure of flies to CO, alone
also elicits an avoidance behavior at levels of CO, as low as
0.1% (Figure 9).

We therefore performed imaging experiments with the
calcium-sensitive fluorescent indicator G-CaMP and two-
photon microscopy to ask whether we could discern a pattern
of glomerular activity in response to DSO and CO,. We first
examined flies in which the G-CaMP indicator is driven in all
neurons by the pan-neural activator Elav-Gal4. DSO acti-
vates only two glomeruli, DM2 and the V glomerulus,
whereas CO, activates only the V glomerulus. Activation of
the V glomerulus was detected at CO, levels as low as 0.05 %
and this glomerulus was not activated by any of 26 other
odorants tested (Figure 9).

We demonstrated that axonal projections to the V glo-
merulus originate from sensory neurons expressing the
receptor GR21A % We therefore performed calcium imaging
with flies in which the UAS G-CaMP reporter was driven by a
GR21A promoter Gal4 activator. CO,, as well as DSO,
activated GR21A sensory termini in the V glomeruli. We next
asked whether the GR21A sensory neurons are necessary for
the avoidance response to CO,. Inhibition of synaptic trans-

Figure 9. CO, activates a single glomerulus and elicits avoidance behavior. A) Avoidance of air from stressed flies (CS) as well as of increasing
concentrations of CO,. Inhibition of synaptic transmission in GR21A neurons that project to the V glomerulus using shi®® blocks CO, avoidance.
Red and blue bars indicate avoidance behavior at the nonpermissive (28°C) and permissive (21°C) temperatures, respectively. B) Two-photon
imaging in a strain harboring GR21A-Gal4 and UAS G-cAMP reveals robust activation of the V glomerulus.
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mission in the GR21A sensory neurons that innervate the
V glomerulus, using the temperature-sensitive shibire gene
shi®[® blocks the avoidance response to CO, (Figure 9).
Inhibition of synaptic release in the vast majority of other
olfactory sensory neurons or in projection neurons other than
those that innervate the V glomerulus had no effect on this
behavior.

The identification of a population of olfactory sensory
neurons innervating a single glomerulus that mediates robust
avoidance to a naturally occurring odorant provides insight in
the neural circuitry that underlies this innate behavior. These
observations suggest that a dedicated circuit that involves a
single population of olfactory sensory neurons mediates
detection of CO, in Drosophila. The simplicity of this initial
olfactory processing offers the possibility of tracing the
circuits that translate odor detection into an avoidance
response.

9. How is the Map Read?

Our experiments indicate that different odors elicit
different patterns of glomerular activity within the antennal
lobe and moreover that defined patterns of activity can be
associated with specific behaviors. We can look at the pattern
of activity in the fly antennal lobe with a two-photon
microscope and discern, with a reasonable degree of accuracy,
what odorant the fly has encountered in nature. Thus, we can
determine with our eyes (and our brain) what odors the fly
has encountered, but how does the fly brain read the sensory
map?

A topographic map in which different odors elicit differ-
ent patterns of activity in the antennal lobe suggests that these
spatial patterns reflect a code defining odor quality. However,
the mere existence of a map, whether anatomic or functional,
does not prove that spatial information is the underlying
parameter of an odor code. It has been suggested, for
example, that the quality of an odor is reflected in temporal
dynamics of a distributed ensemble of projection neu-
rons. ! In this model, a given odor might activate a small
number of glomeruli and a large ensemble of projection
neurons such that different odors elicit different temporal
patterns of activity in the same projection neuron. This
temporal hypothesis in its simplest form postulates that the
brain exploits circuit dynamics to create spatiotemporal
patterns of neuronal activation to achieve a larger coding
space. Whatever the code, patterns of activity in the antennal
lobe must be translated by higher sensory centers to allow the
discrimination of complex olfactory information. If odor
quality is encoded by spatial patterns, we might expect that a
representation of the glomerular map is retained in the
protocerebrum.

We have begun to address the question of how the map in
the antennal lobe is represented in higher olfactory centers by
examining the pattern of projections of the neurons that
connect the glomeruli to the protocerebrum. Allan Wong and
Jing Wang randomly labeled individual projection neurons to
visualize their processes that connect defined glomeruli with
their targets in the mushroom body and protocerebrum. We
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have used an enhancer trap line in which Gal4 is expressed in
a subpopulation of projection neurons along with the “FLP-
out” technique to label single projection neurons with a CD8
GFP reporter.I” A similar experimental approach has been
used to determine the lineage relationship of individual
projection neurons and to examine their pattern of axonal
projections.®*%] We observe that most projection neurons
send dendrites to a single glomerulus. Projection neurons that
receive input from a given glomerulus extend axons that form
a spatially invariant pattern in the protocerebrum (Figure 10).

Figure 10. Projection neurons that innervate to the same glomerulus
have similar axonal projection patterns. Individual projection neurons
that connect to the VATLm glomeruli are visualized in the protocere-
brum in different flies. These images reveal a striking constancy in the
projection pattern among projection neurons that project to a given
glomerulus. These observations reveal an invariant topographic map
in the protocerebrum that differs in character from the map in the
antennal lobe (prinetd with permission from Ref. [63]).

Projection neurons from different glomeruli exhibit patterns
of axonal projections that are distinct, but often interdigitated
(Figure 11). Our data reveal a striking invariance in the
spatial patterns of axon arbors of projection neurons that

Figure 11. Axonal projections from single projection neurons can be
visualized as they branch in the mushroom body and ultimately arbor-
ize in the protocerebrum. Projections neurons that connect to different
glomeruli exhibit different patterns of axonal projections. The axon
arbors in the protocerebrum are dispersed unlike the insular segre-
gated arbors in the glomerulus, affording the possibility for integration
in higher olfactory centers (printed with permission from Ref. [63]).
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innervate a given glomerulus, a precision of connectivity that
assures the specificity of information transfer.

The precision of projections of projection neurons reveals
a spatial representation of glomerular activity in higher brain
centers, but the character of the map differs from that
observed in the antennal lobe. Axon arbors in the protocere-
brum are diffuse and extensive, often extending over the
entire dimension of the brain hemisphere (Figures 10, 11).
This is in sharp contrast to the tight convergence of primary
sensory axons, whose arbors are restricted to a small 5-10 um
spherical glomerulus. As a consequence, the projections from
different glomeruli, although spatially distinct, often interdi-
gitate. Thus, the point-to-point segregation observed in the
antennal lobe is degraded in the second order projections to
the protocerebrum. This affords an opportunity for the
convergence of inputs from multiple different glomeruli
essential for higher order processing. Third-order neurons in
the protocerebrum might synapse on projection neurons from
multiple distinct glomeruli, a necessary step in decoding
spatial patterns to allow the discrimination of odor and
behavioral responses.

10. Concluding Remarks

These data suggest a model in which the convergence of
information from deconstructed patterns in the antennal lobe
are reconstructed by “cardinal cell assemblies” that sit higher
up in a hierarchical perceptual system in the protocerebrum.
Olfactory processing will initially require that the structural
elements of an odor activate a unique set of receptors that in
turn result in the activation of a unique set of glomeruli. The
odorous stimuli must then be reconstructed in higher sensory
centers that determine which of the numerous glomeruli have
been activated. The identification of a spatially invariant
sensory map in the protocerebrum that is dispersive affords
an opportunity for integration of multiple glomerular inputs
by higher odor neurons.

The elucidation of an olfactory map in both the olfactory
bulb or antennal lobe and in higher olfactory centers leaves us
with a different order of problems. Though we may look at
these odor-evoked images with our brains and recognize a
spatial pattern as unique and can readily associate the pattern
with a particular stimulus, the brain does not have eyes. How
does the brain perceive the olfactory image ? How is the map
read? How are spatially defined bits of electrical information
in the brain decoded to allow the perception of an olfactory
image? We are left with an old problem, the problem of the
ghost in the machine.

Finally, how do we explain the individuality of olfactory
perception? The innately configured representation of the
sensory world, the olfactory sensory maps that I have
described, must be plastic. Our genes create only a substrate
upon which experience can shape how we perceive the
external world. Surely the smell of a madeleine does not elicit
in all of us that “vast structure of recollection” it evoked for
Marcel Proust. For Proust, smell is the evocative sense, the
sense that brings forth memory and associations with a
richness not elicited by other sensory stimuli. Nowhere is this
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more apparent than in the eloquent words recalling the
madeleine incident from “Remembrance of Things Past” .

“... But when from a long distant past nothing subsists,
after the people are dead, after the things are broken and
scattered, still alone, more fragile but with more vitality, more
unsubstantial, more persistent, more faithful, the smell and
taste of things remain, poised a long time, like souls ready to
remind us, waiting and hoping for their moment, amid the ruins
of all the rest; and bear unfaltering in the tiny and impalpable
drop of their essence, the vast structure of recollection.”

This lecture encompasses the efforts in my laboratory over the
past 13 years to provide further insight into the molecular logic
of olfactory sensory perception. I wish to thank the Howard
Hughes Medical Institute, the National Institutes of Health,
and the Mathers Foundation for their continued gracious
support of our research. The Howard Hughes Medical Institute
provided an opportunity to interface molecular biology with
neuroscience and has consistently encouraged and supported
the efforts of the laboratory in novel directions. It is this work
for which Linda Buck and I share the profound honor and
good fortune of having been awarded the Nobel Prize in
Physiology or Medicine. This award was not made to me as a
man but for my work, a science that derives from the efforts of
many brilliant students and from the incisive teachings of my
colleagues. I take equal pride in the science that has been
accomplished in the laboratory and in the scientists that have
trained with me and have contributed to our efforts. I therefore
feel that I accept this prize in trust as a representative of a
culture of science in my laboratory and at Columbia Univer-
sity. I am deeply grateful for this culture. Over the past 30 years,
Columbia has provided an atmosphere that fosters intellectual
rigor and creativity and at the same time is imbued with a spirit
of warmth and collaboration.
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Biography
SEATTLE

I was born in 1947 in Seattle, Washington, a city
surrounded by mountains, forests, and the sea. My mother
was the daughter of Swedish immigrants who had come to the
US in the late nineteenth century while my father’s family had
Irish roots on one side and ancestors extending back to the
American Revolution on the other. I was the second of three
children, all girls. My mother was a homemaker who was
exceptionally kind and witty and loved word puzzles. My
father was an electrical engineer who, at home, spent much of
his time inventing things and building them in our basement.
It may be that my parents’ interest in puzzles and inventions
planted the seeds for my future affinity for science, but I never
imagined as a child that I would someday be a scientist.

During my childhood, I did the things that girls often do,
such as playing with dolls. I was also curious and easily bored
though, so I frequently embarked on what were to me new
adventures. Aside from school and music lessons, my life was
relatively unstructured and I was given considerable inde-
pendence. I learned to appreciate music and beauty from my
mother and my father taught me how to use power tools and
build things. I spent a lot of time with my maternal grand-
mother, who told me magical stories about her childhood in
Sweden and, to my delight, taught me how to sew clothes for
my dolls. I was fortunate to have wonderfully supportive
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parents who told me that I had the ability to do anything I
wanted with my life. They taught me to think independently
and to be critical of my own ideas, and they urged me to do
something worthwhile with my life, in my mother’s words, to
“not settle for something mediocre”. I realize now that I
internalized those lessons and that they have influenced my
work as a scientist.

I received my undergraduate education at the University
of Washington, which was only a few miles from our home. I
had always wanted to have a career in which I would help
others, so I initially decided to major in psychology, thinking
that I would become a psychotherapist. Over time, my
interests expanded and I entertained a variety of different
career possibilities. However, none seemed ideal and I was
reluctant to embark on something that might prove to be
inappropriate. Over the next several years, I intermittently
traveled, lived on a nearby island, and took more classes in
Seattle. I finally found my direction when I took a course in
immunology, which I found fascinating. I would be a biologist.

[*] Dr. L. B. Buck

Howard Hughes Medical Institute

Fred Hutchinson Cancer Research Center

1100 Fairview Avenue North, Seattle, WA 98109-1024 (USA)
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DALLAS

In 1975, I began graduate school in the Microbiology
Department at the UT Southwestern Medical Center in
Dallas. The department had recently undergone an expansion
in the area of immunology, making it a major center in this
still young area and a stimulating place to learn. I had done a
small amount of research at the University of Washington,
first in psychology with Walter Makous and then in immu-
nology with Ursula Storb, but it was in Texas that I truly
learned to be a scientist. I had a wonderful thesis advisor,
Ellen Vitetta, who demanded excellence and precision in
research, habits that I believe are important to learn as a
student. For my thesis, I compared the functional properties
of subsets of B lymphocytes that differed in the class of cell-
surface immunoglobulin that they used as antigen receptors.
In this work and much of my subsequent work, I thought in
terms of molecules and the molecular mechanisms underlying
biological systems, and sought to gain insight into those
mechanisms in my experiments.

NEW YORK

In 1980, I moved to Columbia University in New York
City to do postdoctoral work in immunology with Benvenuto
Pernis. As a graduate student, I had become fascinated with
the unexplained requirement for major histocompatibility
complex (MHC) proteins in immune responses, a mystery
that was later solved. I decided to explore this puzzle, focusing
on class II MHC proteins found on the surface of B lympho-
cytes. I found that, contrary to expectation, the MHC proteins
rapidly accumulated inside these cells when they were
activated. My further experiments indicated that they were
being internalized from the cell surface and were probably
being recycled to it. It was known that antigens are
endocytosed with antigen receptors and then degraded. One
possibility raised by the internalization and apparent recy-
cling of MHC molecules was that, following internalization,
they might be targeted to a specialized microenvironment
where they could interact with degraded antigen. The MHC—
antigen complexes might then be exported to the cell surface
for co-recognition by T-helper cells.

By this time, it had become clear to me that to study
molecular mechanisms underlying biological systems, which is
what interested me, I needed to learn the recently developed
techniques of molecular biology. To this end, I moved to the
laboratory of Richard Axel, at Columbia University. Richard
had begun to work in the area of neuroscience several years
earlier through collaboration with Eric Kandel, who was also
at Columbia. Their collaboration had focused on molecular
studies on the nervous system of Aplysia, a sea snail. This was
the model organism that Eric had used in many of his studies
of learning and memory, for which he received a Nobel Prize
in 2000. Perhaps not surprisingly, I was interested in searching
for genes encoding neuronal cell surface receptors. However,
at that time, Richard wanted to continue studying Aplysia, so
I agreed to a project in which I would try to develop a
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technique for cloning genes expressed in one Aplysia neuron,
but not another. After spending a short time learning
molecular techniques from Jim Roberts, a student in the
lab, I started my Aplysia project. Eric Kandel’s group showed
me how to isolate giant Aplysia neurons that had been
assigned names and could be identified by their locations and,
within a relatively short time, I began to uncover genes that
were differentially expressed among Aplysia neurons.

While studying a neuropeptide gene expressed in neuron
number R15, I discovered that the gene was also expressed in
some other neurons, but that its primary transcript was
alternatively spliced in different neurons to give different
polyproteins. The two polyproteins could generate two differ-
ent combinations of peptides in different neurons, thus
suggesting a way to produce physiological or behavioral
programs with partially overlapping components. While
working on the neuropeptide gene, I encountered numerous
technical challenges that increased my knowledge of molec-
ular biology and honed my abilities. During this period, I
learned a lot of molecular biology from Richard and other
members of his lab. I also got to know Eric Kandel, who has
continued to be a wonderful source of inspiration and
encouragement for me over the years.

From my first introduction to neuroscience, I had been
fascinated by the brain’s cellular and connectional diversity.
In parallel with my Aplysia experiments, I sporadically tried
to find a way to scan the genome for genes that had
undergone gene rearrangement or gene conversion in neu-
rons, thinking that genes that showed this characteristic might
be involved in the generation of neuronal diversity. One
method that I devised showed promise in Drosophila, but was
not sensitive enough for the much larger genome of a
mammal, which is what interested me. Nonetheless, these
efforts were a great source of creative enjoyment for me as I
proceeded with the more mundane task of searching for
minute alternative exons in the Aplysia genome.

I was grateful that Richard was tolerant of my high-risk
endeavors. He was an unusual mentor in that he gave people
in his lab extensive independence in charting their own course
once they had established themselves. During this time, I had
many colleagues at Columbia with whom I enjoyed long
discussions about science. Among these were George Gaita-
naris, who has remained a close friend over the years, as well
as Tom Jessell and Jane Dodd, neuroscientists from whom I
learned a great deal about neural development.

As I was nearing the end of my Aplysia project, I read a
paper that changed my life. It was a 1985 publication from Sol
Snyder’s group that discussed potential mechanisms under-
lying odor detection. This was the first time I had ever thought
about olfaction and I was fascinated. How could humans and
other mammals detect 10000 or more odorous chemicals, and
how could nearly identical chemicals generate different odor
perceptions? In my mind, this was a monumental puzzle and
an unparalleled diversity problem. It was obvious to me that
the first step to solving the puzzle was to determine how
odorants are initially detected in the nose. This meant finding
odorant receptors, a class of molecules that had been
proposed to exist, but had not been found. I decided that
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this is what I had to do as soon as my neuropeptide work was
completed.

In 1988, I embarked on a search for odorant receptors,
staying on in Richard’s lab for this purpose. In a recent
commentary in the journal Cell, I described what was known
about odor detection at that time and the approaches that I
tried in the quest to find the elusive odorant receptors. In
short, it was known that odorants depolarize, and thereby
activate, olfactory sensory neurons in the nose. Although
there were varied proposals as to what kind of molecules
might interact with odorants, there was compelling evidence
that olfactory transduction involved G-protein-induced
increases in cCAMP. After trying several different approaches,
I identified the odorant receptor family by designing experi-
ments based on three assumptions: First, since odorants vary
in structure and can be discriminated, there would be a family
of varied, but related odorant receptors, which would be
encoded by a multigene family. Second, odorant receptors
would be at least distantly related to the relatively small set of
G-protein-coupled receptors whose sequences were known at
that time. Finally, odorant receptors would be selectively
expressed in the olfactory epithelium, where olfactory
sensory neurons are located. It took some time to devise
and develop the methods I used in my search, but in the end
they succeeded. Looking at the first sequences of odorant
receptors obtained from rats, I was moved by nature’s
marvelous invention. This work showed that the rat has a
multigene family that codes for in excess of one hundred
different odorant receptors, all related, but each one unique.
The unprecedented size and diversity of this family explained
the ability of mammals to detect a vast array of diverse
chemicals as having distinct odors. In 1991, Richard Axel and
I published the identification of odorant receptors.

BOSTON

In 1991, I departed for Boston to be an assistant professor
in the Neurobiology Department at Harvard Medical School.
There, I was immersed in an environment in which I could
broaden my understanding of the nervous system. I received
excellent support from my chairman, Gerry Fischbach, as I set
up my lab. I also acquired many excellent colleagues,
including David Hubel, whose pioneering studies of the
visual system with Torsten Wiesel (for which they received a
Nobel Prize in 1981) had always been an inspiration to me. In
1994, I became an Investigator of the Howard Hughes
Medical Institute, which has generously supported our work
for the past 11 years. Over the next decade, I remained at
Harvard, gradually rising through the ranks to become
associate and then full professor. In 1994, I met Roger
Brent, a marvelous intellect and fellow scientist who has been
my partner and an important part of my life ever since.

The discovery of odorant receptors had explained how the
olfactory system detects odorants. My next goal was to learn
how signals from those receptors are organized in the brain to
generate diverse odor perceptions. I was joined in this
endeavor by a series of excellent students and postdoctoral
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fellows. The discoveries on the organization of the olfactory
system that were cited by the Nobel Foundation were made
over a period of ten years, during which I was a faculty
member at Harvard.

The first question we asked was how odorant receptors
are organized in the olfactory epithelium of the nose. This
work was begun by Kerry Ressler, an MD/PhD student who
came to the laboratory for a few months just as the equipment
and supplies I had ordered began to arrive in January 1992. I
had decided to switch from the rat to the mouse as a model
organism because of the advantage of using isogenic inbred
strains for dissecting a multigene family, and the possibility of
generating transgenic mice. After cloning and sequencing a
series of mouse odorant receptor genes, Kerry did our first
in situ hybridization experiments to examine patterns of
receptor gene expression. By June, Kerry had returned as a
full-time student and Susan Sullivan had joined the lab as a
postdoctoral fellow. At this point, we began to precisely
analyze gene-expression patterns and to compare them in
different individuals. Prior to the present era of digital
photographs that can be stored and analyzed on a computer,
this was painstaking work that involved displaying photo-
graphic slides on a desktop viewer and recording, on trans-
parencies, the locations of individual labeled cells in different
animals. Our studies showed that each receptor gene is
expressed in about 1/1000 olfactory sensory neurons, that the
olfactory epithelium has several spatial zones that express
non-overlapping sets of odorant receptor genes, and that
neurons with the same odorant receptor are randomly
scattered throughout one zone. This indicated that signals
derived from different odorant receptors are segregated in
different sensory neurons and in the information they trans-
mit to the brain. It further indicated that, in the olfactory
epithelium, neurons that detect the same odorant are
dispersed and those that detect different odorants are
interspersed. Thus, there is a broad organization of sensory
information into several zonal sets in the epithelium, but,
overall, information is encoded in a highly distributed
manner. We published these findings in 1993. Similar
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observations in rats by Richard Axel and his colleagues were
also reported that year.

Having determined how inputs from different odorant
receptors are organized in the nose, we asked how they are
arranged at the next structure in the olfactory pathway, the
olfactory bulb. In the bulb, the axons of olfactory sensory
neurons synapse in about 2000 spherical structures, called
glomeruli. Kerry began to use retroviral vectors to investigate
how the axons of neurons expressing specific receptors are
organized in the bulb, but then we inadvertently found
another way to address the question. While using in situ
hybridization to identify a number of receptor genes
expressed in each epithelial zone for chromosomal mapping
studies, Susan found that, in one tissue section, a receptor
probe labeled a single spot in the bulb, which proved to be a
glomerulus. Using probes that recognized single receptor
genes rather than subfamilies of related receptor genes, we
found that each probe labeled odorant receptor mRNAs in
sensory axons that were confined to one or a few glomeruli at
only two sites, one on either side of the bulb. Different probes
labeled different glomeruli and those glomeruli had virtually
identical locations in different individuals. I still remember a
meeting with Kerry and Susan in my office in which I asked
Kerry how many sections separated different labeled glomer-
uli in different bulbs. All of us were stunned by his answer,
because it provided the first hint that the bulb might have a
stereotyped map of receptor inputs and we could not imagine
how this could be generated given the organization of
receptor gene expression in the epithelium. This mystery
still has not been solved. These studies indicated that while
thousands of neurons expressing the same receptor are highly
dispersed in the epithelium, their axons all converge in a few
specific olfactory bulb glomeruli. The result is a stereotyped
map of receptor inputs in which signals derived from different
receptors are segregated in different glomeruli and in the bulb
projection neurons whose dendrites innervate those glomer-
uli. Remarkably, Bob Vassar in Richard Axel’s lab had
concurrently found that different receptor probes labeled
different glomeruli in the rat bulb. Our two groups published
these findings in 1994.

Several years later, we began to investigate how the
receptor family and the patterning of receptor inputs encode
the identities of different odorants. By using single-cell RT-
PCR (reverse transcriptase—polymerase chain reaction), Bet-
tina Malnic, a fellow in the lab, had been comparing gene
expression in single olfactory sensory neurons. Her work
demonstrated that each neuron expresses only a single
receptor gene, something that we had previously suspected,
but that needed to be verified. Bettina was initially focused on
the identification of genes that might be involved in receptor
gene choice or axon targeting in the bulb, but we decided to
change course when Takaaki Sato visited our lab and told us
about his calcium imaging studies of odor responses in the
olfactory epithelium. This was the beginning of a highly
successful collaboration in which Takaaki used calcium
imaging to define the odor response profiles of individual
neurons and Bettina then used RT-PCR to identify the
receptor expressed by each responsive neuron. These studies
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demonstrated that the receptor family is used in a combina-
torial manner. Different neurons are recognized, and thereby
encoded, by different combinations of receptors, but each
receptor is used as one component of the combinatorial
receptor codes for many different odorants. These studies also
provided explanations for several intriguing features of
human odor perception, including how a slight change in
the structure of an odorant can dramatically change its
perceived odor quality.

As soon as we had determined how receptor inputs are
organized in the olfactory bulb, we began to explore how they
are arranged at the next structure in the olfactory pathway,
the olfactory cortex. Lisa Horowitz, an MD/PhD student in
the lab, initially investigated connections between the bulb
and cortex using classical anatomical techniques. By deposit-
ing different tracers in the dorsal and ventral bulb, she
determined that these areas project axons to the same regions
of the cortex. In agreement with previous findings, this
indicated that there could not be a point-to-point patterning
of connections between the bulb and cortex. We decided to
abandon traditional approaches and to instead ask whether
we could chart neural pathways genetically by expressing a
gene encoding a transneuronal tracer in olfactory sensory
neurons. Lisa found that this was indeed possible. When she
made transgenic mice that expressed barley lectin in all
olfactory sensory neurons, the lectin crossed two synapses,
labeling second-order neurons in the bulb, and then third-
order neurons in the cortex. This work, which we published in
1999, opened the way to investigating a wide array of
questions concerning neural circuits, including those that
carry olfactory information.

We then went on to use the genetic tracer to examine how
inputs from individual types of receptors are organized in the
olfactory cortex. To do this we used gene targeting to generate
mice that coexpressed barley lectin with a single receptor
gene. Lisa, together with a fellow in the lab, Jean-Pierre
Montmayeur, prepared the DNA constructs for gene target-
ing. Zhihua Zou, another fellow, then generated and analyzed
mice that coexpressed the tracer with different receptor
genes. The approach worked, but was difficult, with Zhihua
investing almost a year in perfecting the conditions needed to
detect minute amounts of the tracer in cortical neurons. These
studies revealed that the olfactory cortex has a stereotyped
map of receptor inputs, but one that is radically different from
that in the bulb. The segregation of receptor inputs in
different glomeruli and neurons in the bulb gives way in the
cortex to a complex array of receptor inputs in which signals
from different receptors partially overlap and single cortical
neurons appear to receive signals from combinations of
different receptors. This offers a means by which the
individual components of an odorant’s receptor code could
be integrated at the level of single neurons. This could serve as
an initial step in the reconstruction of an odor image from its
deconstructed features, which are conveyed by the receptor
elements of the receptor code. We published our findings on
the cortex in 2001.

During the ten-year period at Harvard in which we did the
work described above, my laboratory also investigated a
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number of other questions. These included studies of the
chromosomal organization of receptor genes and the evolu-
tion of the receptor gene family by Susan Sullivan, studies of
the development of receptor gene expression patterns by
Susan and Staffan Bohm, and bioinformatic studies by
Bettina Malnic and Paul Godfrey that defined and compared
the receptor gene repertoires of humans and mice. We also
conducted a series of studies on the detection of pheromones
in the vomeronasal organ, including studies by Emily Liman
and Anna Berghard that revealed differences between trans-
duction molecules involved in odor versus pheromone
detection, the discovery of zonal patterns of transduction
molecules likely to be involved in pheromone detection by
Anna, analyses of vomeronasal responses to pheromones and
odorants by Mehran Sam, and the discovery, by Hiroaki
Matsunami, of a family of candidate pheromone receptors.
During the latter part of this period, Hiroaki Matsunami,
Jean-Pierre Montmayeur, and Stephen Liberles also began to
explore the mechanisms underlying taste detection, in the
process discovering candidate receptors for both bitter and
sweet tastes, both of which were also found by other groups at
about the same time.

SEATTLE

In 2002, I returned to Seattle to be a Member of the
Division of Basic Sciences at the Fred Hutchinson Cancer
Research Center and Affiliate Professor of Physiology and
Biophysics at the University of Washington. I had always
intended to someday return to the West Coast and had
already stayed longer in Boston than I had anticipated. When
Mark Groudine, then Director of the Basic Sciences Division
at Fred Hutchinson, offered me a faculty position there, I
gladly accepted. The Hutchinson Center had a reputation for
cutting-edge science as well as a high level of collegiality, both
of which were important to me. In addition, by moving to
Seattle, I would be closer to my partner, Roger, who lived in
Berkeley, and to my family and friends in Seattle.

In Seattle, we are continuing to explore the mechanisms
underlying odor perception as well as the means by which

1. Introduction

The subject of my lecture is the sense of smell, one of the
five senses through which we perceive the world. Through the
sense of smell, humans and other mammals can perceive a
vast number and variety of chemicals in the external world. It
is estimated that humans can sense as many as 10000 to
100000 chemicals as having a distinct odor. All of these
“odorants” are small, volatile molecules. However, they have
diverse structures and somehow those different structures are
perceived as having different odors (Figure 1).

The sense of smell is mediated by the olfactory system, a
system that is characterized by exquisite sensitivity and
discriminatory power. Even a slight change in the structure
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pheromones elicit instinctive behaviors. We have also become
interested in the neural circuits that underlie innate behaviors
and basic drives, such as fear, appetite, and reproduction. We
are currently developing molecular techniques to uncover
those circuits and to define their composite neurons and the
genes they express. In a different vein, we have developed a
high-throughput approach in which we are using chemical
libraries to identify genes that control aging and lifespan, our
chief interest being whether there might be a central
mechanism that determines lifespan and regulates the aging
of cells throughout the body.

LOOKING BACK

Since Richard Axel and I published the discovery of
odorant receptors in 1991, it has been immensely satisfying
for me to see many laboratories using these receptors in a
large-scale effort to dissect the mechanisms that underlie the
sense of smell and the developmental processes that shape the
organization of the olfactory system. Molecular approaches to
studying olfaction have extended to other vertebrates as well
as to invertebrate species, with Cori Bargmann’s group
discovering a large variety of chemosensory receptors in the
nematode worm C. elegans, and several groups, including
Richard Axel’s, identifying families of odorant and taste
receptors in the fruit fly D. melanogaster.

Looking back over my life, I am struck by the good
fortune I have had to be a scientist. Very few in this world
have the opportunity to do everyday what they love to do, as I
have. I have had wonderful mentors, colleagues, and students
with whom to explore what fascinates me, and have enjoyed
both challenges and discoveries. I am grateful for all of these
things and look forward to learning what nature will next
reveal to us.

As a woman in science, I sincerely hope that my receiving
a Nobel Prize will send a message to young women every-
where that the doors are open to them and that they should
follow their dreams.

of an odorant can change its perceived odor. For example, the
close relative of a chemical that is perceived as pear can have
the scent of an apple. In addition to odorants, the olfactory
system detects pheromones, chemicals that are released from
animals and act on members of the same species, stimulating
hormonal changes or instinctive behaviors, such as mating or
aggression. The olfactory system also detects predator odors,
which can elicit innate fear responses.

Over the past 16 years, our work has focused on two
questions: First, how do mammals detect so many different
environmental chemicals? And second, how does the brain
translate those chemicals into diverse odor perceptions and
behaviors?

Angew. Chem. Int. Ed. 2005, 44, 6128 —6140


http://www.angewandte.org

Odor Perception

Figure 1. Humans and other mammals perceive a vast number of
chemicals as having distinct odors.

Odorants are initially detected by olfactory sensory
neurons, which are located in the olfactory epithelium lining
the nasal cavity (Figure 2). These neurons transmit signals to

Figure 2. The olfactory pathway. Odorants are detected by olfactory
sensory neurons in the olfactory epithelium. Signals generated in
those neurons are relayed through the olfactory bulb to the olfactory
cortex and then sent to other brain areas.

the olfactory bulb of the brain, which then relays those signals
to the olfactory cortex. From there, olfactory information is
sent to a number of other brain areas. These include higher
cortical areas thought to be involved in odor discrimination as
well as deep limbic areas of the brain, which are thought to
mediate the emotional and physiological effects of odors. In
contrast to odorants, pheromones are detected primarily in
the vomeronasal organ (VNO), a separate olfactory structure
in the nasal septum. From VNO neurons, signals are relayed
through the accessory bulb to the medial amygdala and then
the hypothalamus, areas implicated in hormonal and behav-
ioral responses to pheromones.

The olfactory epithelium contains millions of olfactory
sensory neurons. It also contains supporting cells and a basal
layer of stem cells. Olfactory sensory neurons are short-lived
cells that are continuously replaced from the stem-cell layer.
At the surface of the epithelium, each neuron extends cilia
into the nasal lumen, allowing it to come in contact with
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odorants dissolved in the nasal mucus. Each neuron commu-
nicates with the brain through a single axon that it extends to
the olfactory bulb.

2. Odorant Receptors

In our initial experiments, Richard Axel and I asked how
it is that these neurons detect odorants. Beginning in 1965
with the work of Robert Gesteland,!! numerous electro-
physiological studies had shown that different olfactory
sensory neurons are depolarized, or activated, by different
odorants. John Amoore proposed that these neurons had
odorant receptor proteins that varied in their affinity for
different odorants.>? In the mid 1980s, hints started to
emerge about signal transduction in the cilia of the olfactory
neurons. Doron Lancet, Sol Snyder, and their colleagues
showed that odorants induce GTP-dependent increases in
adenylyl cyclase activity in the cilia, thus suggesting the
involvement of intracellular G proteins,** and Randy Reed
identified G,0lf, a G protein that could mediate this response
and was highly expressed in olfactory sensory neurons.’

In 1988, Richard Axel and I embarked on a search for
odorant receptors. The strategy we devised was based on
three assumptions. First, odorant receptors would be selec-
tively expressed in the olfactory epithelium. Second, since
odorants vary in structure, there would be a family of varied,
but related receptors, and those receptors would be encoded
by a multigene family. Third, odorant receptors would be
related to other types of receptors that interact with intra-
cellular G proteins. By 1989, molecular cloning had revealed
the structures of about 20 of these G-protein-coupled
receptors (GPCRs). All of these receptors had seven poten-
tial transmembrane domains and they shared a few amino
acid sequence motifs.

On the basis of these assumptions we set out to search for
a family of GPCRs expressed in the rat olfactory epithelium.”
To do this, we first used the polymerase chain reaction (PCR)
to look for receptors expressed in the olfactory epithelium
that were related to known GPCRs. We designed 11
degenerate oligonucleotide primers that matched amino
acid sequences in transmembrane domains2 and 7 of
known GPCRs. We then used these primers in all 30 pairwise
combinations to amplify related sequences in cDNA prepared
from rat olfactory epithelium RNA. From the 30 PCR
reactions, we obtained 64 different PCR products in the
appropriate size range. Each of these appeared as a distinct
band by agarose gel electrophoresis.

We then asked whether any of the 64 PCR products
contained multiple members of a multigene family. To do this
we cut the DNA in each PCR product with a restriction
enzyme. Most of the bands were cut into a small number of
fragments that added up to the original in size. However, one
band, no. 13, was cut into a large number of fragments, thus
suggesting that it might contain multiple members of a
multigene family. When we cloned and sequenced five of the
DNAs in this band, we found what we had been looking for:
all five encoded novel proteins with the hallmarks of GPCRs.
Moreover, all five were related, but each one was unique.
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By using these DNAs as probes, we isolated a series of
related cDNAs from an olfactory epithelium cDNA library.
We initially examined the proteins encoded by ten of the
cDNAs. All ten proteins had the seven potential transmem-
brane domains characteristic of GPCRs. In addition, they had
several amino acid sequence motifs seen in other GPCRs.
However, the ten receptors all shared sequence motifs not
seen in any other GPCRs, thus indicating that they were
members of a novel receptor family.

Figure 3 shows a model of one of these receptors in the
membrane with individual amino acids represented as balls.
Red balls indicate amino acids that were especially variable

Figure 3. Topology of an odorant receptor in the membrane. Individual
amino acid residues are indicated by balls. Red balls indicate residues
that were hypervariable among ten odorant receptors. Adapted from
Ref. [7].

among the ten receptors. Importantly,
though related, the ten olfactory receptors
varied extensively in amino acid sequence.
This hypervariability was consistent with
an ability of the receptors to interact with
odorants of different structures.

Consistent with the selective expression
of these receptors in the olfactory epithe-
lium, a mixed olfactory receptor DNA
probe hybridized to RNA from the olfac-
tory epithelium, but not other tissues.
Moreover, enriching for olfactory sensory
neurons also enriched for receptor RNAs,
thus suggesting that the receptors were
expressed predominantly or exclusively by
olfactory sensory neurons.

On Southern blots of genomic DNA,
single receptor probes hybridized to multi-
ple bands, and a mixed receptor probe
hybridized to a large number of bands. This further indicated
that the receptors we had found were encoded by a large
multigene family. Genomic library screens indicated that the
multigene family contained in excess of 100 members. In later
studies, we obtained evidence for about 1000 different
olfactory receptor genes in mice.

On the basis of these results, we concluded that the
receptor family we had identified coded for odorant receptors
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(ORs) expressed by olfactory sensory neurons in the nose.”)
Subsequent studies showed that homologous families of
odorant receptors are present in vertebrate species ranging
from fish to humans.®! In 1991, after publishing our work on
odorant receptors,[”! T left Richard Axel’s lab to join the
faculty of Harvard Medical School.

A decade later, the sequencing of human and mouse
genomes made it possible to determine the number of OR
genes in these species. This was done by Lancet and Zozulya
for human®!”! and by Firestein and Trask for mouse,""'? and
in my lab it was done for both species by Bettina Malnic and
Paul Godfrey."™>'¥l These studies indicate that humans have
about 350 different ORs and mice have about 1000. This
result indicates that roughly 1-5 % of the genes in the genome
are devoted to the detection of odorants. Odorant receptor
genes are highly distributed across the genome. In our studies
of the human genome, we found OR genes on 21 different
chromosomes and at 51 different chromosomal loci, where
they are found singly or in clusters (Figure 4).14!

In the mid 1990s, two additional families of receptors were
found in the olfactory system. These receptors, called V1Rs
and V2Rs, are unrelated to ORs in protein sequence, but both
types have the characteristic seven-transmembrane domain
structure of GPCRs. VIR and V2R genes are selectively
expressed in the VNO, thus suggesting that they might be
pheromone receptors. Both receptor families have more than
100 members. The VIR family was identified in 1995 by
Dulac and Axel,"™ and the V2R family was identified in 1997
by Hiroaki Matsunami in my lab and also by the laboratories
of Catherine Dulac and Nicholas Ryba.['**16:17]

Figure 4. The chromosomal distribution of human odorant receptor genes. Intact receptor
genes are shown in red and pseudogenes in green. Adapted from Ref. [14].

3. Organization of Odorant Receptors in the
Olfactory Epithelium

The discovery of odorant receptors explained how the
olfactory system detects a vast array of chemicals in the
external world. It also did something else that was important:
it provided a set of molecular tools to explore how the
nervous system translates chemical structures into odor
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perceptions. This is what we set out to do in my lab at
Harvard.

In the mouse, we found evidence for as many as 1000
different OR genes. We first asked how information from
different ORs is organized in the olfactory epithelium.!'¥ In
these experiments, Kerry Ressler, a graduate student in the
lab, and Susan Sullivan, a postdoctoral fellow, hybridized
labeled OR gene probes to sections through the mouse nose
(Figure 5). These studies showed that the olfactory epithelium

Figure 5. Expression patterns of odorant receptor genes in the mouse
olfactory epithelium. Tissue sections through the mouse nose were
hybridized to four different receptor gene probes. Adapted from

Refs. [18,30].

has distinct spatial zones that express non-overlapping sets of
OR genes (Figure 6). Each OR gene is expressed in about 1/
1000 neurons and those neurons are randomly scattered
within one zone. Similar findings were made in Richard
Axel’s lab in rats') The OR expression zones form stripes
that extend along the anterior—posterior axis of the nasal
cavity.

These findings told us two important things. First, input
from one type of OR is highly distributed in the epithelium.
Therefore, neurons with receptors for one odorant (for
example, a strawberry odorant) must be interspersed with
neurons that have receptors for another odorant (such as a

Figure 6. The organization of odorant receptor inputs in the olfactory
epithelium and olfactory bulb. Sensory neurons expressing the same
receptor are scattered within one epithelial zone, but their axons
converge in specific glomeruli in the olfactory bulb. Adapted from
Refs. [18,22,30].
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lemon one). Second, each neuron may express only one OR
gene. We later confirmed this by examining gene expression
in single neurons.” Thus, in the nose, inputs from different
ORs are segregated in different neurons, and the information
that each neuron transmits to the brain is derived from a
single receptor type.

4. Combinatorial Receptor Codes for Odors

In later studies, we asked how the OR family encodes the
identities of different odorants. To explore this question, we
searched for ORs that recognize specific odorants.””! This
work was done by Bettina Malnic in my lab in collaboration
with Takaaki Sato and Junzo Hirono at the Life Electronics
Research Center in Japan. We first exposed single mouse
olfactory sensory neurons to a series of odorants, using
calcium imaging to visualize their responses. We then isolated
each responsive neuron and used reverse transcriptase-PCR
(RT-PCR) to determine the OR gene it expressed. In every
case, we identified only one expressed OR per neuron, thus
confirming that each neuron expresses a single OR gene.

For test odorants, we used four different classes of linear
aliphatic odorants with different functional groups and
carbon chains ranging in length from four to nine carbon
atoms. Each neuron was imaged as it was exposed sequen-
tially to different odorants (Figure 7). If a response was seen,
the neuron was retested with a lower concentration of the
same odorant.

Figure 7. Responses of a single olfactory sensory neuron to different
odorants. Fluorescence emission was monitored during sequential
exposure of a neuron containing an indicator dye (Fura-2) to a series
of odorants (C4-D9). Responses to lower odorant concentrations are
shown below. Adapted from Ref. [20].

Figure 8 shows the response profiles of 14 neurons and
therefore the recognition properties of the ORs expressed in
those neurons. These data make three important points. First,
each OR can recognize multiple odorants, something pre-
viously shown by Stuart Firestein for one rat OR.*!! Second,
each odorant can be detected by multiple different ORs.
Finally, and most importantly, different odorants are recog-
nized by different combinations of ORs.
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different ORs, this combinatorial coding
scheme could allow for the discrimination of
an almost unlimited number of odorants. Even
if each odorant were detected by only three
ORs, this scheme could potentially generate
almost one billion different odor codes.

These studies also provided insight into
several puzzling features of human odor per-
ception.™ Changing the structure of an odor-
ant even slightly can alter its perceived odor.
Sometimes the change in odor can be dramatic.
The aliphatic acids and alcohols that we used in
our studies are excellent examples of this
phenomenon (Figure 9). All of the acids have
unpleasant odors, such as rancid, sour, or
sweaty. In contrast, all of the alcohols have
pleasant odors, such as herbal, woody, or
orange. In our studies, pairs of acids and
alcohols that differed by a single functional
group invariably had different receptor codes
(Figure 9).

Our studies showed that a change in the
concentration of an odorant can also change its
receptor code. At higher concentrations, addi-
tional ORs were invariably recruited into the
odor response. This may explain why changing
the concentration of an odorant can alter its
perceived odor.

5. A Stereotyped Map of Odorant
Receptor Inputs in the Olfactory
Bulb

Figure 8. Odorant receptors are used combinatorially to detect odorants and encode their
identities. The recognition profiles of individual odorant receptors to a series of odorants were

determined by calcium imaging and single-cell RT-PCR. The sizes of circles reflect response

intensity. Adapted from Ref. [20].
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These results indicated that ORs are used combinatorially
to encode odor identities.””! Different odorants are detected
and thereby encoded by different combinations of ORs.
However, each OR serves as one component of the codes for
many odorants. Different odorants have different “receptor
codes”. Given the number of possible combinations of 1000

Figure 9. Closely related odorants with different perceived odors are
detected by different combinations of receptors. Adapted from
Ref. [20].
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These studies indicated that, in the nose,
different odorants are detected by different
combinations of ORs, and that the different
combinations of ORs ultimately generate dif-
ferent odor perceptions. How is this accomplished ? How does
the brain translate an odorant’s combinatorial receptor code
into a perception?

Each olfactory sensory neuron in the olfactory epithelium
sends a single axon to the olfactory bulb of the brain. Here the
sensory axon enters a spherical structure called a glomerulus,
where it synapses with the dendrites of bulb neurons. The
mouse olfactory bulb has about 2000 glomeruli, each of which
receives input from several thousand olfactory sensory
neurons. Each sensory neuron synapses in only one glomer-
ulus. Similarly, each mitral cell in the bulb receives input from
a single glomerulus. Mitral cells are relay neurons that
transmit signals to the olfactory cortex.

In the bulb, we found something very different from what
we had seen in the nose.”? Here, single receptor probes
labeled receptor mRNA in sensory axons in only a few
glomeruli, and those glomeruli were located at only two spots,
one on either side of the bulb (Figure 10 A). We found that
different receptor probes labeled different glomeruli, and
surprisingly, those glomeruli had nearly identical locations in
different individuals (Figure 10B). These findings were made
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by Kerry Ressler and Susan Sullivan in my lab. In independ-
ent experiments in rats, Vassar and Axel obtained similar
results, although individual receptor probes generally labeled
a larger number of glomeruli at more locations in the bulb in
their studies.

Our studies in mice indicated that the axons of thousands
of sensory neurons with the same OR converge in only 2—4
glomeruli, each of which is likely to be dedicated to one OR
(Figure 10).?! They further indicated that sensory informa-

Figure 10. The olfactory bulb has a stereotyped map of OR inputs.

A) A single OR gene probe hybridized to sensory axons in only one or
two glomeruli on either side of the olfactory bulb. B) Different OR
probes (A16, M50, M71) hybridized to different glomeruli and those
glomeruli had similar locations in six different bulbs.

tion that is broadly organized into four zonal sets in the nose is
transformed in the bulb into a stereotyped sensory map
(Figure 6). In this map, inputs from different ORs are
targeted to different glomeruli and the bulb neurons associ-
ated with those glomeruli. Remarkably, this map is virtually
identical in different individuals.

The olfactory epithelium and bulb have one important
thing in common, however: At both sites, inputs from
different ORs are segregated. Each sensory neuron in the
epithelium, and each glomerulus and relay neuron in the bulb,
appears to be dedicated to only one type of OR.

The structure of the bulb map is likely to be important in
at least two respects. First, it is likely to maximize sensitivity
to low concentrations of odorants. Signals from 5000 or so
neurons with the same OR converge on 24 glomeruli and
about 50 mitral cells, thus allowing a high degree of signal
integration. Second, the bulb map is likely to be important for
the stimulation of odor memories. Sensory neurons in the
epithelium are short lived and are continuously replaced.
However, the bulb map remains constant over time. Thus, the
neural code for an odor remains intact, assuring that odorants
can elicit distant memories.
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6. Odor Coding in the Olfactory Epithelium
and Bulb

Given our finding that each odorant is recognized by a
combination of ORs,™ these results imply that the code for
an odor in the nose is a dispersed ensemble of neurons, each
expressing one OR component of the odorant’s receptor code
(Figure 11). In the bulb, the code is a specific combination of

Figure 11. Odor coding in the olfactory epithelium and olfactory bulb.
In this schematic representation, inputs from different ORs that
recognize an odorant are indicated by different colors. In the olfactory
epithelium (OE), the code for an odorant is a dispersed ensemble of
neurons, each expressing one component of the odorant’s receptor
code. In the olfactory bulb (OB), it is a specific combination of
glomeruli whose spatial arrangement is similar among individuals.
Partially overlapping combinations of OR inputs generate distinct odor
perceptions.

glomeruli that receive inputs from those ORs and have a
similar spatial arrangement in different individuals. This
arrangement is consistent with many studies of odor-induced
activity in the epithelium and bulb, beginning in the 1950s
with the studies of Lord Adrian, who discovered that different
mitral cells in the rabbit bulb respond to different sets of
odorants.?+!

7. Stereotypy, Divergence, and Convergence in
Olfactory Cortex

What happens to this information at higher levels of the
nervous system to ultimately generate diverse odor percep-
tions?

Mitral cell relay neurons in the bulb extend axons to the
olfactory cortex, a large area that stretches along the ventral—
lateral part of the brain. The olfactory cortex is composed of a
number of distinct anatomical areas, at least some of which
are likely to have different functions. The largest area is the
piriform cortex, which itself has morphologically distinct
anterior and posterior halves.

In the 1980s, Lewis Haberly and others showed that a
tracer placed in one small region of this cortex would back-
label mitral cells in many parts of the bulb.*”! This clearly
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indicated that the organization of sensory infor-
mation in the olfactory bulb could not be reca-
pitulated in the cortex, but how olfactory infor-
mation is organized in the olfactory cortex was a
mystery.

We were initially interested in three questions
regarding the olfactory cortex. First, do different
areas of the olfactory cortex, which may have
different functions, receive signals derived from
different subsets of ORs or, alternatively, does
each area receive input from the entire OR
repertoire? Second, is input from one OR scat-
tered in the cortex (as in the nose), is it targeted to
unique, stereotyped sites (as in the bulb) or is it
organized in some other way? Finally, given that
each odorant is recognized by multiple ORs, are
inputs from different ORs combined in individual
cortical neurons, or are they segregated in differ-
ent neurons as in the nose and bulb?

To determine how OR inputs are organized in the cortex,
we first asked whether it would be possible to trace neural
circuits genetically. In those studies, Lisa Horowitz, a
graduate student in the lab, made transgenic mice that
expressed a plant protein, barley lectin, in all olfactory
sensory neurons in the nose. In those mice, the expression of
barley lectin (BL) was controlled by the promoter of the
OMP gene, a gene that is selectively expressed by olfactory
Sensory neurons.

Using BL-specific antibodies, we detected BL in olfactory
sensory neurons in the olfactory epithelium, glomeruli, and
relay neurons in the bulb, and also in neurons in the olfactory
cortex.” This indicated that BL produced by olfactory
sensory neurons in the nose could travel across two synapses
to label connected neurons first in the olfactory bulb and then
in the olfactory cortex.

Having developed a genetic method for charting neural
circuits, we were able to move to the next step. That was to ask
how inputs from individual ORs are organized in the cortex.
Our goal was to coexpress BL with only one of the 1000
different OR genes. To do this, Lisa Horowitz and Jean-Pierre
Montmayeur in our lab altered individual OR genes by
inserting, 3’ to their coding regions, an internal ribosome entry
site (IRES) sequence followed by a BL coding sequence.
Using gene targeting in embryonic stem cells, Zhihua Zou, a
postdoctoral fellow in the lab, then made “knockin” mice that
contained an altered allele of either the M5 or M50 OR
gene.” In these knockin mice, BL was produced only in
neurons that expressed the M5 or M50 OR.

In the olfactory cortex, the axons of bulb neurons branch
and form synapses in layer Ia with the dendrites of pyramidal
neurons located in layers II and III. In PompBL mice, which
express BL in all olfactory sensory neurons,® we saw labeled
neurons in layers IT and III throughout the olfactory cortex
(Figure 12). In the M5 and M50 knockin mice, we also
detected labeled cortical neurons, but they were located in
distinct clusters (Figure 12).”) Moreover, the clusters
appeared to have similar locations in different individuals.

In each knockin strain, we detected 2-3 clusters of labeled
neurons in the anterior piriform cortex (Figure 12). Most of
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Figure 12. Inputs from one OR are targeted to two to three clusters of neurons in
the anterior piriform cortex. Coronal sections through the anterior piriform cortex of
mice in which barley lectin was expressed in all olfactory sensory neurons

(PompBL) or only in neurons expressing the M5 (M5iBL) or M50 (M50iBL) odorant
receptor. Asterisks indicate the outer limits of the piriform cortex (Pir). The distance
from an anterior—posterior landmark is shown in mm. Adapted from Ref. [29].

these clusters were bilaterally symmetrical in the left and right
brain. We also found clusters of labeled neurons in several
other areas of the olfactory cortex. In each cluster, the highest
density of labeled neurons was in the center, but even in the
center, only about half of the resident pyramidal neurons
were labeled with the BL tracer.

Detailed analysis of the clusters in the anterior piriform
cortex revealed that they had similar locations and similar
dimensions in different individuals and, in most cases, they
were bilaterally symmetrical.’” The clusters had different
locations in the two knockin strains, but one of the M5 clusters
appeared to partially overlap with one of the M50 clusters.

These results showed that the olfactory cortex has a
stereotyped map of OR inputs (Figure 13). In this map,
signals derived from one type of OR are targeted to several
loose clusters of cortical neurons. The clusters of neurons that
receive input from a particular OR are found at specific
locations, which are virtually identical among individuals.

These studies clearly indicated that input from one OR
diverges to multiple areas of the olfactory cortex. This

Figure 13. The olfactory cortex has a stereotyped map of OR inputs.
Organization of inputs from the M5 (yellow) and M50 (pink) odorant
receptors in the olfactory epithelium, bulb, and cortex. Black lines and
abbreviations indicate different areas of the olfactory cortex. AON:
anterior olfactory nucleus; PC: piriform cortex; OT: olfactory tubercle;
Amg: olfactory nuclei of amygdala; EC: lateral entorhinal cortex.
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divergence of OR inputs may allow a parallel processing of
OR signals in which signals from the same ORs are combined
or modulated in different ways prior to transmission to other
brain regions that have different functions.

We found that in the anterior piriform cortex, the clusters
of neurons that receive input from one OR occupy about five
percent of the total area along the anterior—posterior and
dorsal-ventral axes.””) In PompBL mice, which express BL in
all olfactory sensory neurons, there were about 180000 BL-
labeled neurons in the anterior piriform cortex. If each
cortical neuron received input from only one of 1000 different
ORs, one might expect to see about 180 labeled neurons in
this area in each knockin mouse. However, we detected about
4000-6000 BL-labeled neurons in the anterior piriform cortex
in each knockin strain.”’

These results indicated that the map of OR inputs in the
olfactory cortex is markedly different from that in the
olfactory bulb. First, while inputs from different ORs are
spatially segregated in different glomeruli in the bulb, they
are likely to overlap extensively in the cortex (Figure 14 A).

Figure 14. Schematic diagrams showing the organization of odorant
receptor inputs in the olfactory epithelium (OE), olfactory bulb (OB),
and olfactory cortex (OC). Inputs from different ORs are segregated in
different neurons and glomeruli in the OE and OB. In contrast, it
appears that different receptor inputs overlap extensively in the OC (A)
and that single cortical neurons receive signals from a combination of
receptors (B).

Second, while signals from different ORs are segregated in
different neurons in both the nose and bulb, each cortical
neuron is likely to receive signals derived from multiple
different ORs (Figure 14 B). Since each odorant is recognized
by a combination of ORs, this may permit an initial
integration of multiple components of an odorant’s receptor
code that is critical to the generation of diverse odor
perceptions.

These findings raise the possibility that neurons in the
olfactory cortex function as coincidence detectors that are
activated only by correlated combinatorial inputs from
different ORs. For example, in a simple model, signals from
different ORs that recognize vanillin would be targeted to
partially overlapping locations in the cortex, but the only
neurons activated by vanillin would be those that receive
coincident signals derived from more than one of the vanillin
ORs.

In sensory systems, environmental stimuli are decon-
structed and then reconstructed in the brain to create
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perceptions. The organization of receptor inputs seen in the
olfactory cortex may serve as an initial step in the recon-
struction of an odor image from its deconstructed features.

I would like to acknowledge the very talented students and
postdoctoral fellows in my lab who did the experiments that [
discussed today. Kerry Ressler and Susan Sullivan did all of the
early studies on OR inputs in the olfactory epithelium and bulb.
Hiroaki Matsunami identified and characterized the V2R
family of candidate pheromone receptors. Bettina Malnic
conducted the studies of OR specificities in collaboration with
Takaaki Sato and Junzo Hirono at the Life Electronic
Research Center in Japan. Bettina and Paul Godfrey defined
the OR gene repertoires of humans and mice. Lisa Horowitz
developed the genetic method for tracing neural circuits, and
Zhihua Zou, in collaboration with Lisa and Jean-Pierre
Montmayeur, conducted the studies of OR inputs in the
olfactory cortex.
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Highly anisotropic metal surfaces can drive the formation of
metal-organic coordination chains, as shown by scanning tunneling
microscopy analysis and density functional calculations. For details
about the templated coordination of Cu and Fe atoms with trimesitylic
acid on a Cu(110) surface, see the Communication by T. Classen,
S. Fabris, K. Kern, and co-workers on the following pages.
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Templated Growth of Metal-Organic
Coordination Chains at Surfaces**

Thomas Classen,* Guido Fratesi, Giovanni Costantini,
Stefano Fabris,* Frank Louis Stadler, Cheolkyu Kim,
Stefano de Gironcoli, Stefano Baroni, and Klaus Kern*

Metal-organic coordination networks (MOCNs) formed by
coordination bonding between metallic centers and organic
ligands can be efficiently engineered to exhibit specific
magnetic, electronic, or catalytic properties.' Instead of
depositing prefabricated MOCNSs onto surfaces, it has been
recently shown that two-dimensional (2D) MOCNSs can be
directly grown at metal surfaces under ultrahigh vacuum
(UHV), thus creating highly regular 2D networks of metal
atoms."? These grids have been pointed out to be potentially
relevant for devices that involve sensing, switching, and
information storage.'*'¥ We show here that this approach
offers the additional advantage to predefine the geometry of
the MOCN by using the substrate as a template to direct the
formation of novel 1D metal-organic coordination chains
(MOCCs).

The templating role of substrates is well known in the field
of surface epitaxial growth.">) Among the highly aniso-
tropic substrates, the Cu(110) surface is one of the most
commonly used (Figure 1a and b). To demonstrate its strong
1D templating effect on organic molecules, a ligand with a
triangular symmetry was selected, namely 1,3,5-benzenetri-
carboxylic acid (trimesic acid, TMA; Figure 1c). The three-

Figure 1. a) High-resolution STM image in 3D representation and
b) structural model of the Cu(110) surface. c) Trimesic acid (TMA).
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fold rotation symmetry of TMA supports the formation of
hexagonal 2D and 3D architectures,**?! therefore strongly
disfavoring the linear geometry. On the isotropic Cu(100)
surface, TMA forms 0D carboxylate complexes and 2D
networks.” 1

The deposition of TMA on Cu(110) under UHV at 300 K
results in the formation of 1D chains along the (110)
direction, as observed by scanning tunneling microscopy
(STM). This deposition temperature is high enough to
provide mobile Cu adatoms through evaporation from kinks
and steps onto the terraces.™ Analysis of similar systems by
X-ray photoelectron spectroscopy®?! showed that these
adatoms catalyze the deprotonation of molecular carboxylate
groups. The adatoms are furthermore necessary for the
formation of copper carboxylate complexes.*?*2 Deposi-
tion at lower temperatures, 210 K and 250 K, resulted in
disordered structures with a tip-to-tip bonding motif. This
signature, which is never observed above 300 K, is character-
istic for intermolecular dimeric hydrogen bonds of carboxyl-
ate groups,?22¥ thus indicating that the carboxylate groups
are protonated at temperatures below 300 K. Upon annealing
to 300 K, these structures yield to the same 1D chains
described above. The chains formed at 300 K typically show
irregular kinks and poor long-range order. These inhomoge-
neities are removed by post-annealing to 380-410 K to yield
straight and highly periodic chains, referred to as MOCC-I
hereafter (Figure 2). At low coverage, chains predominantly
attach to step edges, whereas upon increasing the coverage
chain nucleation takes place also on terraces.

Figure 2. Representative STM images of [-Cu-TMA-Cu-], chains
(MOCC-I) on Cu(110) for TMA coverages of a) 0.36 and b) 0.13 mono-
layers (ML), respectively. Comparison of c) the high-resolution STM
image of MOCC-I, d) the atomistic MOCC-l model, and e) the corre-
sponding simulated STM image.

These findings allow the substrate templating effect to be
rationalized as follows: Upon deprotonation, the molecule—
molecule interaction (favoring hexagonal geometries) is
overcome by the molecule-substrate interaction, which
effectively controls the 1D character of these MOCCs.

The chains consist of triangles alternating with round
protrusions (Figure 2b and c). The apparent height of the two
units is significantly different, 140+ 30 pm and 75420 pm,
respectively, when scanning at —1 V and 1 nA. Following
previous analysis,”"1*%?2 the triangles are identified as flat-
lying TMA molecules. The round protrusions can be attrib-
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uted to Cu adatoms,”*!% coordinated by two of the carbox-
ylate groups of the TMA molecule. The third functional group
of TMA is pointing out of the chain with no preferential up or
down orientation (Figure 2b).

The periodicity of MOCC-I along (110) is five Cu lattice
spacings (12.70 +0.15 A). High-resolution STM images indi-
cate that the distance between the Cu protrusions and the
oxygen atom of the molecular carboxylate groups is approx-
imately 2.8 A, a rather large value when compared to the
typical Cu—O bond length of 1.9-22 A” The simplest
[F-TMA-Cu-], chain model for the adsorption geometry of
MOCKC-I seems therefore to be outruled by these observa-
tions.

Indeed, the lowest energy structure of MOCC-I as
predicted by density functional theory (DFT) calculations is
a [-Cu-TMA-Cu-], chain in which a dimer of Cu metal
adatoms forms unidentate Cu—carboxylate bonds with adja-
cent TMA molecules (Figure 2d). The dimer binds to the
surface by 6.3 eV with respect to isolated Cu atoms, and each
adatom is fivefold coordinated to the substrate. This structure
has the correct 5x periodicity. Its simulated STM image
(Figure 2¢) closely agrees with that found experimentally,
with the Cu—Cu dimer imaged as a single spot centered
between the adatoms. The resulting Cu—O distance is 2.02 A,
which lies in the range of typical Cu—O bond lengths. Also the
calculated apparent heights, 170 pm for the TMA unit and
90 pm for the Cu adatom unit, are in good agreement with
those determined experimentally.

The theoretical analysis provides an unprecedented level
of insight into the adsorption geometry of surface MOCNSs.
The phenyl ring of TMA and the Cu adatoms are located on
the short-bridge and hollow sites, respectively (Figure 2d).
The molecule stands 1.14 A above the outermost Cu layer,
with the carboxylate groups bending towards the surface by as
much as 0.69 A. With respect to a neutral Cu atom, surface
complexation of Cu weakly reduces the metal center occu-
pations of both the s and d electronic states by approximately
0.2 electrons.

[-Cu-TMA-Cu-], chains are the intrinsic nanostructures
on Cu(110), but functional MOCCs also require different
elements than Cu as metallic centers. Extrinsic [-TMA-Fe-],
chains (MOCC-II) were created by holding the Cu(110)
crystal at 230 K—thus preventing the formation of Cu-TMA
complexes—and by depositing first TMA and then Fe at
coverages higher than 0.04ML. The sample was then
annealed to 390 K for one minute. The number of chains
increased with the amount of deposited Fe and saturation was
reached for a coverage of around 0.08 ML of Fe. Further
deposition of Fe results in the nucleation of Fe islands.

The 4x in-chain periodicity of these chains (Figure 3)
leaves space for just one Fe metal center between TMA
molecules. The TMA-TMA distances are therefore shorter
when linked by Fe than when linked by Cu, similar to that
reported for 2D MOCNSs on the Cu(001) surface.”' Accord-
ing to DFT calculations the geometry of the adsorbed TMA
molecule is weakly dependent on the metal center, with the
phenyl ring lying 0.09 A higher in the case of Fe. The metal-
carboxylate bond is still unidentate and the Fe—O distance is
1.95 A, thus 0.07 A shorter than the Cu-O distance in
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Figure 3. [[TMA-Fe-], chains (MOCC-I1): a) Overview image of the co-
ordination chains formed upon deposition of 0.04 ML Fe and 0.40 ML
TMA. Comparison of b) the high-resolution STM image, c) the atom-
istic MOCC-Il model, and d) the corresponding simulated STM image.

MOCC-I. Single metal centers lead to very weak features in
the simulated STM image (Figure 3d), in agreement with
experiment (Figure 3b). With respect to a neutral Fe atom,
surface complexation of Fe strongly reduces the occupations
of the Fe s states by 1.3 electrons while it increases that of the
d states by 0.5 electrons.

Insight into the potentially interesting magnetic proper-
ties of Fe-complexed MOCCH-II can be gained by projecting
the electron density on the atomic Fe d orbitals (Figure 4b).

Figure 4. a) Total density of electronic states (DOS, in [eV] with respect
to the Fermi energy E;) of the [[TMA-Fe-], chain (MOCC-Il). Projected
DOS (PDOS) on the atomic d states of b) the Fe center in MOCC-II
and c) an Fe atom isolated on the Cu(110) surface.

The projected density of electronic states (DOS) displays a
large splitting between the majority spin-up and minority
spin-down electronic d states. The former are completely
filled and well hybridized with the substrate Cu d states,
extending from —5 to —1 eV in the total DOS of the [-TMA-
Fe-], chain (Figure 4a). The latter spin-down states are only
partially filled and extend in the energy region dominated by
the substrate sstates. As a consequence, the Fe atoms are
strongly magnetized with a spin polarization of 3.3 uy per Fe
atom. The polarization of a Fe adatom isolated on the
Cu(110) surface is very similar, 3.2 g, and the corresponding
projected DOS is shown in Figure 4 c. The comparison shows
that the coordination with the carboxylate group does not
affect the electron localization at the Fe adatoms and thus
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does not produce any relevant quenching of the spin magnetic
moment. This is a necessary (although not sufficient)
condition for the emergence of intriguing magnetic properties
induced by the low dimensionality, such as a giant magnetic
anisotropy.”?! Because of their high thermal stability,
MOCNs similar to those presented here could thus be
convenient model systems to explore the occurrence of low-
dimensional magnetism.

In conclusion, metal-organic coordination chains were
created in situ by self-organized growth at a metal surface
under UHV. The 1D anisotropy of the substrate was
effectively transferred to the resulting metal-organic coordi-
nation chains. This strategy was shown to work for intrinsic as
well as for extrinsic metal-carboxylate systems. The precise
atomic configuration of the structures was revealed by a
combined use of STM and DFT. Spin-polarized DFT suggests
that Fe centers within the 1D chains have magnetic properties
similar to those of isolated Fe adatoms. This renders such
regular and unidirectional arrangement of magnetic centers
attractive candidates for the investigation of low-dimensional
magnetism in thermally stable structures.

Experimental Section

Methods: The sample was prepared in a standard UHV preparation
chamber with a base pressure of less than 2 x 10~' mbar. The Cu(110)
single crystal was cleaned by cycles of Ar* sputtering (900 eV) and
annealing to 830-850 K. Commercially available TMA (Fluka
Chemie AG, purity >97 %) was evaporated from a ceramic crucible
at 460 K for sample temperatures between 130 K and 300 K. The
sample was then transferred under UHV conditions to a STM
chamber (base pressure of 6 x 107" mbar) that comprised a commer-
cial variable-temperature STM apparatus. Measurements were car-
ried out at 300 K and 130 K with typical tunneling conditions of —1 V
and 1 nA (filled-state imaging).

The computer simulations were based on DFT, in the generalized
gradient approximation of Perdew-Burke—Ernzerhof.®” The calcu-
lations were performed in the pseudopotential plane-wave frame-
work (plane-wave cutoff of 326.4 eV) using ultrasoft pseudopoten-
tials®!! as implemented in the PWscf simulation package.’” A three-
layer slab provided a simplified model of the Cu(110) surface. The
atomic positions were determined by relaxing the upper layer and
keeping the distance between the others fixed at the bulk value. Metal
adatoms and deprotonated TMA molecules were positioned on the
upper surface of the slab and were structurally relaxed according to
the Hellmann-Feynman forces. STM images were simulated by
means of the Tersoff-Hamann method,”™ that is, by a spatially
resolved DOS integrated in energy from a bias potential (—1.0 eV) to
the Fermi energy.
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Transition-metal-catalyzed reactions of 1,6-enynes proceed
via two general pathways (Scheme 1)."? If the metal
coordinates selectively to the alkyne 1, cyclopropyl-metal

MX, MX, R
= R —MX, R A
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Scheme 1.

carbenes 2 are initially formed, which can react with alcohols
or water to give products of alkoxy- or hydroxycyclization,!?
whereas in the absence of nucleophiles, skeletal rearrange-
ment forms dienes 3 (single cleavage) and/or 4 (double
cleavage).™ Alternatively, coordination of MX, to the
alkyne and the alkene (as in 5) is followed by oxidative
cyclometalation to form 6, which usually evolves by [3-
hydrogen elimination to give Alder—ene-type products.”!
Formation of products 3 could also occur by conrotatory
ring-opening of cyclobutenes 7, which are formed either
from 2 or by reductive elimination of 6.
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A pathway for the formation of 3 via ring-opening of 7 is
favored by most authors. 8 However, the formation of dienes
4 requires a different mechanistic rationalization. An earlier
mechanistic proposal by Oi et al.”¥l suggested a direct pathway
for the skeletal rearrangement via intermediates of type 2.
Herein we report experimental and theoretical results that
shed new light into this complex mechanistic issue. In
particular, this work strongly suggests that cyclobutenes 7
are not necessary intermediates in the skeletal rearrangement
of enynes.

Alder-ene-type products have not been observed in Au™-
catalyzed reactions, which is consistent with the selective
coordination of cationic [Au(L)]* complexes to the
alkyne.”*"# In the presence of catalysts formed from 8a—c
and AgSbF,™ or new cationic complexes 9a,b, enyne 10

.
rR R rR R 1 spr,
PAu Cl P—Au-NCMe
> O
-
8a:R=Cy,R'=H 9a:R=Cy
8b:R=1Bu,R'=H 9b: R =1Bu

8c:R=Cy,R'=0OMe

undergoes a single cleavage rearrangement to form 11
quantitatively at a temperature as low as —63°C
(Scheme 2). On the other hand, enyne 12 undergoes a

9a or 9b (2 mol%)

mMe
z Me

Iy Me CH,Cl,
\/\Mre —63 10 —26°C
10 1
AGH AH* ASH
%9a 217+11 37%03 -606+12
9b 212:+21 62+05 -503£20
— Me
/ [Au(PPh,)CI] (2 mol%) TMe
z
Zo AgSbF, (2% mol)
CH,Cl,, 23°C, 5 min
12 13 (95%)

Scheme 2. Z=C(CO,Me),. AG;,; and AH™ in kcalmol™'; AS™ in
calK"mol™".

double cleavage rearrangement with [Au(PPh;)]SbF, to give
exclusively 13.%°1 These are the skeletal rearrangements
occurring at the lowest temperatures. Reaction of enyne 10
with catalyst 9a (—63 to —26°C) or 9b (—43 to —28°C) was
monitored by '"H NMR spectroscopy in CD,Cl,. Under these
conditions, smooth and quantitative formation of diene 11
was observed without the build up of any intermediate. The
rearrangement is pseudo-first order in 10, which allowed us to
determine the thermodynamic parameters shown in
Scheme 2.

The large and negative activation entropies suggest that
an associative ligand substitution!'” (diene 11 by incoming
enyne 10) is the rate-determining step of the process. These
results establish a very low activation energy (E,) for the
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hypothetical conrotatory ring-opening of a cyclobutene of
type 7, which therefore should be a fast process at temper-
atures as low as —63°C. This is not consistent with the ring-
opening of bicycle 14 and its 6,7-dimethyl derivatives,""! for
which activation energies of 29.0-32.7 kcalmol ™! and low
entropies of activation (1.4-2.2calK'mol™!) have been
determined. DFT calculations predict an E, of 25.6 kcalmol ™
for the conrotatory ring-opening of bicyclo[3.2.0]hept-5-ene
(15) to 1-vinyl-1-cyclopentene (AG,gx = —22.5 kcalmol ™).

@j Oj Ph\SOj

PR
14 15 16

SiMe,

It is important to note that 15 has a lower olefin strain
(OS =16.7 kcalmol ') than 14 (OS =20.5 kcalmol '), which
is stable up to 118°C."!l Additional evidence against the ring-
opening of a cyclobutene in the low temperature skeletal
rearrangement of 10 is provided by the isolation of bicycle 16
as a stable compound.!'*!

DFT calculations!™ support pathways for the skeletal
rearrangement that do not involve the intermediacy of
cyclobutenes 7. Thus, complex 17a evolves via TS, to form
cation 18, which could furnish dienes 3 by elimination of
[Au(L)]* (Scheme 3). Alternatively, a 1,2-shift gives gold

Scheme 3. L=PH;. AG at 298 K (energies in kcalmol ™).

carbene 19a via TS, in an almost flat potential surface. Dienes
4 would result from 19a by f-hydrogen elimination and
demetalation. In the case of 20, which is the intermediate in a
reaction of an enyne of type 12, a double-cleavage rearrange-
ment was found to give 19b directly, in agreement with the
experimental results. This remarkable process involves a 1,2-
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shift of a metal carbene with concomitant cleavage of the
distal C—C bond of the cyclopropane and formation of a
double bond.

No direct pathway for the formation of a cyclobutene
from 17a was found. In contrast, syn-17'a forms 22a via TS;,
although the anti to syn isomerization from 17a to 17'a
requires a rather high activation energy (Scheme 4).1" This

Scheme 4. L=PH,. AG at 298 K (energies in kcalmol™') and selected
bond lengths [A] for 17a, 17'a, and TS,.

high activation energy of 24.7 kcalmol ' can be attributed to
the loss of conjugation between the gold carbene and the
cyclopropane, as shown by the significant shortening of the
cyclopropane and C=Au bonds and the lengthening of the C—
C bond connecting the cyclopropane and the gold carbene in
TS,. This isomerization process is rather unlikely under the
reaction conditions, as the initially formed anti-17a would
undergo a more facile rearrangement via 18 (AG* =9.1 kcal -
mol ™', Scheme 3). However, an alternative pathway has been
found for a more direct formation of complexes 17'a,b by a
syn-type attack of the alkene, via TS, to the (alkyne)gold
moiety of 21a,b (Scheme 4).

Although the anti attack of the alkene is more favora-
ble," the syn attack could compete if substitution at the
alkene and/or the alkyne disfavors the skeletal rearrange-
ment. In particular, this should be more favorable for the
formation of bicyclo[3.2.0]oct-6-enes from 1,7-enynes, in
accordance with the calculations (17’b—22b, Scheme 4) and
experiments.[!! Significantly, cationic gold complexes catalyze
the [2+2] cycloaddition of 1,7-enynes. Thus, enynes 23 and 24
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react with complexes [Au(L)]* at room temperature to give
25 and 26,“*9 respectively (Scheme 5).

Tricycles 25 and 26 do not undergo ring-opening at 120—
150°C to form 1,3-dienes.™™ To study the possible effect of
transition metals in the ring-opening of the cyclobutene,['® 25

MeO,C [Au] MeO,C [Au] MeO,C
H
MeO,C b MeO,C a Meo,C’ .
)ﬂ
26 23:n=1 25
24:n=3
¢ | Ptol,
MeO,C
MeO,C H
2 H
27

Scheme 5. Reactions of 23 and 24: a) 9b (2 mol %), CH,Cl,, room
temp., 14 h (80%); b) 8¢ (2 mol %), AgSbF; (2 mol %), CH,Cl,, room
temp., 45 min (67 %); c) PtCl, (5 mol %), MeCN, 120°C, 20 h (67 %).

was heated in MeCN at 120°C in the presence of 5 mol %
PtCl, (Scheme 5). Interestingly, under these conditions,
P! 1344kl which is a known catalyst for the skeletal
rearrangement, does not promote the ring-opening of the
cyclobutene but rather promotes isomerization to form the
less-strained tricycle 27.07)

In summary, calculations on the Au'-catalyzed skeletal
rearrangement of enynes support the earlier proposals
suggested by Oi et al.’! and others,"* although Scheme 3
provides a more rigorous and concise mechanistic picture. An
alternative pathway has been found for the formation of
cyclobutenes via syn-cyclopropyl-metal carbenes, formed by
a syn electrophilic addition of the metal and the alkene to the
alkyne. Kinetic experiments indicate that if a conrotatory
ring-opening of a cyclobutene intervenes in the skeletal
rearrangement, its E, value would be unreasonably low.
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Real-Time Observation of Ionization-Induced
Hydrophobic —Hydrophilic Switching™**
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Akihiro Takeda, Yasutake Kawashima, Masaaki Fujii,*
Otto Dopfer,* and Klaus Miiller-Dethlefs*

Noncovalent interactions are responsible for fundamental
properties of complex molecular systems that occur in our
macroscopic world.! In particular, the structure, dynamics,
and function of supramolecular systems such as DNA are
entirely governed by noncovalent interactions.”*! Most of our
understanding of noncovalent forces has come from quantum
chemical calculations."? For example, a sophisticated ab ini-
tio treatment of intermolecular interactions in DNA base
pairs has elucidated the competition between specific hydro-
gen-bonding and aromatic m-stacking interactions.”) For the
total stabilization energy of DNA, the stacking contribution
was estimated to be about two-thirds of that of the hydrogen-
bond contributions, substantially higher than it was previously
thought.”! This competition between hydrogen bonding and
nstacking” can also be viewed as competition between
hydrophilic and hydrophobic binding sites. Experimental
work in the area of intermolecular forces is challenging and
employs specific model systems to provide the detailed
answers required to understand complex noncovalent inter-
actions at the molecular level. Molecular clusters are one such
model system,” and their spectroscopic characterization in
molecular beams provides currently the most direct and most
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detailed experimental access to the intermolecular interaction
potential™® and excited-state dynamics."! In particular,
clusters of acidic aromatic molecules with rare-gas atoms,
such as phenol---Ar, constitute the simplest model systems to
study the competition between hydrophobic and hydrophilic
binding motifs, as they exhibit both dispersion interactions
(binding to the mring) and hydrogen bonding to the acidic
functional group, which are essential forces for chemical and
biological recognition.® As an example of such a chemical
recognition process at the molecular level, we report here the
first direct observation of a hydrophobic—hydrophilic site-
switching process induced by ionization. This switching is
initiated in the phenol---Ar, trimer by resonant photoioniza-
tion. When the cation is prepared by photoionization, it is
produced in the m-bound geometry of the neutral precursor,
with argon binding to the hydrophobic ring site. On the
timescale of a few picoseconds, one of the Ar atoms switches
from the hydrophobic ring site to the hydrophilic OH site and
creates a hydrogen bond. The dynamics of this isomerization
process is monitored in real time by a change in the OH
stretch vibrational wavenumber using time-resolved pico-
second UV/IR  pump-probe ionization depletion
spectroscopy.

The competition between 7t bonding and hydrogen bond-
ing in the phenol--Ar dimer cluster has been studied in the
neutral ground electronic state (S,), the electronically excited
state (S,), and the cation ground state (D,).** In the neutral
S, state, only the m-bound isomer is observed because
dispersion forces between Ar and the aromatic m-electron
system dominate the attraction. In contrast, in the ionic D,
state the hydrogen-bound isomer is more stable, as the
additional induction forces between Ar and the acidic OH
group that arise from the excess charge override dispersion.
Hence, Ar binds preferentially to the hydrophobic site in the
neutral cluster and to the hydrophilic site in the cationic
cluster. Figure 1 shows the two binding sites for the argon
atom and the relevant potential energy diagrams along with
the available energetic data.[*®

How does the system switch between the hydrophobic and
hydrophilic sites? When the cation is prepared by photo-
ionization, it is produced in the geometry of the neutral
precursor (Franck—Condon principle), that is, argon binds to
the hydrophobic site. Energetically, this m-bound cation is a
metastable local minimum and could, in principle, switch by
itself to the hydrogen-bound global minimum. However, the
substantial energetic barrier between both minima!* prevents
this isomerization for the phenol--Ar dimer. In contrast, in
the phenol--Ar, trimer the energetics change in a subtle way
that enables us to present the first direct evidence for
ionization-induced hydrophobic—hydrophilic site switching.
The spectroscopic method employed is a sophisticated
extension of the IR hole-burning technique!” using three
tuneable picosecond lasers. The excitation/ionization/deple-
tion scheme is shown in Figure 2. Two UV lasers provide
resonant ionization of phenol--Ar, via the S, state.®! The first
UV photon (UV1) excites the phenol--Ar, complex from the
neutral S, state to its excited S, state. The second UV photon
(UV2) ionizes phenol--Ar, from the excited S, state, thus
producing the phenol--Ar, cation in its electronic ground

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Hydrophobic ring site (7 bonding) and hydrophilic OH site
(hydrogen bonding) in the phenol---Ar cluster, along with potential dia-
grams!®® for the neutral S, ground state, the S, excited state, and the
D, cation ground state.

delay

ps IR
ps UvV2
S, —
ps UV1
So
phenol--- Ar,

Figure 2. Excitation scheme for time-resolved picosecond UV-UV-
(pump)-IR(probe) ionization depletion spectroscopy of phenol---Ar,.

state, D,. Two different colors for the UV photons are
required to prevent the dissociation of the cluster cation upon
ionization. The energy of the second photon results in an
excess energy of less than 300 cm ™!, which is sufficiently small
to prevent direct dissociation of the doubly m-bonded
phenol--Ar, trimer cation. After an adjustable delay, the IR
laser is fired to probe if one of the Ar atoms of the cation
produced by the two UV lasers has moved from the ring to the
OH group. To this end, the IR laser is tuned from 3400 to
3600 cm ™! through the range of the OH stretch wavenumber,
Von, to distinguish between the free OH (¥ =3537 cm™)
and the hydrogen-bonded OH--Ar vibration (Vo=
3467 cm™).[) The vy wavenumber is substantially reduced
by hydrogen bonding of argon to the OH group, whereas -
bound ligands have virtually no effect. When the IR laser is
resonant to the OH stretch vibration, the trimer is vibration-
ally excited and subsequently dissociated. Thus, the wave-
number of the OH stretch vibration, that is, the spectroscopic
signature of the binding site of the Ar atom, is detected in the
experiment by the depletion of the signal of the parent ion.

www.angewandte.org
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Figure 3 shows the results of the UV-UV(pump)-IR-
(probe) experiment for pump-probe delay times between 1
and 50 ps. Because ionization occurs in the geometry of the
neutral cluster, in which the OH bond is free (both Ar atoms
are m-bound), the cation is initially produced in the same

Figure 3. Time-resolved IR spectra of phenol--Ar, at various pump-
probe delay times as indicated beside each spectrum. The vertical axis
shows the signal for the phenol---Ar, ion, while the horizontal axis pres-
ents the wavenumber of the IR laser. When the IR laser is resonant to
the OH stretch vibration, the ion signal is depleted because of vibra-
tional predissociation of the parent cluster. Least-squares fits to the
experimental data are included to guide the eyes.

geometry (Franck—Condon principle). This “free OH” struc-
ture is indeed detected immediately after ionization for IR
probe delay times of up to 3 ps, for which only the free OH
band is observed at #=23537 cm~'. With increasing probe
delay, from around 7 ps onwards, an additional peak is
observed at #=3467 cm . This peak corresponds to hydro-
gen-bonded OH:Ar and it grows with delay time, whereas
the free OH band disappears. For delay times of 10, 20, and
50 ps, only the “bound OH” structure is seen. This result can
only be explained by switching of one Ar atom from the -
bonding hydrophobic to the hydrogen-bonding hydrophilic
site, which has been initiated by the ionization and is
completed after around 10 ps. Such a timescale for the n-to-
hydrogen-bonding isomerization is consistent with a (nearly)
barrierless intermolecular isomerization process.

This first observation in real time of the dynamics of a
molecular hydrophobic—hydrophilic switch represents a
fundamental example of molecular recognition dynamics.
The direct observation of this intermolecular reorganization
process has been possible because the change in the charge
state of the aromatic molecule phenol from 0 to + 1 induces
the switch in the preferred aromatic solvent recognition motif

Angew. Chem. Int. Ed. 2005, 44, 6149 —6151


http://www.angewandte.org

from & bonding to hydrogen bonding.'”! Thus, these experi-
ments represent a milestone in the characterization of
dynamical processes of noncovalent interactions and solute—
solvent binding-site specificity. The experimental approach
will be used to investigate the dynamics of other molecular
recognition mechanisms, such as the ionization-triggered m-
to-hydrogen-bonding switch in the fundamental benzene—
water interaction.['*!"]

Experimental Section

Phenol-Ar, complexes were produced in a supersonic molecular
beam expansion of phenol seeded in Ar carrier gas. The UV1 and
UV2 lasers were tuned to 36280 and 32260 cm™' to prepare
phenol-Ar, cations through resonant ionization via the S, origin
with an excess energy of ca. 300 cm ™' above the ionization threshold.
After an adjustable delay time, the phenol---Ar, cations interacted
with a tuneable IR laser. Resonant vibrational excitation induces
cleavage of one of the intermolecular bonds, leading to a depletion of
the phenol-Ar, ion current. Ions were extracted in a time-of-flight
(TOF) mass spectrometer and monitored as a function of the IR laser
wavenumber to obtain the IR depletion spectrum. Further details of
the experimental setup and the three-color picosecond laser system
are provided in the Supporting Information.
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SOLARIA: A Protocol for Automated Cross-Peak
Assignment and Structure Calculation for Solid-
State Magic-Angle Spinning NMR Spectroscopy

Michele Fossi, Federica Castellani, Michael Nilges,
Hartmut Oschkinat,* and Barth-Jan van Rossum*

Recently, it has been shown that structures of proteins can be
determined by magic-angle-spinning (MAS) solid-state NMR
spectroscopy."? Central to most structure-determination
procedures is the collection of a set of distance restraints
that is sufficiently large to achieve convergence in the
calculations. In our previous solid-state NMR spectroscopic
structure investigation on a microcrystalline preparation of
the a-spectrin SH3 domain these distance restraints were
obtained by manual assignment of cross-peaks from 2D and
3D proton-driven spin diffusion (PDSD) correlation experi-
ments.'3 Extensively *C-labeled preparations obtained by
protein expression on a medium containing either [1,3-
BClglycerol or [2-°C]glycerol as the carbon source were
used for all the experiments. In such preparations, only a few
amino acid types have C labels in adjacent positions, which
led to a substantial suppression of dipolar attenuation
effects™ and enabled a straightforward detection of long-
range C-"C correlations (Figure 1). The spectra used in
these studies displayed a high level of resonance overlap,
which resulted in many assignment options per signal and led
to the exclusion of a large fraction of ambiguous cross-peaks
that could not be assigned manually. Automation of the cross-
peak assignment would be beneficial to avoid this problem
and to speed-up the structure-determination process.

In liquid-state NMR spectroscopy, software packages such
as ARIA* CANDID,"! DYANA,"” KNOWNOE,"
NOAH," " and AUTOSTRUCTURE!"*!"! have provided a
way to handle ambiguous cross-peaks to derive distance
restraints in an automated fashion. In ARIA, ambiguous
NOE interactions are handled by treating them as “ambig-
uous distance restraints” (ADR).'®'*! The calculated struc-
tures are then refined in an iterative manner, each time using
the structures of the latest round of calculations to find new
assignments as the input for the next round.

We developed SOLARIA ! a MAS NMR-dedicated
version of ARIA for solid-state NMR spectroscopic studies.
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Figure 1. Labeling patterns for the different amino acids in the a-spectrin
SH3 domain preparations used in these studies. Schematic representation
of the effective '>C enrichment for the different residues, as obtained by
protein expression in E. coli BL21 (DE3). The green color corresponds to
the degree of *C labeling obtained by growth of the bacteria on [1,3-"*CJ-
glycerol; the opposite labeling pattern, obtained by growth on [2-*C]gly-
cerol, is represented in red. There are two groups of amino acids (A and
B). In group A, the various carbon sites are either approximately 100% or
0% labeled, in group B the residues show fractional labeling. This frac-
tional labeling is the result of the production of isotopomers of residues
with different labeling patterns, as illustrated for arginine at the bottom.
These percentages were estimated from extensive solution NMR studies
using 2D and 3D heteronuclear NMR techniques.

The two programs share the same overall architecture
consisting of nine iterations of cross-peak assignment and
structure calculations. However, there are also significant
differences. First, SOLARIA can handle peak lists containing
not only 'H-"H, but also typical solid-state *C-C, "N-"N,
and "C-®N correlations. Second, in
contrast to solution NMR spectroscopy,
it is very difficult to find a satisfying
relationship between experimental vol-
umes and distances in solid-state NMR
spectroscopy. Peak volumes do not
depend exclusively on the distance;
they are strongly affected by mobility,
which interferes with dipolar couplings.
This situation can significantly alter the
dipolar polarization transfer efficiency
and often makes it difficult to achieve a
uniform excitation of all the relevant
spins. The proton environment may also
influence the efficiency of mixing. Fur-
ther complications may arise through
offset-dependent transfer processes,
interference with heteronuclear decou-
pling schemes, and sample heterogene-
ity. Finally, even with the reduced label-

www.angewandte.org
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ing, dipolar attenuation effects are not fully suppressed and
the transfer efficiency between two spins can still be largely
affected by coupling to other nearby spin systems. For these
reasons, the program does not use volumes to set the
boundaries for distance restraints, as done in ARIA. There-
fore, all distance constraints are represented by the same
lower boundary and the same generous upper boundary, and
input peak lists do not require the presence of cross-peak
volumes or intensities. Third, the labeling pattern in samples
made by using 2- or 1,3-labeled glycerol is exploited by
SOLARIA for better convergence of the automated assign-
ment process. This is achieved by removal of all assignment
options which are not allowed according to the labeling
pattern. In principle, other labeling patterns can be easily
implemented, for example, for proteins obtained from growth
media containing selectively *C-labeled succinic acid as a
precursor.”!

We tested SOLARIA on lists with the coordinates of
manually picked peaks from PDSD-type spectra of the a-
spectrin SH3 domain. Intermolecular cross-peaks were iden-
tified previously on an experimental basis!!! and removed
from the lists. To face the computational difficulties inherent
to the use of highly ambiguous solid-state peak lists (the
average number of assignment candidates per signal was
approximately 6 for the two 3D spectra, and 16 and 19 for the
2-CC and 1,3-CC 2D spectra, respectively) and very loose
boundaries (all constraints are restrained between 2.5 and
6.5 A, independent of the peak volume), we decided to
enhance the convergence capability of the software by
substantially increasing the number of cooling steps.”!! We
raised the number from 9000, which is the commonly used
value, to 100000. Under these conditions and using standard
ARIA1.2 input values for all other parameters SOLARIA
produced convergent results. The 11 lowest-energy structures
(blue) overlaid with the X-ray structure (red) as reference are
shown in Figure 2. Despite the use of extremely generous
boundaries for the distance restraints, well-defined (0.73-A
ensemble backbone rmsd) and accurate (1.3-A backbone
rmsd to the X-ray reference) structures could be obtained.

Figure 2. Stereoview of the 11 lowest-energy solid-state NMR structures of the a-spectrin SH3
domain calculated by SOLARIA (blue). For comparison, the X-ray reference structure is included
(PDB entry: 1SHG; red) and overlaid with the family of solid-state structures by fitting the back-
bone atoms to the average solid-state structure. The calculations were performed on peak lists
where intermolecular cross-peaks were manually removed.

Angew. Chem. Int. Ed. 2005, 44, 6151-6154
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These structures were calculated in approximately 12 h, which
is in striking contrast to the several months required in our
previous work for the manual assignment of the same
spectra.l'!l More importantly, SOLARIA allowed the assign-
ment of approximately 20% more cross-peaks than in the
previous manual assignment procedure (Figure3). All

Figure 3. Visualization of the assignments. A strip of a two-dimen-
sional PDSD spectrum recorded using [1,3-"*Clglycerol-grown a-spec-
trin SH3 domain sample is shown.!" In (a), the cross-peaks that could
be assigned manually using 2D and 3D data are indicated. In (b),
cross-peaks assigned and used for the structure calculations by
SOLARIA using the same dataset are indicated.

manual assignments obtained from the evaluation of 2D
and 3D spectra are indicated in Figure 3a, displayed in a
region of a 2D experiment, and all automatically assigned
peaks are indicated in Figure 3b.

In summary, the program SOLARIA produced, in a few
hours, accurate structures (1.3 A rmsd to the X-ray reference)
using unassigned peak lists from 2D and 3D MAS-NMR
spectra of the a-spectrin SH3 domain, where intermolecular
cross-peaks were discarded prior to the calculation. These
structures exemplify a first successful attempt to introduce
automation to structure determination of solid proteins by
MAS NMR spectroscopy. The automation of the cross-peak
assignment resulted in a dramatic speed-up of the whole
procedure and, most importantly, provided a way to handle
ambiguous cross-peaks in MAS NMR spectra. Hence, we
expect that this work will open new possibilities for the use of
MAS NMR to determine the structures of larger systems,
such as membrane proteins, where the number of cross-peaks
may become unmanageably large for manual assignment
methods. For these reasons, we believe that SOLARIA
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represents an important step forward for the rapidly devel-
oping MAS NMR technique.

Experimental Section

Sample preparation and solid-state MAS NMR spectroscopy: The
main characteristics of the SH3 domain and the spectra used in this
work are summarized in Table 1. The sample preparation is described

Table 1: Spectra used in the calculation.?!

Spectrum Dimensionality Labeling Number of peaks
1,3-CC 2D 1,3-glycerol 566
2-CC 2D 2-glycerol 461
1,3-NCOCX 3D 1,3-glycerol 477
2-NCACX 3D 2-glycerol 377

[a] Peaks were picked manually. The numbers in parenthesis refer to the
total number of peak list entries after the manual removal of
intermolecular cross-peaks. No manual assignment was included in
the lists.

in detail elsewhere.” Peak lists for the structure calculations were
generated from solid-state 2D *C-"*C and 3D “N-"C-"C correlation
spectra./?!

Structure calculations: The software SOLARIA was used to
perform the automatic assignment of manually picked cross-peaks
and to generate structures. The calculations were performed on a SGI
Origin 2100 cluster at the FMP, Berlin. The chemical shift tolerances
were set to 0.4 ppm for carbon and 0.5 ppm for nitrogen dimentions.
The number of calculated structures was 20 for the first eight
iterations and 100 for the final one. The results of the calculations
were evaluated by computing a pairwise backbone rmsd (precision)
and a backbone rmsd (accuracy) to the X-ray reference-structure!®!
(PDB entry: 1SHG) of the 15 lowest-energy structures.
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Synthetic multifunctional pores are constructed from abiotic
scaffolds and not only mediate molecular translocation across
the membranes of lipid bilayers but also act as hosts or as
catalysts."? Synthetic multifunctional pores became acces-
sible with the discovery of synthetic access to artificial, rigid-
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rod f barrels. Their practical usefulness as detectors of
chemical reactions has been demonstrated,? and applica-
tions toward multicomponent sensing in complex matrixes are
in progress.”’! Structural studies naturally have low priority in
research focusing on the creation and application of advanced
function.”! Nevertheless, structural studies on molecular
recognition by synthetic multifunctional pores under condi-
tions relevant for function indicated that pore blockage
occurs by the physical insertion of the guest into the
transmembrane host.! These findings implied the formation
of inclusion complexes with small guests and of pseudorotax-
anesP ! with macromolecular guests. Herein, we report on
atomic force microscopy (AFM) studies in which single
polyacetylene-blocked rigid-rod 3-barrel pores were imaged
as giant, supramacromolecular pseudorotaxanes.

AFM imaging of molecular recognition by synthetic
multifunctional pores became a realistic prospect only
because of steady progress made in terms of both pores and
blockers. The availability of a fine-tuned set of pores covering
the complete spectrum of thermodynamic and kinetic stabil-
ities,”? for example, promised a rapid identification of the
optimal characteristics for the self-assembly of barrels on
mica during drying from a buffer solution. As in the formation
of synthetic multifunctional pores,'? the unstable but inert,
namely, “self-repairing”, rigid-rod 3-barrel 1 with internal KH
dyads and external LLL triads (Figures 1 and 2a) gave the
best AFM images rather than stable/inert barrels with
internal RH dyads or stable/labile barrels with internal HH
dyads.' Consistent with previous AFM results,™! the
obtained objects had an average height of approximately
3.6 nm that matched the height of the barrels standing on the
mica surface. The heterogeneous height distribution of 2.3
4.1 nm was suggestive of the additional presence of barrels
lying sideways on the surface. In this case, barrel widths of up
to about 4nm were conceivable for the “square-type”
conformation 1% that was presumed to be observed in
single-channel measurements.”? However, a “diamond-
type” conformation 1P could exhibit a barrel width down to
about 2nm. The flattened appearance of vesicles, for
example, in tapping-mode AFM images'"" suggests that it
was conceivable that external pressure by the AFM tip could
compress the square 1° conformation into the local energy
minimum of the diamond 1P conformation. Possible stabili-
zation of diamond-like conformations 1° by interactions with
the mica surface could neither be excluded nor confirmed.

Previously, anionic polyacetylene blockers such as 2 have
served as probes to study molecular recognition by synthetic
multifunctional pores in lipid bilayer membranes by circular
dichroism (CD) spectroscopy.!'”] It now transpires that prob-
lems of imaging extended linear polymers on mica with
classical blockers such as a-helical or random-coil polygluta-
mate could also be solved by using the more shape-persistent
polyacetylene blockers. Poly(ethyl(4-ethynylphenyl)phos-
phonate)s 2"l were detected as wormlike objects with an
average height of 0.66 nm and a local maximal height of 1.1-
1.5nm (Figure 2b). Both values were independent of the
molecular-weight distribution, whereas the average length
found of course increased from low- to high-molecular-weight
polymers.
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Figure 1. Notional structures and geometry-minimized models of pore 1 in a vertical (L) and horizontal position relative to a mica surface in open,
“square-like” (1%) and closed, “diamond-like” conformations (1°) with pseudorotaxane 3°%, and indication (red) of the expected S—D contraction by external

pressure from the AFM tip and internal templation by blocker 2.

{ Sheets are given as solid (backbone) and dotted lines (hydrogen
bonds, 15, 1°, 3°%) or as arrows (N—C, 1*). External amino acid resi-
dues are shown in white circles, internal ones in dark circles (single-
letter abbreviations).

These characteristics suggested that molecular recogni-
tion by synthetic multifunctional pores could be studied by
AFM using barrel 1 and polymer 2. The ability of polymer 2 to
block pore 1in lipid bilayers was confirmed by using methods
described previously. The dose/response curve revealed an
effective inhibitory concentration (ICsy) of 40 nm for a low-
molecular-weight polymer 2. This excellent molecular recog-
nition was confirmed in AFM images of mixtures of pore 1
and blocker 2. The ratio of bound to free barrels in the above
example was 8:1 (Figure 2¢); at higher polymer concentra-
tions all the barrels were bound. On average, every second
barrel was located at the end of the polymers (Figure 2c, e).
Although the probability of observing pseudorotaxane motifs
with barrels located more than half of the average polymer
length from one terminus should decrease rapidly, the value
was still far above the low number of end-on complexes
expected for statistical ion pairing along the polymer template
(Figure 2¢). Under the studied conditions, excluding, for
example, the experimentally inaccessible excess barrels, only
a few examples with more than one barrel per polymer were
found (see, for example, Figure 3, panels d1-d3 and c2).

End-on preference over rotaxane motifs suggested that
molecular recognition occurs within the hollow supramole-
cule and that it is strong enough to hinder the continuing
motion of the sticky polymer through the barrel. Consistent
with earlier results on blockage and catalysis!"?! by synthetic
multifunctional pores in bilayer membranes,™ this result

Figure 2. AFM images of a) barrel 1, b) polymer 2, and c) 1 and 2 together
with object heights indicated in nm. d) Collection of possible structures as
a function of their object height. Detected motifs are shown in a solid box,
possibly detected in a dotted box, and undetected without a frame. For 1,
3, L, S (square-like), D (diamond-like), and R (pseudorotaxane), see
Figure 1; E: “end-on” complexes, L: “lateral” complexes, C: crossovers.

e) 2D Histogram with the relative abundance A as a function of object
height h and distance | from the nearest polymer terminus (n=20); red:
eccentric barrel position, see Figure 3e.
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Figure 3. Gallery of rotaxane and “end-on” motifs (a—d, arbitrary scales) with magnification and height profile for eccentric (e) and centered rotaxanes (f).
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demonstrated that molecular recognition by synthetic multi-
functional pores occurs by threading of the polymer guest
through the barrel host to form supramolecular pseudorotax-
ane complexes 3®. This key finding explained the absence of
polyrotaxanes under the studied conditions (namely, more
than two barrels per polymer; Figure 3, panels d1-d3 and
c2).P1 Moreov