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

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

Enzyme Chemistry

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

Reaction Mechanisms

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

Peptide Mimetics

In their Communication on page 5789 ff., A. Geyer and P. Tremmel describe how
highly functionalized bicyclic dipeptide analogues in oligopeptide mimetics form an
ordered network of hydrogen bonds.
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Beyond classical immobilized catalysts,
metal-ligand polymers self-assembled
L-X.Dai* — 5726-5729 through coordination are easily prepared,
have a robust chiral structure, and display
Chiral Metal-Organic Assemblies—A a high density of catalytically active units.
New Approach to Immobilizing Homo- These heterogeneous catalysts give excel-
geneous Asymmetric Catalysts lent results for enantioselective reactions

and can be recovered and recycled without
significant loss of selectivity.
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Beyond the shadow of a doubt: Detecting
antigens, antibodies, pathogens, tumor
markers, and potential therapeutics on
the femto- to attomolar concentration
level is still challenging. Nanostructured

Through the cleavage of sulfate esters
sulfatases modulate the activity of a broad
range of small molecules and proteogly-
cans (see picture). These enzymes play
critical roles in a number of biological
events, including lysosomal degradation,
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materials and the innovative combination
of immunoassays with (real-time) PCR
and magnetic separation techniques hold
promise for the field of ultrasensitive
protein analytics.

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

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

Mimicking magnetic minerals: Controlled
hydrolysis of iron(i1) salts leads to all-
ferric molecular fragments with the iron
and oxygen topology of magnetite and
large spin ground states (see structure;
yellow Fe, red O, blue N, gray C).

Angewandte

Helical Water Chain

B. Sreenivasulu, J. ). Vittal* . 5769-5772

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

Magnetic Properties

G. W. Powell, H. N. Lancashire,
E. K. Brechin,* D. Collison,* S. L. Heath,*
T. Mallah, W. Wernsdorfer _ 5772-5775

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

The non-native states of the model protein
hen lysozyme (native state shown in
picture) were investigated by using site-
directed mutagenesis in combination with
high-resolution NMR spectroscopy. The
disruptions of the interactions between
hydrophobic clusters by single point
mutations dramatically alter the overall
compactness of the unfolded state: single
point mutations can turn a compact
unfolded state into an extended state.

Angew. Chem. Int. Ed. 2004, 43, 5712 —5721 www.angewandte.org

Building Molecular Minerals: All Ferric
Pieces of Molecular Magnetite

Coordination Polymers

K. Liang, H. Zheng,* Y. Song,
M. F. Lappert, Y. Li, X. Xin, Z. Huang,
J. Chen, S. Lu 5776-5779

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

Protein Interactions

J. Wirmer, C. Schlérb,
J. Klein-Seetharaman, R. Hirano, T. Ueda,
T. Imoto, H. Schwalbe* __ 5780-5785

Modulation of Compactness and Long-

Range Interactions of Unfolded Lysozyme
by Single Point Mutations
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Asymmetric Double Proton Transfer of
Excited 1:1 7-Azaindole/Alcohol
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Isotope Effects
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Made to order: The synthesis of well-
defined porous carbon films involves four
steps: 1) monomer-block copolymer film
casting, 2) structure refining through sol-
vent annealing, 3) polymerization of the
carbon precursor, and 4) carbonization.
The resulting films, such as that depicted,
have potential as separation membranes,
chemical sensors, and catalysts.

Information transfer: Crystal structures of
bicyclic dipeptide analogues within oligo-
peptides are described for the first time.
The bicyclic dipeptides occupy the i to
i+ 1 positions of either B1 or Il turns. The
rigidified dipeptides form hydrogen-
bonding networks which transfer struc-
tural information along chains of ambi-
dent proton donors and acceptors over
several A (see structures; arrows: hydro-
gen bonds, red O, blue N, yellow S).

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

www.angewandte.org

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

Making a good impression: Photocurable,
liquid perfluoropolyethers (PFPEs) are
ideal materials for high-resolution

(<100 nm) pattern transfer and imprint
lithographic processes (see pictures).
PFPEs possess attributes of both elasto-
mers and rigid materials, exhibit a
remarkably low surface energy, mold
extremely small features with high fidelity,
resist swelling by organic solvents, and
endure repetitive molding procedures.

Angew. Chem. Int. Ed. 2004, 43, 5712—5721
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Expressed-protein ligation has been used
for the semisynthetic preparation of a
Smad2 protein with caged activating
phosphoserine residues. Biochemical and
cell biological experiments show that the
caged protein is activated upon irradiation
with UV light (see scheme). This sets the
stage for the detailed kinetic analysis of
Smad2 function in living cells.

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

The 3D starshaped Ru-bpy-DNA complex
pictured comprises a ruthenium(ir)
tris(bipyridyl) center with six DNA 20-mer
sequences tethered through linkers at its
4- and 4’-positions. The complexes 1 and 2
hybridize with six complementary 20-mer
strands to form duplex arms. Alternatively,
the complementary DNA strands in 1 and
2 hybridize with each other to form larger
nanoscale assemblies.
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Reducing size helps to oxidize: Unsup-
ported gold particles behave as an effi-
cient catalyst for the aerobic oxidation of
glucose, showing a similar activity to
enzymatic systems. The catalytic activity
is inversely proportional to the particle
diameter (d, see graph). With carbon-
supported gold, no gold—support interac-
tion is found; however, the use of a
support avoids particle aggregation thus
preserving the original activity for longer.

www.angewandte.org
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OEt
OBn OH OH

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

Reaction lubrication? The reaction
between [Ni(1,5-cod),] (cod = cycloocta-
diene) and 1,3-bis-tert-butylimidazol-2-yli-
dene in the presence of silicone grease
affords the siloxane bridged dimer
[{Ni[C(NBUCH),][O (Me,SiOSiMe,)--
OJ},]. In a greaseless apparatus, the same
reaction yields the dimer 1 (see structure),
via two structurally characterized inter-
mediates.

www.angewandte.org

A particularly challenging task is the
design of anion receptors, because anions
are larger than cations and are pH- and
solvent-sensitive. The first host for anionic
guests is a dendritic octadentate N ligand,
which upon reaction with CuCl,, encap-
sulates chloride ions (CI6, see picture) as
guests by means of anion—r interactions
in an electron-deficient cavity formed by
four pyridine rings.

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

I-=Z

(:)H apicularen A

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

yield.

Angew. Chem. Int. Ed. 2004, 43, 5712—5721
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The modular assembly of metallopor-
phyrin oligomers through the stepwise
addition of Ru—porphyrin units and a
bidentate linking ligand (L, see graphic)
onto a surface-confined isonicotinate

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

H\
N-H--Q  CH,
= N=( N\
3 N--H-N
% N
A =/ o)_ A
= ho
o5
yAT

s O
\ |||, ~8Ph PP,
{ Re(
s/ PPh,

1

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

Angew. Chem. Int. Ed. 2004, 43, 5712 —5721

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

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

/3@ _PPhy
eV

+

/R S PhyPO
2 SPh

formed at the expense of a CH,S—Re

bond, and a new Re—C bond is formed

converting a six-membered chelate ring

into a five-membered one.

www.angewandte.org
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Protein Synthesis

G. Kragol, M. Lumbierres, ]. M. Palomo,
H. Waldmann* 5839-5842

Solid-Phase Synthesis of
Lipidated Peptides Blockers, anchors, and reporters: A solid-
phase method for the synthesis of lipi-
dated peptides (see scheme) relies on the
base-labile Fmoc group to block the N-

terminus, an oxidation-labile hydrazide

Polymers Band substances: The polymerization of
C;0, (see picture left, at —10°C) into a
red-brown, solid polymer (right) having
identical composition has been known for
almost 100 years. However, the constitu-
tion of the polymer remained unknown.
Small-angle X-ray scattering studies of the
dissolved polymer show that it forms a
stiff bandlike molecule with approximately
40 monomeric units, thus confirming the
predicted bandlike structure with con-
densed a-pyrone rings.

M. Ballauff,* L. Li, S. Rosenfeldt,
N. Dingenouts, J. Beck,*
P. Krieger-Beck 5843 -5846
Analysis of Poly(carbon suboxide) by
Small-Angle X-ray Scattering

Cyclophanes

B. Hellbach, F. Rominger,
R. Gleiter* 5846 —5849
Synthesis of Beltenes by Reactions of
5,6,11,12-Tetradehydrodibenzo|a,e]cy-
clooctene with [CpCo(CO),] Derivatives

Asymmetric Synthesis

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

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

Bu,SnH, -78 °C [BEL,]

(PhCH,)
HN X HN
o]
T. Aechtner, M. Dressel, . \Nm o H
T. Bach* 58495851 Nt
o 1 81% (84% ee)

Hydrogen Bond Mediated Enantio-
selectivity of Radical Reactions The chiral complexing reagent 1 used in
the reductive cyclization of 3-(w-iodo-
alkylidene)piperidin-2-ones in the pre-
sence of Bu,;SnH and with BEt, as the
initiator (see scheme) leads to good

enantioselectivities thanks to its hydrogen

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

§720

bond mediated association with the radi-
cal intermediate. As this example shows,
high stereoselectivities are possible for
radical reactions proceeding through
H-bonded intermediates.

Angew. Chem. Int. Ed. 2004, 43, 5712—5721
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Maintaining neutrality: A perchlorinated
triarylmethyl radical and a triarylamine
redox center were combined in the design
of a neutral organic mixed-valence com-
pound (see picture). The neutral character
of this compound facilitated a detailed
study of its solvatochromic behavior and
the direct determination of the electronic
coupling and the dipole moments in the
ground and excited state by electroptical
absorption measurements.

Angewandte
Chemie

Electron Transfer

A. Heckmann, C. Lambert,* M. Goebel,
R. Wortmann 5851 -5856

Synthesis and Photophysics of a Neutral
Organic Mixed-Valence Compound

@ Communications labeled with this symbol have been judged by two referees as being “very important papers”.

Apology

Nanofibers from Functionalized Dendritic
Molecules**

M. Ornatska, K. N. Bergman, B. Rybak,
S. Peleshanko, V. V. Tsukruk* 5246-5249
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This Communication contains content that overlaps significantly with a Full Paper by
the same group “Assembling of Amphiphilic Highly Branched Molecules in Supra-
molecular Nanofibers” J. Am. Chem. Soc. 2004, 126, 9675-9684. Although submitted at
the same time the authors did not provide the Editors of Angewandte Chemie with a copy
of the Full Paper. This oversight resulted in the simultaneous appearance of the same
information in two publications. The authors apologize for this mistake.
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News

Nobel Prize in Chemistry 2004

The Nobel Prize in Chemistry is
awarded to AaronlJ. Ciechanover
(Technion, Haifa, Israel), Avram

Hershko (Technion, Haifa, Israel), and
Irwin A. Rose (University of California,
Irvine, USA) for the discovery of ubiq-
uitin-mediated protein degradation.
Ciechanover, Hershkom, and Rose

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

1. A. Rose

5722

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

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

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

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

Haifa in 1982 and was appointed
professor of biochemistry at its
Rappaport Institute for
Research in the Medical Scien-
ces, as was Hershko (b. 1937).
Hershko obtained M.D. (1965)
and Ph.D. (1969) degrees from
Hadassah Medical School. Rose
(b. 1926) has been an emeritus
professor at the Department of
Physiology and Biophysics of
the University of California in
Irvine since 1997, and is a
member of the US National
Academy of Sciences. A major
part of the research was done
during a series of sabbatical
leaves in the late 1970s and
early 1980s that Hershko and Ciechan-
over spent as visiting scientists in
Rose’s laboratory at Fox Chase Cancer
Center in Philadelphia, where he was
employed from 1963 to 1995. Rose
earned a Ph.D. in biochemistry in 1949
from the University of Chicago. Subse-
quently, he worked as a Post-Doc at
Case Western Reserve University in
Cleveland and New York University
and served on the faculty of the Depart-
ment of Biochemistry of Yale Medical
School from 1954 to 1963. This is the
first time a Nobel Prize in science has
been awarded to Israelis.

DOI: 10.1002/anie.200462233

Physiology or Medicine

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

Physics

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

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

Photos: Technion / P. R. Kennedy
(ucn

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

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

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

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

[*] Prof. L-X. Dai
State Key Laboratory of Organometallic
Chemistry
Shanghai Institute of Organic Chemistry
Chinese Academy of Sciences
354 Fenglin Road
Shanghai 200032 (China)
Fax: (+86)21-6416-6128
E-mail: dailx@mail.sioc.ac.cn
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synthesize the poly-
meric ligands before-
hand.

Very recently, the
third type of poly-
mer-immobilized chi-
ral catalyst (Type 3,
Scheme 1) was de-
scribed.”) Several ex-
amples showed very
high enantioselectivi-
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ty and efficiency.*%

Scheme 1. Three types of polymer-immobilized chiral catalysts.
Type 1: Pendant ligands anchored on a polymer; prepared by poly-
mer reaction. Type 2: Ligands on the backbone; prepared by copoly-
merization. Type 3: Ligand and metal on the backbone; prepared

by coordination.

is another approach (Type 2, Scheme 1).
Here, the chiral ligand unit is copoly-
merized with a specific linker.! Al-
though the use of chiral polymers for
asymmetric catalysis has a long history,"!
successful examples were realized at the
end of last century by incorporating the
rigid binaphthyl skeleton in the main
chain. For example, Chan and Fan et al.
incorporated the binap skeleton (bi-
nap =2,2'-bis(diphenylphosphanyl)-

1,1’-binapthyl) into a polyester chain,
and Lemaire et al. used a polyamide to
copolymerize with the binap skeleton.”
On the other hand, the backbone of the
catalyst developed by Pu and co-work-
ers was a wholly rigid aromatic system,
comprising a large portion of the bi-
naphthyl skeleton.! All of these cata-
lysts showed excellent enantioselectivi-
ty. Moreover, Chan and Fan et al. also
showed that the leaching of metal from
the polymer-supported catalyst is almost
negligible (< 16 ppb).f”! This strategy is
indeed successful,® but it is necessary to

DOI: 10.1002/anie.200460301

This type of catalyst is
called a metal-ligand
polymer™ for the
sake of simplicity
and in the context of
asymmetric catalysis.
The concept is to
transform a ligand from a homogeneous
catalysts which has one coordination site
into a ligand with two or more coordi-
nation sites and then react it with metal
species to ensure the self-assembly of
the metal-ligand polymer (or oligomer).

Recent extensive research on the
design and synthesis of metal-organic
frameworks has led to the increasing
numbers of such metal-organic assem-
blies. Accordingly, many novel metal—-
organic assemblies with high stability,
organic functionality, and porosity have
been reported in the last decade. The
research groups led by Lehn,! Yaghi,!"™
Stang'%! and Fujita,"”’ among others!®
have significantly forwarded the devel-
opment of this challenging area and
have demonstrated that these metal—
organic assemblies based on discrete or
infinite networks with well-defined co-
ordination geometries and functions can
be rationally designed and synthesized
by the combination of organic bridging
ligands and metal ions. Aoyama and co-
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workers have demonstrated the catalytic
properties of nonchiral metal-organic
materials for Diels-Alder reactions."!
With a few exceptions,”™ homochiral
metal-ligand polymers have not been
tested for applications in asymmetric
catalysis up to the beginning of this
century. In any case, the design and
synthesis of chiral metal-organic frame-
works or polymers might provide a new
strategy for asymmetric heterogeneous
catalysis, because the chiral bridging
ligand can spontaneously form a chiral
environment inside the cavities of the
materials or on the surface of the solids
for enantioselective control of the reac-
tion, and the metal ion acts as the
catalytically active center. These solid-
state metal-organic materials usually
have extremely low solubility in the
reaction medium even when other sup-
ports are not used and thus fulfill one of
the basic prerequisites of heterogeneous
catalysis. Accordingly, the use of chiral
metal-ligand assemblies can be consid-
ered as a “self-supported” strategy®! for
the heterogenization of homogeneous
catalysts in enantioselective reactions.
This type of chiral metal-organic assem-
bly would not only have the advantages
of heterogeneous catalysts, such as easy
recovery and convenient recycling, but
also of facile preparation and robust
chiral frameworks, as well as high den-
sity of the catalytically active units.

Kim and co-workers first demon-
strated the application of a homochiral
metal-organic porous material to enan-
tioselective separation and catalysis in
2000.”) The homochiral open-frame-
work solid having the formula of
[Zn3(us-O)(1-H))- 12H,0 (2) was pre-
pared by the reaction of Zn*" with the
enantiopure chiral building block 1
derived from D-tartaric acid (Scheme 2).
Although the enantiomeric excess in the
product of transesterification was rather
low (=~8% ee), the enantioselectivity
was unprecedented because this asym-
metric induction was observed for a
reaction promoted by a modular porous
material. This creative work triggered
interest in using self-supported metal—
organic systems to immobilize homoge-
neous catalysts.*?

The success of asymmetric catalysis
with this kind of metal-ligand polymer
was realized only very recently. Lin and
co-workers reported that the heteroge-
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Scheme 2. Chiral metal-organic porous materials for the enantioselective transesterification of 3

with racemic 4.

nization of Noyori’s catalysts could be
achieved by in situ formation of chiral
porous hybrid solids such as 8 and 9
through the reaction of zirconium tert-
butoxide with chiral bisphosphine/Ru
complexes functionalized with phos-
phonic acid groups (7) (Scheme 3).11%
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8a L-L = (R,R)-dpen

Zr(OtBu),

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

8b L-L = (R,R)-dpen

9a L =DMF 9b L = DMF
0.1-0.005 mol%
9 + 8a or 8b /(')\H
Ar R KOfBuU, iPrOH Ar” R
10 11
up to >99%, 99% ee
recycled eight times for
1-acetonaphthone
1 mol%
o 0O OH O
9a or 9b
+
RAJTZ/U\ORQ ? MeOH R’ J\)J\ORZ
13

up to >99%, 95% ee
recycled five times

Scheme 3. Chiral metal-ligand polymer in the catalysis of enantioselective hydrogenation of ke-

tones.
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of 0.53-1.02 cm®g~". The heterogenized
catalysts 8a and 8b exhibited exception-
ally high activity and enantioselectivity
in the hydrogenation of aromatic ke-
tones. With 0.1 mol % of catalyst 8a, the
conversion of the substrates was quanti-
tative and the enantioselectivity ap-
proached 99 % ee. Particularly, the cata-
lyst loading can be reduced to
0.005 mol % without significant loss of
the enantioselectivity. Remarkably,
these binap-derived porous Zr phospho-
nates provide enantioselectivity superi-
or to that of the parent homogeneous
counterpart, the binap/RuCl,/dpen
(dpen =1,2-diphenylethylenediamine)
system developed by Noyori et al.’]
The other two catalyst systems, 9a and
9b, were also used for the asymmetric
hydrogenation of a series of f(-keto
esters. Under optimized conditions, the
hydrogenation with 1 mol% of 9b af-
forded the corresponding [-hydroxy
esters in quantitative yield and good to
excellent enantioselectivities.""! For the
asymmetric hydrogenation of methyl
acetoacetate the catalyst 9b could be
recycled five times without significant
loss of enantioselectivity. Catalysts 8a
and 9b showed better catalytic activity
and enantioselectivity than catalysts 8b
and 9a, respectively, which demon-
strates the importance of the position
of the linker on the backbone of binap in
the formation of the microporous cata-
lyst.

Almost at the same time, the re-
search groups led by Sasail"'! and Ding!'?
independently reported an alternative
approach to generating chiral metal—
organic coordination polymers for enan-
tioselective catalysis. As shown in
Scheme 4, the rigid chiral ligands having
two 1,1’-2,2"-binaphthol (binol) units
react with metal ions, resulting in the
spontaneous formation of assembled
metal-organic polymers in which the
metal ions not only play the role of the
bridging linker, but also act as the
catalytically active sites. Moreover, the
chirality of the binol units in the ligands
can provide the asymmetric environ-
ment around the catalytically active
centers in the polymers. These assem-
bled metal-organic coordination poly-
mers are insoluble in common organic
solvents. This offers an excellent oppor-
tunity for running heterogeneous catal-
ysis with these “self-supported” cata-
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Scheme 4. Self-supported chiral metal-ligand polymer as catalyst in Michael addition and car-
bonyl-ene reactions. Bn=benzyl. Y =single bond (a); 1,4-phenylene (b); 1,3-phenylene (c); 1,2-

phenylene (d).

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

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

reac-

www.angewandte.org

Al-Li-bis(binaphthoxide) (ALB) cata-
lyst (100% yield, 97 % ee). After the
reaction was complete, catalyst 15a
could be recovered conveniently and
reused at least three times with a slight
decrease of enantioselectivity (from
96 % ee for the first run to 85 % ee for
the third run). Similarly, the heteroge-
neous Ti-bridged catalysts (16 and 17)
prepared by the reaction of ligands 14
with Ti(OiPr), (14:Ti=1:2 or 1:1) gave
excellent enantioselectivity (up to
96.5% ee) in the carbonyl-ene reaction
of 21 with 22.M""1 The reusability of this
type of catalyst (16a) in the carbonyl-
ene reaction was also demonstrated by
Sasai et al. After being reused five times
the Ti-bridged polymer exhibited con-
sistent catalytic selectivity, affording 23
with an ee value of 88% at a catalyst
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loading of 20mol%. It seems that
catalyst 17a prepared with 14:Ti=1:1
(1 mol %, up to 99 % yield and 96 % ee)
possesses higher activity and enantiose-
lectivity than 16a prepared with 14:Ti =
1:2 in the presence of 1equiv of H,O
(20mol%, up to 72% yield and
92% ee). This phenomenon probably
arises from the activating effect of addi-
tional binol unit in 17a.”* In both the
Michael addition and carbonyl-ene re-
action, the linkers between two binol
units in the ligands have significant
impact on the enantioselectivity of the
assembled catalysts prepared from
them. The heterogeneous catalysts de-
rived from 15ab and 17a,b, in the pairs
of the phenolic hydroxy groups are
situated at opposite sites in the symmet-
ric, multidentate ligands, gave the Mi-
chael adduct or carbonyl-ene adduct
with higher enantioselectivity than that
attained with the catalysts from ligands
15¢,d and 17¢, respectively. The dra-
matic influence of the linking spacer on
the enantioselectivities of the reactions
reflects that the linkers between two
binol units of the ligands probably sig-
nificantly alter the supramolecular
structure of the assemblies in the cata-
lysts. Therefore, the frameworks of as-
sembled catalysts can be optimized by
the rational design of chiral ligands to
improve the catalytic activity and enan-
tioselectivity of the “self-supported”
catalyst.

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

Angew. Chem. Int. Ed. 2004, 43, 5726 -5729

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

[*] Priv.-Doz. Dr. S. Brakmann
Applied Molecular Evolution
Institute of Biology Il
University of Leipzig
Liebigstrasse 18, 04103 Leipzig (Germany)  Figure 1. a) Principle of the ELISA assay. b,c) Principle of immuno-PCR with conventional detec-
Fax: (+49) 341-97-37838 tion of the PCR product (b) and with quantitative detection using a FRET probe (c, real-time
E-mail: sbrakma@rz.uni-leipzig.de IPCR).
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linear signal amplification achieved by
the ELISA test, the PCR process yields
an exponential amplification, thus low-
ering the detection limit by three to four
orders of magnitude.!

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

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

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

Angew. Chem. Int. Ed. 2004, 43, 5730-5734

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

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

Nanoparticle-Based Barcodes for
the Identification of Proteins

Further improvements in IPCR sen-
sitivity could be limited by the low ratio
of detection antibody to DNA identifi-
cation sequence (usually 1:1) as well as
slow target-binding kinetics that are due
to the heterogeneous nature of the
target-capture procedure.'” For this
reason many new concepts concerning
amplified biosensing combine the im-
munoassay with techniques for the im-
mobilization of biopolymers at the sur-
faces of micro- and nanoparticles. The
combination is advantageous not only
for the formation of recognition com-
plexes in suspension; commercially
available and meanwhile widespread
magnetic microparticles can also be
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used for the physical isolation of the
immunocomplexes using an external
magnet. Therefore these techniques are
ideally suited for the separation and
enrichment of antigen—antibody conju-
gates from complex mixtures (see
ref. [11] and references therein).

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

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

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Essential steps in a bio-barcode immunoassay. The first (monoclonal) antibody is
linked to the surface of magnetic microparticles, which are employed for separating and enrich-
ing the protein from the sample solution. The second (polyclonal) antibody is bound to gold
nanoparticles, which also are functionalized with multiple double-stranded DNA fragments. Fol-
lowing formation and magnetic separation of the sandwich complex, these DNA strands are de-
tached and can be detected either after PCR amplification or by using DNA chips.

amplification, and chip-based detection,
which comprises the hybridization of
marker DNA with immobilized comple-
mentary strands, silver staining of the

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

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

www.angewandte.org

a distinct marker DNA sequence.
Therefore, these DNA sequences were
called “bio-barcodes” by Mirkin.!'

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

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

Bioelectronic Coding and
Detection of Proteins

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

Wang and colleagues utilized this
DNA property for the development of a
highly sensitive immunoassay-based
method to detect proteins that is closely
related to the technique presented by
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Mirkin et al."® The “bioelectronic” pro-
tocol also is based on the formation of a
sandwich immunocomplex starting from
antibody-linked magnetic microparti-
cles and DNA-functionalized polysty-
rene particles which also are coupled to
the detection antibody. Following mag-
netic separation and enrichment of par-
ticle-bound immunocomplexes, marker
(barcode) DNA is detached by alkaline
denaturation of the double-stranded
DNA and subsequently submitted to
acid-catalyzed depurination. Free pu-
rines (adenine, guanine) can then be
detected quantitatively using chronopo-
tentiometric stripping analysis at a py-
rolytic graphite electrode (Figure 3).

The authors demonstrated that they
were able to detect as few as 40000
molecules of an analyte (concentration
13 fm) by their bioelectronic approach
without amplification, for example, by
PCR. By including an amplification
step, the already high sensitivity could
be increased additionally by two orders
of magnitude. Due to high sensitivity,
selectivity (that is, no background signal
in the absence of analyte or in the
presence of a 1000-fold excess of bovine
serum albumine) as well as high repro-
ducibility (standard deviation of ca. 5%
in six analogous experiments), the elec-
tronic detection of barcode DNA ap-
pears promising. However, it remains to
be seen whether the probes will become
commercially available so that this ap-
proach could become a routine method
for diagnostics or proteome analysis.
Ultimately, the market for new technol-
ogies, which almost always responds
slowly to innovations, will be decisive
for the distribution of all three methods,
rtIPCR, bio-barcodes, and bioelectronic
barcodes.
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Figure 3. In the case of the bioelectronic barcode assay, the second antibody is coupled to plas-
tic beads which, again, are functionalized with many short DNA fragments. After detachment of
the DNA, the purines adenine and guanine are released and can be detected by electrochemical
analysis, by which adenine is clearly distinguishable from guanine.
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Sulfatases

Sulfatases, which cleave sulfate esters in biological systems, play a key
role in regulating the sulfation states that determine the function of

Angewandte
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of signaling pathways. Sulfatases have also been implicated in the
onset of various pathophysiological conditions, including hormone- 5. The Post-Translational FGly
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abnormalities, and bacterial pathogenesis. These findings have
increased interest in sulfatases and in targeting them for therapeutic G. Substrates and Biological
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1. Introduction
9. Synthetic Utility 5755
Whereas sulfotransferases have been the subject of
intense investigation for the past several years, sulfatases 10. Conclusion and Outlook 5758
have received considerably less attention. Sulfatases were
discovered sporadically in eukaryotes and prokaryotes
throughout the 20th century, but for a long time this class of  ROSO," +H,0 — ROH+HSO,~ 1)
enzymes was undervalued, as their biological function was
thought to be limited mainly to the degradation of organic  and (2), respectively].
sulfates in soil. An abundance of new information regarding
human sulfatases became available in the 1960s after it was ~ RN(H)SO; +H,0 — RNH,+HSO," @)

discovered that sulfatase deficiencies led to a number of
inherited lysosomal disorders. Since then, sulfatases have
emerged as important components in processes such as
hormone regulation (and deregulation in hormone-respon-
sive cancers), gamete interactions, and proper bone and
cartilage development.

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

2. The Sulfatase Family

Sulfatases (EC 3.1.5.6) catalyze the hydrolytic desulfona-
tion of sulfate esters (CO—S) and sulfamates (CN—S) [Eq. (1)
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They comprise a class of enzymes that is highly conserved
sequentially, structurally, and mechanistically across eukary-
otic and prokaryotic species. The remarkable similarities
shared by sulfatases include: 1) 20-60 % sequence homology
over the entire protein length, 2) a highly conserved N-
terminal region containing the consensus sulfatase motifs, and
3) a unique active-site aldehyde residue, o-formylglycine
(FGly), which is installed post-translationally.

The high degree of sequence and structural likeness
observed thus far amongst sulfatases has led to the proposal
that they emerged long ago from a common ancestral gene.[?!
The human enzymes (15 are known, 13 genes have been
cloned, Table 1) and the invertebrate, lower eukaryotic, and
prokaryotic enzymes (many are known, 13 genes have been
cloned, Table 2) are typically between 500 and 600 amino
acids in length; the newly discovered human Sulf enzymes
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Table 1: Substrates and subcellular location of human sulfatases.

C.-H. Wong et al.

(ER), Golgi complex, and lysosome

(Table 1). The lysosomal and extracellular

Sulfatasel® Abbr. Physiological Subcellular Ref.

substrate location® sulfatases are soluble, whereas the residents
aryl sulfatase A ARSA sulfatide lysosome [67] of the ER and Golgi net.work are membrane
aryl sulfatase B ARSB dermatan sulfate, chondroitin sulfate lysosome [2,68] bound. .AH known 1n.Vertebrate, lower
aryl sulfatase C ARSC steroid sulfates ER [121] cukaryotic, and bacterial sulfatases are
aryl sulfatase D ARSD  unknown ER [129] soluble and have been found to reside in
aryl sulfatase E ARSE unknown Golgi network  [129] cy[op]asmic’ periplasmic’ and extracellular
aryl sulfatase F ARSF unknown ER [130] regions (Table 2).1
ary| sulfatas-eG ARSG unknowr_'_ ER [133] Sulfatases catalyze the hydrolysis of a
galactosamine-6-sulfatase  GalN6S chondroitin sulfate, keratan sulfate lysosome [69] .

) diverse range of sulfate ester substrates,
glucosamine-3-sulfatase*  GIcN3S  heparan sulfate lysosome [92,93] . . . .
glucosamine-6-sulfatase ~ GIcN6S  heparan sulfate, keratan sulfate lysosome [70] including hydrophobic glucosinolate, ste-
glucouronate-2-sulfatase*  GIcA2S  heparan sulfate lysosome [91] roid, and thyronine sulfates; amphiphilic
heparan-N-sulfatase GlecNS  heparan sulfate lysosome [71] sulfated carbohydrates found in GAGs,
iduronate-2-sulfatase IdoA2S  heparan sulfate, dermatan sulfate lysosome [72] proteoglycans, and glycolipids; and water-
endo sulfatase 1 Sulfl heparan sulfate ECM [22] soluble mono- and disaccharide sulfates.
endo sulfatase 2 Sulf2 heparan sulfate ECM [22]

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

ences for gene cloning or discovery (¥).

5738

have a slightly longer sequence of around 800 residues
(Figure 1). In eukaryotes, sulfatases are targeted for the
secretory pathway and are extensively glycosylated before
being transported to the extracellular matrix (ECM) or to
subcellular locations, such as the endoplasmatic reticulum

The identification of physiological sub-
strates of sulfatases has often trailed
behind the initial discovery of these
enzymes by using small aryl substrates;
hence, many of them carry the generic
name aryl sulfatase (ARS).’! Eight disor-
ders in humans are known that result from a deficiency in a
single sulfatase (Table 3)."%”) Furthermore, a rare autosomal
recessive disorder known as multiple sulfatase deficiency
(MSD) results from severely decreased activity in all sulfa-
tases.®

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

Organism Sulfatase Substrate Subcellular location Physiological role Ref.
Invertebrates and lower eukaryotes
Helicocideris erythogramma HeARS unknown extracellular developmental [115]
Hemicentrotus pulcherrimus HpARS unknown extracellular developmental [1e)
Stronglyocentrotus purpuratus SARS unknown extracellular developmental [118]
Helix pomatia HeSulfl unknown unknown unknown [155]
Plutella xylostella PGSS unknown gut lumen detoxification [152]
Chlamydomonas reinhardtii CARS glucosinolates periplasm sulfur scavenging [160]
Neurospora crassa NARS tyrosine O-sulfate extra-/intracellular sulfur scavenging [158]
Volvox cateri VARS unknown periplasm sulfur scavenging [en
Prokaryotes
Flavobacterium FHS2S heparan sulfate periplasm HS degradation [58]
Klebsiella pneumoniae KARS unknown periplasm sulfur scavenging [63]
Prevotella sp. RS2 PMdS unknown periplasm mucin degradation [60]
Pseudomonas aeruginosa PARS unknown cytoplasm sulfur scavenging 73]
Sinorhizobium meliloti SChoS Choline O-sulfate cytoplasm sulfur scavenging, osmoprotection [nan
Chi-Huey Wong received his B.S. and M.S. Sarah R. Hanson received her B.S. in
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and became Professor of Chemistry at The Maria C. Linder. After graduating, she took
Scripps Research Institute in 1989 an industrial position at Diversa, where she
(Ernest W. Hahn Chair). His research inter- was involved in the development of novel
ests include bioorganic and organic methods enzyme catalysts. Since 2002, she has been
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Figure 1. Signature sequences of sulfatases. Partial alignment of sulfatases from all sulfatase genes cloned shows a homology of the sulfatase sig-
nature sequences (PS00523). This consensus sequence is important for directing the first amino acid residue to the catalytically active FGly for
oxidation. Highly conserved residues are shown in white letters on a black background; other significantly conserved residues are shown in gray.
The accession codes for ExPASy are given, or the reference to the literature for those proteins not deposited with ExPASy.

Two highly homologous amino acid motifs, recognized as
the sulfatase signature sequences I and II, are found within
the first third of the N-terminal sequence of all known
hydrolytic sulfatases.” The signature sequence I, comprising
the 12 amino acids C/S-X-P-S/X-R-X-X-X-L/X-T/X-G/X-R/
X, is critical for directing the post-translational modification
of the initial cysteine or serine residue into the catalytically
active residue FGly.""' The specialized role of these residues
is underscored by their highly conserved nature from
eukaryotic to prokaryotic organisms, as shown by the partial
alignment of sequences Figure 1. The core motif C/S-X-P-X-
R is conserved throughout the entire enzyme class. The
arginine residue in this pentapeptide sequence has been
shown to act as: 1) an important director in FGly modifica-

Michael Best received his B.S. in chemistry
in 1997 from Boston College, where he
worked with Prof. Lawrence T. Scott on the
synthesis of fullerene derivatives. He com-
pleted his PhD in 2002 at the University of
Texas at Austin on the design and synthesis
of fluorescent sensors for biomolecules in the
research group of Prof. Eric V. Anslyn. He
has since been carrying out postdoctoral
research with Prof. Chi-Huey Wong at The
Scripps Research Institute on the develop-
ment of small organic molecules which per-
turb biological systems.
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Table 3: Inherited disorders resulting from deficiency in a single
sulfatase.”

Subcellular location Sulfatase Genetic disorder®
lysosome ARSA metachromatic
leukodystrophy (MLD)

IdoAS Hunter's disease (MPS )
GlcNS Sanfilippo A (MPS I1IA)
GlcN6S Sanfilippo B (MPS IIB)
GalN6S Morquio A (MPS IVA)
ARSB Maroteaux-Lamy (MPS VI)

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

punctata (CDPX)

[a] In addition to the diseases resulting from a deficiency in a single
sulfatase, a rare genetic disorder known as multiple sulfatase deficency
(MSD) shows markedly diminished activity in all sulfatases. [b] MPS =
mucopolysaccharidoses.

tion,”! 2) an integral member of the active site that stabilizes
the FGly residue, and 3) a critical structural element.'"] The
conserved proline residue also plays a key role in directing
FGly modification"” and is believed to be part of an o helix
that precisely situates FGly within the active site.""! Interest-
ingly, two enzymes that are not sulfatases, a phosphate
monoester hydrolase (U44852) and an alkaline phosphatase
(AF047381), have also been found to contain the core
directing sequence C/S-X-P-X-R. Given the potential evolu-
tionary link between sulfatases and the alkaline phospha-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tases,*l these enzymes could be the
most likely candidates outside the
sulfatase class to harbor an FGly
residue. The second sulfatase sig-
nature sequence contains the 12-
mer consensus sequence G-Y/V-X-
S/T-X-X-X-G-K-X-X-H. The con-
served lysine and histidine residues
within this motif are active-site
residues that are important for
sulfate ester catalysis.**

3. Structure

The structures of four sulfa-
tases have been solved to date by
X-ray crystal-structure analysis:
HARSA (21A)" HARSB
(2.5 A)," and HARSC (2.6 A)!"
from humans, as well as PARS
(13 A) from the gram-negative
bacterium Pseudomonas aerugi-
nosa." The structures are strik-
ingly similar, revealing a nearly
spherical globular monomer with
mixed a/f topology, which is div-
ided into two domains (Figure 2).
ARSC additionally contains a
unique transmembrane domain
from which the soluble domain
“sprouts”, giving the enzyme a
“mushroomlike” morphology. The
larger, N-terminal domain consists
of a helices surrounding a large
mixed f3 sheet, which consists of 10
strands in the HARSA, HARSB,
and PARS structures and 11
strands in HARSC. The smaller,
C-terminal domain contains a four-
stranded  antiparallel  f3 sheet
tightly packed against a long, sol-
vent-exposed C-terminal a helix. As is typical for the a/f
family of enzymes,!'! the active-site cavity is nestled at the C-
terminal end of the large P sheet, with the FGly residue
located at the bottom of a narrow cleft lined with charged
amino acids. The catalytic N-terminal domain of sulfatases
shows a high degree of structural similarity to that of the
alkaline phosphatases (APs) but differs dramatically in
sequence.™ When the structures of ARSA and AP are
superimposed, 169 contiguous C*atoms overlap, including
the large 3 sheets and several key active-site residues, with a
root-mean-squared deviation (rmsd) of 1.9 A. Similar values
are obtained when comparing HARSB and PARS.!™

Crystallographic and mutagenesis studies have provided
valuable information about the active site of sulfatases
(Figure 3). In each of the structures solved thus far the
catalytic residues and geometry are conserved to a remark-
able extent (rmsd < 0.45 A), which supports the notion of a
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Figure 2. Crystal structures of sulfatases (red cylinders: a helices, yellow arrows: f§ sheets). A) Struc-
ture of PARS, characterized by two subdomains with mixed o/} topology. B) Same structure of PARS,
rotated 90°; the strands of the large f§ sheet within the N-terminal domain (numbered 1-10) and the
small § sheet in the C-terminal domain (labeled a—d) are visible. C) Structure of HARSC, which
shares high structural homology with PARS within the globular domains. This ER-resident protein
also contains a transmembrane domain comprising two highly hydrophobic helices of 40 A in length.

conserved mechanism for sulfate ester hydrolysis. The active
site is comprised of 10 highly interconnected polar residues
and a divalent metal cation; the positions and proposed
functions of these components are summarized in Table 4. In
the case of HARSA, the importance of each of these residues
was further established in a mutational scanning experi-
ment.' A metal-binding region is formed by the generic
residues AspA, AspB, AspC, and AsnA, which is conserva-
tively replaced by a glutamine residue in ARSC. In HARSB,
HARSC, and PARS these metal-binding residues, along with
FGly and an oxygen atom of the sulfate (or water in its
absence), coordinate a Ca*" cation heptavalently; in HARSA
an Mgt ion is coordinated octahedrally. However, in the
latter case it can not be excluded that the magnesium ions,
which were present in high concentrations during the
purification of the enzyme, replaced the native cation,™ as
was observed in a more recent refinement of the ARSA
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Figure 3. A generic rendition of the sulfatase active site depicting the
highly conserved residues found in the crystal structures. Key hydro-
gen-bonding interactions are shown with dotted lines. For the sake of
clarity some details are not shown in the diagram, including localized
charges, some double bonds, and several interactions, such as a salt
bridge between LysA and the noncoordinated oxygen atom of AspC, a
hydrogen bond between sulfate and the nitrogen atom in the main
chain of FGly, and several sulfate—FGly interactions. Table 4 lists the
positions and proposed functions of the residues in each solved struc-
ture.

structure by another research group.?” Severe decreases in
binding and catalytic activity were observed upon mutation of
any of the metal-binding residues in HARSA, underscoring
the central role the metal plays in cleaving sulfate esters,
presumably by both binding the substrate and activating it for
nucleophilic attack.

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

Angewandte

FGly residue rests at the bottom of the pocket as an FGly
hydrate (FGH). The geminal diol performs two distinctive
functions: FGH-Ov1, which interacts with the metal center
and AspA, is orientated ideally for nucleophilic attack on the
sulfur atom of the substrate; FGH-Ovy2, which is anchored by
HisA, ArgA, and LysA, points toward the center of the
pocket and is involved in the elimination of the enzyme—
sulfate ester intermediate. The critical functions of the
geminal hydroxy groups are thought to be mediated by
protons, shuffling between AspA and FGly-Oyl, in addition
to HisA and FGly-Oy2 (Section 4).

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

Typically, the C-terminal region of sulfatases bears the
highest structural diversity and is a likely candidate for a
substrate-discerning region. Interestingly, the HSulf sulfatases
and HGIcN6S, which catalyze the hydrolysis of glucosamine-
6S (GlcNAcg) residues, contain C-terminal stretches of
amino acids that exhibit high homology with a region of the
GIcNAc transferase from Arabidopsis thaliana, suggesting
that this region may play a role in the recognition of the
GIcNAc substrate.”?? The C-terminal region of the mem-
brane-bound sulfatases may also serve an additional purpose.
According to the crystal structure of ARSC, the small
subdomain is involved in several key interactions between
hydrophobic loop structures and the lipid bilayer. These
polypeptide segments could potentially act as “swinging
doors” to recognize substrates and lead them to the active-
site gorge, which is buried near the membrane surface. The
active-site gorge of ARSC contains a host of nonpolar

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

Residue® PARS HARSA HARSB HARSC Proposed function

FGly 51 69 91 75 catalytic nucleophile as FGH

M Ca?t Mg Ca** Ca** substrate binding and activation, stabilization of FGH
AsnA Asn318 Asn 282 Asn 301 GIn343 metal coordination, activation of FGH

AspA Asp317 Asp281 Asp 300 Asp 342 metal coordination

AspB Asp 14 Asp 30 Asp 54 Asp36 metal coordination

AspC Asp13 Asp29 Asp 63 Asp35 metal coordination

ArgA Arg55 Arg73 Arg95 Arg79 stabilization of FGH

HisA His115 His125 His147 His136 stabilization of FGH, elimination of FGS

HisB His211 His 229 His 242 His 290 substrate binding and activation, alcohol protonation
LysA Lys113 Lys123 Lys 145 Lys134 substrate binding and activation, stabilization of FGH
LysB Lys375 Lys 302 Lys318 Lys 368 substrate binding and activation, alcohol protonation
[a] Generic residues are depicted schematically in Figure 3.
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residues that are capable of forming
hydrophobic interactions with the steroid
backbone when the sulfate is properly
aligned in the sulfate-binding cleft.!"]

4. Mechanism
4.1. Sulfate Ester Hydrolysis
The most salient feature of the sulfa-

tase family of enzymes is the presence of
the FGly residue (2-amino-3-oxypro-

C.-H. Wong et al.
a) Addition—Hydrolysis Mechanism
)O]\/A’O'S\OR )O\H 0,0+ " OH, ()O\H -HsO, 0
Enz” H Enz O’S‘\?R N Enz” {080y Enz” "H
ROH

b) Transesterification—Elimination Mechanism

H,0 OH

panic acid, a-formylglycine) in the
active site. FGly is present in the active
site of all prokaryotic and eukaryotic
sulfatases characterized to date and is
essential for catalytic activity.® TIts
importance was initially identified by
von Figura and co-workers during their
extensive studies on multiple sulfatase
deficiency (MSD).®! The researchers cor-
rectly speculated that a common struc-
tural feature in the sulfatase active site, generated by a post-
translational modification, was deficient in MSD patients,
thus resulting in the global inactivation of sulfatases.*” In a
landmark study, the novel aldehyde modification was
detected in the position in which a cysteine residue was
encoded in the cDNA for HARSA and HARSB enzymes.!
Later, it was determined that the residue destined for
modification can be either cysteine in eukaryotes™?! and
prokaryotes,”’! or serine®! in prokaryotes. Prokaryotic sulfa-
tases are therefore further categorized as Cys-type or Ser-
type'[zgsz]

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

The HARSA resting-state structure was interpreted
differently: Its structure showed a twofold-disordered elec-
tron-density pattern at the FGly residue, leading to the
postulation that the FGly functions catalytically as an
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Scheme 1. Proposed mechanistic schemes for the hydrolysis of sulfate esters by the active-site
aldehyde FGly. a) An addition—hydrolysis (AH) mechanism was proposed based on the inter-
pretation of a sulfate hemiacetal (FGS) in the crystal structure of HARSB as the resting state
of the catalytic cycle. b) A transesterification—elimination (TE) mechanism was presented for
hydrated aldehyde group (FGH) present in the crystal structure of HARSA. See text and
Scheme 2 for details.

aldehyde hydrate.”) Based on these data, a transesterifica-
tion—elimination (TE) mechanism was presented, in the first
step of which one of the geminal hydroxy groups of the FGly
hydrate (FGH) acts as a nucleophile. As shown schematically
in Scheme 1b, an S\2 attack at the sulfur atom of the sulfate
hydrolyzes the conjugate alcohol and creates a transient FGS.
The second geminal hydroxy group then reacts to eliminate
sulfate and re-form the aldehyde. Finally, the catalytic cycle is
completed by hydration of the aldehyde to reform the FGH.
Unfortunately, poor resolution within the vicinity of the
crucial FGly residue in both structures left the general model
for sulfate ester hydrolysis open for debate.

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

Another key discriminating feature between the two
mechanisms is the configuration of the chiral sulfate released
from the substrate after catalysis. The TE mechanism would
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cause an inversion of configuration at the sulfur
atom, as it proceeds through a pentagonal
intermediate in the S\2 transition state. In
contrast, the AH mechanism, which proceeds
without chemical modification at the sulfur
center, would produce a sulfate group with
retention of configuration. In a study of chiral
sulfates as the substrates for an aryl sulfatase
from Aspergillus, inversion of configuration was
observed, thus providing further evidence for a
TE mechanism.’ To date, the experiment has
not been reproduced with other better charac-
terized sulfatases.

Particularly strong support for the TE
mechanism was derived from the elucidation
of the X-ray crystallographic structure of PARS
at atomic resolution (1.3 A)."”l The structure
clearly showed that the FGly hydrate was near
to, but independent of, a coordinated inorganic
sulfate. The sulfate moiety is probably present
as a result of the high concentrations of
exogenous sulfate used to procure the PARS
crystals. Not surprisingly, high sulfate concen-
trations are well known to inhibit hydrolytic
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Scheme 2. The TE mechanism involving FGly and key active-site residues based on the crystal
structure of PARS and mutagenesis studies on HARS. a) In its resting state the FGly residue
forms an FGly hydrate (FGH) stabilized by hydrogen bonds. a—b: Positively charged residues

sulfatases.®! Again, the orientation of the
sulfate was found to be optimal for nucleophilic
attack, with one face of the tetrahedron situated
at a distance of 2.96 A from FGH-Ov1, similarly
to the pNCS-Cys69Ala-HARSA cocrystal.!!

and the metal center bind, orientate, and activate the substrate sulfate for in-line nucleophilic
attack by one of the FGH geminal hydroxy groups, HOY1, which is positioned 2.96 A from the
sulfur center. The transesterification is promoted by proton transfer between Oy1 and AspC. b—
c: An Sy2 substitution (shown by arrows in (b)) proceeds through a pentacoordinated intermedi-
ate with inversion of configuration at the sulfur center and release of the conjugate alcoholate,
which accepts a proton from HisB and diffuses from the pocket (LysB, Oy2, and H,O could also

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

The question of whether the transition state
of sulfate ester hydrolysis is primarily associa-
tive (Sy2-like) or dissociative (Sy1-like) has not
been addressed directly. However, several stud-
ies have shown that the nature of the alcohol
leaving group is important. In studies with bacterial sulfatases,
linear free-energy relationships were established that showed
a strong correlation between substrates with better phenolic
leaving groups and improved binding and catalysis (see the
review by Dodgson et al.).’! These results were mirrored in
more recent studies on the inhibition of ARSC with aryl and
alkyl sulfamates.®® Irreversible inhibition by these com-
pounds occurs after the rate-limiting hydrolytic step, although
the exact course of events leading to the dead-end adduct is
unknown. The results showed that the presence of electron-
withdrawing groups (EWGs) at the a position of alkyl groups
or on the phenolic chain resulted in much better inhibition,
indicating that a better stabilized leaving group is important
for the initial hydrolysis and subsequent inhibition. This
behavior closely mirrors the trends observed for the disso-
ciative mechanisms of APS, which have benefited from over
25 years of biochemical probing.””

Recently, the uncatalyzed hydrolysis of sulfate esters has
also been found to be more dissociative than associative in
nature.™ In a dissociative transition state for sulfate ester
hydrolysis, the bond forming between the incoming nucleo-
phile and the sulfur atom would be expected to be weak,
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whereas a more pronounced bond dissociation between the
sulfuryl group and the leaving group would result in the
accumulation of negative charge on the phenolate oxygen
atom. Electron-withdrawing groups would help delocalize
this charge, thereby stabilizing the dissociative transition
state. The results accumulated to date seem to support the
model of a dissociative transition state for sulfate ester
hydrolysis, implying that the mechanism proceeds with some
Sy1 character, probably with the assistance of the nucleophilic
FGly hydrate. However, this interpretation should be treated
with caution, as only limited studies have been carried out.

4.2. Other Sulfatase Mechanisms

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

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

serve as proton sources, depending on the pH). Elimination of the sulfate hemiacetal (FGS) is
favored by the electron-withdrawing groups coordinated to the sulfate. c—d: Abstraction of the
H—Oy2 proton by HisA induces the elimination of sulfate and regeneration of the aldehyde,
which is subsequently rehydrated to complete the catalytic cycle (d—a). See Table 4 for the num-
bering of the residues and Figure 2 for a schematic of the residues in the active site.
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suggesting a nucleophilic attack takes place at this position
(see the review by Dodgson et al.’l). Making use of this
stereoinversion, one research group has recently developed a
method for deracemizing secondary alkyl sulfates.*'**! The
oxidative cleavage of alkyl sulfate groups to aldehydes and
inorganic sulfate has also been reported.*

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

5. The Post-Translational FGly Modification
5.1. The Cys—FGly Modification in Human ARSA

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

As components of the secretory pathway, sulfatases are
directed to the ER during protein synthesis where the key
catalytic residue, FGly, is generated from a cysteine resi-
due.F* All the information necessary to initiate modifica-
tion is contained in the autonomous linear sequence C-T-P-S-
R-A-A-L-L-T-G-R, which begins with the cysteine residue
destined for modification.'**) Mutation and truncation of
this targeting sequence revealed that a core motif, C(X/
T)P(X/S)R, is the minimum sequence required to direct
modest amounts of oxidation. Mutations of P and R within
this motif greatly reduced efficiency, whereas mutations of T
and S were tolerated individually, but not simultaneously. Of
the seven auxiliary residues, the LTGR sequence was found to
be the most important, and it is hypothesized that this
sequence plays a role in molecular recognition. Apart from
mutations of the cysteine residue, no single mutation was
capable of abolishing modification activity altogether.1%!!]

Several experiments have demonstrated that the oxida-
tion event occurs during late co- or post-translation, after
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translocation to the ER, and before protein folding.*!-3-

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

Recently, the long-sought-after FGE was discovered by
two research groups independently.*"*? The FGE gene,
sumFl1 (sulfatase-modifying factor 1), encodes for an ER-
localized protein with 374 amino acids belonging to a class of
proteins of previously unknown function. Preliminary bio-
chemical characterization suggests that SUMF1 acts as a
mixed-function oxygenase that is both essential and limiting
for the expression of active sulfatases (Scheme 3a).*! Highly
conserved SUMF1 homologues were found in many eukary-
otic and prokaryotic species, which is not surprising given the
importance of the FGly modification.”*?l Catalytic and
functional conservation among FGE homologues was dem-
onstrated by the production of active human sulfatases
coexpressed with SUMF1 c¢cDNAs from mice and Droso-
phila.F? Paralogues of SUMF1, known as SUMF2, were also
identified by sequence homology. These proteins also showed
FGE activity, albeit much less efficient than that of SUMF]1,
and it is postulated that they are responsible for the weak,
residual sulfatase activity observed in MSD.F

5.2. The FGly Modification in Prokaryotes

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

The bacterial Cys-type FGE (C-FGE) is likely to be a
homologue of the conserved family of SUMF1 proteins, which
were recently discovered in eukaryotes (Scheme 3a).[*:%
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Scheme 3. Mechanisms for FGly generation by eukaryotic and prokaryotic FGEs. The SUMF genes have been preliminarily characterized as mixed-
function oxygenases that are essential for the generation of FGly residues from cysteine progenitors in eukaryotes (route A). FGly residues in pro-
karyotes can be generated from cysteine and serine precursors by C-FGE and S-FGE, respectively. The C-FGE might be of the same type as the
eukaryotic FGE; however, other pathways have also been suggested (route b; see text for details). The S-FGE (route c) has been identified as the
iron—sulfur protein AtsB, which catalyzes the transformation by the proposed redox process outlined in steps 1-3.

Putative SUMF1 genes were detected in some bacteria by
sequence analysis; however, the cloning and characterization
of a bacterial C-FGE has not yet been achieved. Most of the
information available about the bacterial Cys-modification
system has been garnered from the recombinant expression of
sulfatases in Escherichia coli, which does not produce an
endogenous aryl sulfatase.’® Although an active sulfatase has
not been isolated from E. coli, both Cys- and Ser-type genes
and putative activity have been described.” " It is clar that
the bacteria have an active C-FGE, which installs FGly
residues exclusively from cysteine precursors. The recombi-
nant expression of Cys-type PARS and FHS2S (FHS2S =
heparan-2-sulfatase from Flavobacterium heparinum) in
E.coli results in active enzymes”*! whereas Ser-type
sulfatases are inactive.”>*! Likewise, the mutation of PARS
and FHS2S to Ser-type enzymes also renders inactive
proteins.[*":61

The efficiency of the C-FGE in prokaryotes appears to
differ dramatically from that in eukaryotes. The modification
of PARS proceeds to completion in native and E. coli hosts.””
In contrast, the human FGE has been found to be a limiting
factor'® where efficient modification requires the co-over-
expression of SUMF1, and even then, oxidation is incom-
plete.”* Such a discrepancy indicates some fundamental
differences in the C-FGEs of bacteria and eukaryotes.

It is even possible that another FGE, distinct from
SUMF]1, is harbored in some bacteria. One bioinformatics
study located a gene cluster, yidHGF, in E. coli near a
putative Cys-type sulfatase, yidJ. Based on the sequence
homology and mechanistic similarity, the cluster has been
proposed to catalyze the oxidative desulfurization of the
sulfanyl group of cysteine to an aldehyde, in analogy with the
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oxidative deamination of aspartate to oxaloacetate (Sche-
me 3b).”

Relatively more is known about the Ser-type FGE (S-
FGE) in bacteria. Early experiments on the expression of the
aryl sulfatase from Klebsiella pneumoniae (KARS) showed
that the production of an active enzyme in E. coli required the
coexpression of an adjacent gene, astB, which forms a
bicistronic operon with the KARS gene.[””! Initially, AstB
was speculated to be a positive regulator of KARS or a
transcriptional factor.* Later, it was recognized to have high
homology with oxidoreductases and was found to be critical
for the expression of FGly residues, indicating that it might be
the S-FGE.?"¥! The possible role of AstB homologues as S-
FGEs was further substantiated by the fact that the Ser-type
sulfatase PMdS (PMdS =mucin sulfatase from Prevotella
sp. RS2) was inactive when expressed in E. coli, but active
during heterologous production in Bacteriosides thetaiotao-
micron®! B. thetaiotaomicron harbors the gene chuR, which
encodes for a protein that is highly homologous with AstB.
Indeed, endogenous sulfatase activity is inhibited when chuR
is knocked out.l”! Sequence analysis of the regions flanking
the PMdS gene showed that it has an adjacent gene which
encodes for an AstB homologue. It is tempting to speculate
that the coexpression of this gene in E. coli might produce
active PMdS. In fact, similar operons were identified when the
sequences of several putative Ser-type sulfatases were ana-
lyzed, suggesting that the S-FGE is commonly bicistronic with
the sulfatase that it modifies.” In each case, the second gene
encodes for an iron—sulfur protein that contains conserved
cysteine clusters. These proteins have recently been linked
with oxidoreductase activity and are capable of oxidizing a
serine residue to an aldehyde (Scheme 3c).[*3
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The role of AstB in modulating the transformation of
serine residues into FGly was firmly established when KARS
was expressed independently and with AstB in E. coli.”
FGly was only formed in the presence of AstB. The observed
modification efficiency of 60 % corresponds to the yield with
natively expressed KARS.® More recently, AstB was shown
to be a cytoplasmic enzyme that directly interacts with the
FGly-targeting sulfatase signature sequence in a serine-
dependent manner, and was proposed to catalyze the trans-
formation through oxidoreductase activity (Scheme 3c).*"!
The transformation process is facilitated by the presence of
a signal peptide that targets protein translocation to the
periplasm. Removal of this sequence dramatically decreased
the efficiency of the FGly modification of the periplasmic
KARS enzyme. Also the FGly transformation was introduced
into a mutant Ser-PARS when the enzyme was also recombi-
nantly adorned with the KARS signal sequence.”! All known
and several putative Ser-type sulfatases contain N-terminal
signal peptides which direct the enzyme to the periplasm;
most Cys-type sulfatases, however, are localized in the
cytoplasm.*

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

ess.P)

6. Substrates and Biological Functions of Eukaryotic
Sulfatases

Many eukaryotic sulfatases were initially identified based
on their enzymatic activity with small aromatic sulfates, such
as p-nitrophenol sulfate (pNPS), p-nitrocatechol sulfate
(pNCS), and 4-methylumbelliferone sulfate (4MUS). This
activity led to a long-running misunderstanding about the
physiological roles of sulfatase enzymes, but is now used for
the general classification of sulfatases into ARS and non-ARS
types.*) Both classes of enzymes are active with aryl
substrates, but the ARS type effect hydrolysis at much
higher rates. Steroid sulfates and a variety of sulfonated
carbohydrates, including monosaccharides, oligosaccharides,
proteoglycans, and glycolipids, count among the natural
substrates of the human sulfatases (Table 1). As shown in
Table 5, the enzymes show a strong specificity for their
biological substrates despite their promiscuity with aryl
substrates.
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Human sulfatases have been found in several subcellular
locations, where they play key roles in important biological
processes, including the synthesis of hormones in the ER, the
degradation of glycosaminoglycans and glycolipids in the
lysosome, and the modulation of developmental-cell signaling
in the ECM. Several other human sulfatases have been
identified, but their biological functions are unknown.
Potentially these enzymes might be involved in the desulfo-
nation of other important biomolecules, such as sialyl Lewis*-
6S (sLe®-6S) and tyrosine O-sulfate. The sulfatases of
invertebrates and lower eukaryotes are largely unexplored.
Several genes have been cloned (Table 2), and in some cases
exhibit activities, including a role in the development of sea-
urchin embryos, the inactivation of endogenous plant toxins,
and involvement in the sulfur metabolism in algae and fungi.

6.1. Lysosomal Sulfatases

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

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

The human lysosomal sulfatases ARSB, GalN6S, GalN3S,
GIcN6S, GIcA2S, GIcNS, and IdoA2S have been studied
extensively. They play a role in mucopolysaccharidosis
(MPS), a group of lysosomal storage disorders resulting
from deficiencies in GAG catabolism (Table 3).! GAGs are
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Table 5: Catalytic properties of human sulfatases.

Enzyme Substratel Ratel®! K,

ARSA 4MUS 40000 12500
pNCS 160000 400
ascorbic acid 2S 85000 2800
cerebroside-3S 6600 105
seminolipid-3S 5000 180
psychosine-3S 3000 200
tyrosine-S 6700 3500

ARSB 4MUS 48500 1180
GalN ¢-(CS/DS)* 2000 60
tyrosine-S 871 <300000

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

ARSD 4MUS n.d.

ARSE 4MUS 663

ARSF 4MUS 1356

ARSG 4MUS n.d.

GalN6S 4MUS 120 4400
GalNAcgs-(CS)* 1990 15
Galgs-(KS)* 100 50

GlcNS 4MUS 114 4800
GalNg-(HS)* 930 103
GalNg-1doA,s 60 4.1
GalNs 0.04 0.7

GlcN6S 4MUS 10 5800
GleNAcgs-(HS)* 218 0.25
GlcNACs-(KS)* 45 1
GleNAcs 1.6 7.1

IdoA2S 4MUS 300 12400
IdoA,-(HS)* 3400 3

Sulf1 4MUS 1000-2000
GlcNgs (endo) 0.088

Sulf-2 4MUS 1000-2000
GlcNgs (endo) 0.097
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and galactosamine-6-sulfatase.
pH optimum Ref. ARSB, originally regarded as a
generic aryl sulfatase,®™ is now
>7 (73, 74] known to specifically cleave sulfate
55 P y
48 esters at the 4-position of N-acetyl
45 galactosamine (GalNAc) residues
4.5 found in dermatan sulfate (DS)
4.5 and chondroitin sulfate (CS).[5%"]
55 Heparan N-sulfatase (GIcNS) cat-
alyzes the hydrolysis of N-linked
5.6 [74,89,94] ) X
56 sulfamates of glucosamine residues
55 in heparin and heparan sulfate
(HS).I”? GalN6S, initially named
7.0 122] for its ability to hydrolyze the
7.0 GalNAcg residues of DS and CS,
7.0 is also responsible for the hydrol-
;g ysis of galactose-6S (Galy) resi-
20 dues of keratan sulfate (KS).[5%]
7.0 Within the lysosome, degrada-
7.0 tion pathways involve sulfatases
and glycosidases that act sequen-
7.0 [129] tially to break down GAG struc-
tures from the nonreducing ends.””
7.0 [129,130] . ) .
70 [129] Figure 6 dep.lcts some generic
GAGs; the sites of sulfate ester
7.0 [133] cleavage by lysosomal sulfatases
are marked with arrows. Although
4.7 [88,89] several sites are indicated on the
4.0 GAG structures for the sake of
4.0 brevity, it must be emphasized that
5.4 [95] each lysosomal sulfatase acts on
56 the GAG in an exoenzymatic fash-
3.8 ion, only as specific residues are
5.6 exposed at the nonreducing termi-
nus by a glycosidase. The glycosi-
5.2 [70,95] dases, in turn, require desulfona-
:; tion of the nonreducing residue
5:7 before the next processing step
can occur. Table5 lists some
5.6 [89,96] kinetic parameters known for spe-
4.5 cific substrates of these sulfa-
tases.”1~%]
7.5 [22]
7.5
75 22] 6.2. Extracellular Sulfatases and
7.5 Developmental Signaling

[a] Physiological substrates are in bold face. Asterisks denote activity at the nonreducing end of the
glycosaminoglycan in parenthesis. [b] Rate expressed as nmol substrate per min per mg enzyme. n.d.=

no detectable activity. [c] Values reported in pm.

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

comprised of long chains of repeating disaccharide units
consisting of uronic acid (U) and hexosamine (H) sugars.
These chains are highly polydispersed owing to their varying
length, glycosidic connections, epimerization, N-acetylation,
and the degree of O- and N-sulfation (Figure 5).%%4 Table 1
lists the substrates of the various lysosomal sulfatases, most of
which are named based on their residue specificity within the
GAG chain. The exceptions are ARSB, heparan N-sulfatase,
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ment based on the modulation of interactions between GAGs
and signaling molecules. Initially, QSulfl was discovered in
the search for sonic hedgehog (shh) responsive genes in quail
embryos.”” Shh is an extracellular signaling molecule that
influences the development of stem cells into specific tissues
and organs.” QSulfl is induced by Shh, but does not
participate directly in Hedgehog (Hh) signaling. However, it
was shown to induce Wingless/Int (Wnt) signaling and is
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2 Dehydroepiandrosterone 3-sulfate 3 lodothyronine sulfate

(DHEA-3S)

CH,OH
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4 Glucosinolates: Mustard oil glycosides

Figure 4. Representative sulfatase substrates. Cerebroside-3S (1) is a
physiological substrate for ARSA; DHEA-3S (2) is one natural sub-

strate for ARSC; iodothyronine sulfate (3) is a possible substrate for
one of the ER sulfatases; glucosinolates (4) are substrates for PGSS.

GAG Disaccharide unit H U Modifications
Heparinand Hony gx ax-{c1,4)-Unx-(0/B1,4) GlcN  GlcA N-sulfonation
heparan sulfate IdoA N-deacetylation
O-sulfonation
C5-epimerization

Chondroitin and Haonacaxex-(B1,4Uxx-(c/p1,3) GalN  GlcA C-sulfonation

dermatan sulfate IdoA C5-epimerization

Keratan sulfate Haonacex( 1,3)-Calex-(31.4) GleN  Gal O-sulfonation

Representative monosaccharide units
OH
OH
HO “0,C, OH
Hoéo o Ho% 0.C~7 [ g7""OH
HO OH HoO on HO OH
NH, NH, OH OH OH

0-Glucosamine
(GleN)

L-lduronic acid
(IdoA)

B-Glucouronic acid
(GIcA)

D-Galactosamine
(GalN)

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

suspected to participate in the signaling of fibroblast growth
factor (FGF) and epidermal growth factor (EGF).["-**1%
The extracellular Wnt and FGF signaling molecules,
which are intimately linked with proper cell differentiation
and embryo patterning, are known to bind heparan sulfate
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Figure 6. Generic glycosaminoglycans with sites for sulfate ester cleav-
age indicated by arrows. Note that in the lysosome cleavage only
occurs exoenzymatically from the nonreducing end.

proteogycans (HSPGs) in the ECM.I""1%I Specifically, their
interactions with HS have been associated in part with the 6-
O-sulfate groups on GIcNAc residues.™ 1%l As enzymes
targeted for the cell surface, Sulfs are poised to play a role in
remodeling these critical sulfates in the ECM.F"1%! Indeed,
overexpression of QSulfl has been directly correlated with an
increase in Wnt signaling, and this activity was shown to
depend on catalytic sulfatase activity. Based on these results,
Dhoot et al. speculated that HSPG-bound Wnt was released
for signaling after 6-O-sulfate cleavage by QSulfl
(Figure 7).’"1 Recently, this hypothesis was substantiated
and further characterized in biochemical and cell-expression
studies wherein a two-state “catch and present” model was
suggested for the regulation of Wnt signaling by QSulf1.””) In
this model, desulfonation by QSulf1 is proposed to stimulate a
shift from a high-affinity HS—Wnt complex (the catch phase)
to a low-affinity HS-Wnt complex, which interacts with
Frizzled receptors (the present phase) to initiate the Wnt
signaling cascade. Desulfonation of HSPGs by HSulfl also
influences other signaling pathways, including EGF and
FGF!""! In the past, HS-based signaling was thought to be
primarily controlled by sulfonation of HS during biosynthesis
in the Golgi.'"”! The Sulfs represent a new pathway for
dynamically regulating these sulfonated ligands.
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Figure 7. Proposed mechanism for the amplification of Wnt signaling
by Sulfl. In the extracellular matrix (a), Wnt (purple) binds to HS pro-
teoglycans (blue) at the glucosamine-6S residues. Sulfl (green) cleaves
the GlcNgs sulfate (b), thereby releasing HS-bound Wnt (c) and allow-
ing the interaction of Wnt with Frizzled receptors (shown generically in
gray). Upon binding, important signaling cascades begin. Recent
experiments suggest that HS may also interact with the receptor in the
form of a low-affinity HS-Wnt complex.

Extracellular Sulfl orthologues from rats, mice, and
humans have been identified and cloned.”*'®! An analogous
gene, Sulf2, was also isolated from mice and humans.?
Studies showed that HSulfl and HSulf2 hydrolyze the
substrate 4AMUS more slowly than typical ARSs, but at least
an order of magnitude faster than non-ARSs (Table 5). The
high sequence similarity with lysosomal GlcN6S and the key
signal modulation by GIlcNg residues in HS strongly sug-
gested that the Sulfs would be active with these substrates.
Indeed, such activity was observed. The Sulfs display endo
activity at neutral pH values (Table 5). Functional selectivity
for a subset of 6-O-sulfates in HS, including the trisulfated
motif IdoA,s-GlcNgqs and the doubly sulfated GlcA-GlcNggg
disaccharide unit, was identified in biochemical studies of
both human and quail enzymes.””* Interestingly, the IdoA -
GlcNggs sequence is known to be important in both the
binding of FGF and the dimerization of the FGF-dependent
receptor.'11% Thus, desulfonation by a Sulf enzyme would
be expected to negatively regulate this process, although the
exact nature of this relationship remains to be established.

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

Sulfatases have been implicated in the development of
sea-urchin embryos, although their direct involvement in cell
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signaling events has not yet been demonstrated. Three highly
similar ARS genes cloned from the distinct sea-urchin species
Hemicentrotus pulcherrimus, Strongylocentrotus purpuratus,
and Heliocidaris erythrogramma (Table 2), were shown to
localize on cell surfaces in a cell-lineage-specific and cell-
stage-specific manner during embryosis.'""*""*! Their expres-
sion was found to coincide with important cell-differentiation
events.''*1"l Tt has been suggested that sulfonated proteo-
glycans are the substrates of these extracellular ARSs, but this
activity has not been verified.''®! The sea urchin has long been
a model system for the study of embryonic patterning,'*) and
it might prove useful to investigate a possible role of the sea-
urchin aryl sulfatases in HS-related signaling pathways.

6.3. Steroid Sulfatase

The levels of steroid hormones are modulated in part by
the microsomal sulfatase ARSC, also commonly known as
steroid sulfatase (STS)."* ARSC is a ubiquitously expressed,
membrane-bound, lumen-oriented protein, which is primarily
localized in the rough ER.'?! It has a neutral pH optimum
and processes several aryl and steroidal substrates efficiently
(Table 5).2! The broad range of substrates hydrolyzed by
ARSC has raised the question of whether multiple ARSC
isoforms, or even distinct enzymes, are involved in processing
the different sulfate conjugates. However, convincing evi-
dence from several studies points to a single housekeeping
ARSC protein that is fully capable of hydrolyzing disparate
steroid sulfates.!”) ARSC releases systemic steroid precursors
from inactive 3-O-sulfate conjugates, such as estrone and
dehydroepiandrosterone sulfate (2, Figure 4), that feed into
pathways for hormone-based signaling.!"*! Upregulation of
ARSC activity has been implicated in hormone-dependent
breast cancer,**'?! whereas a deficiency in the enzyme has
been observed in the inherited disorder X-linked ichtosis.""
The former has made ARSC an attractive target for small-
molecule therapeutics (see Section 8).1271281

6.4. Novel Sulfatases of the ER and Golgi Network

Several recent additions to the human sulfatase family
have been reported. The ARSD, ARSE, and ARSF genes, for
example, were isolated from a positional cloning experiment
aimed at mapping the causative gene(s) for the congenital
disorder chondrodysplasia punctata (CDPX).1%30 The
genes are located together with the gene for ARSC in a
cluster on the distal short arm of the X chromosome (Xp22.3)
and have a similar genomic organization, suggesting an
evolutionary duplication event.'*? The gene for another
sulfatase, ARSG, was also cloned recently after being
identified in bioinformatics searches."* All four of these
newly discovered genes encode for membrane-bound sulfa-
tases of the ER and Golgi network with a neutral pH
optimum. Each of these sulfatases received the ARS desig-
nation because of structural similarities with known ARSs,
even though only ARSE and ARSF have shown activity with
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aromatic substrates.'**131%] The natural substrates of these
sulfatases are as yet unknown.

A deficiency in ARSE alone was found to be responsible
for the disorder CDPX (Table 3).1**13! Interestingly, ARSE
is inhibited by warfarin, the causative agent of warfarin
embryopathy, which has clinical manifestations strikingly
similar to CDPX.'?13 Both disorders are characterized by
bone and cartilage dysplasia, suggesting that ARSE plays a
critical role in the proper development of these tissues.[>!%"]
Given the subcellular location of ARSE and the critical roles
that GAGs play in bone and cartilage structure and develop-
ment, it is tempting to speculate that ARSE might function
along with other anabolic enzymes of the Golgi network in
the construction of GAGs and cell-surface HSPGs. %141

Iodothyronine sulfate (3) is a potential substrate of ER
sulfatases (Figure 4). Recent research has indicated that the
biological activity of thyroid hormone might be modulated by
sulfonation akin to steroid hormones."*!! A reversible sulfo-
nation pathway has been proposed in which the action of a
sulfatase leads to the release of active thyroid from inactive
sulfonated conjugates.'**!*! The steroid-hormone regulator
ARSC possesses some ability to hydrolyze iodothyronine
sulfate; however, recent studies showed that the hydrolysis is
primarily carried out by a sulfatase (or possibly several
sulfatases) isolated from human liver microsomes that are
biochemically distinct from ARSC.[21#1 A likely candidate
for iodothyronine sulfatase activity is ARSD, which shows a
similar gene expression pattern to that of ARSC.

6.5. Sulfatases of Invertebrates and Lower Eukaryotes

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

Sulfatase activity has been identified in several lower
eukaryotic organisms,®*7l and three aryl sulfatase genes
from fungil™**! and algae!™'*!l have been cloned and partially
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characterized (Table2). These enzymes are upregulated
during sulfur starvation and are believed to play a role in
sulfur scavenging. For example, NARS and choline sulfatase
(ChoS) isolated from the filamentous fungus Neuroposa
crassa are known to hydrolyze tyrosine-O-sulfate and choline-
O-sulfate under sulfur-limited conditions.'"*'* The NARS
enzyme has also been shown to be 30 times more active
during germination, regardless of sulfur availability, suggest-
ing that it might play a developmental role.*¥

7. Substrates and Biological Functions of
Prokaryotic Sulfatases

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

7.1. Sulfate Scavenging in Bacteria

ARS activity has been identified in several species of
enterobacteria  (Klebsiella,['%)  Salmonella "' Pro-
teus,' 1% Pseudomonas ' and Serrati!"™™), aquatic bacteria
(Alteromonas™), pathogenic bacteria (Mycobacteria'’"™
and Pseudomonas™'"), extremophilic bacteria (Plecto-
nemal'™), and soil bacteria (Comamonas''™® and Pseudomo-
nas"®). Indicative of their role in scavenging, most of the
bacterial ARS enzymes are upregulated during sulfur starva-
tion.*>"! Although their preferred substrates are unknown, it
is thought they may be sulfated carbohydrates. The most
thoroughly characterized ARS enzymes are from Pseudomo-
nas aeruginosa™ and Klebsiella pneumoniae®™ (formerly
classified as Klebsiella aerogenes and Aerobacter aerognes).
Early studies on these enzymes focused on genetic induction
under sulfur-limited conditions, whereas recent studies have
probed KARS involvement in sulfate transport.’>!””! Studies
of the PARS and KARS enzymes have provided invaluable
mechanistic and structural information on the sulfatase
enzyme class as a whole.['>?>’)

One bacterial alkyl sulfatase traditionally categorized as a
sulfate scavenger has been shown to have an additional role.
Choline-O-sulfatase (ChoS) is primarily involved in breaking
down choline sulfate into carbon, nitrogen, and sulfur
sources,'™ 1% but it also participates in the synthesis of an
osmoprotectant.'® The bet operon in the rhizobium Sinho-
rhizobium meliloti encodes for several enzymes that orches-
trate the synthesis of glycine betaine, a common bacterial
osmoprotectant derived from choline."* In a cloning scheme
for this operon, a ChoS homologue was isolated unexpectedly,
thus indicating that the versatile ChoS enzyme can perform
two functions: the assimilation of nutrients as needed and the
synthesis of osmolytes to protect the organism.*!
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7.2. Glycosaminoglycan-Degrading Sulfatases

The ability of bacteria to survive on glycosaminoglycans
(GAGs) as a sole nutrient source has long been known.”! Tt
was also recognized early on that bacterial degradation
pathways might prove useful in deconvoluting the complex
nature of GAGs, thus prompting the characterization of
several enzymes from Proteus Vulgaris, Bacteriosides theito-
micron, and Flavobacterium heparinum (Table 6). Much of
the research on GAG-degrading enzymes has focused on
bacterial lyases,"®! but sulfatases have also been charac-
terized.®*") Generally, the degradation is initiated by several
unique lyases that cleave GAG chains at the hexosamine—
uronate (H-U) linkage by elimination to give A4,5-U-H (dU-
H) disaccharide units. (Note that the stereochemical infor-
mation that distinguishes IdoA from GIcA is lost upon
formation of the dU unit.)"®! The sulfatases then desulfonate
these units in an order that depends on the nature of the
glycosaminoglycan (Figure 8).

In the processing of HS, the disaccharide units must be
desulfonated at the dU2S position by the HS2S enzyme
before it is cleaved by a hydrolase into monosaccharide
units.® Any sulfate groups remaining on GlcN units are then
sequentially cleaved by the monosaccharide sulfatases HS3S,
HS6S, and HSNS.'¥1¥1 In the degradation of CS, CS6S and
CS4S act on the nonreducing end of GalNAc residues before
it is cleaved into monosaccharide units."**!*!l Additionally, it
has been shown that CS6S is capable of endoenzymatic
cleavage on larger CS chains."® CS also contains uronic acid
residues with 2-O-sulfate groups, although fewer than HS.
The activity of a sulfatase specific for disaccharides, trisac-
charides, and tetrasaccharides with dU2S residues, irrespec-
tive of the sulfation profile, has been reported.!'s1%>1%1 It is
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believed that the dU2S residues of HS and CS substrates are
processed by the same sulfatases; indeed, the FHS2S enzyme
from F. heparinum recently showed activity for both sub-
strates.’*¢!! FHS2S cleaves the 2-O-sulfate functionality of
the HS disaccharide unit dU,s(B-1,4)Hysgs preferentially, but
is also active for substrates with a lesser degree of sulfation
and different glycosidic connections, such as the a-1,3 linkage
of CS. This behavior shows that the enzyme is primarily
specific for dU,g residues at nonreducing ends of GAG chains.

7.3. Mucin Sulfatases

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

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

Organism GAG Sulfatasel® Residue specificity® pH optimum Ko [um] Position, type of cleavage Ref.
Flavobacterium HS HS2S dU,s-GIcNS 6.5 1060 nonreducing end, exo [58,186]
heparinum
dU,s-GlcNSqs 87
dU,s-GleNACcs 515
HS3S GlcNAc;g 8.0 42 monosaccharide [186]
GlcNS,g 7.5
HS6S GlcNgegs 7.5 1350 monosaccharide 87
GlcNges 16
GleNAcgs 54
HSNS GleNg 7.0 8.3 monosaccharide [189]
Flavobacterium CS CS2s dU2S-GlecNAcgs >10000 nonreducing end, exo [58,192,195]
heparinum
CS4S*
CS6S*
Bacteriosides cs CS4S dU-GlcNAc,s 7.0 191
thetaiotaomicron
CS6S dU-GlcNAcgs
Proteus (& Cs4s dU-GlcNAcs reducing end, endo, exo [192]
vulgaris
CS6S dU-GlcNAcs reducing end, exo

[a] Enzymes marked with an asterisk have been detected, but not isolated. [b] Enzymes are specific for the sulfate residues shown in bold.
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Figure 8. The role of bacterial sulfatases in the degradation of HS (a) and CS (b). The sites of sulfate ester hydrolysis are demarked by arrows.

MdS enzymes have been identified in strains of enter-
obacteria capable of growing on *S-labeled mucin as the sole
carbon source (Table 7). Three enzymes with unique
characteristics have been purified to date. The first, a 30-kDa
protein isolated from the extracellular environment of a
Helicobacter pylori culture, has a pH optimum of 5.7 and
catalyzes the desulfonation of GlcNAcy and Galgg in mucins,
as well as Glcg in glyceroglucolipids.’® Another 15-kDa
enzyme, purified from fecal extracts, has a pH optimum of 4.5

Table 7: Bacterial mucin sulfatases.

and cleaved approximately 25 % of the radiolabelled sulfate
from a human colonic mucin.”?® The third, isolated from
Prevotella RS2, is a 58-kDa periplasmic enzyme with a pH
optimum of 7.0 that removed 33 % of the radiolabelled sulfate
from a human colonic mucin.”” This enzyme, whose gene
was recently cloned, was shown to be an exoenzyme specific
for GlcNAcs residues. (%21

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

Organism Host, substratel Residue specificity

Prevotella RS2 S*-rat,

gastric mucin

Glcgs, GleNAcgs

Galgs

Bacteroides thetaiotamicron S*-human, colonic Glegs, Galyg
mucin

Bacteriosides fragilis human, colonic mucin ~ Galgs

unknown (human feces)  S*-human, colonic Glegs
mucin

Helicobacter pylori S*-human, gastric Glegs, GleNAcgs,
mucin Galgs

P. aeruginosa, S*-human, colonic

Burkholderia cepacia mucin

Streptococcus mitis, S*-human, colonic

S. mutants, mucin

S. salivarius

Ruminococcus torques, Galgs-(b1,4)-glucitol Galgs

Biofidobacterium VI11-210
E. coli S*-human, colonic

mucin

pH opti- Subcellular  Infection Ref.
mum location®
7.4 periplasm [60,207-209]
7.0 cytoplasm
5.0 extracellular [202,206]
7.0 [208,209]
4.5 extracellular ulcerative colitus [206,210,211]
5.7 extracellular peptic ulcer, gastric [205,212]
cancer

7.0 necrotizing pneumonia [57]

extracellular dental plaque [203]
5.0 extracellular [204]

[57]

[a] S* =radioactive *°S isotope used to label the mucin. [b] Extracellular location was assumed based on the presence of enzymatic activity in

supernatants of the culture and/or of feces.
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suggesting that more than one MdS enzyme may exist in this
organism.?”! Prevotella RS2 possibly contains another MdS
enzyme specific for Galg, as lysates harvested from cells
grown on colonic mucin showed increased activity for both
Glcgs and Galgg substrates.”™™ Two separate MdS enzymes
that desulfonate Galsg and Galgg substrates were also found in
partially purified extracts from Bacteriods fragilis.?*"]
Other sulfated carbohydrates within the GI tract (i.e.
glycosaminoglycans and sialyl substrates) have certain sugar
residues in common with mucins. The mechanisms by which
mucin sulfatases differentiate between these substrates
remains to be clarified.”-?!

7.4. Bacterial Sulfatases and Pathogenicity

Accumulating evidence suggests that MdS enzymes might
be involved in numerous clinical manifestations. For example,
they have been implicated in the phenomenon of bowel
inflammation.”*! Elevated MdS activity was observed in the
fecal extracts of patients with ulcerative colitus (UC).?1%2!1
This observation is consistent with the results of another study
that correlated increased mucin degradation with increased
MdS activity in UC patients.!”) Additionally, decreased
sulfomucin levels were observed in gastric samples of patients
infected with H. pylori, a causative bacteria in gastric
diseases.”'? Although it is not known if mucin degradation
by mucin sulfatases is the primary contribution to these
conditions, it is thought to contribute to their severity.” It
has also been suggested that MdS enzymes may play a role in
the invasion of opportunistic pathogens P. aeroginosa and
Burkholderia cepacia in lung tissue, especially in patients with
impaired mucosal clearance, which is common in cystic
fibrosis (CF)."2%3]

In addition to providing access to sources of sulfur and
nutrients, it has been proposed that these sulfatases expose
sites of adhesion. For example, P. aeurginosa may use MdSs to
remove the sulfate groups shielding its requisite mucin-
binding  motifs, Gal($-1,3)GIcNAc  and  Gal(pB-
1,4)GIcNAC.F"2425] Sylfomucin inhibits the binding of H.
pylori to its normal adhesion elements (galactosphingolipid-
3S), suggesting that the desulfonation of mucins might be
critical for initial pathogenic colonization.”'*! This assumption
was substantiated by the finding that two common antiulcer-
ative drugs, nitecapone and sulcrasulfate, which are effica-
cious against infection by H. pylori, significantly decrease
desulfonation activity by MdSs.[?*>212]

Remodeling of the sulfate structure has also been
proposed as a mechanism for the pathogenicity of certain
strains of Mycobacterium. A bioinformatics study suggested
that the ubiquitous sulfatase sequences found in these
organisms could potentially encode for enzymes that modify
gycosaminoglycans to generate binding sites required for
infection.”"”! Such an adaptation would give a competitive
edge to especially pernicious bacteria. A quick search of the
Entrez database”' reveals that putative sulfatase genes are
harbored by many pathogens, including Yersinia pestis
(bubonic and pneumonic plague),”! Salmonella enterica
(typhoid fever),?! Enterococcus faecalis (vancomycin-resist-
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ant pathogen),® Bacillus anthracis (anthrax, potential bio-
logical weapon),?! and Streptococcus agalactiae (leading
cause of sepsis, pneumonia, and meningitis in neonates), to
name a few.”” Interestingly, a putative sulfatase gene
identified in E. coli K1, one of the causative agents of
meningitis, endows the bacteria with an increased ability to
colonize cerebrospinal fluid.??! Although the exact role of
the putative sulfatase is unknown, this work establishes
another intriguing link between bacterial sulfatases and
pathogenicity. As more connections between infections and
bacterial sulfatases are established, it seems increasingly
likely that these enzymes might serve as targets for ther-
apeutic intervention.

8. Sulfatase Inhibition

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

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

Br
@) R®
1
NH, RS ; R?
g pe
‘Y
- . R
R? 2) N?NHz R? N\
R! 3) R>I R® R®

N
/)
5

Scheme 4. Combinatorial synthesis of 2-(hydroxyphenyl)indole inhibi-
tors.
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Estrone 3-phosphonates and thiophosphonates were ana-
lyzed for their activity as inhibitors of steroid sulfatases.[*2%
The best inhibitor was found to be the methylthiophospho-
nate (6, E1-3-MTP, Figure 9) with an ICs, value of less than

o) o]
H
o]
IFI)
HO(H,C)SPO s 0
6 7

1

(CH,)1CH,

0oPO,>

8

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

100 nm. The pure R; diastereomer was obtained through
selective digestion of the Sp stereoisomer with snake-venom
phosphodiesterase. The pure R, inhibitor was less active than
the original mixture, suggesting that the Sp isomer was more
potent. In general, hydrophobicity, basicity, size, and charge
were found to affect the potency of this class of inhibitors.*!
Dehydroepiandrosterone phosphate (7) was reported to have
an ICs, value of 140 nm at pH 6.0. It has a higher activity than
the corresponding sulfate analogue, but is not susceptible to
enzymatic hydrolysis.”** In a study of nonsteroidal phosphate
esters, hydrophobicity was again found to be an important
factor in the activity of the inhibitor. A K; value of 520 nm was
reported for n-lauroyltyramine phosphate (8) at pH 7.0.*
Another series of compounds that were evaluated as
ARSC inhibitors were 17a- and 17p3-alkylated or benzylated
estradiols.”*! It was determined that the introduction of alkyl
and substituted benzyl groups at these positions led to
increased activity. The most potent inhibitor, 9, had a 3'-
bromobenzyl substituent and an ICsyvalue of 24nm
(Figure 10). Inhibitory activity increased when sulfamate
groups were added to these compounds, as evidenced by the
IC;, value for 10 against ARSC of 150 nm.[*"-%® The effect of
long alkyl chains on the activity of estradiol was also
determined. The potency increased with increasing chain
length up to octyl substitution (ICs,=440 nm).”! In later
work, the 4’-benzyloxybenzene derivative 11 was found to
have an ICy, value of 22 nM. Benzyl-substituted analogues of
androstane and pregnane were also synthesized and ana-
lyzed.” More recently, 17a-substituted estradiol sulfamates
were prepared by split-pool combinatorial synthesis on a solid
phase.®® As illustrated in Scheme 5, a piperazine group was
attached to the steroid to provide a core structure for the
library. Sequential acylations were then performed by adding
an amino acid followed by a carboxylic acid. The compound
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Figure 10. Benzylated estradiol inhibitors.

Scheme 5. 170-Substituted inhibitors of estradiol sulfamate.

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

The substitution of estrone with a sulfamate group yielded
the potent, irreversible inhibitor EMATE (13, Figure 11),
which irreversibly inhibits ARSC with an ICs,value of
80 nm.?**? The bridging oxygen atom of the sulfamate
group was found to be important for the activity, as the
corresponding thiophosphonate, N-sulfamate, and S-sulfa-
mate analogues all exhibited decreased inhibition.?*! N-
Alkylation of the sulfonamide group also led to weaker,
reversible inhibitors. A shift in research towards nonsteroidal
inhibitors took place after EMATE was found to be an
estrogen-receptor agonist.?*! A study of coumarin sulfamate
scaffolds uncovered the potent non-estrogenic, irreversible
ARSC inhibitor COUMATE (14, 1Cs, =380 nm).?*! This
motif was enhanced through the introduction of increased
hydrophobic character: the tricyclic coumarin sulfamate 15
has an ICs,value of 8 nm.**! Other efforts towards non-
steroidal inhibitors have focused on sulfamate derivatives of
tetrahydronaphthalene, indanones, and tetralones.**”’ Mod-
ifications to a known aromatase inhibitor, including the
introduction of sulfamate groups, led to the development of
dual estrogen sulfatase/estrogen aromatase inhibitors.?* The
best inhibitors were 16 (ICs,(STS)=2.3 nM, ICs(aroma-
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tase) =20nM) and 17 (IC5(STS)=0.82nmMm, ICs(aroma-
tase) =39 nM, Figure 11).

Other nonsteroidal estrone sulfatase inhibitors are chro-
men-4-one sulfamates. The most potent compounds had
highly branched aliphatic substituents diagonally opposite to
the sulfamate moiety, as evidenced by the good inhibitory
activity of 2-(1-adamantyl)-4H-thiochromen-4-one-6-O-sul-
famate (18, I1Cs,=340 pm, Figure 11).2*»% Benzophenone
sulfamates were also prepared, including 4,4’-benzophenone-

6]
/di
H,NO,SO o o
H,NO,SO
13 14
o
N R N
N
H,NO,S0 0" o HNO SODA \©\CN
2! 2
15 16:R=Cl
17:R=Br
O
S
'
HNO.SO ! H,NO,S0 OSO,NH,
18 19

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

0,0'-disulfamate (19, Figure 11) with an ICs,value of
190 nm.Y Finally, thiosemicarbazone derivatives of madur-
ahydroxylacetone, a secondary metabolic product produced
by the soil bacterium Nonomuria rubra, were studied.” The
most potent compound was the cyclohexylthiosemicarbazone
20 (Scheme 6) with a K; value of 350 nm. This inhibitor was
found to act in a noncompetitive fashion and showed low
acute toxicity.

Scheme 6. Thiosemicarbazone inhibitors.
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An alternative approach to the discovery of ARSC
inhibitors has focused on developing a better understanding
of the active site and transition state through modeling and
structure—activity relationships.” One study suggested that a
sulfonate group at C3 was necessary for tight binding, whereas
a polar group at C17 may not be required.” Analysis of a
series of phenol sulfamates with different substituents showed
a correlation between the basicity of the phenoxide leaving
group and inhibition.’*»>2l The most effective inhibition
was observed for sulfamates with phenolic leaving groups
with a pK, value of 8. In a related study on a series of 4-
sulfamated phenyl alkyl ketones, the best 1Cs, value found
was 3.4 uM (octyl substituents).?” Structure—activity relation-
ships for phenyl ketones®*2*! and biphenyl sulfamates/*:262!
indicated the importance of hydrophobicity for activity.

Most work on sulfatase inhibition has focused on ARSC
because of its involvement in hormone-dependent cancers.
Several potent inhibitors with various hydrophobic scaffolds
have been developed. Although permutations of the core
structure have been shown to affect substrate binding, it is
ultimately the presence of the sulfamate moiety that leads to
irreversible inhibition of the enzyme. Several theories have
been proposed for the mechanism of the affinity label;
however, the precise dead-end product is unknown.2%! It
would be helpful to discern the location of the affinity label, as
this position would certainly give telling information about
the mechanism of sulfate ester hydrolysis.

The inhibition of sulfatases other than ARSC by sulfa-
mate-based inhibitors has yet to be demonstrated. Because of
the conserved mechanism and the general acceptance of small
aryl substrates by sulfatases, it is tempting to speculate that a
phenyl sulfamate pharmocophore would be a good general
sulfatase inhibitor. The design of specific inhibitors might be a
much more difficult task, but one of great importance, as
therapeutic targets must be selectively disabled in the
presence of critical sulfatase activity, such as lysosomal
catabolism (see Table 5). The development of specific inhib-
itors is certainly not an unreasonable goal. Warfarin, for
example, has been shown to inhibit ARSE selectively, without
affecting other ARSs in the ER.'"13 Cocrystal structures of
sulfatase—substrate or sulfatase—inhibitor complexes would
supply critical information about substrate-binding regions
within the sulfatase structure and would facilitate avenues for
optimizing inhibitor specificity.

9. Synthetic Utility
9.1. Sulfatases in Glucosaminoglycan Sequencing

Sulfated oligosaccharides are receiving a great deal of
attention as a result of their involvement in numerous
biological processes.[**2%*2%] Heparan sulfate (HS) in partic-
ular serves as an important mediator in many biological
processes, including embryogenesis and developmental sig-
naling,**?%! inflammation,”**>"! coagulation,**>**! angio-
genesis,”’” cancer metastasis,''! and microbial and viral
adherence and invasion.””'”*! With a growing list of interest-
ing interactions to study, the development of analytical tools
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for the structure determination of complex oligosaccharides
has become a primary objective.”**”! The sequencing of
complex oligosaccharides is by no means a trivial task. For
example, HS contains 32 unique disaccharide units owing to
variations in glycosidic connection, epimerization, and sulfo-
nation (Figure 5). This structural diversity qualifies HS as one
of the most information-dense biomolecules. By way of
comparison, DNA is made up of just four and proteins of 20
different units. Furthermore, unlike these well-studied bio-
molecules, HS and GAG sequences are not templated and are
non-amplifiable, necessitating the quantification of sub-milli-
gram samples. Finally, the highly anionic character of these
molecules has made them notoriously difficult to purify. It has
become increasingly apparent that specific epitopes within
the HS sequence are generated in a tissue-specific manner for
selective interactions with certain important proteins, includ-
ing growth factors, cytokines, receptor proteins, and
enzymes.'”?%1 Many sequencing strategies have therefore
targeted HS to enable the characterization of these inter-
actions.”’+%"7)

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

C.-H. Wong et al.

MALDI),”™ have proved very useful in the rapid determi-
nation of HS structures from small amounts of pure sample.
The IGS sequencing format entails fluorescent labeling of the
reducing end of the HS chain followed by iterative chemical
and enzymatic degradation steps that are analyzed by gel
electrophoresis (Figure 12). After labeling, the oligosacchar-
ide is partially cleaved at GlcN-(a-1,4)-H residues by treat-
ment with nitrous acid to generate several intermediate-sized
fragments. These fragments are then subjected to stepwise
degradation with a series of exoenzymes that cleave mono-
saccharide units (glycosidases) or sulfate groups (lysosomal
sulfatases) from the nonreducing end. Characteristic electro-
phoretic shifts after each step can be used to decipher the
original HS sequence. Similar methods utilize high-perform-
ance liquid chromatography (HPLC) and capillary electro-
phoresis (CE) for analysis of the fragments. Methods for the
radiolabeling of HS from in vivo samples have also been
reported. 52521

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

Figure 12. The integral glycan sequencing (IGS) strategy for decoding heparan sulfate (HS) sequences. Isolated HS saccharides can be sequenced
rapidly through a combination of chemical and enzymatic steps followed by electrophoretic separation of the products. This schematic example
shows the elucidation of a simple hexasaccharide sequence (top). The saccharide is labeled at its reducing end with a fluorescent tag (step 1).
Partial chemical cleavage at GlcN residues with nitrous acid creates fragments A, B, and C, each differing in size by a disaccharide unit (step 2).
In steps 3-10, specific sulfate groups or monosaccharide residues are removed from the nonreducing end of A, B, and C by specific exosulfatases
(labeled with an asterisk) and exoglycosidases. The enzymes used are the lysosomal sulfatases IdoA2S (step 3), GIcN6S (step 6), GIcA2S (step 8),
and GIcNS (steps 5 and 10) and the appropriate glycosidases. The separation of the enzymatic products on a high-density polyacrylamide gel pro-
duces fluorescent band patterns that are characteristic for the saccharide sequence.
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a master list of all possible HS sequences
is generated. The list is rapidly whittled
down as the iterative actions of well-
defined chemical and enzymatic agents
provide new constraints for the
sequence. The power and utility of
these HS sequencing methods have
been demonstrated in several important
studies that have helped elucidate the OH
interactions of HS with FGF[>525.284] é/o
antithrombin III  (AT-IIT),®527  and  HO N -OpNP
herpes simplex virus.”*!! These sequenc-
ing methods can also be adapted for the
study of other glycosaminoglycans. Sev-
eral similar techniques have been devel-
oped for the analysis of chondroitin
sulfate and dermatan sulfate,”*?*" and
it is conceivable that the further charac-
terization of mucin-degrading enzymes
and mucin sulfatases could aid in the
sequencing of biologically pertinent sul-
fomucin sequences.
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Scheme 7. Use of sulfatases to generate different sulfation patterns on monosaccharide
donors. Following global sulfonation by chemical and/or enzymatic synthesis (a), sulfatases
can be used independently or in combination to generate the desired sulfation pattern. The
sulfatases used are a 4-O-sulfatase from abalone (b), a 2-O-sulfatase from the limpet (c), and

a 3-O-sulfatase from the snail (d).

9.2. Sulfatases in Synthesis

With the increased sophistication of the sequencing
strategies, several key HS-binding motifs have emerged.
There are also many well-described sulfonated carbohydrate
structures, such as sLe*-6S, that are of biological interest.[*’!]
Often, it is desirable to explore the biological activity of these
molecules through the combinatorial synthesis of libraries
that facilitate the establishment of structure—activity relation-
ships. Another approach that is also frequently used is the
targeted synthesis of analogous structures as potential ther-
apeutic agents. The bottleneck in such endeavors consistently
lies in the notoriously difficult synthesis of oligosaccharide
libraries,™ %! and the use of enzymes is often sought.>*%*!
In this regard, there are a number of ways in which sulfatases
might be exploited to facilitate the chemical synthesis of
sulfate-bearing oligosaccharides.

As is the case for many processes in carbohydrate
chemistry, the sulfonation of saccharides in a regioselective
manner often requires arduous protecting-group manipula-
tions. Although a few methods for regioselective sulfonation
already exist,®22*! the use of sulfatases has recently been
shown to be a viable alternative. Uzawa et al. synthesized p-
nitrophenol galactose derivatives with multiple sulfate groups
and subjected them to enzyme-catalyzed desulfonation with
commercially available sulfatases from mollusks.”**!l By
studying the activity of several enzymes, conditions were
found under which various sulfation patterns could be
generated selectively, thus providing facile access to a library
of sulfated monosaccharides. These compounds could be
subsequently converted into glycosyl donors for the con-
struction of more complex sulfated oligosaccharides
(Scheme 7).5%
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The discovery of the Sulf enzymes provided further
possibilities for the application of sulfatases in synthesis.
Most GAG-specific sulfatases known prior to Sulf discovery
demonstrate strict exo specificity, which has proven useful in
sequencing schemes and in the synthesis of sulfated mono-
saccharide donors. The Sulfs, on the other hand, show unique
endo activity.”? Their ability to cleave sulfate esters in a
regiospecific manner within GAG chains might be useful for
the generation of diversity in libraries or in the custom
synthesis of oligosaccharide epitopes of interest.*”” For
example, a sensitive gel shift assay was recently used to
quantify the binding of proteins to HS targets by coupling
sulfates enzymatically to an unadorned oligosaccharide back-
bone.'™ A complementary sequence could potentially be
generated with specific sulfatase enzymes by beginning with a
known ligand and HS target and systematically cleaving the
sulfate residues. In fact, the interaction between Wnt, HS, and
Sulfl is a prime candidate for investigation by using the gel
shift assay. Such a study could provide solid evidence that
Sulfl directly modulates the binding affinity of HS for Wnt by
cleaving a key sulfate ester (Figure 7).’ Clearly, the discov-
ery and development of novel sulfatases with distinct
specificities would greatly add to the potential of this
method; one can envisage the use of an assortment of
enzymes, including sulfatases and sulfotransferases, for the
dynamic manipulation of sulfated oligosaccharide structures
with the aim of elucidating HS activities at the cell surface.

Several other applications of sulfatases have been estab-
lished. One chemoenzymatic approach took its cue from the
functional role of sulfatases in the body. In a procedure
patented by Bristol-Myers Squibb, a tumor-specific sulfatase-
conjugated antibody and a sulfated prodrug were used for
tissue-specific drug delivery.®™ In this process the active
therapeutic is released only in the vicinity of the tumor cell
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requiring treatment, thus limiting nonspecific activity. The
glucosinolate sulfatases from the diamondback moth and the
snail H. pomatia have been used to help analyze and classify
glucosinolates (4, Figure 4) from various plant sources."™
Extracts from H. pomatia have been used in many other
analytical applications, from the examination of soil organic
matterP® to the identification of steroids and psychotropic
drugs from urine and hair samples.F% 37 Other applications
of prokaryotic sulfatases include the bioremediation of alkyl
sulfate waste products®*%3" and the deracemization of
secondary alkyl sulfates. "]

10. Conclusion and Outlook

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

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

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

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

ER endoplasmatic reticulum

FGE FGly-generating enzyme
FGF fibroblast growth factor
FGH a-formylglycine hydrate
FGly a-formylglycine

FGS FGly-sulfate adduct

GAG glycosaminoglycan

HS heparan sulfate

HSPG heparan sulfate proteogycan
MSD multiple sulfatase deficiency
MSDF MSD factor

pNCS p-nitrocatechol sulfate
SUMF sulfatase-modifying factor
Wnt Wingless/Int
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Theoretical evidence now suggests that the mechanism of the long-
debated Hajos—Parrish—-Eder—Sauer—Wiechert reaction, the prototype
for asymmetric organocatalytic reactions, involves a proline enamine
intermediate (center) which undergoes a concerted aldol cyclization
with proton transfer. For more details see the Communication by K. N.
Houk and F. R. Clemente on the following pages.
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Density Functional Calculations

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

Fernando R. Clemente and K. N. Houk*

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

(@] 0] O O
)\/% (S)-Proline —H,0 : I zf
a(n=1)
1) b br=2) O OH )n o )n
1 (S,S)-2 (S)-3

Scheme 1. Enantioselective intramolecular aldol cyclization.

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

In their original paper,'™ Hajos and Parrish proposed two
mechanisms (Scheme 2): A, which requires the formation of a
carbinolamine intermediate followed by nucleophilic substi-
tution at this center by the enol form of the acyclic carbonyl;
and B, with an enaminium intermediate and C—C bond-
formation accompanied by N-H-O hydrogen transfer and
nucleophilic assistance by the carboxylate group of proline.
Hajos still argues for mechanism A, on the basis of his
experiments with '®O-labeled water where no incorporation
of "0 in the products was observed.'™ However, List et al.
have reinvestigated these experiments recently under care-
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Scheme 2. Relative energies (E + ZPE, kcalmol™'; ZPE =zero-point
energy) of proposed proline-catalyzed aldolization transition states.

Values in parentheses include solvation energies in DMSO using the
PCM/UAKS model.

fully controlled conditions, and they found efficient (>90%)
80 incorporation.

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

Mechanism D involves an enamine intermediate with
concerted C—C bond formation and proton transfer from the
carboxylic acid group to the carbonyl acceptor. This transition
state, initially proposed by Jung in a review in 1976® was
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almost abandoned in favor of mechanism C until 2000. In
their pioneering work on enantioselective proline catalysis of
intermolecular aldol reactions, List, Barbas, and co-workers

proposed a model similar to D.®! Our prelimi-
nary computational studies on the origins of the
stereoselectivity of the intramolecular aldol
reactions depicted in Scheme 1 also support
mechanism D, since transition states computed
for this reaction provide a satisfactory explan-
ation of the stereochemical outcome."”

We have located the transition structures for
the C—C bond-forming step of the different
mechanisms proposed (Scheme 1), which is the
presumed rate-determining step for the trans-
formation. All the geometries were fully opti-
mized with GAUSSIAN!'! at the B3LYP/6-
31G(d) level followed by frequency calculations
to determine the nature of the stationary points.
The reported energies come from B3LYP/6-
314 G(d,p) energy calculations on the geome-
tries optimized at the lower level." Free
energies of solvation were computed as the
energy difference of HF/6-31+4 G(d,p) single
point energy calculations in DMSO (PCM
model™ and UAKS radii)'" and in the gas-
phase on the DFT gas-phase geometries.

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

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

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

Figure 1. B3LYP/6-31G(d)-optimized transition-state geometries of the
rate-determining steps for enamine formation (11) and aldol cycliza-
tion ((S,S)-14). Interatomic distances are given in A.

After the formation of the C—C bond, the hydrolysis of
iminium (S,S)-15 is achieved in a series of easy steps that leads
to the release of the aldol product (S,5)-2a and recovery of
the catalyst. These steps are analogous, but in reverse order,
to those at the beginning corresponding to the formation of
iminium intermediate 10. As expected, the most difficult step
in the hydrolysis of (S,5)-15 is the nucleophilic attack of water
((8,5)-17). This step will compete with the reversal of the C—C
bond-forming step ((S,5)-14) at a low concentration of water.
This result has significance on the stereoselectivity.

Recent experimental work,*” together with these com-
putational studies, have established the previously controver-
sial mechanism of aldol reactions catalyzed by proline.

Received: June 9, 2004

Keywords: aldol reaction - asymmetric catalysis - density
functional calculations - proline - reaction mechanisms

[1] a) Z. G. Hajos, D. R. Parrish, German Patent DE 2102623,
July 29, 1971; b) Z. G. Hajos, D. R. Parrish, J. Org. Chem. 1974,
39, 1615-1621; c) Z. G. Hajos, http://preprint.chemweb.com/
orgchem/0209001.

[2] a) U. Eder, G. Sauer, R. Wiechert, German Patent DE 2014757,
Oct. 7, 1971; b) U. Eder, G. Sauer, R. Wiechert, Angew. Chem.
1971, 83, 492—-493; Angew. Chem. Int. Ed. Engl. 1971, 10, 496 —
497.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

[3] Reviews: a) P. 1. Dalko, L. Moisan, Angew. Chem. 2001, 113,
3840-3864; Angew. Chem. Int. Ed. 2001, 40, 3726-3748;
b) E. R. Jarvo, S. J. Miller, Tetrahedron 2002, 58, 2481 —2495.

[4] B.List, L. Hoang, H. J. Martin, Proc. Natl. Acad. Sci. USA 2004,
101, 5839 -5842.

[5] For a review of their work, see C. Agami, Bull. Soc. Chim. Fr.
1988, 3, 499 -507.

[6] a) T. A. Spencer, H.S. Neel, T. W. Flechtner, R. A. Zayle,
Tetrahedron Lett. 1965, 3889-3897; b) H. Molines, C. Waksel-
man, Tetrahedron 1976, 32, 2099-2103; c) K. L. Brown, L.
Damm, J. D. Dunitz, A. Eschenmoser, R. Hobi, C. Kratky, Helv.
Chim. Acta 1978, 61, 3108 -3135.

[7] L. Hoang, S. Bahmanyar, K. N. Houk, B. List, J. Am. Chem. Soc.
2003, 725, 16-17.

[8] M. E. Jung, Tetrahedron 1976, 32, 3-31.

[9] a) B. List, R. A. Lerner, C. F. Barbas 111, J. Am. Chem. Soc. 2000,
122, 2395-2396; b) K. Sakthivel, W. Notz, T. Bui, C.F.
Barbas III, J. Am. Chem. Soc. 2001, 123, 5260 —-5267.

[10] S. Bahmanyar, K. N. Houk, J. Am. Chem. Soc. 2001, 123,12911 -
12912.

[11] a) Gaussian98 (Revision A.9), M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G.
Zakrzewski, J. A. Montgomery, Jr., R.E. Stratmann, J.C.
Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin,
M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J.
Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma,
D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J.
Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayak-
kara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.
Wong, J.L. Andres, C. Gonzalez, M. Head-Gordon, E.S.
Replogle, J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 1998;
b) solvation calculations performed with Gaussian03: Gaus-
sian03 (Revision B.05), M. J. Frisch, G. W. Trucks, H. B. Schlegel,
G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-
y, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S.S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G.
Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M.
Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E.
Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A.
Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S.
Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q.
Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J.
Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong,
C. Gonzalez, J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 2003.

[12] Reported energies include zero-point energy corrections at the
same level of the geometry (B3LYP/6-31G(d)) scaled by 0.9806:
A. P Scott, L. Radom, J. Phys. Chem. 1996, 100, 16502—16513.

[13] a) B. Mennucci, R. Cammi, J. Tomasi, J. Chem. Phys. 1999, 110,
6858-6870; b) M. Cossi, G. Scalmani, N. Rega, V. Barone, J.
Chem. Phys. 2002, 117, 43 -54.

[14] K. N. Rankin, J. W. Gauld, R.J. Boyd, J. Phys. Chem. A 2002,
106, 5155-5159.

Angew. Chem. Int. Ed. 2004, 43, 5766 —5768


http://www.angewandte.org

Helical Water Chain

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

Bellam Sreenivasulu and Jagadese J Vittal*

Inspired by the fascinating structural features of helices that
exhibit cooperative self-assembly and recognition, as well as
remarkable functions such as chemical transport and screen-
ing by membrane channels in biological systems, helicity has
been successfully introduced into artificial systems by chem-
ists working in the field of metallo-supramolecular chemis-
try.ll As a result, today helical polymers are among the most
explored and best investigated supramolecular architec-
tures.”). As hydrogen bonds and other noncovalent interac-
tions are the main driving forces behind this self-assembly
process, supramolecular chemistry is now in a phase of
characterizing and understanding various hydrogen-bonded
water clusters in the form of hexamers,** octamers,>*
decamers,”! (H,0),5(CH;0H), clusters®® and one-dimen-
sional (1D) infinite water chains!™'” in diverse environments
of various crystal hosts. Zeolite-like 3D network structures
with chiral channels filled with highly ordered water mole-
cules are well known.['!]

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

The single-crystal X-ray structure of [(H,O),C{Ni(Hs-
¢lu)(H,0),}]'H,O (1; Hssglu = N-(2-hydroxybenzyl)-L-gluta-
mic acid) was determined unambiguously."¥ Compound 1
crystallizes in the monoclinic system with two independent
molecules in the asymmetric unit. Each Ni" unit has
octahedral geometry (Figure 1), and the Hsglu’~ ligand is
coordinated through the phenolic oxygen atom (Nil—O1

[*] B. Sreenivasulu, Prof. . J. Vittal
Department of Chemistry
National University of Singapore
Science Drive 3, Singapore 117543 (Singapore)
Fax: (+65)6779-1691
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Figure 1. A view of the coordination environments at the two Ni'" cen-
ters in 1. Selected bond lengths [A]: Ni1-O(12) 2.043(4), Ni1-O2
2.047(4), Ni1-O(11) 2.051(4), Ni1-O(9) 2.059(3), Ni1-N1 2.084(4),
Ni1-O1 2.089(4), Ni2-O(14) 2.039(4), Ni2-O(7) 2.042(4), Ni2-O(5)
(—x+1, y="%, —z+1) 2.048(4), Ni2-O(13) 2.070(3) Ni2-N2 2.082(4),
Ni2-06 2.101(3).

2.089(4) A, Ni2—06 2.101(3) A), secondary amine N atom
(Ni1-N1 2.084(4) A, Ni2—N2 2.082(4) A), and carboxylate a-
oxygen atom (Nil—02, 2.047(4) A, Ni2—07 2.042(4) A) in a
fac manner, along with two aqua ligands, and another
carboxylate oxygen atom from the neighboring molecule.
The intermolecular connectivity via the second carboxylate O
atom generates a left-handed staircaselike coordination
polymeric architecture with a pseudo-4, screw axis. In this
helical staircase, the aqua ligands trans to phenolic oxygen
atoms (i.e., O11 and O13) point into the tube, normal to the
helical axis. The NH and OH protons form hydrogen bonds to
the carboxylate oxygen atoms along the surface of the helical
staircase, as shown in Figure 2; hydrogen-bond parameters
are given in Table 1.

The square-shaped chiral channel has dimensions of
7.654x7.529 A (based on Ni-~Ni distances; Figure 3). Of
the six lattice water molecules present in the asymmetric unit,
four are inside the helical pore, and two outside. Two of the
former water molecules (O15 and O16, Figure 1) are hydro-
gen-bonded to produce a 1D helical polymer with a pseudo-4,
screw axis. This helical water chain, as the pole of the helical
staircase, supports and stabilizes its orientation by maintain-
ing hydrogen bonding to aqua ligands. The other two water
molecules (O17 and O18) propagate hydrogen bonding with
both the helical water chain and the aqua ligands, and their
hydrogen bonding tendency appears to have facilitated the
positioning and orientation of the water molecules forming
the helical chain.

The total solvent volume in the lattice, including that
occupied by the helical-chain and lattice water molecules, is
405.1 A® (22.7% of the unit cell)."¥! All the tubular coordi-
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Figure 2. a) Hydrogen-bonded helical water chain inside the staircase coordination polymer in 1. b) Hydrogen-bonded helical water stream in the
channel. c) Top view of the staircase polymer filled with the helical water stream.

nation polymers are aligned along the b axis, and two more
water molecules (O19 and disordered O20) occupy the empty
space in the lattice outside the helical channels. The TG
analysis of 1 revealed weight loss in the temperature range
26-232°C. The total weight loss observed (21.6 %) agrees with
the calculated value (22.5%) for the loss of five water
molecules per Ni atom. The single crystal crumbles on
removal of water and on cooling to —50°C.["¥) The structure
is not expected to be robust when dehydrated, because these

Table 1: Relevant hydrogen-bonding parameters in compound 1.1

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

In contrast to 1, in the crystal structure of [Cu(Hsglu)-
(H,0)]'H,O (2)I'! the connectivity of the neighboring car-
boxylate oxygen atoms with Cu" centers results in a 1D zigzag
coordination polymer (Figure 4).

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

structures.”) However, a helical chain inside
a helical structure is very rare. Recently a

hydrogen-bonded helical supramolecular

D—H--A D-H[A] H-A[A] D-A[A ¥XD-H--A[?]  Symmetry equivalent

operators host was found to be anchored by hydrogen
O1-H18...010 003 214 2.484(5) 100 bonding to alternate water molecules in a
N1-H1A"...03 091 2.08 2.953(6) 161 X y+1, z single-stranded, both right- and leﬁ[}%anded’
N2—H2b...08 0.91 2.06 2.937(6) 161 % y+1, 2 helical chain of water molecules.""! How-
06—H6"...04 0.93 1.98 2.453(9) 109 x=1,y=" 21 ever, the structure of 1 has a hydrogen-
O11-H11C--015 0.89(3) 1.84(3) 2.713(6) 165(3) bonded helix inside a helical 1D coordina-
O11-H11D--017 0.89(2) 2.10(3) 2.801(6) 135(4) tion polymer. This highly ordered helical
O12-H12A--02 0.89(2) 1.87(2) 2.745(5) 167(3) % y+1, 2 stream of water molecules inside another
O12—H12B---019 0.90(3) 1.83(3) 2.695(9) 160(1) helical polymer is striking and is a unique
O137H13A-O18 089(2) 2033) 2.77405) 14104) Xyt z structural feature among existing porous
013-H13B--016 0.89(2) 1.84(2) 2.724(6) 172(2) X D 15.20]
O14-H14A-0208  009(3)  235(5) 280315  111(3) x=1, y="fp 2 helical structures and other patterns
014—H14B--O7 0.90(3) 1.99(4) 2.773(6) 145(5) X y+1,z of water structures observed in diverse
O15-H15A--016 0.90(3) 1.92(4) 2.772(7) 158(4) x=1, y+ ' z—1 environments of inorganic®” and organic
O15-H15B.-017 0.89(4) 1.86(4) 2.727(7) 163(5) X y=T1,z hosts®*°! and 2D supramolecular (H,0),,
O16-H16A--015 0.90(4) 1.88(4) 2.767(7) 169(4) rings.”!l Whereas designing chiral materials
O16-H168--013 0-90(5) 1.93(5) 2.732(7) 143(5) from achiral molecular compounds is a
017-H17A--05 0.89(4)  2.26(4) 3.120(6) 162(4) L . ; .
O17-H17A--013  0.89(4)  235(3)  2.943(6)  124(3) x=1, y+'%, 21 promising theme in materials science,
017—H17B--03 0.90(4) 1.99(4) 2.842(6) 157(4) X y+1, z using simple and available chiral precursors
018—H18A---08 0.90(3) 1.86(3) 2.729(6) 164(4) as an alternative is another practical
O18—H18B--09 0.89(4) 2.11(4) 2.996(6) 161(3) x, y—1,z approach. The structure of 1 exemplifies
018-H18B--O11 0.89(4) 2.49(4) 3.011(5) 118(3) xy=1z the feasibility of such an approach.*’
020B—H20C--O4 0.50(4) 2.26(3) 3.035(15) 145(4) In conclusion, the structure of the left-

[b]
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handed helical coordination polymer 1
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Figure 3. Packing of the staircase polymer viewed along the b axis. The
water molecules in the channels are omitted for clarity.

Figure 4. a) A view showing the coordination environment of Cu" in 2.
Selected bond lengths [A]: Cu1-O4 1.921(1), Cu1-O6 1.964(2), Cu1-O2
1.969(1), Cul-N1 1.978(2), Cu1-O1 2.345(2). b) A portion of the 2D
sheets formed by hydrogen bonding between the zigzag coordination
polymer.

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

Angew. Chem. Int. Ed. 2004, 43, 57695772
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Experimental Section

Hjsglu: Salicylaldehyde (0.57 g, 4.7 mmol) was added to a solution of
L-glutamic acid (0.69 g, 4.7 mmol) and NaOH (0.37 g, 9.4 mmol) in
MeOH/H,0 (v/v (1:1), 20 mL), and the resulting yellow solution was
stirred for 30 min and cooled in an ice bath prior to reduction with a
slight excess of NaBH, (0.19 g, 5.1 mmol). The yellow color dis-
appeared immediately, and stirring was continued for a further
20 min. The pH of the mixture was adjusted to 5-6 by adding acetic
acid, and it was to stirred for a further 45 min. The solvent from the
resulting clear solution was completely removed on a rotary
evaporator. The sticky mass was treated with EtOH (25 mL). The
white product was collected by filtration, washed with EtOH and
Et,0, and dried under vacuum. Yield: 0.85 g (71 % ). M.p. 247-248°C
(decomp). Elemental analysis (%) caled for C,H;sNOs: C56.9,H 5.9,
N 5.5; found: C 56.4, H 5.8, N 5.6. 'HNMR (300 MHz, D,0): 6 =
6.78-7.27 (m, 4H, ArH), 3.92-4.12 (m, J,3 =13.2 Hz, 2H, CH,), 3.36—
3.55 (t,/J=6.42 Hz, 1H, CH), 2.24-2.30 (t, /= 8.4 Hz, 2H, CH,), 2.0
2.02 ppm (m, J=6.4 Hz, 2H, CH,). IR (KBr): 7=3460 (OH), 2960
(NH), 1573, 1388 (COO"), 1276 cm ™" (phenolic CO).

1: A clear solution of Hjsglu (0.25 g, 1 mmol) in water (2.5 mL)
was allowed to diffuse slowly into a clear solution of nickel nitrate
hexahydrate (0.29 g, 1 mmol) in water (2.5 mL). Greenish rodlike
crystals suitable for X-ray diffraction studies were obtained after one
week from the solution on slow evaporation. Yield: 0.28 g (70%).
Elemental analysis (%) caled for C,,H,;NNiO,,: C 36.0, H 5.8, N 3.5;
found: C 36.2, H 5.6, N 3.7. IR (KBr): #=3368 (OH), 2746 (NH),
1623, 1348 (COO™), 1253 cm™! (phenolic CO). UV/Vis (Nujol): A, =
385 (CT), 737 nm (d-d). TGA: weight loss (%) calcd for SH,0: 22.5;
found: 21.6.

2: A clear solution of Hjsglu (0.25 g, 1 mmol) in water (2.5 mL)
was allowed to diffuse slowly into a clear solution of copper nitrate
trihydrate (0.24 g, 1 mmol) in water (2.5mL). Dark blue blocks
suitable for single-crystal X-ray diffraction studies were obtained
after 1d. Yield: 026 g (74%). Elemental analysis (%) calcd for
C,H;;CuNO;: C 41.0, H 4.9, N 4.0; found: C 40.7, H 4.8, N 4.2. IR
(KBr): #=3429 (OH); 3118 (NH); 1650, 1429 (COO™), 1262 cm™
(phenolic CO). UV/Vis (Nujol): A,,,, =285 (CT), 613 nm (d-d). TGA:
weight loss caled for 2H,0: 10.4; found: 10.8.
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Magnetic Properties

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

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

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

[Fe,O4(OH)s(heia)s(Hheia),]-3.5 CH;OH-8 H,O 1
H,heia = HN{CH,COOH}CH,CH,OH; Figure 1) was synthe-
sized by reaction of iron(i11) nitrate nonahydrate with H,heia
and tetramethylammonium hydroxide in methanol. The

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

hydrolysis was gradually stopped by evaporating the reaction
mixture to dryness. Crystals of 1 suitable for single crystal X-
ray diffraction were obtained after 2 weeks by crystallization
from a MeOH solution of 1 in the presence of liquid drying
agent (diethoxymethane) to hinder further hydrolysis."”
Hpy[Fe,;0(OH)15(py).,CL]Cly4.5CH;OH  (2;  py=pyri-
dine; Figure 2) was prepared by the reaction of anhydrous
iron(i1) chloride in pyridine in a flask open to the atmosphere
at room temperature, and crystals of 2 suitable for single
crystal X-ray diffraction were isolated in low yield after
diffusion of methanol over 2 weeks."!

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

(middle), and its relation to

Angewandte

nated and the alcohol arm of these ligands (O5, O8, O13 and
their symmetry equivalents) bridges between pairs of outer
irons: the second bridge between these irons is from the inner
w-oxo ligands. The remaining two Hheia ligands have
protonated alcohol arms (O16 and its symmetry equivalent)
that coordinate terminally. Two of the outer irons (Fe3 and
Fe4) are bridged by two p,-hydroxo ligands (09 and O10) and
two others, Fe5 and FeSA, are
bridged by a single hydroxo
ligand (O17). This asymmetry in
the mode (and hence angle) of the
bridging between the outer iron
ions has consequences for the
magnetic exchange pathways in 1
(see below). The bromide ana-
logue of 2 can be prepared by a
similar route in higher yield and
has a cluster that is isostructural
with the chloride; this will be
reported in detail elsewhere.

The complex in 2 also has at
its core a central tetrahedral Fe™
ion, but in contrast to 1 this is
linked by p,-oxo bridges to twelve
outer octahedral Fe'! ions, which
form a truncated tetrahedron: the octagonal faces of this
tetrahedron (Fe2, Fe3, Fe5, Fe7, and symmetry equivalents)
are capped by four further iron ions (Fe4, Fe6, and symmetry
equivalents), linked by a combination of ps;-oxo and u,-
hydroxo ligands. The inner Fe™ ion and the four outer Fe™
ions of 2 sit in the tetrahedral sites of the lattice with the
others occupying the octahedral sites. The chloride ions cap
the outer tetrahedrally coordinated Fe™ ions with the
pyridine molecules capping the octahedrally coordinated
Fe™ ions.

A closer inspection of the cores of 1 and 2 reveals that
both are fragments of the iron and oxygen positions defined
by the magnetite lattice as shown in the comparison of 1 and 2
to their corresponding fragments of magnetite in Figures 1
and 2. Compound 1 is formally converted into 2 by adding a
layer of Fe ions through the conversion of p;-oxo into py-0xo

Figure 2. The molecular structure of the cluster in 2 (left), the core of 2 (middle), and its relation to magnetite (right); yellow Fe, red O, blue N,

gray C, green Cl).

Angew. Chem. Int. Ed. 2004, 43, 57725775

www.angewandte.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5773


http://www.angewandte.org

Communications

5774

ligands. Many of the polynuclear transition-metal clusters
isolated to date, that resemble mineral units, are fragments of
the M(OH), brucite lattice.™ In our case, 1 is formed by
restricting the hydrolysis from a hydrated iron(i11) salt using a
facially capping tridentate ligand with “arms” of very differ-
ent pK, values. In contrast, 2 is produced by restricting the
amount of hydrolytic source in a basic, strongly coordinating
medium. The isolation of 2, in particular, suggests that larger
fragments of “molecular magnetite” can be isolated by using
coordinating bases of differing strengths.

In both 1 and 2 all the iron centers (both tetrahedral and
octahedral) are Fe' ions, this is confirmed by charge-balance
considerations and bond valence sum (BVS) calculations.”
This result is in contrast to the situation in magnetite where
half the octahedral sites in the lattice are occupied by Fe!!
ions. The assignment of hydroxo versus oxo was achieved on
the basis of geometry and BVS calculations.

The magnetic properties of 1 and 2 were examined using
variable-temperature magnetic measurements on bulk pow-
dered samples (300-1.8 K, 0.1-5.5 T) and on single crystals to
mK temperatures on a micro-SQUID. Susceptibility data for
both 1 and 2 indicate the presence of antiferromagnetic
interactions, with low-temperature maxima suggesting large
spin ground states. To determine the value of the spin ground
state for 1 and 2, magnetization measurements were per-
formed at 2-6 K between 0.1 and 5.5 T. For 1 the best fit (first
made for each temperature independently and second by
simultaneously fitting the data for the three temperatures for
an isolated ground state) was obtained for §=25/2, g=1.99,
and D = —0.07 cm ! (Figure 3). For 2 the initial best fit was for
§=35/2 as the ground state with the following parameters:
g=196 and D=+033cm' (Figure 4), see below. The
occurrence of such large spin ground states for both
complexes arises from the presence of competing antiferro-
magnetic and ferromagnetic exchange-coupling interactions
between the octahedral and tetrahedral Fe™ ions. Closer

Figure 3. Plot of magnetization (M) versus H/T for 1 in the ranges
0.1-5.5Tand 2 (0), 3 (©), and 6 K (0). The solid lines are fits to
S=25/2,g=1.99, D=-0.07 cm™ . Inset: magnetization of 1 plotted
as a fraction of the saturation value M versus applied magnetic field
(uoH) at sweep rates of 0.007 Ts™' and T=0.1-0.5 K. S=Spin quan-
tum number of the cluster, g=g value of cluster, D=axial zero-field
splitting parameter.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Plot of magnetization (M) versus H/T for 2 in the ranges
0.1-5.5 Tand 2 (0), 3 (©), and 6 K (0). The solid lines are fits to
S$=35/2, g=1.96, D=40.33 cm™". Inset: magnetization of 2 plotted
as a fraction of the saturation value M; versus applied magnetic field
(1oH) at sweep rates of 0.001 Ts™' and T=0.04-0.5 K.

examination of the structure of 1 reveals that the Fe-O-Fe
bridges fall into two clear categories: those that connect the
central tetrahedral Fe™ centers to the outer octahedral Fe™
centers (by the oxo ligands) are all characterized by angles in
the range 125-130°, and those that bridge between the Fe'
ions in the outer octametallic “twisted ribbon” are charac-
terized by angles in the range 97-101°. If we assume that the
largest Fe-O-Fe angles promote the strongest antiferromag-
netic interaction then we are left with a situation where the
central tetrahedral Fe™ center is antiferromagnetically cou-
pled to all the octahedrally coordinated Fe™ ions, which leads
to an §=35/2 spin ground state. However, there is one
anomaly in the bridging angles connecting the outer octahe-
drally coordinated Fe ions: the angle between Fe5 and FeSA
through O17 is 130°. This angle is bigger than the angle
connecting either Fe5 or Fe5A to the central metal ion and so
we might consider the exchange between the Fe5/FeSA pair
to be dominant, and antiferromagnetic. This situation would
lead to a molecule with two “spin up” and seven “spin down”
S§=5/2 centers and an overall spin ground state of S=25/2,
consistent with that obtained from the magnetization meas-
urements.

For complex 2, the same argument applies: the antiferro-
magnetic interactions between the tetrahedrally and octahe-
drally coordinate Fe™ ions (through Fe-O-Fe angles of 122
126° compared to 94-98° between the octahedral Fe centers)
dominate, which leads to a situation in which the five
tetrahedrally coordinated Fe™ ions are “spin up” and the
twelve octahedrally coordinated Fe™ ions are “spin down”
giving an overall § =35/2 ground state.

To examine the low-temperature magnetic behavior of 1
and 2, single crystal magnetization measurements were
performed on them using an array of micro-SQUIDS."
Relaxation data for 1 were determined from direct current
(dc) relaxation-decay measurements: a large dc field of 1.4 T
was applied to the sample at 5 K to saturate the magnetization
in one direction, and the temperature lowered to a specific
value between 1.0 and 0.04 K. When the temperature was
stable the field was swept from 1.4 T to zero at a rate of
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0.14 Ts™! and the magnetization in zero-field measured as a
function of time. This method allows the construction of an
Arrhenius plot of Int versus 1/7, which shows that above
approximately 0.15 K the relaxation rate is temperature
dependent. The fit to an Arrhenius law yields 7,=6x 107"
and U, :=7.6 K. However, below approximately 0.15 K the
relaxation rate is temperature independent with a value of 8 x
10 s, indicative of quantum tunneling of the magnetization
(QTM) between the lowest energy M, =+ 25/2 levels of the
ground state. Hysteresis loops for 1 (inset, Figure 3) are
observed at temperatures below 0.5 K and at sweep rates of
0.001 Ts™', with the field applied in the direction of the easy-
axis of the molecules. The hysteresis loops do not show steps
at regular intervals of field, indicative of resonant QTM, but
are smooth. The steps may be present, but simply broadened
out by intermolecular antiferromagnetic interactions between
the separate Fe, molecules. Indeed, a Curie-Weiss plot
suggests antiferromagnetic intermolecular interactions in
the order of approximately —0.7 K. Further geometric
analysis of 1 shows that the metallic cluster approximates to
an oblate spheroid of estimated core dimensions 6.38 x
6.25 A, and the nearest neighbor intercentroid separations
in the lattice are 12.13 and 15.49 A.

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

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

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

Experimental Section
1: A solution of heiaH, (0.595 g, 5.0 mmol) and N(CH;),(OH)-5H,0
(2.265 g,12.5 mmol) in MeOH (10 mL) was added slowly to a stirred
solution of Fe(NO3);-9H,0 (1.01 g, 2.5 mmol) in MeOH (10 mL). The
reaction mixture was allowed to evaporate to dryness over a period of
2 days, before extracting into diethoxymethane (3.1 mL, 25 mmol)
and MeOH (6.9 mL). Solids (N(CH;),(NO;)) were removed by
filtration and acetone diffused slowly into the filtrate to yield crystals
suitable for single-crystal X-ray diffraction after 2 weeks. Elemental
analysis calcd (%) for FeoCsssHo;044sNg: C 23.09, H 5.08, N 6.07, Fe
27.22; found: C 23.65, H 5.35, N 6.38, Fe 27.48.

2: FeCl; (0910 g, 3.09 mmol) was added to stirred pyridine
(30 mL), the reaction mixture became dark upon dissolution. After
stirring for 2 h the reaction mixture was filtered, the filtrate was
collected and methanol diffused in slowly to afford single crystals
suitable for X-ray diffraction after two weeks. Elemental analysis
caled (%) for Fe;CgsH (,0355N5Clg: C 28.71, H 2.62, N 6.70, Fe
35.03; found: C 28.62, H 2.59, N 6.75, Fe 35.84.
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Coordination Polymers

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

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

The design and synthesis of metal-organic coordination
polymers has become an exciting field in the past decade,
and numerous interesting coordination polymers based on
metal ions and organic bridging ligands have been synthesized
by many research groups.['’ Many of these compounds contain
channels or voids that are similar to those in porous materials
such as zeolites and clays.”! Tetrathiometalate clusters [MS,]*~
(M =W, Mo) have long been explored for their diverse
coordination modes and potential applications in catalysis,
biological processes, and nonlinear optical (NLO) materials.”!
Rather few polymeric heterothiometallic cluster coordination
polymers based on the thiometalates have been synthesized.™
Such coordination polymers have invariably contained poly-
mer aggregates that were: 1)anionic, such as
[NH.],[AgWS,],,” {[N(CH,C4H5)(C,Hs)s][MoAgS, ]},
{[NEt,][M0,0,S4Cugl;(4,4-bipy)s] MeOH-H,0}, (4,4"-bipy =
4.4"-bipyridine), or {[Et,N],[Mo0S,Cu,(CN),]},,! 2) cationic,
as in the transition metal coordination polymers, or 3) neutral,
as in [MoS,Cugly(py)], (py=pyridine),”) {[MoOS;(CN)-
(py)3]0.5 C4Hg),,l! or [Cu(4,4-bipy)Cl],."Y Structures con-
taining interpenetrating nets that have different topologies
and/or chemical compositions are known,!!! although no
example has previously been reported of a coordination
polymer containing both cationic and anionic coordination
polymer aggregates.
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We report here such an unprecedented cluster coordina-
tion polymer, namely compound 1, which contains inter-
penetrating cationic and anionic 3D diamondoid cluster
coordination polymers.

{[WS,Cu, (4,4"-bipy),][WS,Cu,L,(4,4"-bipy),] - 4 H,0}, 1

Compound 1 was obtained from the reaction between
[NH,],[WS,], Cul, [nBu,N]JI, and 4.4'-bipy, in a ratio of
1:2:2:2, in DMF/CH,CI, solution, followed by filtration and
slow diffusion of diethyl ether into the filtrate to give single
crystals suitable for an X-ray diffraction study. The crystallo-
graphic analysis of compound 1'% revealed that the 3D
cationic cluster coordination polymer can be considered as
comprising square, pentanuclear [WS,Cu,]** building blocks,
each linked by four pairs of parallel 4,4-bipy ligands
(Figure 1). The W and the four Cu atoms are coplanar in
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Figure 1. The cationic cluster coordination polymer unit [WS,Cu,(4,4'-
bipy).J**.

each [WS,Cu,]** building block, and the {WS,}*” unit has a
tetrahedral structure with W2—S2 bond lengths of 2.235(2) A,
and S2—-W2-S2 angles ranging from 108.60(11)° to
110.50(12)°. Each of the four Cu atoms is also tetrahedrally
coordinated by two N atoms from two 4,4'-bipy ligands and
two ps-S atoms, with Cu2—N2, Cu3—N3, Cu2—S2, and Cu3—S2
bond lengths of 2.023(7) A, 2.043(7) A, 2.272(2) A, and
2280 A, respectively.

The angles N2—Cu2-N2B and N3—Cu3—-N3AA are
106.1(4)° and 112.3(4)°, respectively, hence the four 4.4'-
bipy molecules are almost tetrahedrally disposed, which
results in a diamondoid network with a large channel
dimension of 24.482 A x21.009 A (Figure 2a). Each six-mem-
bered ring contains six [WS,Cu,]** nodes and six pairs of 4,4'-
bipy connecting rods. The separation between each pair of
4,4'-bipy units is nearly 3.7 A, thus implying weak m—mt
interactions.

In fact, there is a twofold interpenetrating 3D network in
the cationic coordination polymer (Figure 3 a and 3b). Similar
interpenetrating diamondoid frameworks have also been

Angew. Chem. Int. Ed. 2004, 43, 5776 5779



Figure 2. a) The diamondoid structure of the cationic cluster coordination polymer {[WS,Cu,(4,4 -
bipy)]**},. b) The diamondoid structure of the anionic cluster coordination polymer
{[WS,Cu,l,(4,4"-bipy),]* },. Hydrogen atoms have been omitted for clarity. W violet, S yellow, Cu

blue, N green, C black line.

Figure 3. a) View of the cationic cluster coordination polymer. Each
node and rod represents a cluster cation [WS,Cu,]** and a pair of 4,4"-
bipy ligands, respectively; b) space-filling picture showing the twofold
interpenetrating cationic cluster coordination polymer {[WS,Cu,(4,4'-
bipy)]**},; ) view of the anionic cluster coordination polymer. Each
node and rod represents a cluster anion [WS,Cu,l,]*” and a single 4,4"-
bipy ligand, respectively; d) space-filling picture showing the twofold
interpenetrating anionic cluster coordination polymer {[WS,Cu,l,(4,4'-

bipy).I* }.

found in some other coordination polymers containing
transition metal ions."* The 3D anionic cluster coordination
polymer is almost exactly analogous to the cationic cluster
coordination polymer, except that the building block is the
[WS,Cu,1,]* ion, which is nearly tetrahedrally coordinated by
four N atoms of four 4,4’-bipy molecules (Figure 4). Each Cu
atom is tetrahedrally coordinated by two ,;-S atoms, one I
atom, and one N atom from one of the 4,4'-bipy ligands, with
Cul-N1 and Cul-I1 bond lengths of 2.090(7) A and
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2.5516(13) A, respectively, which
leads to another diamondoid net-
work with a larger channel dimen-
sion of 24.828 Ax24.217 A (Fig-
ure 2b). Each six-membered ring
contains six [WS,Cu,I,]*” nodes and
six 4,4-bipy connecting rods. The
anionic cluster coordination polymer
also exists as a twofold interpene-
trating framework (Figure 3¢ and
3d).

It is noteworthy that the two
pyridine rings of each 4.4'-bipy
ligand are coplanar, except that two
C atoms, C,; and C,, are disordered
and were refined to an occupancy
ratio of 0.5 in the anionic cluster
coordination polymer; in the cati-
onic cluster coordination polymer
the pyridine rings of each 4,4’-bipy

Figure 4. The anionic cluster coordination polymer unit [WS,Cu,l,(4,4-
bipy)* .

ligand are not coplanar, with the pyridine rings twisted by
25.8°, 46.4°, and 63.9°, respectively. The whole molecule has
an intricate, fourfold interpenetrating diamondoid structure
(Figure 5), containing large 11.124 A x 11.129 A channels; all
the solvent water molecules are disordered along the ¢ axis
(Figure 6). The channel volume is about 293 A3[" and the
water molecules interact with the frameworks through hydro-
gen bonds.

Thermogravimetric analysis (TGA) of compound 1 under
a nitrogen flow showed that the frameworks are rigid, with no
weight change observed up to 203°C. The solvent water and
some of the organic ligands were lost between 203°C and
268°C (residue 68.1 %), then most of the remaining ligands
were gradually removed from 268°C to 337°C (residue
54.4%) and from 337°C to 571°C (residue 41.4%). No
further weight change was observed above 700°C. The unit-
cell parameters of a single crystal are nearly identical up to
180°C, which is consistent with the TGA results. However,
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Figure 5. Schematic view of the cluster coordination polymer 1. The
cationic and anionic cluster coordination polymers are shown in blue/
yellow and red/green, respectively. (The blue/yellow node and rod rep-
resent the cluster cation and the double 4,4"-bipy ligand, respectively;
the red/green node and rod represent the cluster anion and the single
4,4"-bipy ligand, respectively.)

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

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

Two peaks at 4,,,, =292 and 411 nm, observed in the UV/
Vis spectrum of 1, showed that the polymer has a relatively
low linear absorption in the visible and near-IR region. We
therefore performed a Z-scan experiment to investigate its
nonlinear optical properties.!"" The compound was dissolved
in DMSO at a concentration of 5.8x 107> moldm™. This
solution was then placed in a 2-mm-thick cuvette. The linear
transmittance of the sample was 76 %. The results of the

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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open-aperture and the normalized transmittance are shown in
Figure 7a.

The open circles are the experimental data, and the solid

curves are the fit given by the Z-scan theory described in
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Figure 7. Z-scan data of cluster 1: a) NLO absorption; b) NLO refrac-
tion.

ref. [15]. The open-aperture Z-scan curve of the compound
has a deep valley, and the transmittance drops to the lower
value of 57 %. This result suggests that the compound has a
strong nonlinear absorption; it may therefore be a promising
candidate for use in optical limiting. It should be pointed out
that both the excited-state population (and absorption) and
the two-photon absorption could be responsible for the
measured NLO effect. It is evident that the theoretical curves
qualitatively reproduce the general pattern of the observed
experimental data. This suggests an effectively third-order
behavior for the experimentally detected NLO effects. The Z-
scan data measured with the aperture are depicted in
Figure 7b. The normalized curve has a sharp peak and a
valley, which identifies compound 1 as a self-focusing
material. A reasonably good fit between the experimental
data and the theoretical curves, as described in ref. [15], was
obtained. The effective third-order NLO absorptive index f3
and refractive index n, value were 1.6 x 107 mW~" and 6.4 x
107" esu, respectively; this shows that polymer 1 exhibits
optical self-focusing behavior and reverse saturable absorp-
tion (RSA) effects.

In summary, a new kind of interpenetrating 3D cluster
coordination polymer based on the tetrathiometalates has
been obtained. Its NLO properties show that 1 exhibits
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optical self-focusing behavior and reverse saturable absorp-
tion effects. Further work is in progress.

Experimental Section

A well-ground mixture of [NH,],[WS,] (0.5 mmol), Cul (1.0 mmol),
[nBu,N]I (1.0 mmol), and 4,4'-bipy (1 mmol) was added to a mixture
of DMF and CH,Cl, (15mL; v/v 2:1) under a purified nitrogen
atmosphere. After stirring for 10 h, the filtrate was layered with
diethyl ether. A few red crystals were separated several days later. A
red prismatic single crystal (0.02 g, 15%) suitable for X-ray diffrac-
tion was obtained when the filtrate was allowed to slowly evaporate in
air. Elemental analysis calcd (% ) for 1: C 27.20, H 2.13, N 6.34; found:
C 27.84, H 1.89, N 6.71. IR (KBr): 7=23448 (w), 3043 (w), 1672 (s),
1601 (s), 1530 (m), 1483 (m), 1409 (s), 1213 (m), 1068 (m), 807 (s), 626
(m), 567 (w), 499 (w), 438 cm ™" (s).
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the supplementary crystallographic data for this paper. These
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Protein Interactions short- or medium-range NOE (nuclear Overhauser effect)

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

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

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

NMR spectroscopic studies of non-native states of hen
lysozyme have revealed the existence of clusters of residual
secondary structure.*!” The locations of these clusters
strongly correlate with clusters of hydrophobic amino acids,
a correlation that was also observed for other proteins."''%!
These hydrophobic clusters in non-native lysozyme are
stabilized by long-range interactions."”) However, the extent
to which each of these clusters contributes to the stability of
the entire conformational ensemble is an important, yet
unanswered question. Herein we study the effects of point
mutations in the major hydrophobic clusters on the ensemble
of structures that are present in unfolded lysozyme. The
results show that nonconservative single point mutations in
the hydrophobic clusters dramatically change the overall
compactness of non-native lysozyme by the modulation of
long-range interactions between hydrophobic clusters.

The distribution of hydrophobic amino acids in the
lysozyme sequence is shown in Figure 1a. The hydrophobicity
predictions were fitted to six distinct clusters with maximal
hydrophobicity around (1) C6, (2) W28, (3) L56, (4) L83,
(5) W108, and (6) W123 (C=cysteine, W = tryptophan, and
L =Ileucine) by using Gaussian models. Mapping of the
hydrophobic clusters onto the structure of lysozyme!'
showed that the clusters ultimately result in the hydrophobic
cores of the a- and f-domains of the protein. The location of
the hydrophobic clusters has an impact on the unfolded
states: 1) Experimentally determined folding-core residues
map to the central parts of clusters 1-4.°181 2) Residual non-
random secondary structures tend to cluster at similar
positions (Figure 2 A). 3) The positions of hydrophobic clus-
ters overlap to a remarkable extent with the average
restrictions in conformational space in unfolded ensembles
of lysozyme as identified by relaxation rate measurements
(Figure 3a). In contrast to the excellent correlation between
the positions of the experimentally determined clusters of
residual structure and those of all of the hydrophobic clusters,
the intensities of the clusters do not match well for clusters 1
and 4, for which barely elevated relaxation rates were found.
Interestingly, these two clusters are the only two regions of
predicted increased hydrophobicity (Figure 1a) that do not
contain tryptophan residues.

We investigated the effects of two types of single point
mutations on the compactness and interaction of clusters:
1) replacement of tryptophan residues with either tyrosine
(Y) or glycine (G) moieties (W62Y/G) and 2) replacement of
a central amino acid, with emphasis on tryptophan units, in
clusters 1, 3, 5, and 6 with glycine (A9G, W62G, W111G, and
W123G (see Figure 1b). The Trp28 mutant protein was too
unstable for sufficient amounts of protein to be obtained and
was therefore not investigated. Cluster 4 was not studied
because the wild-type (WT) protein already displays very
little deviation from the random coil in this region. To obtain
a model system for the study of non-native states of lysozyme,
WT and mutant lysozyme were denatured, the four native
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Figure 1. a) Distribution of hydrophobicity in lysozyme: normalized values (0-1) of hydro-
phobicity according to the scheme of Abraham and Leo;?? Gaussian least-squares fitting of
hydrophobic clusters is shown as a black line, and the clusters are numbered 1-6. b) Posi-
tions of Ala9 (A9) and tryptophans (W) in the native state: the crystal structure of lysozyme
(deposited in the Protein Data Bank (193L) ")) shown is colored according to the hydropho-
bicity values that were obtained from the Gaussian fit (red: nonhydrophobic (0-0.46); blue:

hydrophobic (0.52-1); for comparison: glycine =0.49).

disulfide bonds were reduced and methylated (indicated by
SM¢), and the products were studied in water at pH 2, at which
hydrogen exchange is slowed down. This variant of lysozyme
remained unfolded in the absence of denaturant even at near-
native conditions (pH 6, data not shown), but measurements
were carried out at pH 2 owing to the slow rates of amide
exchange.

NMR HY, H¢ and C® chemical shifts were used for
secondary-structure prediction.'*? Tn WT-S™¢, all the chem-
ical shift values were close to those of the random coil which
indicates that the reduced protein is unstructured. Remaining

Angewandte

small perturbations in the chemical shift
values of HY and H® atoms of WT-SM¢,
relative to chemical shifts measured in
small unstructured peptides,”"* are
shown in Figure 2 A, parts a and b, respec-
tively. Deviations were found for Gly22
(HY), for Val29 and Cys-SM°30 (both H®),
around Trp62/Trp63 (R61 (H®); W62,
W63, and C64 (HY)), and around Trp 108/
Trp111 (V109, R112 (H*); W111, N113,
and R114 (HY); (V =valine, R = arginine).
The degree of helicity was estimated by a
comparison of the measured C* chemical
shifts™™! with those values expected for the
random coil™ and those derived statisti-
cally for a-helices.*! High induced helicity
was found for residues 8-12 and around
Trp108/Trp111. A mean degree of helicity
of 12.3% was calculated (Figure 2 A, part c). This value is in
excellent agreement with a global value of 14.4% derived
from circular dichroism (CD) spectroscopy measurements
(Figure 2 A, part d).

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

Figure 2. Residual secondary structure in unfolded lysozyme. A) Normalized values of the differences between the chemical shifts of a) H" and
b) H* centers in WT-S™ relative to those in the random coil (A8 = dexp—0drc).” Residues for which chemical shifts could not be determined are
indicated by an asterisk. c) The percentage of residual helicity (% hel) in WT-S™¢ are shown as black (positive) and red (negative) vertical bars as
a function of the number of residues. A mean value of the induced positive helicity of 12.3% is indicated by the horizontal line. d) CD spectrum
of WT-S ([0]/degcm®mol™); a helicity of 14.4% was estimated by using the approach of Rohl and Baldwin.?® Correlation between the chemical
shift values of Ha in B) W62G-S™® and W62Y-S™¢, and C) A9G-S™¢, W111G-S™¢, and W123G-S" in WT-S™® with those of the wild-type (WT) pro-
tein; strongly deviating residues are indicated (black) as well as the mutated amino acids (red).
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display chemical shift values that are virtually identical
to those of the WT. The largest deviations in these
correlations were found for W62G, which has longer-
range effects in particular on R112 and 188 (I=iso-
leucine), which are distant from the point of mutation
at position W62. W111G and W123G show predom-
inantly local deviations, including the mutation site
and immediate neighbors in the sequence. However,
overall, the deviations of the chemical shifts of the
protons from the mutants relative to those of the WT

proteins are small for all mutants, even for the regions T

around the chosen mutation sites which have correla-
tion coefficients that range between 0.996 (A9G) and
0.849 (W62G). We conclude that local regions of
residual secondary structure are not disturbed by the
mutations.

Because non-native states of proteins are the
“averages” of interconverting fluctuating conforma-

tions, a single set of tertiary contacts in the unfolded T

state cannot be determined. However, averaged
restrictions in conformational space were measured
by the "N NMR spectroscopic transverse relaxation
rates (R,) and the diffusion-derived hydrodynamic
radius (Ry). R, is determined by the diffusion of the
polypeptide chain and is therefore averaged over the
ensemble of conformers. R, relaxation rates depend on
the anisotropic rotational correlation time () and are
sensitive to motions of the backbone on the subnano-
second timescale and also to slow conformational
exchange on the millisecond timescale.” " Previously,
by comparison of R, and R,,, we showed that the effect
of slow conformational exchange on R, rates in WT-
SMe is negligible.”! In the fully unfolded state of a
protein, the internal motions can be described as
arising from segmental motions, and the profile of
relaxation rates for the random coil R} can be
predicted from polymer theory,™ which is independent of
the molecular weight. In compact unfolded states, the
interactions of some segments lead to deviations from
random-coil behavior. Therefore, the extent of deviation
from the random-coil model can be used to delineate long-
range, tertiary interactions.* "’

Figure 3 shows the heteronuclear N transverse relaxa-
tion rates (R$?) of WT-SM® and the mutants that were studied.
For comparison, the rates that were determined previously!'”!
for WT-S™¢ and W62G-S™® are also reproduced. Increased
relaxation rates in WT-S™® coincide with the six hydrophobic
clusters and the positions of residual secondary structure,
which were identified from measurements of the chemical
shift values. Replacement of Trp62 by glycine essentially
abolishes not only its own cluster 3 (Figure 3b), but also
clusters 1-4 and diminishes clusters 5 and 6.'”! Long-range
interactions between Trp62 and the other hydrophobic
clusters of lysozyme therefore must be present and stabilized
by the tryptophan moiety. To test if this property of Trp62 is
unique to tryptophan or whether it may be more generally
attributable to aromatic amino acids, the effect of replacing
Trp62 by tyrosine on the relaxation behavior of unfolded
lysozyme was studied (see Figure 3¢). The W62Y mutation
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Figure 3. Residual tertiary interactions in unfolded lysozyme (hydrophobic clus-
ters are indicated by numbers 1—6). a—f) °N R, relaxation rates in WT-S™*
and W62G-S™¢, W62Y-SMe, A9G-SMe, W111G-SMe, and W123G-S™, respectively.
The experimental rates are shown as scatter plots, whereas the rates fitted by a
segmental motion model and expected for a random coil with Ry (R,,=0.2s™"
and A,=7) are shown as dashed lines; black lines show the Gaussian fits for
WT-S™ (a, ¢, and d), W111G-S™ (e), and W123G-S™ (f). Deviations of R,
relaxation rates of the mutants from relaxation rates of WT-S (AR, =R,(mu-
tant-SM) —R, (WT-SM¢)) were averaged over 7 residues and are shown as bars.

has a very minor effect on the relaxation properties of WT-SM*
relative to W62G-SME. This result suggests that aromatic
residues play an important role in the stabilization of long-
range interactions in unfolded states of lysozyme. A9G-S™*
displays even more similar properties to WT-S™¢, and there is
not even an effect on its own cluster, cluster 1. The size and
the position of the hydrophobic clusters remain virtually
identical which indicates that Ala9 is not important in the
stabilization of the hydrophobic core.

In contrast, the replacement of tryptophan residues at
positions 111 and 123 led to significant results. Upon replace-
ment of Trp 111 (cluster 5) by glycine, the cluster in which the
mutation is located, namely cluster 5, disappeared entirely
and cluster 6 also decreased significantly in intensity. A loss in
the intensity of cluster 2 (surrounding Trp28) was observed as
well as a very small decrease in the intensity of cluster 3
(surrounding Trp 62 and Trp 63). Similarly, when Trp 123 at the
C terminus (cluster 6) was changed to glycine, the cluster
around the mutation site essentially disappeared, and the
intensities of clusters 2, 3, and 5 were lessened. The effect of
the replacement in W123G is less significant than that of
WI111G, as seen by the complete loss of cluster 5 in W111G-
S™¢ but not in W123G-S™. The largest changes in the
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distribution of R, relative to WT-SM® were observed with
W62G-SMe,

The decrease in the R, values upon single point mutations
indicates that changes in the conformational ensembles of
lysozyme occurred. Thus, it is predicted that those point
mutations which cause a change in relaxation profiles can also
cause a change in the compactness of the average unfolded
state. A loss of conformational restriction in one or more of
the hydrophobic clusters would increase the overall propen-
sity for extended states in the ensemble. This hypothesis was
tested directly by measuring the averaged hydrodynamic radii
R, from NMR diffusion measurements of the different
reduced and methylated proteins. WT-S™* and W123G-S™
diffuse quickly, W111G-S™* diffuses at intermediate velocity,
and W62G-SM¢ diffuses the slowest. Figure 4a shows the

Figure 4. Changes in compactness as a result of point mutations.

a) Diffusion experiments that were used to determine the hydrody-
namic radii (R,). The intensity of the NMR signal is shown as a func-
tion of gradient strength (g) for WT-S™¢ (black) and W62G-S™¢ (red).
The decay of the signal was fitted to a function of the form |=Ae °%.
Ry, values were calculated from decay rates (D, see Experimental Sec-
tion). b) Randomly chosen conformations with the amino acid
sequence of lysozyme in relation to their hydrodynamic radius. Confor-
mations with increasing (experimental) R, values are shown. The radii
of different conformations were calculated using the program Hydro-
pro 0

diffusion measurements for WT-SM® and W62G-SM¢. The R,
values that were calculated from the diffusion rates (see the
Experimental Section) are 26.9+0.6, 254+1.2, 29.3+1.3,
and 32.1+£0.6 A for WT-SM¢, W123G-SM¢, W111G-S™¢, and
W62G-SM¢, respectively (these values are concentration-
independent (40-60 um)). All R, values are considerably
larger (at least 25%) than the R, value of folded lysozyme
(R,=20.5 A)®' which indicates the extended nature of the
reduced and methylated states. However, the overall average
shape of the ensemble of conformers markedly varies with the
position of the single point mutations in the different
hydrophobic clusters. Whereas similar hydrodynamic radii
were measured for WT-S™* and W123G-S™¢, the hydro-
dynamic radius of W111G-SM¢ was larger (R, =29.3+1.3 A)
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and that of the W62G-S™* mutant was the largest (R, =32.1+
0.6 A; see Figure 4b). Conformations were calculated by
unbiased molecular dynamics simulations. As one can see, the
R, value of 32.1 A for W62G-S™® corresponds to a very
extended, almost linear conformation, which is consistent
with the essentially random-coil behavior observed for the
relaxation rates of this mutant (Figure3b). The radii
observed for the other mutants correspond to rather compact
states with a clear presence of tertiary contacts. These states
are much closer to the native state with a R, value of 20.5 A
than the very extended conformation that has a R, value of
32.1A.

The comparison between experimental NMR parameters
and those expected for a true random coil show that there are
six areas that display strong deviations from random-coil
behavior in WT-SM¢. The observed hydrodynamic radius of
26.9+0.6 A indicates that the average conformations in WT-
SMe are rather compact (Figure 4b) which supports the
presence of extensive tertiary contacts in the unfolded state.
These contacts are both nativelike and non-nativelike. Non-
native contacts between cluster 3—around Trp 62 and Trp 63,
which form part of the f-domain in the native structure (see
also Figure 1b)—and the clusters 1, 2, and 4, which form the
a-domain, must be present because deviations from random-
coil relaxation behavior are decreased in the W62G mutant.
Breakage of these long-range interactions results in a
dramatic increase by 12% in the measured Ry, values from
WT-SM to W62G-SM which reflects a shift towards very
extended conformations (Figure 4b). The presence of native-
like contacts is suggested by the effect of the W123G mutation
which simultaneously diminishes clusters 6 and 2, indicating
nativelike contacts between Trp123 and sites at or around
Trp28. The importance of native-like contacts is consolidated
by the central role of the Trp111 interactions in WT-SMe,
Disruption of the contacts between Trp111 and the cluster
that surrounds Trp28 by the W111G mutation results in a
large increase in R, of ~9%. Tryptophan residues or
aromatic residues in general apparently play a special role
in the stabilization of contacts in compact states of unfolded
lysozyme. A comparison of the effects of replacing Trp 62 with
glycine and with tyrosine shows that there are little changes in
the relaxation behavior of W62Y-SM relative to WT-S™°, in
contrast to W62G-S™¢, which shows the strongest deviations
from WT-S™, Aromatic residues play a significant role in the
organization of nearby residues into arrangements that have
restricted motions compared to a completely unfolded poly-
peptide chain.

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

Hydrophobicity calculations were performed with the ‘protscale’ tool
from the ExPAsy (Expert Protein Analysis System)P3!l molecular
biology server (http://us.expasy.org/cgi-bin/protscale.pl) by using the
Abraham and Leo scale.””! A window size (i.e., length of the interval
used for profile computation) of 7 was used, and the weight at the
edge of the window was set to 100 % the degrees of hydrophobicity
shown were normalized from 0-1. Centres of elevated regions were
identified by the fitting of Gaussian clusters to the data with the
program SigmaPlot.

The construction of single point mutants of hen egg-white
lysozyme, the expression and purification of *N-labelled protein in
the yeast Pichia pastoris > and the methylation of reduced
lysozymel® were performed according to reported methods.

CD spectra were recorded as described,” and the mean helix
content was calculated by using the approach of Rohl and Baldwin.*"!
NMR experiments were recorded at 293K on a four-channel
Bruker DRX600 spectrometer, which was equipped with a cryo-
probe, with z-gradients. Samples of the proteins (~60-100 um) were
prepared in water (10% D,O, pH 2). 3D NOESY-HSQC (hetero-
nuclear single quantum coherence) experiments were recorded and
analyzed as previously reported.”! Perturbations of the chemical
shifts of HY and H* atoms were derived as previously described.”!
Residual helicity is defined by the percentage of induced helicity (%
hel), which is obtained from a comparison of the C* chemical shifts in
WT-S™ (Cg ) with the C* chemical shifts in the random coil
(CH)I*2023] and those derived statistically for a-helices (Cg,),*"
according to Equation (1):

o0C* —5C“
B o~ 0Ck
% hel = 100 <= e (1)

hel

Diffusion measurements were performed using 40-60 uM protein
in D,0 at pH 2 (corrected for D,0),*” with 1,4-dioxane (200-300 um)
as internal standard (hydrodynamic radius: 2.12 A; it has been shown
that dioxane does not interact with proteinst®®). PFG (pulse field
gradient)-NMR diffusion measurements were performed as
reported.’”***! Hydrodynamic radii (R,) were calculated from the
decay rates derived from NMR spectra by using Equation (2), in
which D, and D, are the decay rates of dioxane and the protein,
respectively.

ro D giox iox
Ry = mRﬁ )

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

Transverse relaxation rates R, were measured and analyzed as
previously reported.l’! Relaxation rates in an extended polypeptide
can be described by a simple model, which is derived from polymer
theory®! and is referred to as the segmental motion model. The
segmental model assumes that the influence of the neighboring
residues decays exponentially as the distance (in terms of the number
of peptide bonds) from a given residue increases.” Therefore, R,
relaxation rates of unfolded proteins can be fitted to Equation (3), in
which R, is the intrinsic relaxation rate, which depends also on the
temperature and viscosity of the solution, , is the persistence length
of the polypeptide chain (in terms of the numbers of residues), and N
is the total chain length of the polypeptide:
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RY(i) =Ry » € %0 3)

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

I—X s

v ( )

. - 2 cluster 4

RP() =Ry > € o + Y Rower® “)
j=1

cluster
These Gaussian clusters are characterized by the position of the

cluster in the protein (residue number) X, the width of the cluster
Aauster» and a distinct relaxation rate for each cluster R e
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Nanoporous Films

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

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

Elemental carbon materials exhibit unique electronic,
mechanical, and chemical properties that make them attrac-
tive, for example, for nanoelectronic devices,! strength-
enhancing materials? separation media,*® catalyst sup-
ports energy storage/conversion systems,®! proximal
probes,”) optical components.'” Well-defined nanoporous
carbon materials are essential for a number of these
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applications. Ordered porous carbon materials have previ-
ously been replicated by using colloidal crystals"” and
presynthesized mesoporous silicas as scaffolds.” These meth-
odologies are extremely difficult to adapt to the fabrication of
large-scale ordered nanoporous films with controlled pore
orientations. Although numerous methods (e.g., chemical
vapor deposition,"!! ultrasonic deposition,* silica template
synthesis,”>” hydrothermal decomposition of carbide com-
pounds,'? and polymer coating and pyrolysis!®) have been
developed for the fabrication of carbon films, no ordered
nanoporous carbon films have been obtained with such
methods. Accordingly, the large-scale alignment of the
carbon nanostructural films is still a big challenge. Herein,
we demonstrate a stepwise self-assembly approach to the
preparation of large-scale, highly ordered nanoporous carbon
films. The carbon precursor molecules are spatially arranged
into well-defined nanostructures by the self-assembly of block
copolymers (BCPs). A hexagonally packed carbon-channel
array whose orientation is normal to the carbon film surface
has been successfully synthesized. Large-scale crack-free
carbon films of up to 6 cm? can be readily fabricated on
common substrates such as silica, copper, silicon, and carbon.

The self-assembly of BCPs has proven to be a versatile
approach to the selective organization and nanoscale regu-
lation of the concentration distribution of target molecular
species for the fabrication of nanoporous materials.'*'*! The
mechanism for such organization involves hydrogen-bond-
ing,'" ion-pairing,"®! and/or dative interactions"” between
supramolecular assemblies of BCPs and target molecular
species. The resulting composites can give rise to various
nanostructures according to the structural and phase behav-
iors of the BCPs. The target molecular species are spatially
concentrated in selected microdomains and can eventually
serve as nanostructured catalysts,® spacers,”!! or precur-
sors® for the further fabrication of ordered nanostructures.
Highly ordered nanoporous materials, such as polymer,*
silica,”?! and organic-inorganic hybrid materials,*2"! have
been created through polymerization in the presence of the
self-assembled BCPs.

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

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

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

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

In step 1, the precursor films can be cast from a solution
containing a mixture of PS-P4VP and resorcinol onto silica,
silicon, glassy carbon, or copper, which can withstand the high
temperature required by the final carbonization step. Both
N,N'-dimethylformamide (DMF) and cyclohexanol are good
solvents for PS-P4VP and can be used to cast the precursor
films. The concentration of PS-P4VP is in the range of 0.5-
10 wt %. The final film structures are not dependent on the
casting method (dip coating or spin coating). The BCP
template used in the synthesis has equal lengths of PS and
P4VP blocks. The bulk material of this PS-P4VP copolymer
has a lamellar structure.['”) The self-assembly of the PS-P4VP/
resorcinol mixture is essentially driven by the hydrogen-
bonding interaction between resorcinol and the P4VP
block.?1 This strong hydrogen-bond association between
the basic PAVP blocks and the acidic resorcinol monomers
enriches the resorcinol molecules selectively in the P4VP
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domain. Accordingly, the volume fraction of the P4VP
domain is significantly increased relative to that of the PS
domain, resulting in a hexagonal structure.’>?! The PS block
in the PS-P4VP/resorcinol complex is the minor component,
which forms cylindrical microdomains in the self-assembled
film. Figure 2 compares the Fourier-transform infrared

Figure 2. FTIR spectra of PS-P4VP and PS-P4VP/resorcinol mixture in
the region from 900 to 1650 cm™". The characteristic peaks of the
pyridine ring in PS-P4PVP at 993, 1415, and 1597 cm™' shift to 1007,
1419, and 1602 cm™', respectively, as a result of the hydrogen-bonding
interaction with resorcinol. T=transmittance.

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

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

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

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

Figure 3. TGA and dTG curves for PS-block-P4VP (black), PS-block-
P4VP/resorcinol mixture (molar ratio of pyridine groups to resorcinol
1:1) (green), resorcinol-formaldehyde resin (RFR) (blue), and PS-block-
P4VP plus RFR (red). The top and right-hand axes are the temperature
and wt % for the thermogram (TG). The left-hand and bottom axes
show the weight loss rate and time for the derivative thermogram
(dTG).

and the derivative thermograms (dT'Gs) of four samples: PS-
P4VP, PS-P4VP/resorcinol mixture, RFR, and PS-P4VP plus
RFR. The pure PS-P4VP sample starts to decompose at
328°C and finishes at 430°C with only negligible residue
(0.7wt%). Both the decomposition temperature and the
reaction rate of the PS and P4VP blocks are too close to be
resolved in the TG and dTG curves. Therefore, the pyrolysis
of PS-P4VP exhibits only one peak in the dTG curve of the
pure PS-P4VP sample. The TG curve of the PS-P4VP/
resorcinol mixture has two weight-loss stages with corre-
sponding dTG peaks at 195 and 392 °C. The weight loss for the
first stage starts at 120°C, which is only 10°C above the
melting point of resorcinol. The first weight-loss stage ends at
284°C with the loss of about 34 wt %. The mixture of PS-
P4VP and resorcinol has 33.87 wt % of resorcinol. Accord-
ingly, this weight loss in the TG curve indicates that all the
resorcinol molecules evaporated before the temperature
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reached 284°C. The second weight-loss stage of the PS-
P4VP/resorcinol mixture starts at 328°C and ends at 430°C.
This part of the weight loss is attributed to the decomposition
of the PS-P4VP copolymer. The TGA curve of the RFR
sample exhibits a continuous weight loss from 200 to 750°C.
The carbonization yield for pyrolysis of RFR is 57.59 wt %.
The TGA curve of the PS-block-P4VP and RFR sample,
prepared by cross-linking the PS-P4VP/resorcinol mixture
using formaldehyde vapor, shows a complex pyrolysis behav-
ior. A significant weight loss was found in the range of 200 to
750°C. The major weight loss occurs from 320 to 430 °C, which
is attributed to the decomposition of the PS-P4VP copolymer.
The two dTG peaks emerge in this zone, which indicates two
different types of decomposition behavior. Comparison of
these peaks with the dTG peak of the pure PS-P4VP suggests
that the RFR affects the pyrolysis of the PS-P4VP. The
decomposition of the PS domain is the least affected, as the
RFR is localized in the P4VP domain. The P4VP chain is
tangled with the RFR; as a result, the decomposition rate of
P4VP may be retarded by RFR because of the interaction
between RFR and P4VP. Therefore, the P4VP block may
decompose after the PS block. The pyrolysis of the PS-P4VP/
RFR mixture yields 22.16 % carbon at 800°C. After taking
into account the weight gain in the polymerization with
formaldehyde, the weight percentage of the RFR in the PS-
P4VP/RFR mixture rises from 33.87 % (resorcinol wt% in
PS-P4VP/resorcinol mixture) to 37.34 %. If one assumes that
RFR in the P4VP domain has the same carbon yields as the
pure RFR (57.59%), the PS-P4VP part only accounts for
1.05 wt % carbon in the final product. Clearly, the RFR is the
predominant carbon source of the porous carbon film and the
BCP is sacrificed as pores.

A crack-free nanoporous carbon film with thickness from
several tens of nanometers up to ~1 um and size up to 6 cm?
can be obtained. The nanoporous carbon film strongly
adheres to substrates and is homogeneous in thickness. The
nanopores are oriented perpendicular to the film surface
(Figure 4a,d). An enlarged Z-contrast image of the carbon
film is shown in Figure 4b. The Fourier transform of this Z-
contrast image of the film shows a pattern of multiple
reflections, which confirms that the film has a highly ordered
hexagonal-pore array. Based on Figure 4c, the pore diameter
is 33.7+2.5nm and the wall thickness is 9.0+ 1.1 nm. The
volume fraction of the straight channels is about 0.565 (see
Supporting Information for details). The pore diameter and
thickness can be controlled by the volume fractions of PS in
BCP and carbon-forming resin, respectively. The cross section
of the film scratched from a film substrate is shown in
Figure 4d. All straight channels are across the whole film. The
inset in the lower right-hand corner is the Fourier transform
of the high-resolution scanning electron microscopy (SEM)
image of the film cross section, which reflects parallel
periodical channels. No graphitic structure was found in the
high-resolution transmission electron microscopy (HRTEM)
mode, which suggests that the wall is amorphous carbon.
Wide-angle X-ray diffraction (WAXD) shows broad peaks at
23.6,43.76, and 80.24°, which are characteristic of amorphous
carbon. The Raman spectrum shows a broad D band at
1333 cm™, which overlaps with the G band at 1600 cm™'. Such
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Figure 4. Electron microscopy images of the carbon film. a) Z-contrast image of the large-scale
homogeneous carbon film in a 4x3 pum area. The scale bar is 1 um. b) Z-contrast image showing
details of the highly ordered carbon structure. In the inset, a Fourier transform (FT) of the image

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

Coupled Hydrogen-Bonding Networks in
Polyhydroxylated Peptides**

Peter Tremmel and Armin Geyer*

In memory of Murray Goodman

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

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

2

Bic R = H, Benzyl

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

Figure 1. Schematic representations of two possible conformations of
C,-symmetric cyclic hexapeptides with arrows indicating antiparallel
hydrogen bonds of the central mini § sheet. The 7,5-bicyclic dipeptide
mimetics can occupy the central i+1 and i+2 positions of the

B turns (a) or occupy the i and i+ 1 positions (b).

tion makes sense when asking for the preferred positions of
bicyclic dipeptides in a cyclic hexapeptide. The dipeptide can
end up either in the central positions of the f3turn as
traditionally proposed for so-called B-turn mimics® or in
the long side of the antiparallel mini f3 sheet. Crystal
structures of the B-turn dipeptide (BTD)*! or of analogues™
are known but no crystal structures of unprotected oligopep-
tides containing bicyclic dipeptides are published to date. The
concept of f-turn mimics was challenged by detailed exper-
imental analyses® and modeling studies® and therefore the
more general label bicyclic dipeptide mimetics is used herein.
Oligomers of Bic assume an extended polyproline-II-helical
structure® indicating that Bic will prefer the long side of a
cyclic hexapeptide (Figure 1b) irrespective of the chiralities
of the other amino acids.

The crystals of cyclopeptides 1 and of 2 show an overall
C,-symmetric rectangular backbone structure with Bic occu-
pying the i to i+ 1 positions of BI and BII turns, respectively
(Figure 2)."" Thus, 1 and 2 fit the general structure of
Figure 1b. In peptide 1, p-Phe is found in the i+ 2 position
of BII turn and Gly in the i 4 2 position of a I turn. Although
only one out of 13 stereocenters was changed in peptide 2, a
mirrored backbone structure is observed with L-Phe occupy-
ing the i + 2 position of a fI turn while Gly is found in the i 4+ 2
position of BII turn. Four side chain hydroxy groups (7-OH
and 9-OH of BicA and BicB) are in close contact in each
cyclopeptide. They are aligned in a zipperlike fashion forming
a chain of hydrogen bonds connecting the two central amide
bonds of the f turns. The inversion of the chirality of the Phe
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Figure 2. Crystal structures of peptides 1 (left) and 2 (right). Green
arrows indicate the chains of intramolecular hydrogen bonds connect-
ing the central amide bonds of the two f3 turns (red O, blue N, yel-
low S).1"?!

residue is accompanied by an 180° flip of the neighboring
amide bond between BicA and L-Phe. As a consequence, the
two cyclopeptides exhibit a reversed hydrogen-bonding net-
work with exchanged donor and acceptor groups. Several
water molecules and many intermolecular hydrogen bonds
are found in both crystals.” To separate potential influences
of the crystal environment on the peptide conformations, 1
and 2 were investigated in isotropic solution, too.

In both peptides, the two hydrogen bonds spanning the
antiparallel mini f sheet (BicA-6NH-BicB-5CO and BicB-
6NH-BicA-5CO) are protected from chemical exchange and
therefore no cross-peaks between the two NH protons and
the water signal are detectable in the expansion from the
ROESY spectrum of 1 (Figure 3). All residual protons are
accessible to water. The mini 3 sheet is retained in the organic
solvent [D¢]DMSO, as shown by the temperature dependence
of the '"H NMR spectroscopy chemical shifts (AS/AT) of the
amide protons. They are close to zero for the amide protons
involved in hydrogen bonds 1BicA-6NH (4 0.2 ppb/K),

BicB BicA ‘
6-NH 6-NH ‘
D-Phe-NH ‘
\ “ Gly-NH ‘
/
|
] J Ve
4.2q
4.6 A Y
S/ppm <<f<;\1 0 @ o T en T D o ) )
5.0 v
1 0
5.41 0
1 Chemical exchange with
5.8 the water resonance
9.2 8.8 8.4 8.0 7.6 7.2

«— JS/ppm

Figure 3. ROESY spectrum (watergate, 600 MHz, 300 K, H,0/D,0,
10:1). Expansion of the NH region. All the protons of the hydrogen-
bonding network are exchange broadened at room temperature. Both
6NH protons are protected from chemical exchange and therefore no
cross-peaks with the solvent signal are observed. p-PheNH and Gly-
NH are solvent accessible and show intense cross-signals with water
together with chemical exchange broadening.
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1BicB-NH (—1.3 ppb/K), 1Gly-NH (—0.6 ppb/K), 2BicA-
6NH (—1.0 ppb/K), 2BicB-NH (—0.1 ppb/K), and 2Phe-NH
(—0.5 ppb/K). They are significantly larger for the residual
amide protons 1Phe-NH (—5.7ppb/K) and 2Gly-NH
(—4.1 ppb/K). Similar to the crystal structures, the exchange
of the i +2 amino acid p-Phe against L-Phe is accompanied by
a 180° flip of the amide bond preceding this amino acid.
Rotating-frame NOEs and */ coupling constants unequivo-
cally identify the main backbone conformations of 1 and of 2
which match the crystal structures. Even the preferred side-
chain rotamers of L-Phe and b-Phe in solution are the same as
in the crystals, as determined from the 3JHU$H[5 coupling
constants. Hydrophobic stacking between the aromatic side
chain and the neighboring thiaproline ring may contribute to
stabilize the observed rotamers.

The organic solvent [Dg]DMSO slows down chemical
exchange and therefore the 'H NMR spectroscopy resonance
signals of the hydroxy protons are better resolved than in
water. As a consequence, even “J couplings become observ-
able for 1: *J;.ope.ci = 1.4 Hz in BicA and “J,.op95.cn= 1.0 Hz
in BicB. *J,;;; long-range couplings are immediately lost upon
deviation from the fixed W-arrangement of the four atoms
involved and therefore *Jy;;; long-range couplings can be
regarded as another indicator of conformational homogene-
ity. The 8y chemical shifts, the */ coupling constants, the
rotating-frame NOEs, the temperature gradients (Ady/AT) of
the 7-OH, 9-OH, and NH protons distinguish the network of
hydrogen bonds of 1 from that of 2. Differences between
crystal structure and solution structure are detected for the 9-
OH moiety of BicA in 1 which forms an intermolecular
hydrogen bond in the crystal but finds a different proton
acceptor in solution. The *Jycyony coupling constant of
12.4 Hz identifies the inward orientation of BicA 9-OH
towards the central carbonyl group of the BII turn. This type
of hydrogen bond has been observed in the linear oligomers
of Bic.”! Two views of 1 from opposite directions showing all
relevant hydrogen-bonding contacts are given in Figure 4.
Clearly, all four 7-OH and 9-OH hydroxy groups and two
amides are linked by hydrogen bonds and polar contacts in
solution. The solution structure of 2 resembles its crystal
structure with BicB 7-OH group donating a proton to the
carbonyl of the pII-turn and BicA 7-OH accepting a proton
from the NH of the fI-turn. Conformational averaging can be
excluded for both cyclic hexapeptides in water and in
[D¢]DMSO solution, too. Diastereomers 1 and 2 differ in
only a single stereocenter but exhibit remarkably stable and
significantly different conformations. The overall C, symme-
try of the cyclic hexapeptides 1 and 2 is broken by the benzyl
side chains of the phenylalanines, a minor disturbance which
locks the overall conformations through the alignment of all
amide and OH groups except for the 8-OH groups which are
directed outwards (Figure 2; the numbering of the OH groups
corresponds to the numbering of the carbon atoms to which
they are bound, see the formula of Bic).

In conclusion, the crystal structures of bicyclic dipeptide
analogues within unprotected oligopeptides are described for
the first time. The bicyclic dipeptides can occupy the i to i+ 1
position of either BI or BII turns. The rigidified amino acids
derived from sugars are able to form stable hydrogen-bonding
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Figure 4. Solution structure of 1 in [Dg]DMSO. Two views from oppo-
site directions perpendicular to the central amide bond of each f turn
(cyan C, red O, blue N, yellow S). For clarity only selected atom posi-
tions are shown. Red arrows indicate hydrogen bonds and polar con-
tacts. The schematic representation in the middle shows the entire
hydrogen bonding network. Each of the two bifurcated hydrogen
bonds cannot be distinguished from fast averaging between one hydro-
gen bond together with a polar contact to the second proton acceptor.
The model (HyperChem 7.0) is based on NOEs and | coupling
restraints. The geometry of the two Bic-6NH-Bic-5CO hydrogen bonds
was taken from the crystal structure.

networks which can transfer structural information along a
chain of ambident proton donors and acceptors over several
A. Extended and functionally coupled hydrogen-bonding
networks which can switch between different states play an
important role in proteins. The structural diversity of
secondary hydroxy groups is characterized by the dispersion
of NMR parameters.
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Proton Transfer

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

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

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

The mechanism of solvent involvement in the excited-
state tautomerization of 7AI in water and alcohols has
attracted considerable attention.[**°? In particular, the two-
step model described in Scheme 1 has been discussed
widely.’'!l The first step is solvent reorganization (k,) about
the normal (N) 7AI molecule to form a cyclic H-bonded 1:1
7Al/solvent complex (Nb), and the second step is intrinsic

Scheme 1. The widely discussed ESDPT mechanism of 7Al in alcohols
(ROH) and water. In this study Nb is directly photo-generated from
the ground state.
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proton transfer (k) relayed by the complexed protic solvent
molecule to give the tautomer (T). Intrinsic proton transfer is
often presumed to be very fast and governed by tunnel-
ing.”*"" In one limit, solvent reorganization is the rate-
limiting step such that the observed rate constant becomes k..
In the opposite limit when equilibrium (k/k_,) between
solvent reorganization and solvent randomization (k_,) is
rapid relative to k,, the observed rate constant is independent
of solvent dynamics and is expressed as (kr/k,r)kpl.“ol In water
and alcohols 7AI has been proposed to undergo ESDPT
following the latter scenario.’!!! Although 7AI/water com-
plexes formed in aprotic solvents have been suggested to
undergo ESDPT as well,l® the intrinsic proton-transfer
dynamics of Nb has been rarely studied experimentally and
is not well understood.!'”

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

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

Figure 1. Absorption and emission (.. =288 nm) spectra of 7Al
(1.6x107° m) in n-heptane having methanol concentrations of 0
(black), 8.2 (red), 33 (green), and 260 mm (blue). Inset: the Benesi—
Hildebrandt plot (4,,s=310 nm) yields 50m~" for the association con-
stant of 7Al with methanol to form Nb at 19°C.
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inset in Figure 1 indicates that 7AI and methanol molecules
form 1:1 complexes in n-heptane with an association constant
(K,) of 50m~".*l Compared with the K, values of 7AI dimers
(22x10°m™") and 1:1 7Alacetic acid complexes (1.8x
10*m™") in nonpolar media,"*™ the K, of 7AI/methanol
complexes is quite small, implying that the hydrogen bonds
of the complexes at the ground state are not strong owing to
the relatively weaker H-bonding ability of methanol. The
structures of ground-state H-bonded complexes with single
methanol molecules in nonpolar solvents have been simulated
to predict that Nb is a cyclic 1:1 complex having reasonably
loose hydrogen bonds, especially between the pyridinic
nitrogen of 7AI and the protic hydrogen of methanol
(N---H—O).[gc*“]

Only the UV emission at 315nm from N monomers
appears in the absence of methanol. However, with methanol
addition, the UV fluorescence shifts to 350 nm and decreases
with the concomitantly growing fluorescence at 500 nm from
T.5*3] Thus, we attribute the UV emission at 350 nm to H-
bonded 1:1 complexes. The excitation spectrum of 7Al in n-
heptane with 260-mM methanol, monitored at 500 nm, is
spectrally identical with its lowest absorption band, indicating
that both fluorescence bands at 350 and 500 nm originate
from the same ground-state species. Therefore, we can infer
that excited-state T molecules are generated by means of
ESDPT from the 1:1 complexes of Nb.

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

Figure 2. Fluorescence kinetic profiles of 7Al (1.6x107°Mm) in n-hep-
tane with CH;O'H (red circles) and CH;0?H (blue squares) of 67 mm.
Samples were excited at 288 nm and kinetic profiles were measured
with instrumental response functions (IRF) of 25 ps at 550 nm. The
lines fitting the circles and the squares were simulated with the rise
time of 88 ps followed by the decay time of 1560 ps and the rise time
of 1280 ps followed by the decay time of 1900 ps, respectively.

The rise time is identical with the fast-decay time at 350 nm,
indicating that k, is (88 ps) "/ Quite intriguing is that the &,
of 1:1 complexes isolated in the nonpolar solvent is not as
large as the expected values of > (5 ps)~".’!" The slow-decay
time at 350 nm is assigned to the fluorescence lifetime of
noncomplexed 7AL!"”

The ESDPT process of Nb occurs by the concerted relay
of the two hydrogens through a single transition state or by
the stepwise transfer of the two protons by forming a charged
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cationic or anionic intermediate. Proton-inventory experi-
ments for the rates of ESDPT by varying the deuteration
degree of protic hydrogen atoms in 1:1 7Al/alcohol com-
plexes can give a clue to this issue."! We consider that four
possibly different cyclic complexes of 'H-N;N—'H,
"H--N,N,—*H, *H-N;N,—'H, and *H---N,N,—*H in isotopically
mixed systems have the intrinsic rate constants of K, (‘H'H),
ky("HH), k, CH'H), and k, ("H’H), respectively. If X;,=
[protic *H]/([protic 'H] + [protic H]), then we can deduce
Equations (1) and (2).

dH - Ny|/dt = ~{(1-Xp )k ('"H'H) + Xpky ("HH)}['H - - Ny
1)

dPH - Ny|/dt = —~{(1-Xp )k ("H'H) + Xpky "HH)}'H - - Ny
)

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

T(1) = {1-A; exp(—k; 1)—A; exp(—k, 1) exp(—t/1q) 3)

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

ke = kye("H'H) + (ke HPH) &y, ('H'H) ) X 4)
ky = ky CH'H) + {ky CHPH)—k,, CH'H) } X, (5)

Finally, k,,(‘H'H), k,(‘H*H), k,("H'H), and k,,("H’H) can
be extracted from the plots of k; and k, with variation of X}, to
be (93 ps)™', (196 ps)~!, (700 ps)~', and (1200 ps)~', respec-
tively (Figure 3). To assert the concerted mechanism of
ESDPT, it is necessary to show that k,('"H’H) = k,("H'H)
and that {k,('"H*H)}* = k,('H'H) k,,"H*H).1* ) However, our
data suggest that two hydrogens move in succession. We also
infer that one of the two steps, presumably the first step, is
rate-limiting, as suggested from the kinetically insignificant
formation of cationic or anionic intermediate species (vide
infra).

In a nonpolar medium 1:1 7Al/methanol complexes are
theoretically shown to possess weakly H-bonded structures,
the substantial fraction of which have the H-bond length of
N---H—O longer than the nominal H-bond length of 2.5 A %!
However, 1:1 7Al/acetic acid complexes undergo very facile
ESDPT through short and strong hydrogen bonds.* Thus,
we have also obtained k, and kinetic isotope effect (KIE)
values with diverse alcohols having different values of
Kamlet—Taft acidity (o) and basicity (B)."”*” The magnitudes
of a and [ provide explicit measures for the respective
donating and the accepting abilities of the hydrogen bonds. It
is evident from Table 1 that k, tends to decrease, whereas
KIE tends to increase with an increase in a. Even for the
complexes with alcohols having =0, ESDPT is very facile
and the rate increases profoundly with an increase in a. Thus,
the acidity of an alcohol is inferred to control the energetics of
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Figure 3. Plots of a) k; and b) k, with variation of X;, for 7Al

(1.6x107° M) in n-heptane with 67 mm of methanol consisting of
CH;0'H and CH;0%H, where k; and k, are the fast and the slow com-
ponents of k,, respectively, and X, is [protic 2H]/([protic 'H] + [protic
?H]). The obtained values of k. (‘"H'H), k,("H?H), k. (*H'H), and
ky(*H?H) are (93 ps)~', (196 ps)~", (700 ps) ™", and (1200 ps) ", respec-
tively.

Table 1: Alcohol-dependent variation of k, and KIE."

Alcohol a B ke [ps™']  KIE
1,1,1,2,2,2-hexafluoroisopropyl alcohol  1.96 0 >67" L
2,2,2-trifluoroethanol 151 0 627" 5.8
methanol 093 0.62 83" 14.5
ethanol 0.83 0.77 957" 15.3
2-propanol 0.76 0.95 108" 17.6
tert-butanol 0.68 1.01 114" 20.2

[a] Alcohol concentrations and experimental conditions are described in
Figure 2, and the values of o and f3 are taken from ref. [19]. The o and 3
values measured from bulk alcohols are given here because those from
monomeric alcohols, showing similar trends, are not available for all the
alcohols employed.”™ The average deviations of k, and KIE are +5%
and £10%, respectively. [b] Not measurable due to our limited IRF.

ESDPT. The less acidic alcohol makes ESDPT less exoergic,
that is, energetically more symmetric, reducing the overall
rate but enhancing the relative contribution of tunneling in
the reaction. This suggests that the H-bond donating ability of
alcohol in the coordinate of N---H—O plays the key role for the
dynamics of ESDPT. Keeping in mind that the decay time of
Nb and the rise time of T coincide and that k, is dependent on
the acidity of alcohol, we propose that the tautomerization of
7Al is initially triggered by the transfer of a proton from the
alcohol molecule to the pyridinic nitrogen (N7) of 7AlI,
forming a cationic 7AI intermediate species, and completed
by rapid proton transfer from the pyrrolic nitrogen (N1) of
the intermediate to the transient alkoxide moiety. The
intermediate complexes are unstable enough to be kinetically
insignificant because both the alkoxide moiety and the 7Al
cation are energetically unfavorable. Note that our results are
consistent with the suggestion that cyclic H-bonded 1:2 7-
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hydroxyquinoline/alcohol complexes undergo excited-state
tautomerization in a stepwise manner.”) Thus, we infer that
the observed kinetic results of ESDPT originate mainly from
single-proton transfer in the O—H---N7 of Nb.

The kinetic isotope effect (KIE) of k,, ky(‘HH)/
ky(*H?H), for a 1:1 7Al/methanol complex is observed to be
as great as 14.5 at 19°C (Figure 2). The large KIE and the
small k. of ESDPT imply the existence of an appreciably high
barrier and the importance of tunneling through hydrogen
bonds. The Arrhenius plots of k,, in Figure 4 clearly show that

Figure 4. Arrhenius plots for the k, of 7Al (1.6x107° M) in n-heptane
having CH;0'H (circles) and CH;0H (squares) of 67 mm.

not only k, but also KIE is independent of temperature
within our experimental errors. This suggests that tunneling is
operative certainly in the ESDPT of 7ALP?! These types of
temperature-independent  Arrhenius plots have been
reported in the enzymatic proton transfer of lipoxygenase.*"
Temperature-independent KIEs have also been observed in
the proton transfers of thermophilic alcohol dehydrogenase!
and solid-state porphyrin at low temperature.”® Temper-
ature-independent and large KIEs in enzymes have been
explained with a model employing vibrationally enhanced
proton tunneling® originally suggested by Dogonadze
et al.”**! When the tunneling contribution is large, the ratio
of the Arrhenius preexponential factors, A('H)/A(CH), is
much less than unity in general. However, if tunneling
becomes large enough to be equally effective for both 'H
and “H, then the ratio becomes much greater than unity. We
have found A('H)/A(*H) to be 37 from Figure 4, which
suggests that the ESDPT of 7Al/methanol complexes takes
place with extensive tunneling contribution (vide infra).

The intrinsic double proton transfer, which is governed
mostly by tunneling, requires optimized angles and proper H-
bond lengths in addition to a cyclic H-bonded structure. The
formation of such a precursor configuration for tunneling
from the 1:1 7Al/alcohol complex of Nb is not sensitive to
isotope effects and consists mostly of heavy-atom motions
with a little reorganization energy. The precursor-configura-
tion optimization and the intrinsic tunneling are in two
orthogonal reaction coordinates of the potential hypersur-
face, and solvent fluctuations play a crucial role in the
formation of such a pretunneling configuration. In the regime
that only the motions of hydrogen including tunneling limit
the rate, KIE is predicted to be neither dependent on solvent
viscosity nor equal to unity. Alternatively, when heavy-atom
reorganization assists quantum tunneling, KIE depends on
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viscosity. The heavy-atom reorganization that is required to
reach the optimal pretunneling configuration becomes slow as
viscosity increases. Thus, the tunneling contribution is
reduced and KIE tends to be small with increased viscosity."!
Table 2 shows that both k, and KIE tend to decrease as

Table 2: Viscosity-dependent variation of k, and KIE."

Solvent Viscosity [cP] ket [ps 7] KIE
n-heptane 0.41 887" 14.5
n-decane 0.92 937" 13.7
n-dodecane 1.45 977" 12.5

[a] Methanol concentrations and experimental conditions are described
in Figure 2, and viscosity values measured at 20°C are taken from
ref. [31].

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

Tunneling in our systems is conceptually identical to the
vibrationally assisted tunneling suggested in enzymatic reac-
tions.”? 2?1 The solvent fluctuations replace the low-fre-
quency protein motions. Furthermore, the picture of the
proton transfer in Nb is in line with that of 7AI dimers in
which the heavy-atom motions of N--N coupled to N—H
vibrations are crucial for tunneling.”*? Also in accord with
our picture is the acid-base reactions of 1-naphthol/ammonia
clusters, which are strongly correlated to acid-base vibra-
tional couplings assisted by solvent fluctuations.”” It should
be pointed out that proton transfer in the tautomerization of a
1:1 7Al/water complex has not been reported in the gas phase
although it is observed in condensed phases.'***34 This
discrepancy hints at the role of solvent fluctuations on the
tautomerization of a 7AI monomer assisted by a protic guest
molecule.

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

Scheme 2. ESDPT mechanism of a 7Al molecule cyclically H-bonded to
an alcohol molecule.
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central role for ESDPT. The intrinsic proton transfer of the
complex is governed by single-proton tunneling from the
alcohol molecule to the pyridinic nitrogen atom, although
heavy-atom motions assist the complex to reach the opti-
mized precursor configuration. The detailed dynamics of this
process requires multidimensional reaction coordinates to be
described properly and thus has great theoretical challenge.

Experimental Section

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

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

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

Imprint lithography can be roughly broken into two areas:
1) so-called soft lithographic techniques,! such as solvent-
assisted micro-molding (SAMIM), micro-molding in capilla-
ries (MIMIC), and microcontact printing (MCP), and 2) rigid
imprint techniques, such as nanocontact molding (NCM),”!
“step and flash” imprint lithography (S-FIL),*! and nano-
imprint lithography (NIL).®! Polydimethylsiloxane (PDMS)
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based networks have served as the material of choice for
much of the work in soft lithography.'”! The use of soft,
elastomeric materials, such as PDMS, offers numerous
attractive properties in several lithographic techniques.
PDMS is highly UV-transparent and has a very low Young’s
modulus which gives it the flexibility required for conformal
contact, even over surface irregularities, without the risk of
cracking."!! Furthermore, flexibility in molds facilitates
release from masters and replicates without cracking and
allows the mold to endure multiple imprinting steps without
damaging fragile features. While PDMS offers some advan-
tages, there are a number of properties inherent to PDMS
which severely limit its capabilities in soft lithography. First,
PDMS-based elastomers swell significantly when exposed to
most oil-soluble organic compounds.'?! With the exception of
MCP! resistance to swelling is critically important in nearly
all soft lithographic techniques where a mold is brought into
contact with a small amount of curable organic monomer or
resin. Second, the surface energy of PDMS (x22-25 mNm ')
is not low enough for procedures which require high fidelity.
Thus, the patterned surface of PDMS-based molds is often
fluorinated using a plasma treatment followed by vapor
deposition of a fluoroalkyl trichlorosilane.!!! Third, the most
commonly used commercially available form of the material
(Dow Corning’s Sylgard 184) has a modulus that is too low
(=~ 1.5 MPa) for many applications which results in collapse of
features. Although elegant solutions to address this last
problem have been developed,'>!*l the materials chosen still
exhibit poor solvent resistance and require fluorination steps
to allow for mold release.

Rigid materials, such as quartz glass and silicon, have also
been utilized in imprint lithography.!">>781523 Such materi-
als are superior to PDMS in modulus and swelling resistance
but lack flexibility and therefore conformal contact with the
substrate. Another major drawback of such materials is the
direct use of a valuable and difficult to fabricate hard mold
which is typically made by using conventional photolithog-
raphy or e-beam lithography.”! Carter and co-workers® and
Resnick et al.?! have eliminated the requirement to repeat-
edly use expensive quartz glass or silicon molds in NCM
processes by utilizing an acrylate-based mold generated from
casting a photopolymerizable monomer mixture against a
silicon master.”! Despite such advances, there are other

Angewandte

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

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

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

Figure 1. A) Formula of the UV curable PFPE liquid precursor used to generate high resolution stamps. B) Schematic representation of the imprint
lithography process. First, a small drop of UV-curable liquid is placed on a silicon wafer. A patterned mold is then brought into contact with the
drop and pressure is applied during UV exposure. The mold is then peeled from the wafer leaving the cured resin in the desired pattern.
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Figure 2. Images of a silicon master with 2-um features (A), PFPE and PDMS molds made from this
master (B, E), and replicate molds of TMPTA using the corresponding stamps (C, D, F, G). While
both elastomers produced molds of high quality, the TMPTA replicate made with the PDMS mold con-
tains residual PDMS that was ripped from the mold presumably because of adhesion (F, G). In con-
trast, the low surface-energy PFPE mold was easily released from the TMPTA replicate (D). The sub-
micron striated features on the replicate in (D) are present on the silicon master and are a result of

multiple etching steps used during its fabrication.

5798

to the patterned silicon wafer using trichloro(1H,1H,2H,2H-
perfluorooctyl) silane was applied to allow release of the
mold. Replica molds of high quality with good feature fidelity
were generated from both the PFPE-based elastomer (Fig-
ure 2B) as well as the PDMS-based elastomer (Figure 2E)
when the feature sizes were this large.

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

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

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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imprint lithographic applications of com-
monplace organics using soft elastomeric
mold materials.

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

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

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

Figure 4. High-resolution AFM image of a PDMS mold (A) and a PFPE
mold (B) generated from the silicon master shown in Figure 3. Repre-
sentative height profiles are shown underneath the respective

images (C, D).

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

In summary, we have demonstrated the capabilities of
PFPE-based elastomers to be used as ideal materials for
advanced, high-performance imprint lithographic applica-
tions. Such highly fluorinated materials enable both soft
lithographic techniques as well as more demanding sub-
micron imprint techniques. They are easily fabricated, have
the ability to make conformal contact, have a remarkably low
surface energy, are resistant to swelling by small organic
molecules, and endure multiple printing procedures. We have
shown that while replica molds with 2-pm features can be
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generated from both PFPE-based and PDMS-based elasto-
mers, only the PFPE-based materials could be used as molds
to imprint and mold desirable organic-soluble materials
because of the intrinsically oleophobic nature of such highly
fluorinated materials. Furthermore, these PFPE-based mate-
rials were able to replicate sub-100-nm sized features with no
indications of limits to going to even smaller in size. In
addition, the low surface energy of the PFPE-based materials
allows for unprecedented ease of release from both silicon
masters as well as from patterned replicates-without the need
for complex surface functionalization-making it good mate-
rial to use in the routine fabrication of nanometer-scale
structures and devices.
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Photocontrol of Smad2, a Multiphosphorylated
Cell-Signaling Protein, through Caging of
Activating Phosphoserines**

Michael E. Hahn and Tom W. Muir*

The ability to activate proteins with spatial and temporal
control inside live cells allows for quantitative kinetic
measurements of protein function to be made in a biologically
relevant context. Proteins that contain photolabile protecting
groups appended to functionalities required for biological
activity can be activated by light and provide a means to
enable such analyses. Few reports of these reagents, known as
caged proteins, have appeared in the literature because of
difficulties in the preparation of such complex macromole-
cules.'! Herein, we describe a semisynthetic route to the
preparation of caged phosphoproteins. This strategy has been
applied to the cellular signaling protein Smad?2.

Smad? is a key element of the intracellular response to
cytokines of the transforming growth factor 3 (TGF-f) super-
family, which are involved in a myriad of normal and disease
processes, including development, tissue homeostasis, and
cancer.”! Binding of TGF-f to its cognate receptor complex
results in phosphorylation of the last two serine residues of
the C-terminal sequence CSSMS of Smad2 (residues 463—
467).”! These phosphorylation events activate Smad2, which
then disengages from the cytosolic retention factor SARA

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

These differential protein—protein interactions and the
localization of Smad?2 provide a basis for understanding how
this molecule functions in a cell. However, these descriptions
are static and do not adequately describe the dynamics
underlying these signaling events. Little is known about where
many of these protein—protein interactions are initiated and
for how long they exist. The kinetics of nuclear import and
export as well as the importance of signal strength, duration,
and localization are all poorly understood. We therefore
targeted Smad2 for caging because the ability to activate this
protein with temporal and spatial control allows one to
directly address some of these fundamental issues.

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

Figure 1. Semisynthesis of caged Smad2-MH2. Expressed protein ligation was used to ligate a recombinant Smad2-MH2-a-thioester/SARA-SBD
protein complex to the doubly caged phosphopeptide 1 to give the caged Smad2-MH2/SARA-SBD heterodimer. Caged Smad2-MH2 is activated by
exposure to UV light and subsequently releases SARA-SBD and forms a homotrimer. Smad2-MH2 is shown in globular form, SARA-SBD is shown
in orange, phosphorylated residues are symbolized by yellow circles, and caging groups are symbolized by red crescents.
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multiple caged phosphate groups in a homogenous
manner."® This characteristic is of significant importance
since many proteins, including Smad2, are controlled by
multisite phosphorylation.”]

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

Angew. Chem. Int. Ed. 2004, 43, 58005803



Preparation of the caged phosphoprotein commenced
with the synthesis of the corresponding doubly caged
phosphopeptide 1 by using the 9-fluorenylmethoxycarbonyl
(Fmoc) strategy (Scheme 1). Key to the synthesis was
1) orthogonal trityl (Trt) protection of the side chains of the
two serine residues to be phosphorylated and 2) incorpora-
tion of the N-terminal cysteine (Cys) group required for EPL
as tert-butoxycarbonyl-1,3-thiazolidine-4-carboxylic  acid
(Boc-Thz). The latter allowed for the thiol group of Cys to
be protected during the critical phosphorylation step and
provided a convenient method for deprotection of the Cys
residue following cleavage of the peptide from the solid
support.'” Following chain assembly and selective unmasking
of the two serine residues, the resulting peptidyl resin 2 was
dried extensively and treated with O-1-(2-nitrophenyl)ethyl-
O'-B-cyanoethyl-N,N-diisopropylphosphoramidite,”  which
contains the 2-nitrophenylethyl (NPE) caging group. tert-
Butylhydroperoxide was then used to oxidize the intermedi-
ate phosphites to the desired phosphates, thus yielding 3.
Notably, the undesired oxidation of the thioether of methio-
nine to the sulfoxide was largely avoided (< 5 %) by limiting
the oxidation time to 20 minutes (see the Supporting Infor-
mation). Attempted on-resin removal of the [-cyanoethyl
protecting groups from two juxtaposed phosphates resulted in
significant amounts of p-elimination of the protected phos-
phate moiety.'!l Interestingly, this side reaction was not found
to occur when the deprotection step was carried out in
solution following cleavage from the resin. This observation
suggests that the elimination was facilitated by the C-terminal
ester linkage between the peptide and the solid support.
Smooth removal of the B-cyanoethyl groups was therefore
carried out under optimized conditions in solution using the
hindered amidine 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU).

Angewandte

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

The caged peptide 1 was labeled with fluorescein-5-
maleimide (thus generating peptide 1-FI1)!'?! and subjected to
low-intensity UV irradiation (312 nm, 2 mW cm?) followed
by RP-HPLC to determine the kinetics and quantum yield of
uncaging. Photolysis followed first-order kinetics with a rate
constant of 4.9x107*s™!, which corresponds to a quantum
yield of uncaging of 0.16 per caging group (Figure 2).
Interestingly, both possible singly caged peptides were
observed in approximately equal amounts after irradiation
for an intermediate length of time, thus indicating that the
efficiency of photolysis was equivalent for both caging groups
(see the Supporting Information). Brief (<5s) exposure of
the peptide to the output of a He-Cd laser (325 nm,
474 Wem™) resulted in near quantitative conversion
(>97%) into the uncaged peptide (see the Supporting
Information).

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

Scheme 1. Synthesis of doubly caged phosphopeptide 1. a) 1. O-1-(2-nitrophenyl)ethyl-O'-B-cyanoethyl-N,N-diisopropylphosphoramidite, 4,5-dicya-
noimidazole, DMF (anhydrous); 2. 1M tBuOOH, CH,Cl, (anhydrous); b) 92.5% TFA, 2.5% EDT, 2.5% TIS, 2.5% H,0; c) 1% DBU, DMF then
0.5M MeONH,-HCl, H,0. TFA=trifluoroacetic acid, EDT =1,2-ethanedithiol, TIS =triisopropylsilane.
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Figure 2. Photolysis kinetics of doubly caged phosphopeptide 1 labeled with flourescein-5-maleimide (1-Fl).
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a) A solution of 1-Fl at 10 um was irra-

diated with low-intensity UV light (312 nm, 2 mWcm™) for the times indicated and subjected to RP-HPLC for quantitation of the doubly caged
(x), singly caged (1), and uncaged forms (A). The percentage of each is plotted versus time of irradiation. b) The fraction of caging groups
remaining was calculated and the natural logarithm at each time point plotted versus time of irradiation, along with a line of best fit, which
yielded a first-order rate constant for photolysis of 4.9x 107 s™" and an /* value of 0.99. The mean of two experiments is plotted for both (a) and

(b), and the standard deviation is represented by error bars in (a).

dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-
PAGE) and was complete after 12 h. The caged protein was
purified by preparative size-exclusion chromatography (SEC)
and its identity was confirmed by ESMS (Figure 3c¢).

To be deemed effective, the caged protein should behave
as if it was nonphosphorylated in the absence of UV light and
should display all the properties of the active, doubly
phosphorylated Smad2-MH2 when uncaged by UV light.
We therefore proceeded with studies designed to determine
the oligomerization state of the caged protein before and after
UV irradiation. Gratifyingly, the caged protein mimicked
nonphosphorylated Smad2-MH?2, since it bound SARA-SBD
in a 1:1 molar ratio (Figure 3a). This heterodimeric arrange-
ment of Smad2-MH2 and SARA-SBD was verified by SEC
coupled with multi-angle laser light scattering (MALLS)
detection at a loading concentration of 5pum (see the
Supporting Information).'¥ MALLS analysis indicated that

a) *k b)
Caged
T
Uncaged
18 20 22 24 26 28 30 32 34 12 14

t/ min —

2P OP

1 1

2P 0P
JL

16 18

VimL —

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

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

¢)

258215

25523+ 9

20000 22000 24000 26000 28000 30000
My /Da —»

Figure 3. Characterization of caged (top panels) and uncaged (bottom panels) Smad2-MH2. Caged Smad2-MH2 was converted into uncaged

Smad2-MH2 by irradiation for 5 s with a He-Cd laser (325 nm, 4.74 Wcm™).

a) The ratio of caged and uncaged Smad2-MH2 to SARA-SBD was

determined by subjecting the caged and uncaged proteins to RP-HPLC with detection at 214 nm and integrating the peaks corresponding to
SARA-SBD (*) and Smad2-MH2 (**). The peak area ratio of caged Smad-MH2:SARA-SBD is 4:1, which at 214 nm indicates a 1:1 molar ratio.

b) The homo-oligomeric status of caged and uncaged Smad2-MH2 was assessed by SEC with detection at 280 nm. The elution positions of
doubly phosphorylated Smad2-MH2 (2P) and nonphosphorylated Smad2-MH2 (OP) controls are indicated. c) The reconstructed molecular weight
from ESMS indicates that the caged protein (caled My, =25818 Da) was assembled successfully. ESMS of the uncaged protein (calcd

My, =25519 Da) indicates quantitative removal of the caging groups after laser irradiation. Observed molecular weights are also shown.
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signaling and transport processes, we set out to determine the
behavior of caged Smad2-MH?2 in a nuclear import assay.
When incubated with digitonin-permeabilized HeLa cells in
the presence of SARA-SBD, nonphosphorylated Smad2-
MH?2 (OP) is excluded from the nucleus, whereas phosphory-
lated Smad2-MH2 (2P) accumulates in the nucleus
(Figure 4).11 UV irradiation had no effect on the localization

Figure 4. Nuclear import assay of Smad2-MH2 variants labeled with
Texas Red C,-maleimide. Nonphosphorylated (OP), doubly phosphory-
lated (2P), and caged Smad2-MH2 before (top panels) and after UV
(bottom panels) laser irradiation (as in Figure 3) were incubated sepa-
rately at 1.5 pm with digitonin-permeabilized Hela cells for 20 minutes
at room temperature in the presence of 4.5 um GST-SARA-SBD

(GST =glutathione S-transferase), an ATP-regenerating system, and

1 mgmL™" bovine serum albumen (BSA). After the import reaction,
cells were washed, fixed, and analyzed by confocal microscopy for the
localization of each Smad2-MH2 variant. A control experiment was
performed in which the import reactions were carried out on ice. This
treatment prevented nuclear accumulation (data not shown), which is
consistent with nuclear import of Smad2 being an energy dependent
process, as previously demonstrated."

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

In summary, we have prepared Smad2-MH?2 caged on two
activating phosphate residues by a semisynthetic route. The
molecule described represents the first report of a protein
caged on a phosphate group. In principle, this approach can
be applied to the construction of a caged version of any
protein activated by phosphorylation. We are currently
investigating this and other strategies of molecular photo-
control over protein function with live cell-imaging techni-
ques.'” These studies are expected to yield quantitative
insight into the kinetics of Smad2 nuclear import and export.
Additionally, we plan to address fundamental questions
regarding the importance of signal strength and duration in
biological processes.
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Self-Assembly of Cyclic Metal-DNA
Nanostructures using Ruthenium Tris(bipyridine)-
Branched Oligonucleotides™*

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

One of the promises of nanoscience is the creation of ordered
structures that contain addressable molecular components,
which are designed to accomplish complex operations.!”
However, whereas many functional molecular components
have already been constructed, methods to assemble them in
a deliberately designed manner on the nanometer scale have
yet to be devised."?! In this respect, DNA has emerged as a
promising template to accomplish this task because of its
uniquely selective self-assembly, ready programmability, and
facile synthesis.*™ In principle, short (10-30-bases long)
strands of DNA can rapidly self-assemble into relatively rigid,
programmable, higher-order DNA structures.”) Pioneering
work by Seeman demonstrated the use of modified Holliday
junctions as oligonucleotide-based vertices in the assembly of
complex two- and three-dimensional nanostructures.
DNA nanostructures have also been constructed® through
the use of oligonucleotide—gold colloidal particles,** biotin—
avidin interactions,”® guanine quartets,*™ and organic verti-
ces.3

We are interested in the creation of cyclic transition-
metal-DNA nanostructures that contain short DNA duplexes
as arms and transition-metal centers as vertices. In these well-
defined supramolecular structures, DNA serves as a nano-
scale rigid molecule to spatially position addressable tran-
sition metals, which have intrinsic properties such as lumi-
nescence and redox activity,'® into an ordered array. Whereas
transition metals have been used to generate 3D DNA
networks,** linear DNA arrays,"Y and metalated DNA, &
to our knowledge, discrete cyclic metal-DNA structures have
not been previously accessed.[! Herein, we report the syn-
thesis and properties of a branched ruthenium(i)-DNA
complex, in which two parallel DNA strands are linked to a
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this molecule leads to the formation of a discrete metal-DNA
cyclic nanostructure, which contains two DNA duplexes and
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1: n=DNA nucleotide

two redox- and photoactive [Ru(bpy);]** centers (bpy=
bipyridine). Furthermore, we show that branched oligonu-
cleotides based on the non-metalated ligand undergo less-
selective association, which illustrates the role of the tran-
sition metal in this self-assembly process.

In a preliminary report,''” we described the synthesis of an
oligonucleotide-branched transition-metal complex through a
convergent, solid-phase approach. In its initial design, a
ruthenium(in) center was linked to two d[T;,] DNA strands
through flexible six-carbon spacers and two monodentate
imidazole ligands. To better control the self-assembly of these
complexes, we needed to expand this solid-phase strategy to
access relatively rigid, branched DNA complexes with mixed
DNA sequences.'!! The vertex used here was based on the
complex, cis-[Ru(bpy),(4,4'-bis(hydroxymethyl)-2,2'-bipyri-
dine)][PF¢], (2, see Scheme 1), which exhibits both lumi-
nescence and redox activity. Examination of a number of X-
ray crystal structures reported for related complexes indicates
that the ruthenium center should orient the 4,4'-carbon
centers at an angle of ~70° (C---Ru--C), whereas in the free
ligand the carbon centers are directed in a transoidal
fashion.”! Complex 2 was first converted into the bis(phos-
phoramidite) derivative 3 by reaction with chloro(cya-
noethyl)-N,N-diisopropylphosphoramidite.”” In parallel, a
number of DNA sequences were synthesized on a high-
density controlled-pore glass (CPG, 56-64 umolg™') support
(Scheme 1). After the removal of the protecting dimethoxy-
trityl groups from the DNA sequences, the ruthenium
complex 3 was added to the oligonucleotide-functionalized
CPG support. After oxidation, the DNA-linked Ru com-
plexes were then cleaved from the support.”!

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

Angew. Chem. Int. Ed. 2004, 43, 5804 -5808
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oligonucleotide conjugates 1 showed an
emission peak at A=615nm which was
identical to that of the unconjugated Ru
complex 2 (Figure 2¢).”’ Thus, the fluores-
cence properties of the ruthenium-bipyri-
dine species are retained in the DNA-
branched Ru conjugates.

Because of the branched architecture of
the Ru-DNA complexes 1, it was important
to assess the propensity of the DNA arms to
form stable duplexes upon hybridization with
their complementary partners. Thermal
denaturation experiments of complex 1b in

Scheme 1. Convergent synthesis of the mono- and branched oligonucleotide—Ru(11) com- the presence of two equivalents of the
plexes; a) tetrazole, room temperature, 2 h; b) I,, pyridine, H,0O, then conc. NH,OH, 12 h, complementary oligonucleotide ¢ showed
55°C. the conventional sigmoidal melting-temper-

generation of the ruthenium-DNA conjugates,
DNA-branched bipyridine conjugates Sd-e
were also prepared by a similar solid-phase
convergent strategy and were isolated and
purified by denaturing PAGE (Figure 1).[
The UV/Vis absorption spectra of the Ru—
DNA conjugates 1 exhibited transitions at A =
260 nm which are characteristic of the hetero-
cyclic DNA bases. The bipyridine n—m* and
metal-to-ligand charge-transfer (MLCT) tran-
sitions were observed at A~280 and 454 nm,

Figure 1. a) Denaturing with 24 % PAGE: lane 1) 11-mer control DNA, d; lane 2) 21-mer control

reSpectiVeIY~[7] Upon irradiation at A =454 nm,  DNA; lane 3) crude mixture of 1d; lane 4) [Ru(bpy);]**-bis(DNA) 1d. b) Denaturing with 24 %

the fluorescence spectra of the ruthenium—  PAGE: lane 1) bpy-bis(DNA) 5d; lane 2) bpy—bis(DNA) 5e. n=DNA nucleotide.

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

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

Scheme 2. a) Discrete [Ru(bpy);]**~DNA nanostructures through the
self-assembly of 1, and b) discrete bpy~-DNA nanostructures from 5.

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

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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copy; upon excitation at 454 nm, an emission at A =616 nm
was observed which showed a ~ 6 % decrease in its intensity
relative to that of the unhybridized DNA-Ru complex 1
(Figure 2¢).'" Thus, upon hybridization with their comple-
mentary partners, the branched Ru" complexes form stable
bis(duplex) systems and retain their fluorescence properties.

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

Figure 3. Native PAGE analyses: a) Hybridization from 90 to 4°C over-
night: lane 1) 10-330 base-pair ladder; lane 2) solution of 1d-1e

(20 um) in TMS; lane 3) solution of 1d-1e (40 um) in TMS. b) Hybridi-
zation at 4°C overnight: lane 1) solution of 1d-1e (40 um) in TMS;
lane 2) solution of 1d-T1e (20 um) in TMS; lane 3) 10-330 base-pair
ladder.

linear polymeric DNA-Ru species 7 (Figure 3a). Interest-
ingly, when the self-assembly of 1d with 1e was carried out
under milder conditions (4°C, 12 h), one major discrete
product formed along with small amounts of polymeric
species. The mobility of this Ru-DNA structure corresponds
to a 44-base molecular-weight marker and is consistent with
the formation of a dimer, 8, which contains two DNA
duplexes (44 nucleotides) and two [Ru(bpy);]** vertices
(Scheme 2, Figure 3b). To determine whether this dimer
was an open, linear product or a cyclic molecule, enzymatic
digestion with Mung Bean Nuclease was conducted."” This
enzyme is selective to the degradation of single-stranded
DNA. It is thus expected to degrade open, oligomeric species
that contain single DNA strands, but to leave closed, cyclic
species that contain double DNA strands intact. Under
conditions that cause the degradation of single-stranded
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DNA, the dimer 8 remained unmodified by the enzyme.”
Thus, the self-assembly of the DNA-branched Ru complexes
1 generates a discrete metal-DNA cyclic nanostructure.!'”!
To probe the role that the transition-metal ion plays in the
self-assembly process, a hybridization experiment was carried
out with the unmetalated bipyridine-bis(DNA) conjugates 5.
The DNA-branched bipyridine molecules 5 are expected to
show a higher flexibility than the DNA-branched Ru
complexes 1 and a twist of the two DNA strands into a
transoidal arrangement.”) Samples 5d and 5e were combined
under similar hybridization conditions (4°C, 12 h, Scheme 2,
Figure 4). In addition to a band that was assigned to a dimeric

Figure 4. Native PAGE analyses: a) Hybridization with unmetalated-bipyridine-DNA
conjugates 5 at 4°C overnight: lane 1) 10-330 base-pair ladder; lane 2) solution of

Angewandte

contain a bipyridine ligand as one of their vertices, structures
9 and 10 can potentially be further functionalized with other
transition-metal ions (such as Cu*, Ag*, and Zn**), and thus
they have the potential to form hybrid multimetallic DNA
nanostructures and networks.™
In conclusion, we have demonstrated the solid-phase,
convergent synthesis of DNA-branched Ru" complexes 1 and
their self-assembly into the first cyclic metal-DNA nano-
structures."8! These supramolecular structures contain two
DNA duplex arms and two relatively rigid photo- and
electroactive [Ru(bpy),]** vertices. We have also shown that
branched DNA complexes with unmetalated bipyridine
vertices undergo less-selective self-assembly,
which illustrates the role of the transition metal
in this process. The transition-metal units in these
nanostructures are readily addressable by means
of light or electrical energy. Thus, this study
represents a new method to use the selective
association of DNA to organize functional molec-
ular components on the nanometer scale. Efforts
towards understanding the factors that govern the
self-assembly process, the isolation of these cyclic
structures and the study of their properties, as well
as scanning probe microscopy experiments are
currently underway.
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5d-5e (20 pum) in TMS; lane 3) solution of 5d-5e (20 pum) in TMS with added
enzyme. b) Hybridization at 4°C overnight of oligonucleotides from the metalated

complex 1 with those of the unmetalated conjugates 5: lane 1) 10-330 base-pair
ladder; lane 2) solution of 5d-1e (20 um) in TMS; lane 3) solution of 5d-1e

(20 um) in TMS solution with added enzyme.

species 9, which contains two bipyridine moieties and two
DNA duplexes, several bipyridine assemblies that ranged
from tetramers to significant amounts of higher-order
oligomers/polymers were observed (Figure4, Scheme 2).
Enzymatic digestion of the hybridized products did not
affect the discrete bands that correspond to the dimer and
tetramer, which indicates that they therefore correspond to
cyclic products. These results are in contrast to the behavior of
the DNA-branched Ru complexes 1, which form the dimer 8
as the sole cyclic product, and illustrate the active role of the
transition-metal ion in the self-assembly of these higher-order
DNA structures.

Finally, to create hybrid DNA structures that contain both
[Ru(bpy);]** units and unfunctionalized bipyridine vertices,
the self-assembly of the DNA-branched Ru complex 1d with
the DNA-branched bipyridine 5e was examined (4°C, 12 h,
Scheme 2). This led to the formation of a cyclic dimer 10,
which contains two DNA duplexes and one ruthenium-
bipyridine and one bipyridine vertex, along with higher
molecular-weight oligomeric species (Figure 4, Scheme 2).
The cyclic nature of the dimer 10 was also confirmed by
enzymatic digestion with Mung Bean Nuclease. As they
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DNA Superstructures

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

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

Nucleic acids can assemble into higher-order structures on the
basis of complementary Watson—Crick base pairing. This self-
assembly process has been exploited by a number of
researchers!" in the “bottom-up” approach to the generation
of nonbiological structures of nanoscale dimensions.”! In
some studies, these assemblies have been based solely upon
complementary DNA hybridization in which branch points
are created by double-crossover structures'®” (generated as
immobile junctions® ") that are similar to those of DNA
recombination intermediates; higher-order DNA networks
can be made by this approach.'"?l In other cases, DNA
sequences have been tethered to multifunctional organic
cores!*!¥ or inorganic complexes!* ! that are capable of self-
assembling into more-complex networks such as dendrim-
ers.>2! Oligonucleotides have been tethered to gold nano-
particles,”?**! and complementary hydrogen bonding
resulted in the formation of large assemblies that were used
for diagnostics.”**! Nucleic acids can also be functionalized
by conjugation, and this approach has led to the development
of nanostructures and devices,”*>”) DNA-protein conju-
gates,”” and the assembly of two- and three-dimensional
networks. DNA-based nanoscale assemblies have been used
for the construction of nanowires.”*? Herein we describe the
preparation of six-oligonucleotide-armed ruthenium(in) tris-
(bipyridyl)-centered complexes as precursors for the gener-
ation of supramolecular nanoscale assemblies.

In the present monomer design, we chose [Ru(bpy);]**
with a Ru" ion bound to three bipyridine (bpy) ligands as a
core, and the DNA arms were tethered at the 4- and 4'-
positions of each bipyridine ligand (Figure 1). Although
[Ru(bpy);]** exists in two enantiomeric forms, substitution
at all three 4 and 4’ sites results in an octahedral arrangement
of the substituents in both enantiomers. First, enantiomeri-
cally pure DNA—-[Ru(bpy);]** conjugates should be attainable
by appropriate chromatographic resolution of the Ru com-
plexes as has been described for related ruthenium com-
plexes,?** followed by their incorporation into DNA con-
jugates. However, such chromatographic separations are not
yet routine, and successful isomer resolution still depends in
part upon the nature of the complex. The choice of sequences
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Figure 1. A [Ru(bpy);]** center with six DNA sequences tethered at the
4 and 4’ positions.

for the present building blocks is quite general, but self-
assembly of monomers into higher-order structures requires
either monomers that tether self-complementary sequences,
or two or more monomers that tether complementary
sequences.

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

OCH,CH,CN
3-AGCTGAGCTGGTCGAGTCGA-O—P

N(iPr),

HO(CH,)s % (CHo)sOH
{CH,)sOH
+ tetrazole 1
Y
/OCHZCHZCN
3-AGCTGAGCTGGTCGAGTCGA-O— P\
O(CHy)s
1. oxidation
2. DNA synthesis
3. deprotection HO(CH,)
2

Scheme 1.

Angew. Chem. Int. Ed. 2004, 43, 5808 -5811

2: R =-0(CH,)q0POs~AGCTGAGCTGGTCGAGTCGA-3'

3: R = ~0O(CH,)g0PO;~TCGACTCGACCAGCTCAGCT-3'
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uniform polarity, we synthesized the initial sequence on a
solid support in the conventional 3 to 5'-direction
(Scheme 1). The Ru" complex was then incorporated into
the support-bound 20-mer by a reverse-coupling proto-
col.?334 Synthesis of DNA in the unconventional 5’ to 3'-
direction by using the reverse nucleoside monomers® (3'-
dimethoxytrityl, 5'-phosphoramidites) allowed the function-
alization of the remaining five linkers at the metal complex.
During this latter process, the reaction times for the coupling
reactions were extended to 60 min. With six hydroxy-termi-
nated linkers present in 1 (see Scheme 1), it is conceivable
that cross-linking of the synthesis support might occur; that is,
one Ru" complex could react with two (or more) support-
bound DNA sequences. We believe this to be, at most, a
minor reaction pathway, but for the described complexes it is
also relatively unimportant with respect to the nature of the
final product. Because all six sequences attached to the Ru
tris(bipyridyl) center are identical both in sequence and
polarity, complexes formed by either a single coupling or a
cross-linking event to the support-bound sequence are all
identical after deprotection. Control reactions with the Ru
tris(bipyridyl) complex confirmed that [Ru(bpy),]** was
stable to the basic conditions encountered during the
deprotection of the DNA sequences.

The desired six-arm complexes 2 and 3 were purified by a
combination of HPLC and PAGE (polyacrylamide gel
electrophoresis) techniques. The reversed-phase HPLC
traces typically resulted in three peaks (see Supporting
Information). The third peak (37.9 min) corresponded
to an orange-colored species and contained the
product, namely 2 or 3 (see Scheme 1). The first
peak (22.7 min) contained DNA without any ruthe-
nium which resulted from the growth of DNA strands
that had not coupled with the Ru complex 1, whereas
the second peak (33.1 min) remains unidentified. The
desired complexes were isolated by HPLC with a Cjg
fast-flow Poros column, which gave essentially the
same peak pattern as the analytical HPLC traces but
broader peaks.

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

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

Figure 2. Nondenaturing PAGE analysis of DNA-[Ru(bpy);]** conju-
gates (=225 nm) that result from the synthesis of 3. Left panel, hybridi-
zation results for the 6-arm conjugate; right panel, hybridization
results for the 5-arm conjugate. Lane a: 20 bp ladder; lane b: isolated
6-arm conjugate; lanes c—i: 6-arm conjugate with increasing amounts
of the complementary 20-mer; lane j: isolated 5-arm conjugate;

lanes k—q: 5-arm conjugate of lane 10 with increasing amounts of the
complementary 20-mer. bp = base-pairs.

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

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

DNA Duplex Arms 0 1 2 3 4 5 6
Sequence Size 120 140 160 180 200 220 240
Apparent Size® 135 190 270 355 453 511 638

Migration Anomaly?  1.13 136 1.69 197 227 232 266

[a] Ratio of acrylamide to bisacrylamide 75:1. [b] Apparent size relative to
a 20bp standard ladder. [c] Migration anomaly=apparent size/
sequence size.

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

In this first study of a Ru center that tethers six DNA
strands, we employed a nine-carbon-atom linker between the
DNA duplexes and the [Ru(bpy);]** center. The linker and
the [Ru(bpy)s;]*" moiety taken together have a maximum
extension of ~15 A from the center of the complex, whereas
the diameter of the duplex DNA is ~ 20 A. The length of the
linker may introduce some floppiness to the system, but even
at this length, rotation of the DNA duplexes about the linker
relative to one another can still result in significant restrictive
steric or electronic effects with neighboring helices. To
examine a more restrictive system, we prepared the
[Ru(bpy);]** center with six hydroxyethyl (two-carbon-
atom) linkers and attempted to prepare the corresponding
complex that tethers six DNA sequences. However, we were
unable to obtain any material that contained all six DNA
sequences tethered to the Ru-bipyridyl center. The optimal
length of the linker for complexes of this type therefore lies
between the 9-carbon-atom linker with which the target
complex was obtained and the 2-carbon-atom linker that was
unsuccessful.
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A second hybridization assay (in an agarose gel) was
performed with the monomers 2 and 3 (see Scheme 1), each
of which contained six identical DNA arms that were
complementary to those of the other monomer. As size
markers, the respective hybridization products of 2 and 3 with
six equivalents of the corresponding complementary 20-mer
were used. These samples (Figure 3, lanes a and e, respec-
tively) each provided a species with 240 residues (6 x 20 bp)
that binds ethidium bromide to yield intensely fluorescent

Figure 3. Hybridization of 2 and 3 as visualized by ethidium bromide
after agarose gel electrophoresis. Lane a: 2 + excess 20-mer; lane b: 2
+ 3 (2:1); lanec, 2 + 3 (1:1); lane d: 2 + 3 (1:2); lanee, 3 +
excess 20-mer.

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

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

The Catalytic Activity of “Naked” Gold
Particles™*

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

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

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

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

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

These particles are produced as a colloidal sol by reducing
HAuCl, in the presence of a large excess of glucose acting
either as reagent or protector. From the initial rate, a specific
molar activity of 18043 mol gluconate [mol Au] ' h™! (calcu-
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Figure 1. The activity of different metal particles in glucose oxidation.
[Metal]=10"*m, [glucose] =0.4 m, T=303 K.

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

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

Angew. Chem. Int. Ed. 2004, 43, 5812 -5815



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

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

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

In principle, the knowledge of particle size in the sol
allows the calculation of the turnover frequency (TOF) of
gold. For this purpose, a series of experiments were under-
taken to better characterize the kinetics of glucose oxidation
with goldsol. Using colloidal particles having a mean
diameter of 3.6nm, a linear correlation between gold
concentration (107°-107°m) and catalytic activity was found
(Figure 4), which indicates that the rate is not limited by mass-
transport phenomena.
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Figure 4. Conversion versus [Au]; t=100s, [glucose]=0.1 m.
T=303 K.

Furthermore, colloidal particles of different size have
been produced by changing the chloroauric concentration
from 50 to 600 mgL~!, and the mean dimension of coherent
scattering crystallites was determined by XRD (using the
Scherrer equation!"!) after immobilization on carbon. For
comparing activity with size, this technique allows a better
correlation than that obtained by TEM where a broad
distribution is observed in the case of larger particles (5-
10 nm) owing to the formation of aggregates after deposition
on carbon. These aggregates, however, retain their XRD
identity. The chemical nature of gold particles under reaction
conditions has been investigated by X-ray photoemission
spectroscopy (XPS) after deposition on carbon. The presence
of a sharp peak centered at 83.9+0.2¢eV, relative to the
Au 417/2 signal, suggests the existence of the metallic state
only."” By using gold particles of different size in the range 3-
6 nm, we observed a catalytic activity inversely proportional
to the diameter at the total gold concentration of 3.2 x 10~°m
(Figure 5). Particles larger than 6 nm deviate from linearity
and a sharp cut off is observed at approximately 10 nm. We
have no arguments that give a satisfactory interpretation for
the sudden loss of activity. However, discontinuity at the
nanometric scale has been observed in the case of other
physicochemical properties of gold, for example, the sharp
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Figure 5. Conversion versus particle dimension; t=100s,

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

The catalytic behavior of unsupported gold nanoparticles
which interact with dissolved oxygen and glucose under
conditions which are at the boundary between homogeneous
and heterogeneous conditions, is also of interest for making
comparisons with homogeneous catalysis. In fact, homoge-
neous enzymatic systems, containing the oxidase-catalase
proteins derived from Aspergillus Niger mould, are the basis
of the industrial process for the production of gluconate.!!
Catalytic tests were carried out, in the same apparatus as for
the gold reactions, using a commercial enzymatic system
(hyderase, Amano) containing 1.3 x 10" * molg™' (hydrase) of
flavine-adenine dinucleotide (FAD) as the rate-limiting
factor. Operating at 303 K and 101.3 kPa, the pH value was
fixed at 7 and a glucose/FAD molar ratio of 6.7 x 10° was used
for optimizing the activity.

Under these conditions, the enzymatic system was about
one order of magnitude more active than gold, its initial TOF
value being 7.0x10°h™' referenced to FAD (Figure 6)
compared to 5.0x10*h™ for the inorganic catalysis refer-
enced to the exposed gold.

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

In conclusion, the catalytic role and the properties of
unsupported gold nanoparticles towards glucose oxidation
have been investigated, allowing the evaluation of the specific
activity of the metal which resulted comparable to that of
enzymatic systems.
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Figure 6. Rate of glucose oxidation with hyderase. [Glucose]=1m,
[FAD]=1.5x10"5m, T=303 K.

Experimental Section

A colloidal dispersion of gold I, was prepared by treating a 1.25x
10*m aqueous solution of gold (as HAuCl,) with NaBH,
(NaBH,:Au=5:1) under N, atmosphere, in the presence of a large
excess of glucose (0.35M). The resultant brown sol contained metal
particles, stable for several hours in the absence of dioxygen, having a
mean diameter of 3.6 nm, as determined by TEM performed on a
drop of dispersion evaporated on copper grid. In a similar manner Cu,
Ag, Pd, and Pt colloidal particles (3-5.5nm) were prepared.
Supported 0.5% (w/w) gold on carbon catalyst, I, was prepared by
contacting 2 g of carbon powder (X40S, Camel, 1200 m*g ") with sol I
containing the appropriate amount of Au. Inductively coupled plasma
(ICP) analysis showed total depletion of gold from the solution in a
few minutes, and the residue material collected by filtration was used
for the catalytic test without washing.

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

An Aromatic Anion Receptor:
Anion-m Interactions do Exist**

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

Noncovalent supramolecular interactions involving aromatic
rings play a significant role in both chemical and biological
recognition."! For example, m-stacking interactions between
the aryl rings of nucleobase pairs help to stabilize the DNA
double helix.* It is well known that cation—m interactions
are of great importance for many biological systems.[**! Thus,
the binding of the agonist acetylcholine to its receptor is very
selective and involves cation-m interactions between a
quaternary ammonium group and a tryptophan amino acid
residue.!”! Design and preparation of supramolecular host—
guest compounds involving neutral or cationic entities have
therefore received much attention during the last two
decades."! In contrast, the chemistry of noncovalent anion-
7 interactions is much less developed.™ This is most likely
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due to the electron-donating character of anions, which is
expected to lead to repulsive interactions with aromatic
clouds. However, in the last few years, an increasing number
of aryl hosts for anionic guests have been studied, probably
because of their potential medicinal and biological applica-
tions.® Indeed, more than 70% of enzyme substrates and
cofactors are anions.['”

Interactions between m-electron-poor aromatic moieties
and anions were first demonstrated by NMR studies.!"!"%!
Several recent articles have reported theoretical investiga-
tions on the binding of halides with electron-deficient =
systems such as fluorobenzene derivatives,'"* % fluoro-s-
triazinel'”! and s-tetrazine derivatives,'® and tetrafluoroe-
thene.™ All calculations clearly indicated an energetically
favorable noncovalent interaction between halide and m
system.?” Lately, the first crystallographic evidence was
reported for such interactions, between the 1,3,5-triazine
group of the ligand 2,4,6-tris(di-2-pyridylamino)-1,3,5-tri-
azine®?"? and chloride and tetrachlorocuprate!®! anions.

In the course of research on the preparation of triazine-
based coordination polymers®?! and their physical and
catalytic properties,®?! the dendritic octadentate ligand
N,N',N" ,N""-tetrakis{2,4-bis(di-2-pyridylamino)-1,3,5-tri-
azinyl}-1,4,8,11-tetraazacyclotetradecane (azadendtriz) was
synthesized.?”!
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Layering an aqueous solution of CuCl, (2 mL, 32 mm)
with a solution of azadendtriz in dichloromethane (2 mL,
3.6 mM) gave blue prismatic crystals of [Cuy(azadend-
triz) CL,](Cl)4(H,0);; (1) in 54 % yield by slow diffusion of
the ligand into the aqueous phase, which gradually turned
from colorless to dark blue (see Supporting Information).

The structure of 1 (Figure 1) shows a cationic tetranuclear
copper moiety formed by one dendritic ligand, where the four
s-triazinyl groups stack two by two in a parallel fashion.
Consequently, the copper ions are coordinated by two 2,2'-
dipyridylamino units belonging to two different s-triazine
rings. The coordination spheres of the square-pyramidal (7 =
0.11, 0.13, 0.11, and 0.13 for Cul, Cu2, Cu3, and Cu4,
respectively)® metal centers are completed by a chloride
anion at the apical position at a distance varying from 2.406(6)
to 2.431(5) A. The Cu—N distances of 1.991(9)-2.056(12) A
can be considered normal for square-pyramidal Cu" ions. In
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Figure 1. Representation of 1, showing the four pentacoordinate Cu"
ions and the two encapsulated chloride anions Cl5 and Cl6.

addition, four chloride anions and thirteen water molecules
are located in the crystal lattice. Some of these noncoordi-
nated entities are disordered, for example, two carbon atoms
of the azacrown group. The triazine rings are m—m stacked in
pairs with nearly perfect face-to-face alignment (Figure 1),
which is quite a rare phenomenon.??! The distances between
the triazine centroids of 3.65 (rings A) and 3.60 A (rings B)
are slightly longer than the usual values for m—m interactions
(ca. 3.5 A). However, such elongation is commonly observed
with N-heteroaromatic ligands, especially when the nitrogen
atoms of one ring face the nitrogen atoms of the other, which
leads to unfavorable electrostatic interactions.’! A shorter
distance has been observed with a less repulsive N/C face-to-
face alignment between two s-triazine rings.”"!

The most fascinating feature of this supramolecular
species is its ability to encapsulate two chloride anions.
Indeed, CI5 and CI6 are the guests of two host cavities formed
by four pyridine rings of the ligand (Figure 1). The cen-
troid-Cl~ distances vary from 3.521(6) to 3.559(5) A for CI5,
and from 3.466(5) to 3.697(5) A for Cl6. These distances are
longer than the values calculated for the model s-triazine
anion.'! Unfortunately, no theoretical investigations are
yet available for the pyridine ring, which is a much less
electron deficient aromatic ring, but one would reasonably
expect longer ring—anion bonds. The anion—m interactions
observed here are favored by the fact that the pyridine rings
involved are coordinated to copper ions, which enhances their
electron-poor character. In addition to the = interaction, the
chloride ions are close to the neighboring triazine rings.
Indeed, the CI5--N92 and Cl6--N106 distances of 3.013(12)
and 3.119(13) A, respectively, suggest some electrostatic
interactions between the guest anions and the electron-
deficient triazine rings. The combination of both electronic
effects confers electrophilic character on the host cavity. The
angles of the Cl --centroid axis to the plane of the different
pyridine rings are 78 and 80° for CI5, and 74 and 82° for CI6.
The ideal anion-aromatic plane angle of the extensively
studied s-triazine moiety is 90°. However, again, no theoret-
ical calculations have been performed on the pyridine ring,
and thus the optimal angle has not yet been determined.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In summary, the first coordination compound of the ligand
azadendtriz is reported. The supramolecular copper complex
1 shows unusual intramolecular m—rt interactions between
1,3,5-triazine rings. Furthermore, this tetranuclear complex
exhibits host—guest properties, and the first encapsulation of a
chloride anion by four pyridine rings is described, which
demonstrates the possible existence of anion—m interactions.
The encapsulation of the bromide anion is currently being
investigated. A theoretical approach to study this non-hydro-
gen bonding artificial anionic receptor is also proposed.
Understanding how nature can selectively bind, functionalize,
and transport anionic species in biological systems would
undoubtedly be of great importance for the design of new
drugs.
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Nanostructures

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

Jiaxing Huang and Richard B. Kaner*

Polyaniline is unique among conducting polymers because of
its simple nonredox doping/dedoping chemistry based on
acid/base reactions."” The conventional chemical oxidative
polymerization of aniline is carried out in an aqueous solution
in which aniline is dissolved in a strong acidic solution (for
example, 1M HCl) at about 0°C and the polymerization is
initiated by adding an oxidant (for example, ammonium
peroxydisulfate) into the solution.!!! Polyaniline nanostruc-
tures, such as nanofibers/-wires/-rods/-tubes, can be made by
introducing “structural directors” into the chemical polymer-
ization bath. These structural directors include “soft tem-
plates” such as surfactants,”! organic dopants,™! or polyelec-
trolytesl® that assist in the self-assembly of polyaniline
nanostructures, and “hard templates” such as porous mem-
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branes!”! or zeolites!® where the templated polymerization of
aniline occurs in the 1-D nanochannels. Films containing
polyaniline nanofibers can also be made by using electro-
spinning® or electrochemical methods to control the poly-
merization rate.'>” Nanostructures of polyaniline are of
great current interest since they combine the properties of
low-dimensional organic conductors with high surface area
materials. This situation can lead to enhanced properties in
applications such as chemical sensors.!36]

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

To address the first question we studied the morphological
evolution of polyaniline during traditional chemical oxidative
polymerization. A solution of the oxidant ammonium peroxy-
disulfate dissolved in 1M HCI was fed continuously into a
solution of aniline dissolved in 1m HCI by using a syringe
pump at a preset flow rate. This procedure is analogous to the
“drop by drop” titration used in traditional synthesis
(Figure 1) but with a precisely controlled feeding rate. The
reaction vessel was kept in an ice bath at between —5 and 0°C.
Small amounts of product for transmission electron micro-
scopy (TEM) studies were periodically extracted from the
reaction bath as soon as the green color of polyaniline was
visible. At this point, the samples were immediately diluted
with distilled water, cast onto TEM grids, and dried in air to
quench the polymerization. Polyaniline nanofibers form at an
early stage in the polymerization process (Figure 2a). These
nanofibers have average diameters of 30-35 nm, which is
consistent with those obtained using interfacial polymeriza-
tion.!'”? As more ammonium peroxydisulfate is fed into the
reaction, the nanofibers become scaffolds for secondary
growth of polyaniline (Figure2b) and finally turn into
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Figure 1. Schematic diagram illustrating the formation of polyaniline
agglomerates during conventional chemical synthesis. a) The oxidant
(open circles) dopant solution is added slowly to the aniline (solid cir-
cles) dopant solution. b) Polyaniline nanofibers form as soon as the
polymerization begins. Since the nanofibers are exposed to aniline and
oxidant, they are subject to secondary growth. c) Agglomerates of poly-
aniline particles plus a few nanofibers are found because of severe sec-
ondary growth.

irregularly shaped agglomerates containing nanofibers and
particulates (Figure 2¢). The whole process is illustrated
schematically in Figure 1. Therefore, if secondary growth can
be suppressed, the yield of nanofibers in the final product
could be greatly increased.

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

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

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Typical TEM images showing the morphological evolution of
polyaniline during chemical oxidative polymerization in 1Tm HCl at
about 0°C. The samples were extracted: a) as soon as the green color
of polyaniline became visible, b) after 25 minutes, and c) after

100 minutes.

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

Angew. Chem. Int. Ed. 2004, 43, 5817 -5821
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Figure 3. A schematic illustration of the synthesis of polyaniline nano-
fibers by using interfacial polymerization. a) An interface is set up
between an organic phase containing dissolved aniline (solid circles)
and an aqueous phase containing the oxidant (open circles). b) Poly-
aniline nanofibers form at the interface, where aniline meets the oxi-
dant and diffuse into the water phase. Note that this carries the nano-
fibers away from the reactive interface so they are not subject to fur-
ther secondary growth. c) As the polymerization proceeds, nanofibers
accumulate in the aqueous phase.

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

almost exclusively polyaniline nanofibers of uniform sizes as
observed using scanning electron microscopy (SEM; Fig-
ure 5a). The nanofibers formed are similar to those obtained
by interfacial polymerization. In contrast, agglomerates of
nanofibers and irregular particulates are produced by using
traditional slow-mixing reactions (Figure Sb). Comparable
results are obtained when monomer solution is fed into the
initiator solution.

Reactions that are rapidly mixed using other doping acids,
including sulfuric, camphorsulfonic, and perchloric acids also
produce “pure” nanofibers with comparable shapes and sizes
to those made by interfacial polymerization.'”! Fast-mixing
reactions carried out at different temperatures, including in an
ice bath (ca.0°C), at room temperature (ca.20°C), and at
100°C, all yield high-quality nanofibers. When the reactant
concentrations are increased, the induction time of the
reaction is reduced, but no apparent difference in the
morphology of the product is observed. It is now clear that
nanofibers of polyaniline form naturally during chemical
oxidative polymerization in aqueous solutions. By suppress-
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Figure 5. SEM images showing the morphology of polyaniline synthe-
sized from a) a rapidly mixed reaction and b) a slowly mixed reaction.
High-quality nanofibers are obtained in the rapidly mixed reaction,
while irregular agglomerates form in the slowly mixed reactions.

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

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

fibers. Note that since the as-prepared polyaniline is in its
doped, hydrophilic emeraldine salt form, the affinity of the
polyaniline salt for the solvent will decrease from water to
ethanol to isopropanol as the polarity decreases. Therefore, it
is not surprising that polyaniline favors more compact
morphologies in ethanol and isopropanol, while in water
elongated 1-D nanofibers form.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In summary, polyaniline preferentially forms as nano-
fibers in aqueous solution during chemical oxidative polymer-
ization. The nanofibers produced in the early stage of
polymerization during slow-feeding reactions are subject to
secondary growth, which leads to the large agglomerates
containing irregularly shaped particles and nanofibers. Pure
nanofibers can be obtained by preventing the secondary
growth. In interfacial polymerization secondary growth is
suppressed when freshly formed nanofibers diffuse away from
the reactive interface. Secondary growth is limited in rapid-
mixing reactions by quickly consuming the reactants during
the initial polymerization. Rapid-mixing reactions in less-
polar solvents produce less-perfect nanofibers, which indi-
cates that water is the best solvent for the synthesis of
nanofibers. The rapid mixing reaction route is an even simpler
method than interfacial polymerization to make polyaniline
nanofibers, especially on a laboratory scale where sufficient
mixing can be easily achieved by stirring or shaking before the
polymerization starts. This mechanistic study may offer
important insights into the synthesis of other conducting
polymer nanostructures. It may also help to explain the
variation in the properties of polyaniline made in different
reactions, since the rate of addition of reactants affects the
final morphology, thus resulting in different fractions of
nanofibers in the final product.

Experimental Section

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

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

Angew. Chem. Int. Ed. 2004, 43, 5817 -5821
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grids. Samples for SEM experiments were made on conducting stages
and observed without gold coatings.

Received: May 11, 2004

Keywords: nanostructures - polyaniline - polymerization -
reaction mechanisms
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Natural Products Synthesis

Total Synthesis of Apicularen A through
Transannular Pyran Formation**

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

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

H
OH o = N
(0] S
0 = = |
N 0 '\

(0] H OH O

o OH
éH N Me

apicularen A (1) salicylihalamide A (2)

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

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

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

m ?}\/\/OBH
SYS + 4 0 He— sm 4 steps
Cl + — olMe;
BuMe,Si 3 \/5<‘ 6

H BnO m OTBDMS 4 steps H S BnO O 6]
EUSS N
7
BnO 8 BnO

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

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

Ph
o} O><O

8 — BuzSn OBn

>

BnO O O

NN O
10

BhO O O
Bu3Sn\/\)\/'\/l\/\/OBn
1"

Scheme 2. Synthesis of the vinylstannane 11 via an intermediate vinyl
borane: a) nBu;SnH, AIBN (cat.), toluene, reflux (56 %);

b) (C¢H11),BH, THF, 0°C, 1 h; ¢) NaOH, [Cu(acac),] (cat.), nBu;SnCl,
—15-23°C (>93%).

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

The subsequent cross-coupling reaction of the triflate
121 with the stannane 11 proceeded smoothly to furnish the
salicylate 13 in excellent yield (Scheme 3). Hydrolysis of the
acetal and ester functionalities then gave the dihydroxy acid
14. As we had observed in this and related cases,!'"”? the size-
selective macrolactonization under Yamaguchi conditions!®!
gave selectively the larger of the two macrolactones, but the
chemical yield was only in the range of 50 %. Therefore, the
method of Trost and Chisholm was investigated.'”! In this
case, an ethoxyvinyl ester, prepared by the ruthenium-
catalyzed addition of the carboxylic acid 14 to ethoxyacety-
lene, serves as the precursor. The best results for the
macrolactonization were obtained at 80°C (5Smwm, 63%

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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b.c 2 OBn OH OH d
Z OBn
14
(0] OBn
o +OH
==
16
OBn
M M
8 © OBn 8 € OBn
f (@] g 0]
(@]
CH
9y H
éBn 17 éBn trans-18

Scheme 3. Cross-coupling, size-selective macrolactonization, and
transannular etherification to yield the building block trans-18:

a) P(furyl)s, [Pd,(dba)], LiCl, NMP, 60°C, 48 h (93 % from 8); b) 80%
AcOH, 23°C, 80 min (99%); c) LIOH, MeOH/H,0, 60°C, 72 h (99%);
d) [{RuCl,(p-cymene)},], ethoxyacetylene, toluene, 0°C; e) CSA, tolu-
ene, 80°C (63 % from 14); f) Hg(O,CCF;),, CH,Cl,, 23°C, 30 min, then
NaCl, 23°C; g) Et;B, LiBH,, THF, —78°C, 1 h (89 % from 16). CSA=
camphorsulfonic acid, NMP =1-methyl-2-pyrrolidinone, Tf=trifluoro-
methanesulfonyl.

yield). In contrast to the results of our previous model
study,' the treatment of the macrolactone 16 with N-
(phenylseleno)phthalimide left the starting material
unchanged."® Eventually, it was found that treatment with
mercuric trifluoroacetate in dichloromethane gave the
cyclized organomercurial intermediate within minutes. To
suppress the undesired retrocyclization!"” of the mercurial
intermediate during the reductive demercuration, it was
necessary to change the solvent from CH,Cl, to THF and to
perform the reduction with LiBH, in the presence of Et;B.”"
The origin of the high selectivity in the transannular ether-
ification has not yet been clearly ascertained. However, on the
basis of previous work, we believe that the transition state of
the kinetically controlled reaction is productlike, thus leading
to the less strained product.®*1%!

The synthesis continued with the cleavage of all ether
protecting groups with 9-iodoborabicyclononane (9-1-9-BBN;
Scheme 4).2! A sequence of complete silylation and selective
desilylation generated the primary alcohol 20, which was
oxidized to the aldehyde 217 with tetra-n-propylammonium
perruthenate (TPAP)./? The stage was set for the attachment
of the enamide side chain.”® The addition of the aluminum
carboximidoate derived from the amide 22" and diisobutyl-
aluminum hydride® to the aldehyde 21 provided the hemi-
aminal 23 in 86 % yield (1:1 mixture of diastereomers). When
a solution of the hemiaminal 23 in THF was heated at reflux
in the presence of acetic anhydride and pyridine, the enamide
24 was obtained as a separable E/Z mixture (E/Z=175:25).
The removal of the silicon protecting groups from (E)-24 with
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Scheme 4. Synthesis of apicularen A via the hemiaminal 23: a) 9-1-9-
BBN, CH,Cl,, 23°C, 90 s, MeOH; b) TBDMSCI, imidazole, DMAP
(cat.), DMF, 23°C, 48 h (72% from 18); c) CSA (cat.), CH,Cl,/MeOH,
0°C, 3h (85%); d) TPAP, NMO, 0°C, 1 h (98%); e) 22, DIBAL, THF,
0°C, 30 min, add 21, 0°C, 18 h (86 %); f) THF, pyridine, Ac,0, reflux,
48 h ((E)-24: 46%, (2)-24: 15%); g) TASF, DMF, 23°C, 21 h (75%).
DIBAL =diisobutylaluminum hydride, DMF = N,N-dimethylform-
amide, NMO = 4-methylmorpholine N-oxide, TASF =tris(dimethyl-
amino)sulfonium difluorotrimethylsilicate.

TASF™! gave pure apicularen A (1). Another method for the
conversion of an aldehyde into the corresponding enamide
via a bisamide derivative through a base-induced elimina-
tion® proved unsuccessful in the case of apicularen.[™¢!

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

Received: May 24, 2004

Keywords: cross-coupling - enamides - macrolactonization -
total synthesis - transannulation
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C—N Activation

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

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

During the past decade there has been considerable interest
in N-heterocyclic carbene ligands (NHCs), particularly as
alternative to phosphanes for both palladium-"! and ruthe-
nium-mediated® catalysis of a range of organic transforma-
tions. Recently, the use of Ni'/imidazolium salt/base or Ni/
NHC combinations for catalytic aminations, in which the
active catalyst is believed to be a Ni’-NHC complex, has also
been described.””! Our interest in this area to date has focused
on the use of isolated, two-coordinate bis(NHC) palladium(0)
complexes for catalytic amination and mechanistic studies;
in the latter context we have recently reported a detailed
mechanistic study on the oxidative addition of 4-chloroto-
luene to bis(1,3-bis-tert-butylimidazol-2-ylidene)palladium.”!
Thus we were interested in extending such studies to the
nickel analogue, and herein we report the highly unusual
reactivity associated with the attempted conventional syn-
thesis of bis(1,3-bis-tert-butylimidazol-2-ylidene)nickel.

We have already reported the preparation of [Ni{C(Nz-
BuCH),},] (1) by metal vapor synthesis (MVS), although the
compound was not structurally characterized at that time."
We have now determined the structure of 1 (Figure 1).

Ardeungo et al. have reported the molecular structure of
an analogue of 1 derived from 1,3-bis-mesitylimidazol-2-
ylidene, synthesized by the treatment of [Ni(1,5-cod),]
(COD = cyclooctadiene) with the free NHC.® Comparison
of 1 with the former shows that both structures display linear
geometry around the nickel center, although the nickel-
carbene bond length is slightly longer in 1 (1.874(2) A for 1,
compared to 1.827(6) A). However, they differ in that the
planes of the ligands in 1 are twisted 75° from coplanarity
whereas in the Arduengo complex the twist angle is 53°. The
bonding in such compounds is predominantly o in nature, with
minimal & bonding,””’ so the twist angle is almost certainly
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Figure 1. ORTEP diagram of 1 (thermal ellipsoids set at 50% probabil-
ity). Selected bond lengths [A] and angles[*]: Ni-C(1) 1.874(2); N(1)-
C(1)-N(1) 102.25(15).

governed by subtle steric interactions and/or crystal packing
forces in the solid state. In solution, NMR spectroscopy
studies on asymmetrically substituted bis(]NHC)-Group 10 M°
indicate rapid rotation about the metal-carbene bond on the
NMR timescale down to —90°.1"”

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

Figure 2. ORTEP diagram of 2 (thermal ellipsoids set at 50% probabil-
ity). Selected bond lengths [A] and angles [’]: Ni-C(1) 1.883(6), Ni-O(1)
1.958(4), Ni-O(1") 1.896(4), Ni-O(3) 1.839(4); N(1)-C(1)-N(2)
105.2(15)."2

The structure reveals a dinuclear nickel(ir) complex, with
distorted square-planar geometry about nickel, in which the
two metal centers are bridged by disiloxane units derived
from silicone grease (see Scheme 1). The central Niy(p-O),
core is folded by 21° out-of-plane about the O-O axis, with
the bond lengths of the asymmetric p-O bridges, Ni-O(1)
1.958(4), Ni—O(1) 1.896(4) A, comparable to those found in
the p-O unit in [{Ni[C(SiMe;)(2-SiMe,CsH,N)(SiMe,0)]},]
(1.918(4), 1.891(45) A);'" the non-bridging oxygen—nickel
bond length in 2 (Ni-O(3) 1.839(4) A) is very close to that in
[Ni(®-OCHMeCH,NMe,),] (1.829(3) A)."”! The nickel—car-
bene Ni(1)-C(1) bond length (1.883(6) A) in 2 is identical to
that in 1 (within estimated standard deviations (esds)),

Angew. Chem. Int. Ed. 2004, 43, 58245827



despite the change in nickel oxidation state. Serendipitous
activation of silicone grease by lanthanides and early tran-
sition metals is not uncommon, but rare for late transition
metals and unprecedented for nickel."™!

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

Figure 3. ORTEP diagram of 3 (thermal ellipsoids set at 50% probabil-
ity). Selected bond lengths [A] and angles [°]: Ni(1)-C(1) 1.960(5),
Ni(2)-C(12) 1.954(5), Ni(2)-C(23) 1.927(5), Ni(1)-C(30) 1.922(5),
Ni(1)-N(6) 1.900(5), Ni(2)-N(8) 1.904(5), Ni(1)-Ni(2) 2.4354(9); N(1)-
C(1)-N(2) 102.9, N(6)-C(23)-N(5) 105.9; ,,5c N(5) 360.0, %, 5 N(6)
359.7, Sange N(7) 359.8, 2,000 N(8) 359.7."

—_— =

Compound 3 is a second binuclear species (the first being
2), in which the two nickel centers are ligated by terminal
NHC ligands and symmetrically bridged by fert-butylimida-
zol-2-ylidene ligands arising from tert-butyl group cleavage
from the parent NHC (see Scheme 1). The Ni-Ni separation
of 2.4354(9) A is consistent with a Ni-Ni single bond,* and
the compound is accordingly diamagnetic by NMR spectros-
copy.™! The geometry about the nickel centers is square
planar with the terminal NHC ligands lying perpendicular to
the plane of the Ni,C,N, central core. The terminal NHC-Ni
bond lengths (Ni(1)-C(1) 1.960(5), Ni(2)-C(12) 1.954(5) A)
are considerably longer than that in 1, owing to the increased
steric bulk around the metal centers. Within the bridging
NHC-derived ligands, the nickel-nitrogen bond lengths
(Ni(1)-N(6) 1.900(5), Ni(2)-N(8) 1.904(5) A) are in the
range of other reported Ni—N single bonds (e.g. [Ni(z-
Bu,PC,H,PrBu,){N(Ar)H}], 1.881(2) A;l'Y [NiCp*(PEt;){N-
(tol)H}], 1.903(5) Al' (Cp* = CsMes)) whilst the carbene
carbon-nickel distances (Ni(1)-C(30) 1.922(5), Ni(2)-C(23)
1.927(5) A) are comparable to those for the terminal NHC
ligands in 3 (within esds). The sum of bond angles around the
amido nitrogen atoms N(6) and N(8) are essentially 360°.

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

Angew. Chem. Int. Ed. 2004, 43, 58245827
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Figure 4. ORTEP diagram of 4 (thermal ellipsoids set at 50% probabil-
ity). Selected bond lengths [A] and angles [°]: Ni-C(1) 1.951(4), Ni-
C(12) 2.046(5), Ni-C(13) 2.012(5), Ni-C(21) 2.045(5), Ni-C(20)
2.024(4); N(1)-C(1)-N(2) 103.3(3).”

Compound 4 is a 16-electron Ni’ complex in which the
nickel center is ligated by one NHC ligand and two n-
cycloocta-1,3-diene ligands in a distorted trigonal-planar
arrangement. The nickel-olefin bond lengths range between
2.012(5) and 2.046(5) A, slightly shorter than those in the
[Ni(1,5-cod),] precursor (2.117(5)-2.130(9) A),"*! but identi-
cal (within esds) to those in [Ni(PCy;)(n*-C,H,),].!'! As is the
case for [Ni(PCy;)(1>-C,H,),], in 3 the coordinated C=C axis
and the NHC-Ni axis are coplanar. The NHC-Ni bond length
(Ni-C(1) 1.951(4) A) in 4 s significantly longer than that in 1,
and 4 is highly unstable, particularly in solution. NMR
spectroscopy studies show that 4 rapidly converts into a new
compound 5, accompanied by the appearance of free 1,3-
COD; nOe experiments and mass spectrometry suggested the
structure for 5§ shown in Scheme 1, resulting from 1,3-COD
loss, C—H activation of a fert-butyl substituent on the NHC
and subsequent H-atom transfer to the bound 1,3-COD to
form a cyclooctenyl ligand (Scheme 1). Isolation of orange
crystals of §, suitable for X-ray diffraction confirmed the
structure (Figure 5).

Compound 5 has a distorted square-planar geometry and
is a 16-electron diamagnetic Ni" complex. The Ni-C1 bond
length (1.905(4) A) is slightly shorter than that in the
precursor 4 (1.951(4) A) owing to the change in oxidation
state and the metal center being less sterically crowded. The
bond between Ni and the central allylic carbon C13 is
1.963(3) A, which is shorter than those between Ni and C12
and C14 (2.108(3) A and 2.034(4) respectively), as expected.
These values are very similar to those of the reported bis(n’*-
methallyl)nickel and the C12-C13-C14 bond angle
(123.4(3) A) is only slightly more obtuse than the idealized
value of 120°.?) The Ni—C bond in the C—H activated tert-
butyl group (Ni—C5, 1.958(3) A) is identical (within esds), to
the Ni—CH; bond length (1.965(5) A) in [Ni(tBu,PC,H,-
P/Bu,)Me,] .

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

Figure 5. ORTEP diagram of 5 (thermal ellipsoids set at 50% probabil-
ity). Selected bond lengths [A] and angles [°]: Ni-C1 1.905(4), Ni-C5
1.958(3), Ni-C13 1.963(3), Ni-C14 2.034(4), Ni-C12 2.108(3); N1-C1-
N2 103.5(3).7

proceeds by rapid loss of a 1,3-COD ligand (detected by
NMR spectroscopy) and subsequent activation of a tert-butyl
group, probably by classic C—H activation to generate a Ni—-H
species (although no resonance signals for Ni—H were
detected by NMR spectroscopy during the reaction) followed
by hydride migration to the 1,3-COD ligand. The final
formation of 3 then requires addition of 1,3-bis-tert-butylimi-
dazol-2-ylidene, elimination of isobutene, and loss of the
cyclooctenyl ligand. Evidence for this hypothesis was
obtained by treating isolated S with excess 1,3-bis-tert-
butylimidazol-2-ylidene. The reaction was monitored by
"H NMR spectroscopy. Heating the mixture to 70°C led to
the clean formation of 3 and isobutene ; however, although the
spectrum contained additional peaks in the olefinic and
aliphatic regions, the fate of the cyclooctenyl fragment could
not be unambiguously deduced.

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

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the disiloxane bridged dimer 2, an unprecedented example of
activation of silicone grease by nickel. Improved synthetic
routes to 4 and a study of its reaction chemistry are in
progress.

Experimental Section

2: [Ni(1,5-cod),] (100 mg, 0.4 mmol), 1,3-bis-tert-butylimidazol-2-
ylidene (144 mg, 0.8 mmol), THF (35mL), and a stir bar were
added to a Schlenk (100 mL), which was sealed with a stopper coated
with silicone vacuum grease. The mixture was left to stir for two
weeks at room temperature. The THF was then removed in vacuo;
the remaining solid was dissolved in hexane, and the resultant
solution collected by filtration, concentrated, and cooled to —25°C to
afford bright, purple crystals of 2. Yield approximately 5%. 'H NMR
(300 MHz, 20°C, [Dg4]benzene):  =6.33 (4H, s, CH), 3.05 (36H, s,
Bu), 0.13 (6H, s, SiCH;), —0.16 ppm (6H, s, SiCH;); “C NMR
(75 MHz, [D¢]benzene): 6 =143.8 (NiC(NtBuCH),), 118.6 (NiC(N¢-
BuCH),), 59.4 (CCH,), 32.8 (CCHj;), 2.4 (SiCHj;), 1.0 ppm (SiCHj;).
Elemental analysis (%) calcd for C;)Hg,N,Ni,OSiy: C 44.67, H 8.00,
N 6.94; found C 44.31, H 7.43, N 7.47.

3: [Ni(1,5-cod),] (100 mg, 0.4 mmol) and 1,3-bis-tert-butylimida-
zol-2-ylidene (432 mg, 2.4 mmol) were added to an ampoule (50 mL)
equipped with a greaseless stopcock, THF (35mL) was added
through a cannula, and the reaction mixture left to stir for two
weeks on the window sill. The THF was removed in vacuo and excess
1,3-bis-tert-butylimidazol-2-ylidene removed by sublimation in vacuo
onto a liquid nitrogen cooled probe. The remaining solid was
dissolved in hexane, and the resultant solution collected by filtration,
concentrated, and cooled to —25°C to afford deep blue crystals of 3.
Yield 55 mg, 38% in two crops. "H NMR (300 MHz, 20°C, [D¢]ben-
zene): 0 =6.72 (4H, s, CH), 6.37 (2H, d,/=1.5 Hz, CH), 5.76 (2H, d,
J=1.5Hz, CH),2.42 (36 H, s, tBu), 1.30 ppm (18H, s, 1Bu); *C NMR
(75 MHz, [Dg]benzene): 6 =193.3 (NiC(NtBuCH),), 161.9 (NiC(Nt-
BuCHCHN)), 127.5 (NiC(N/BuCHCHN)), 116.8 (NiC(N/BuCH),),
111.7 (NiC(N/BuCHCHN), 57.7 (CCH,), 54.6 (CCH,), 32.5 (CCH,),
31.8 ppm (CCHj;). Elemental analysis (%) calcd for C3HgNgNi,: C
59.70, H 8.63, N 15.46; found C 59.55, H 8.73, N 14.87.

4: the synthesis of 3 was repeated, but terminated after 5 days.
Extraction with hexane, filtration, concentration, and cooling to
—25°Cyielded a mixture of starting materials; further cooling of the
mother liquors yielded 4 as a yellow, crystalline solid in small amounts
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(ca. 10 mg). The extreme thermal instability of 4 precluded further
characterization, other than by low-temperature (173 K) X-ray
diffraction studies.

5: concentration and further cooling (—25°C) of the mother
liquors from the isolation of 3 (see above) afforded orange crystals of
5 in modest (20%) yield. 5 was also obtained quantitatively from
decomposition of a solution of 4 in [Dg]benzene at 20°C over 1 h.
"H NMR (300 MHz, 20°C, [D4]benzene): 6 =6.53 (1H, d,J=1.8 Hz,
CH), 640 (1H, d, J=18Hz, CH), 515 (1H, t, J=8.4Hz,
CHCHCH), 3.81-3.72 (1H, q, /=8.4Hz, CHCHCH), 3.40-3.34
(1H, q,/ =8.4 Hz, CHCHCH), 2.46-2.24 (10H, br m, CH,), 2.30 (1 H,
d, J=10.7Hz, C(CH;),CHH), 176 (1H, d, J=10.7Hz,
C(CH;),CHH), 1.67 (3H, s, C(CH,),CH,), 147 (3H, s,
C(CH,),CH,), 1.45 ppm (9H, s, tBu); *C NMR (75 MHz, [D;]ben-
zene): 0 =184.4 (NiC(NrBuCHCHNC(CH;),CH,)), 117.1 (NiC(Nz-
BuCHCHNC(CH;),CH,)), 114.2 (NiC(NrBuCHCHNC(CH;),CH,)),
106.8 (NiCHCHCH), 73.9 (NiCHCHCH), 66.1 (C(CH;);), 59.1
(NiCHCHCH), 56.7 (NiCH,), 34.6 (C(CH;),CH,), 32.9 (CH,), 324
(CH,), 32.2 (C(CH;),CH,), 30.9 (CCH,), 30.4 (CH,), 29.9 (CH,),
242 ppm (CH,). MS (EI): 346 [M™*], 238 [M*—cyclooctenyl), 182
[M*—Bu and cyclooctenyl]. Elemental analysis (%) calcd for
CoH3;,NoNi: C 65.73, H 9.29, N 8.07; found C 65.24, H 9.46, N 8.25.
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Multilayer Assemblies

Surface-Confined Metalloporphyrin Oligomers**

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

The ability to control charge transfer over long distances is an
important aspect of nanometer-scale fabrication. Early work
on molecular wires utilized metalloporphyrin oligomers,"?
whereas more recent work with these materials has been
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directed towards the production of supramolecular rods.>*

Metalloporphyrin oligomers in various forms can be used as
self-assembling blocks to make discrete, ordered arrays.>®
These are then combined with other molecules to create
supramolecular structures,”) which have applications as
sensors® or as nanoporous materials,”'” or which exhibit
electronic properties that are unique to fully m-conjugated
systems of this size.'"? We recently developed a modular
method for the assembly of metalloporphyrins on surfaces.['*!
Herein we report the preparation of surface-confined, axially-
linked metalloporphyrin oligomers and aspects of the elec-
tronic coupling along the oligomer backbone.

Our experimental approach is outlined in Figure 1 and is
detailed in the Experimental Section. In this modular scheme,
we used a monolayer of decanethiol, which contained a low
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Figure 1. Schematic representation of the modular assembly of ruthe-
nium—porphyrin, (POR)Ru, oligomers onto 1, which is supported
within an alkanethiol monolayer on a Au surface. a) Immersion in a so-
lution of 2 or 3 (1 um) in toluene for 20 min; b) immersion in a so-
lution of the linker (L), 4 or 5 (1 mm), in toluene for 5 min; steps a)
and b) may be repeated to extend the oligomer.

mole fraction of 11-mercaptoundecylisonicotinate (1), as the
substrate for the chemisorption of a sub-monolayer of
metalloporphyrin. Bis(acetonitrile)-meso-tetratolylporphyri-
natoruthenium(i) (2) or bis(acetonitrile)octaethylporphyri-
natoruthenium(i1) (3) were anchored to the surface by the
exchange of an axial acetonitrile group for the monolayer-
bound isonicotinate group. After attachment of the metal-
loporphyrin, the remaining axial acetonitrile group was
exchanged for a linking bidentate ligand such as trans-1,2-
bis(4-pyridyl)ethylene (4) or pyrazine (5). The oligomer was
extended by repeating the treatment of the surface-bound
conjugate with 2 or 3, followed by linking with 4; in such a
manner, we prepared oligomers that were up to five repeat
units long.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The underlying monolayer of the alkanethiolate and the
first monolayer of metalloporphyrin have been characterized
extensively by a range of techniques, which include optical
ellipsometry, contact angle goniometry, X-ray photoelectron
spectroscopy, grazing-angle FT-IR spectroscopy, UV/Vis
spectroscopy, and scanning tunneling microscopy.'¥l The
modular assembly of linkers and metalloporphyrins on top
of this substrate was monitored with cyclic voltammetry
measurements. Figure 2 shows the cyclic voltammograms of

50 pAcm=

I I 1 1
0.0 0.20 0.40 0.60 0.80 1.0

E/IN —»

Figure 2. Cyclic voltammograms (E versus SCE) of a) the monomer
Au-1-2-4 (—); b) the trimer Au—-1-2-4-2-4-2—4 (-----); and c) the
pentamer Au-1-2-4-2-4-2-4-2-4-2-4 (-...+). Scan rate: 0.8 Vs™'

ruthenium-based oxidation and reduction processes in the
surface-bound monomer, trimer, and pentamer of 2 linked
with 4. The formal potential of each additional conjugate as
another metalloporphyrin is added to the oligomer is similar
to that of the original isonicotinate-bound monomer. Inte-
gration of the charge under the wave at £=+0.35 V allowed
the surface coverage of this one-electron couple to be
calculated. The surface coverage of 2 in Figure 2a corre-
sponds to 3.4 uCem™, that is, 50% of a compact, non-
overlapping metalloporphyrin monolayer.™ The surface
coverage of the first layer of chemisorbed metalloporphyrin
was controlled by the variation of the mole fraction of 1 in the
underlying alkanethiol monolayer. After a further four cycles
of the modular assembly process (Figure 2¢), five tiers of
metalloporphyrin were present on the surface. The resulting
coverage, which is based on the total number of immobilized
metalloporphyrins in the stacks, corresponded to 225 % of the
coverage for a single close-packed monolayer.

A control experiment was performed in which an
electrode was subjected to five sequential treatments of 2
according to step a in Figure 1 without intervening treatment
with the linker (step b). This showed that further added
metalloporphyrin units formed oligomer stacks, rather than
inserting into unoccupied 1 sites on the underlying mono-
layer. As illustrated in Figure 3, the final surface coverage of
the five-layer control assembly of 2 was identical to that of the
monomer. This control experiment shows that further elec-
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Figure 3. Correlation of the charge under the wave at E=+0.35 V with
the number of treatments with the metalloporphyrin in Figure 1,

step a; @: metalloporphyrins linked with 4 using steps a) and b); m:
control experiment under the same conditions, but in the absence of a
linker—step a) only.

troactive material arised from the elongation of the oligomer,
rather than from an increased coverage in the chemisorbed
metalloporphyrin monolayer or by the physisorption of the
metalloporphyrin onto the original chemisorbed layer.

The electrochemical properties of the oligomer are
strongly influenced by the mole fraction of 1in the underlying
alkanethiol monolayer and by the choice of the linking ligand.
At higher mole fractions of 1, a second oxidation wave at E =
+0.65 V becomes more prominent which eventually yields an
integrated area of ~30% of the larger peak observed at £ =
+0.35 V. The increased prominence of this secondary oxida-
tion peak at higher surface coverages of the metalloporphyrin
is attributed to the incomplete electrostatic screening of the
charge on the oxidized metalloporphyrins in the solvent of
low dielectric constant employed here. At higher surface
coverages, a greater fraction of unoxidized, neutral metal-
loporphyrins have a large number of oxidized, cationic
nearest-neighbors during the oxidation process; the electro-
static work required to oxidize a neutral metalloporphyrin in
an environment of poorly screened positive charge is greater
than that required to oxidize an isolated neutral metal-
loporphyrin.

By the use of a shorter linking ligand such as pyrazine (5),
a similar effect was observed. Incomplete screening and
neutralization of the charge along the backbone of the
oxidized metalloporphyrin led to an additional wave of
fractional area at more-positive potential. In the case of 5-
linked homogeneous trimers, we observed up to three addi-
tional waves. Similar additional waves were observed in the
solution-based cyclic voltammetry analysis of axially-linked
metalloporphyrin oligomers of undefined length.!>1%1¢
Whereas the observation of these waves has been taken as
evidence of multivalence effects,” we believe that these
additional waves result from electrostatic artifacts.

Heterogeneous  surface-confined  metalloporphyrin
dimers can also be produced with our modular assembly
method. Figure 4 shows the near-identical cyclic voltammo-
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Figure 4. Cyclic voltammograms (E versus SCE) of Au-1-2—4-3-4
(—) and Au-1-3-4-2-4 (---..) dimers. Scan rate: 0.4 Vs~

grams for the Au-1-2-4-3-4 and Au-1-3-4-2-4 dimers. The
waves at £=+40.14 and +0.36 V correspond to ruthenium-
based redox chemistry at 3 and 2, respectively. The surface
coverage of each of the metalloporphyrins is ~1.9 uCem 2,
which corresponds to 25% of a compact monolayer. In both
cases 3 is oxidized before 2, regardless of their relative
positions in the stack. In a similar fashion, on the return scan 2
is always reduced before 3. Let us consider the Au-1-2-4-3-4
dimer under an oxidative scan: The first electron-transfer
event corresponds to the tunneling of an electron from the
outer metalloporphyrin 3 through the linking ligand, the inner
metalloporphyrin, and the backbone of the alkane chain to
the underlying Au surface at the formal potential of 3. This
event is independent of the identity or the oxidation state of
the inner metalloporphyrin 2. In other words, neither of these
structures exhibits current rectification, which is observed in
less-tightly coupled systems;!'"!¥! these structures are not
viable redox-switched molecular diodes.

Whereas the present solvent system is not ideal for
studying the kinetics of the electron-transfer processes, the
minimal splitting of the peak at elevated scan rates suggests
facile electron-transfer kinetics. Also, it suggests that the
electronic coupling along the backbone of the alkanethiolate
is at least as strong as that of [Ru(NH;)s]** coordinated to
pyridine-terminated alkanethiolates of a comparable length
to those employed here.'”?!! Furthermore, the lack of any
marked decrease in the rate of transfer of an electron from the
outer metalloporphyrin relative to the inner metallopor-
phyrin argues that the coupling between the two metal-
loporphyrins by the fully conjugated linker is significantly
stronger than that offered by an alkane chain of similar
length. For reference, fully conjugated, ferrocene-terminated
oligophenylenevinylenes display no decrease in their rates of
electron-transfer owing to electronic coupling over distances
up to 2.8 nm.*

As shown in Figure 2, any differences in the formal
potentials for metalloporphyrins within the homogeneous
oligomer linked with 4 are smaller than we can resolve with
cyclic or square-wave voltammetry. On the basis of the
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minimal peak broadening (as measured by the full width at
half maximum) that is observed upon moving from the
monomer to the pentamer, we estimate the differences in
formal potential to be less than 0.06 V, which corresponds to
an upper limit of 10 for the conproportionation constant!®!
associated with the reaction (POR represents the porphyrin
and L represents the linker):

Ru"(POR)—L—Ru"(POR) + Ru" (POR)~L—Ru"/(POR) =

1
2Ru"(POR)-L—Ru" (POR) @

This means that the electronic coupling contribution
between the metal centers in the dimer is small and it falls into
the Robin-Day classI or a weak-interaction regime.*!
However, as the outer metalloporphyrin can be oxidized
regardless of the oxidation state of the inner metallopor-
phyrin (see Figure 4), the electronic communication along the
backbone of the oligomer chain from the outer metallopor-
phyrin, through the inner metalloporphyrin, along the sup-
porting alkane chain, and into the underlying gold substrate
can still be considered as substantial.

In conclusion, we have presented a modular method for
the assembly of surface-confined metalloporphyrin oligomers.
Such structures exhibit electronic communication along their
backbone and offer the potential to control charge transfer
over long distances. This is of interest for materials or sensing
applications, especially when interfacing with a surface is a
concern.

Experimental Section

Compounds 1, 2, and 3" were prepared according to reported
methods. Polycrystalline Au electrodes were evaporated onto tita-
nium-coated silicon substrates, and then the conjugates were cleaned
by immersion in a solution of H,SO,:30 % aqueous H,0, (3:1 v/v) for
10 s and rinsed with deionized water and ethanol, immediately before
use. Supported monolayers of 1 were formed by the immersion of the
clean Au electrodes into a solution of decanethiol (1.25 mm) and 1
(0.2 equiv) in ethanol. The electrodes were rinsed with ethanol and
blown dry with nitrogen prior to transfer to a glove box. The first
monolayer of 2 or 3 was chemisorbed to the electrodes in a solution of
the metalloporphyrin (1-3 um) in toluene for 20 min under a nitrogen
atmosphere, and the assembly was rinsed with toluene. The distal
axial ligand was exchanged in a solution of 4 (1 mm) or pyrazine (5,
1 mm) in toluene for 5 min, and the assembly was again rinsed in
toluene. Subsequent additions to the oligomer were performed in a
similar fashion. Electrochemistry was performed on the benchtop
under air with a Princeton Applied Research model 263 potentiostat
and model 250 software by using a cell that was formed by pressing a
bored-out cone of poly(tetrafluoroethylene) against the electrode. A
platinum counter electrode and a silver quasi-reference electrode
were used with a solution of tetrabutylammonium hexafluorophos-
phate (0.1m) as the supporting electrolyte in CH,Cl,. Potentials were
checked periodically with a saturated calomel reference electrode
(SCE), which was sheathed in the supporting electrolyte and
separated from the cell by a cracked-bead junction.
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Metallocryptands

Arsenic—m Interactions Stabilize a Self-Assembled
As,L; Supramolecular Complex**

W. Jake Vickaryous, Rainer Herges, and
Darren W. Johnson*

The self-assembly of supramolecular coordination com-
pounds has resulted in structures with a diverse range of
properties, shapes, sizes, and stoichiometries, including heli-
cates (M,L,, ML, etc.), triangles (M;L;), squares (M,L,),
rings (e.g., M¢L¢), and polyhedra (M,L,, MLy, M¢Lg, MgLy,,
etc.).l!! These assemblies almost exclusively contain metals
with square-planar, tetrahedral or octahedral coordination
geometries. Metals that can exhibit more peculiar coordina-
tion geometries have typically been avoided as components
for a supramolecular design strategy,””) most likely because of
their variable coordination spheres. Herein we describe a
supramolecular design strategy for forming arsenic-based
assemblies, which relies on the self-assembly of arsenic(ii)
with thiol ligands—and hence the reversibility and lability of
arsenic—sulfur bonds—and we report the first member of this
class, [As,L;] (H,L=a,0'-dimercapto-para-xylene). The
design strategy incorporates the unusual, yet predictable
trigonal-pyramidal coordination geometry of As™ featuring a
stereochemically active lone pair when coordinated by sulfur-
based ligands (Figure 1a).5

We selected arsenic(i11) as a design component because of
its unusual coordination geometry and a general lack of
specific and powerful chelators for this highly toxic ion.”
Arsenic compounds are legendary for their toxicity, and
hydrated As™ is recognized as a known human carcinogen.
Arsenic is abundant in the earth’s crust and is all-too-
frequently present as an environmental health hazard;®'"!
however, specific chelators for environmental and in vivo
remediation and sensing applications are lacking. Further-
more, the stereochemically active lone pair of As™ adds a
novel feature to the targeted supramolecular assemblies: for
instance, lone pairs directed into the cavity would provide a
unique soft, Lewis-basic cavity environment (Figure 1b).!'!

Figure 1 illustrates the design strategy for forming Cs;,-
symmetric [As,L;] assemblies, which is based on rigid, twofold
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Figure 1. a) Top: Representation of the preferred trigonal coordination
geometry of As" with sulfur-based ligands; the stereochemically active
lone pair on arsenic is highlighted. Bottom: Structure of [As(thiophe-
nol);] from a single crystal X-ray structure analysis adapted from the
Cambridge Structure Database showing an example of this trigonal
coordination geometry. b) Two examples of how this As" coordination
geometry could be used to form As,L; assemblies with rigid, twofold
symmetric dithiolate ligands (solid rods). The arsenic lone pairs can
be directed either into or out of the cavity.

symmetric dithiols capable of acting as bridging ligands.
Dithiol ligand H,LI" (Scheme 1) was the initial bridging ligand
investigated, because it is easily prepared and thiolates show a
well-known affinity for As"™.['? Using a ligand such as H,L
allows for two possible orientations of the arsenic lone pairs:
into or out of the cavity of the complex. Molecular models
(CAChe, MM3) indicated that the lone pairs would be directed
into the cavity with an As—As distance of about 6 A’

As As
2/3 AsCly

AsCl, 2 KOH
SO I _2KOH _

As As

~
SH
S c S
2 3

[As;L,Clo] HoL [AsoLs]

Scheme 1. Synthesis of [As,L;] assemblies.

H,L, synthesized by a literature procedure,'? forms a
yellowish white solid in 52% yield when treated with
stoichiometric amounts of AsCl; and KOH in THF/methanol
mixtures. The product has very simple 'H and “C NMR
spectra, indicative of formation of the desired high-symmetry
C, complex, and the parent ion peak [H{As,L;}]" is present in
the electrospray ionization mass spectrum. Interestingly,
[As,L;] also forms in the absence of any base; however, the
dominant product under these conditions is a mixture of
[As,L,Cl,] macrocycles (Scheme 1), which are presumably
kinetically stable intermediates on the self-assembly pathway
to forming [As,L,].l"

A single crystal X-ray diffraction study performed on
crystals grown by diffusing pentane into a CHCI; solution of
[As,L;] at —4°C confirms the solid-state structure of the
supramolecular assembly (Figure 2).*! [As,L;]-CHCl; crys-
tallizes in space group C2/c with eight molecules per unit cell.
Therefore, one complex makes up the asymmetric unit and
the discrete structure has no crystallographic symmetry.
However, [As,L;] has very nearly C;, symmetry. Consistent
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Figure 2. Structure of [As,L] in the crystal. a) ORTEP representation
with 50% thermal ellipsoids. b) and c) Wireframe representations with
arsenic atoms shown as space-filling spheres, the view in (c) is along
the pseudo-threefold axis of the assembly showing the twist directions
of the methylene groups being of opposite configurations at the two
arsenic centers.

with predictions from molecular models, the arsenic lone pairs
indeed are directed into the cavity of the complex. The two
As™ ions are coordinated in a tripodal fashion by the three
thiolate ligands, with the stereochemically active lone pairs
directed at each other in the cavity.

The arsenic atoms in [As,L;] are quite a bit closer together
than molecular models indicated; they are separated by
5.03 A (models predicted 6 A). The average As—S distance is
2.25 A and the angles between the mean planes of the phenyl
rings are 57.3°, 64.2°, and 58.6° showing the complex has very
nearly threefold symmetry. Furthermore, the As—C,,, dis-
tances are quite short, with six close contacts between 3.18
and 3.33 A, suggesting an attractive interaction between the
phenyl rings of the ligands and the arsenic ions helps stabilize
the assembly.

Previous work by Schmidbaur et al. has shown that As
and other heavier main group elements with stereochemically
active lone pairs can form close contacts with arene rings in
the solid state.'*'8 To analyze this attractive interaction, DFT
calculations were performed on the AsCl;-benzene dimer.!"”)
These studies revealed a lower limit for the binding energy of
7.4 kcalmol ™ for the arsenic-arene interaction, with C—As
distances of 3.2-3.4 A. Furthermore, although the preferred
geometry of the interaction orients the arsenic lone pair at a
68° angle to the phenyl ring, this structure is only 0.5 kcal -
mol ™! more stable than the two C;,-symmetric arrangements.
This suggests that, while this interaction is quite strong, its
geometry is flexible. Calculations at a higher level of theory to
include dispersion energy (Moeller-Plesset and coupled
cluster) are currently underway as are efforts to quantify
the strength of this interaction in solution.

Figure 2c shows that the orientation of the methylene
groups provides a “twisted” arrangement of the sulfur atoms
around the arsenic atoms. These twists have opposite
directions at the two arsenic centers in one complex, which
results in a meso static structure with C;, symmetry. The
'H NMR spectrum (CDCI;) of [As,L,] shows one singlet in
the aromatic region for the phenyl rings of the ligands and one
singlet for the methylene protons, both shifted relative to the
signals of the free ligand. That the methylene resonance is a
singlet shows that the twisted orientations interconvert
quickly on the NMR timescale, otherwise the methylene
protons would be inequivalent because they are diastereo-
topic with one proton closer to the arsenic center than the
other. Therefore, the [As,L;] structure determined in the solid

111
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state is stable in solution on the NMR timescale. Further-
more, the NMR spectrum does not change down to —80°C,
indicating that none of the possible dynamic solution
behavior of this assembly is frozen out at this temperature.
This is markedly different from the behavior of analogous
organic m-prismands and bicyclophanes. Gleiter et al.
reported that torsional motion in related nitrogen-based
systems is frozen out at —20°C and the rotation of the
7 systems ceases at —82°C.1?"

[As,L;] is remarkably robust in solution, suggesting this
self-assembled compound is indeed the thermodynamic
product of the reaction between As™ and H,L. No ligand
exchange occurs between [As,L;] and excess ligand on the
NMR timescale, [As,L;] is air- and water-stable, and it is even
stable to a variety of competing metal ions (including Ag',
Cu', Pd", and Zn"). Remarkably, even extended heating in
CHCI, at reflux in the presence of an excess of trifluoroacetic
acid or p-toluenesulfonic acid gave neither decomposition nor
protonation of [As,L;] according to 'H NMR spectroscopy.

The robustness of the [As,L;] assembly is exciting for
several reasons. Firstly, this provides the first proof of
principle for the design strategy to form supramolecular
assemblies using As™ as a building block, and reveals that the
coordination chemistry of arsenic—sulfur interactions is suffi-
ciently labile to allow for the self-assembly of discrete species
to occur. This is an unusual use of arsenic(i1) as a metalloid in
coordination chemistry, rather than as a phosphine ligand
analogue. Secondly, the intriguing observation that the
arsenic lone pairs are oriented into the cavity of the complex
hints at exciting host—-guest applications. Because guests in
encapsulation complexes experience a nonpolar, asymmetric
environment, providing functionality to them in a synthetic
receptor is challenging. Exposing functional groups to the
cavities of synthetic receptors has also been referred to as
“endohedral” and “introverted” functionality, and the pres-
ence of the arsenic lone pairs inside the cavity is an excellent
first step in introducing functionality to a guest from its host
shell.[1>-21]

That [As,L;] forms in a nonoptimized yield of 52%
suggests this reaction indeed occurs by a self-assembly
mechanism. It is quite unlikely that six arsenic—sulfur bonds
would spontaneously form to yield a discrete species as a
kinetic product, and in fact the yields of the stepwise
syntheses of related organic m-prismands are much lower.”)
The isolation of an intermediate [As,L,Cl,] macrocycle in the
absence of base sheds light on the mechanism of this self-
assembly reaction. Presumably, this stable macrocycle, which
is preorganized for an incoming ligand L to bridge the two
arsenic ions to form [As,L;], forms as one of the many
possible intermediates. Favorable arsenic—mt interactions
likely add further stability to the resulting assemblies and
suggest that this interaction may help preorganize the arsenic
atoms near the sulfur atoms to facilitate formation of the As—
S bonds.

We have presented a self-assembled inorganic analogue of
the bicyclophanes and,” specifically, the m-prismands.”**"
The self-assembly strategy allows for increased yields in the
macrobicyclization reaction and is a proof of principle of the
design strategy to form arsenic-based supramolecular assem-
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blies from simple, identical starting compounds. The success
of this strategy augurs well for the formation of larger arsenic-
based capsules resulting from expanded two- and threefold
symmetric ligands. We are pursuing these studies, as well as
attempting to prepare host—guest complexes of [As,L;].

Experimental Section

General: All NMR spectra were measured using a Varian
INOVA 300-MHz spectrometer. Single crystal X-ray diffraction
studies were performed on a Bruker SMART APEX diffractometer.
Mass spectra were recorded on an Agilent 1100 LC/MSD mass
spectrometer.

[As,L;]: H,L (0.763 mmol, 130 mg) was added to a degassed
solution of THF (80 mL) and KOH (2.43 mmol, 136 mg) in MeOH
(24 mL). This solution was heated to 50°C and AsCl; was added
dropwise. The reaction was stirred under N, for 2.5 h. The resulting
white precipitate was removed by filtration and the filtrate was dried
in vacuo (yield 87 mg, 52%). Crystals suitable for X-ray diffraction
were grown by pentane diffusion into a chloroform solution of AsCl;
and H,L at —4°C. 'HNMR (300 MHz, CDCl,, 25°C): 6=7.09 (s,
12H, CH), 3.81 ppm (s, 12H, CH,); "CNMR (75 MHz, CDCl,,
25°C): 6 =137.5 (C), 128.9 (CH), 35.0 ppm (CH,); API-ES MS: m/z
(MH,%): 655.2 ([H{As,L;}]* 654.9 calcd, 23%), 715.2 ([H{As,L;} +
AcOH]*, 714.9 calced, 27 %).

Received: June 18, 2004
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DNA Structures

yDNA: A New Geometry for Size-Expanded
Base Pairs**

Haige Lu, Kaizhang He, and Eric T. Kool*

Previous studies have explored whether it is possible to
replace the information-encoding part of DNA—the bases
and base pairs—with other molecular replacements, and
whether such new base pairs might function in recognition
and in replication processes, two of the defining character-
istics of the natural genetic system.'") Many of these studies
have been aimed at designing base pairs that can function
within the content of the natural genetic system, for
expansion of nature’s genetic alphabet. However, recent
studies have moved beyond the purine—pyrimidine frame-
work of the natural system. Examples of this new approach
include metal-bridged base pairs,”! nonpolar base pairs,>*
and pairs containing more than the three different types of
hydrogen bonds found in nature.”) We recently adopted a
different strategy and described a molecular design in which
the dimensions of the natural pairs are stretched by insertion
of a benzene ring into the natural heterocycles, thus rendering
base pairs 2.4 A wider than the natural ones.”) Such broad
alterations of the natural design are not necessarily expected
to be compatible with the natural genetic system. Rather, such
studies are useful as a test of researchers’ understanding of
how genetic systems function in general, and they may also
lead to useful new applications in biotechnology and in self-
assembling nanostructures.

Herein we evaluate whether size-expansion of DNA base
pairs can be carried out using a new geometry. Our previous
design of expanded DNA-like bases (xDNA) involved a
linear extension of pyrimidines and purines by addition of a
benzene ring to each of the four DNA base heterocycles.”
However, examination of models suggested that at least one
other design strategy involving benzohomologation also
appeared to allow for reasonable base-pair geometries and
stacking with neighboring pairs. This new design, termed
“yDNA” (an abbreviated form of “wide DNA”; Scheme 1)
involves a different extension vector, but yields a similar
degree of perturbation from the framework formed by the
natural pair. Analogous designs for the other three nucleo-
bases can be envisioned (not shown). In this initial study we
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Scheme 1. a) Structures of the free deoxyribonucleosides yA and natu-
ral A; b) proposed base-pair pattern for yA-T (left), compared with the
natural A-T base pair (right). The arrow shows the extension vector for
the yA base which adds about 2.4 A to the length of natural adenine
base.

tested the concept with one example, that of the expanded
adenine base analogue (yA) and the corresponding deoxy-
riboside (dyA), both of which were previously unknown.

We developed a synthetic route to prepare the phosphor-
amidite derivative of the new nucleoside analogue dyA in
10 steps (6% overall yield on a gram scale, Scheme 2).
Methylation of indole 1 at the 5 position was achieved by
addition of three equivalents of methylmagnesium chloride to
the unprotected indole 1, followed by ring oxidation to
restore aromaticity.”! The transformation of methylindole 3%
to indole-5-carboxaldehyde 4 was a key step; tris(dimethyla-
mino)methane converted 3 into the enamine intermediate
which was then oxidized by KMnO, in one pot to afford
compound 4.”! The protected 2’-deoxyriboside 7 was formed
in three subsequent steps from the indole-5-aldehyde 4.
Conventional methods were then used to convert the
deoxyriboside 7 into the amidine-protected dyA phosphor-
amidite 11.

Studies showed that the yA base is fluorescent, where as
its natural congener is not. The yA free nucleoside was found
to have absorption maxima at 262 and 355 nm in methanol. A
fluorescence spectrum in methanol revealed that the nucleo-
side emits blue fluorescence (4, =433 nm) with a quantum
yield of 0.12 (Figure 1). Thus the yA fluorescence is red-
shifted by about 40 nm relative to the xA analogue.®

We prepared a short oligomer of sequence 5'-TyAT-3" to
confirm that dyA could be incorporated intact into a DNA by
automated DNA synthesis. The expected trimer structure was
confirmed by 'HNMR spectroscopy and electron spray
ionization (ESI) mass spectrometry after deprotection with
concentrated ammonium hydroxide and partial purification
by dialysis.

We then investigated the stacking and pairing properties
of dyA in the context of natural DNA oligonucleotides.
Thermodynamic data from thermal denaturation studies
(Table 1) showed that yA (like xA)! stacks more strongly
than natural A at the terminus of the duplex formed by 5'-
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Scheme 2. Reagents and conditions: a) 1. CH;MgCl, THF,—25°C; 2. Pb(OAc),, CH,Cl,, 42%; b) 1. NaOH, CH,Cl,; 2. CISO,Ph, 87%; c) 1. DMF,
CH(NMe,);, 105°C; 2. KMnO,, THF/H,0 10:1, 70%,; d) Na,S,0,, THF/H,0=2:1; e) MeCONMe,, guanidine carbonate, 150°C, 61 % over two

steps; f) 1. NaH, CH,;CN, RT; 2. Hoffer’s chlorosugar, 0°C, 92%, [3/0.>20:1; g) NaOMe, MeOH, 91 %,; h) CH(OMe),NMe,, pyridine; iy DMTrCl,
pyridine, DIPEA, 62% over two steps; j) chlorodiisopropyl-cyanoethylphosphoramidite, CH,Cl,, DIPEA, 70%. DMTr = 4,4"-dimethoxytriphenyl-

methyl, DIPEA= N,N-diisopropylethylamine, Tol =tolyl.
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Figure 1. Emission and excitation spectra of the free nucleoside yA in
methanol.

CGCGCG-3'. This result may be a consequence of the
expanded surface area and higher hydrophobicity of the new
analogue. We then tested the pairing properties of yA
opposite natural bases in DNA (Table 1, entries 4-15). With
a single substitution in DNA, yA was found to be destabilizing
to some extent, which may be a result of the distortion of the
DNA backbone caused by the increased size of yA relative to
A. Interestingly, when yA was paired with T, the duplex was
less destabilized by 1.5-2.1 kcalmol™' than when yA was
paired opposite A,G, and C. This result suggests that, despite
some destabilization, yA may be able to form a selective
hydrogen-bonded pair with T in the natural duplex.
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Although the yA-T pair was found to be destabilizing in
natural DNA, probably because of backbone distortions, we
expected that such strain might be avoided if all pairs were
expanded in a homologous way. Thus, further studies were
performed to test whether it is possible to construct fully
expanded helices composed of yA-T and T-yA base pairs. This
was tested in two contexts. The first one contained a self-
complementary sequence (Table 1, entry 16) and the second
one (Table 1, entry 18) contained a non-self-complementary
pair of oligonucleotides. Both assays showed distinct cooper-
ative transition curves in thermal denaturation experiments
(see Supporting Information). In the first case, the non-
natural helix displayed a higher melting temperature (7, by
25°C) and more favorable free energy (by 4.1 kcalmol ™ at
37°C) relative to the natural helix of the analogous sequence.
Similarly, the helix formed with the second sequence gave a
T,, value 23°C higher and a free energy 4.9 kcalmol™ higher
than the natural helix. We hypothesize that the added stability
of these helical complexes arises from the strong stacking of
the larger base pairs; further experiments will be needed to
better understand this.

Circular dichroism spectra of the duplex formed in the
second case (Table 1, entry 18) suggest an overall helical form
resembling that of B-DNA of the analogous sequence (see
Supporting Information), but with positive and negative
bands red-shifted by 5-20 nm, presumably as a consequence
of the extended m system of yA. Interestingly, the single
component strands of the putative yYDNA duplex also show
similar spectra, which is indicative of strong helical stacking in
the single-stranded state.

Our study has demonstrated that the new geometric
design for benzo-fused bases is successful for at least one such
base analogue (yA), and the data show that yA-T and T-yA
pairs can self-assemble into cooperative helices that are
considerably more stable than natural DNA. Thus, yDNA

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1: Melting temperatures and free energies for DNA helices containing yA bases and base pairs.

10

11

12

13

14

15

16

17

18

19

Duplex®
5'-ACGCGCG
3'-GceCcGeh

5'-ACGCGCG
3'-GCGCGCA

'-CGCGCG
'-GCGCGC

'-CTTTTCATTCTT
'-GAAAAGTAAGAA

5

3

5

3
5'-CTTTTCATTCTT
3'-GAARAGAAAGAA
5
3
5
3

-CTTTTCATTCTT
-GAAAAGGAAGAA

'-CTTTTCATTCTT
'-GAAAAGCAAGAA

5'-CTTTTCATTCTT
3'-GAAAAGOAAGAA

5'-AAGAABAGAAAAG
3'-TTCTTTCTTTTC

5'-AAGAARGAAAAG
3'-TTCTTACTTTTC

5'-AAGAAAGAARAAG
3'-TTCTTGCTTTTC

5'-AAGAA™MGAAAAG
3'-TTCTTCCTTTTC

5'-AAGAAAGAAARAG
3'-TTCTTGCTTTTC
5'-AAGAAAGAAAAG
3'-TTCTTTCTTTTC

5'-AAGAA™MGAAAAG
3'-TTCTTACTTTTC
5 -ATRATATTAT
3'-TATTATABATA
S'-AT AATATTAT
3'-TATTATAATA
s -AThRATTTRARAT
3'-TATTARATTAR
S'-AT AATTTAAT
3'-TATTAAATTA

T, [c”
64.4

52.6

44.7
19.5
44.1

20.9

—AG;, [kcal mol ']
13.24+0.5
10.2+0.1
9.2+£0.4
8.8+0.1
6.81+0.1
7.1£0.1
7.3+£0.1
7.7£0.1
7.9£0.1
5.8+0.1
6.310.1
6.4+0.1
6.3+0.1
9.5+0.1
8.0+0.1
8.7+0.1
4.6+0.2
9.5+0.3

4.6+0.2

[a] ¢ in entries 8 and 13 denotes an abasic tetrahydrofuran site. [b] Entries 1, 2, 15, 16: the buffer
contained 1M NaCl and 10 mm Na,HPO, at pH 7.0; DNA concentration: 5.0 uMm; error in the T, value:
+0.5°Cor less. Entries 3-14, 17, 18: buffer contained 100 mm NaCl, 10 mm MgCl,, and 10 mm sodium
1,4-piperazinediethanesulfonate at pH 7.0; DNA concentration: 5.0 um. Error in the T, value: £0.5°C
or less. [c] Data were obtained by averaging free energies from curve fits and a van't Hoff plot. The
van't Hoff data were obtained by plotting 1/T,, versus In(C/4) (where C is the total oligonucleotide
concentration) with data from five concentrations. Curve fits data were averaged from fits of five
denaturation curves.

may be a candidate for a new genetic system, distinct from the
recently described xDNA design.!% Like xDNA, it appears
that the sugar—phosphate backbone in yDNA can tolerate the
stretched size of bases and the altered pairing direction, while
retaining the structure of the duplex. However, beyond the
hypothesized base pairing, the structure of yDNA is unknown
and needs to be studied. Also unknown is whether other
analogously expanded bases and base pairs could be con-
structed; studies are underway to test these.
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C—S Bond Cleavage

Phosphine-Promoted Conversion of
Oxo(dithiolato)rhenium(v) into
Thio(thiolatoalkyl)rhenium(v) Compounds**

Ming Li, Arkady Ellern, and James H. Espenson*

The cleavage of C—S bond is the most important step for
removing sulfur from petroleum feedstocks.!! The common
strategies include thermal decomposition,” photolysis,®!
reduction and/or protonation”! of sulfur-containing metal
complexes. We have now found that reaction under mild
conditions between oxo(dithiolato)rhenium(v) complexes
and triphenylphosphine cleaves a C—S bond, giving a
thio(thiolatoalkyl)rhenium(v) product. This reaction, to our
knowledge, is unprecedented.

Treatment of 1a or 1b with triphenylphosphine leads to
2a or 2b, as in Equation (1). The reaction follows second-

O sph

NI
Ci’ ©*PPh,

S EN S~
CS = <:S/ pdt, 1a ECH; 2a

< 2 S. mtp, 1b QS\ 2b
7
S

CHy
S~
[

S\ﬁ/PPm
CHb 2 SPh

edt, 1c

order kinetics; k;,=3.61(2)x107 and ky=2.61(5) x
10~*Lmol's™" (benzene, 25.0°C). In the reaction in Equa-
tion (1) the Re=0 bond is cleaved and P=O and Re=S bonds
are formed at the expense of a CH,-S-Re bond, and a new
Re—C bond is formed; consequently, the six-membered
chelate ring becomes a five-membered one.

1a(1b) + PPh, — 2a(2b) + Ph,PO (1)

On the other hand 1¢ does not undergo this reaction, thus
avoiding formation of a four-membered chelate ring. Addi-
tionally, but incidental to the new chemistry, all three versions
of 1 exchange PAr; for PPh;, as do their methyl analogues
[MeReO(dithiolato)PPh;].P!
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Both 2a and 2b were characterized spectroscopically and
analytically (Experimental Section). The methylene reso-
nance signals shift downfield: 6 =4.95 and 3.30 ppm for 1b as
compared to 6 =5.89 and 3.61 ppm for 2b. Further, the vg.o
frequencies change from the typical values for oxorhenium(v)
complexes, 947 cm™ (1b) to vg.s 500 (2a) and 510 cm™
(2b)."" The 3P NMR spectrum in C¢Dy showed the slow
disappearance of the resonance signal of 1b at 6 =19.0 ppm
and the growth of new signals for 2b at  =34.8 ppm and for
Ph;PO at 6 =26.0 ppm. Compounds 2a and 2b were also
characterized by X-ray crystallography.®! Their molecular
structures are based on a square pyramid with an apical thio
ligand (Figure 1). The rhenium-element bond lengths are

2a 2b

Figure 1. Molecular structures of 2a and 2b (thermal ellipsoids set at
50 % probability). Selected bond lengths [pm]: 2a, Re-S(2) 208.08(15),
Re-S(1) 228.49(15), Re-S(3) 228.98(15), Re-C 214.0(6), Re-P
241.56(14); 2b, Re-S(3) 208.83(9), Re-S(2) 229.50(9), Re-S(1)
229.12(8), Re-C 215.6(3) Re-P 242.02(8).

comparable to those found in related rhenium(v) com-
plexes,”? save for reported Re=O bonds of 168(3) pm,
compared to the Re=S bonds of 208 pm in 2a, 2b. Note that
in 1b the phosphorus atom and the phenolic sulfur are in trans
positions whereas in the product 2b they lie cis to one another
(see below).

On the basis of the data obtained, we suggest the
mechanism shown in Scheme 1. The first step comprises
nucleophilic attack on the oxo group of 1a, a process which is
reasonable given the formal charges, Re =0"; moreover,
attack of phosphine at a terminal oxo group has precedent.['")
The resulting intermediate is assisted to the product by the
Re =S*Ph resonance form. The intervention of this reso-
nance form may be the ultimate reason for the failure of
[MeReO(dithiolato)PPh;] complexes to undergo parallel

s O s OPPh; s OPPhy
\A\L/SPh PPh \ |, 8P \ |, =SPh
e e Re — Re
/N / pph ! ppn
< 1a PPh s 8 s \ 3

1
s OPPhs

]y SPh

{ et

L& PP,

Scheme 1. Proposed mechanism for the conversion of Ta into 2a.

— Sﬁ‘ PPh;
PhgPO + L ReY

AN

2a SPh
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reactions. Reaction of 1a or 1b with PAr; always leads to PAr;
products analogous to 2a or 2b, because phosphine exchange
in 1 occurs more rapidly than the reaction in Equation (1). We
have found no precedent for the reaction in Equation (1),
although certain features are common to an organic rear-
rangement.!'!]

Finally, there is an issue for 2b not accounted for by the
mechanism shown in Scheme 1, namely that the crystal
structure establishes that the PhS group lies trans to the
phenolic sulfur atom (S1), opposite to its location in 1b.
Isomerization is not an issue for the reaction of 1a, of course,
because it has equivalent sulfur atoms. It has been shown that
geometrical isomerization accompanies the bimolecular,
associative ligand substitution reactions between [MeR-
eO(mtp)PPh;] and PAr,;, Equation (2).'! This precedent
constitutes the basis for 2b not being obtained the same
isomer as 1b; it leaves unanswered the question as to whether
2b, as isolated, is the more stable geometric isomer.

% 8

\”'é + PAr, H/ +PPh, @)

PhP” e M PAr

Experimental Section
2a: As a mixture of [[PhSReO(pdt)},] (the precursor of 1al'? (165 mg,
0.20 mol) and PPh; (484 mg, 1.85 mmol) in toluene (100 mL) was
stirred for two days, the solution changed gradually from brown to
yellowish. During removal of the solvent a yellowish solid precipi-
tated. This solid was dissolved in the minimum volume of CH,Cl,,
loaded onto a silica gel column, and eluted with diethyl ether/hexanes.
Yield 71 %; 'H NMR (400 MHz, CD,CL,): 6 =7.77 (b, 6H), 7.56 (dd,
J=72Hz, 2H), 7.52-7.43 (m, 9H), 7.30 (t, /=7.6 Hz, 2H), 7.23 (t,
J=17.6Hz, 1H), 5.40 (dd, J=13.6 Hz, 1H), 3.37-3.33 (m, 1H), 3.24-
3.18 (m, 1H), 3.02-2.90 (m, 1H), 2.39-2.31 (m, 1H), 1.74-1.66 ppm
(m, 1H), *'P NMR (162 MHz, external reference 85% aq. H;PO,,
CD,Cl,): 6 =31.2 ppm, IR (KBr pellet) 500 cm™. Elemental analysis
(%) caled for C,;H,S;PRe-0.5(C,H;),0:C 49.69, H 4.46, S 13.72;
found: C 50.17, H 4.05, S 12.98. Crystals of C,;H,S;PRe-0.5C,H,
suitable for diffraction were grown from benzene solutions of 2a.
2b: The analogous procedure was used to prepare the brown
compound 2b in 61 % vyield, from 1b!'? (50 mg, 0.07 mmol) and PPh;
(92mg, 0.35mmol) in toluene (20mL). Yield 61%, 'HNMR
(400 MHz, CD,Cl,): 6=7.83 (b, 6H), 7.61-7.56 (m, 3H), 7.52-7.45
(m, 11H), 7.30 (t, 1H), 7.22 (d, 1H), 7.07 (t, 1H), 6.99 (t, 1H), 5.89
(dd,J,=1.2Hz,J,=17Hz, 1H), 3.61 ppm (dd, J,=9Hz , J,=17 Hz,
1H), *PNMR (162 MHz, external reference 85% aq. H;PO,,
CD,Cl,): 0=344ppm (348ppm in CiDy). IR (KBr pellet),
510cm™ (m, wges). Elemental analysis (%) caled for
C5Hy6S;PRe0.5C;Hy: C 54.73, H 3.99, S 12.69, P 4.09; found: C
55.67, H 3.76, S 11.52, P 3.25. the solvent contained in the powdered
sample for analysis was detected by "H NMR spectrosocpy. The red-
brown single crystals of C;;H,,S;PRe that were grown from toluene-
hexanes solutions of 2b contained no solvent of crystallization.
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free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
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Solid-Phase Synthesis of Lipidated Peptides**

Goran Kragol, Maria Lumbierres, Jose M. Palomo, and
Herbert Waldmann*

The Ras proteins serve as central molecular switches in
biological signal transduction cascades regulating cell growth
and differentiation.l!!'. They incorporate both acid-labile
farnesyl thioethers and base-sensitive palmitic acid thioesters,
which are required for biological activity and terminate in a
cysteine methyl ester (Scheme 1).

For the efficient and rapid synthesis of tailor-made
lipidated peptides representing the characteristic partial
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) >
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Scheme 1. Structure of the C-termini of the N-Ras and the H-Ras
protein.

structures of their parent proteins?? a flexible solid-phase

technology is required. Ideally such a technique would:

1. give access to peptides carrying different combinations of
acid- and base-labile lipid groups; this requires the
application of a set of suitable orthogonally stable
protecting groups and a linker to the solid support, all of
which can be cleaved under the mildest conditions;

2. allow for the introduction of additional reporter and/or
linking groups required for application of the target
peptides in further biological investigations;

3. allow for release of the peptide as a methyl ester, or—if
required—equipped with a different functional group, for
example, a fluorophore at the C-terminus.”!

The only method currently available for this purpose!
requires a large excess of lipidation reagent, is not readily
automatable, and is not suitable for the preparation of longer
peptides. Thus attempts to prepare peptides with
> 10 amino acids by this method failed in our hands.

Here we describe the successful development of a solid-
phase synthesis method that meets the demands and over-
comes the drawbacks described above. It employs pre-
lipidated amino acid building blocks together with the base-
labile 9-fluorenylmethyloxycarbonyl (Fmoc) group as a
blocking function for the N-terminus, and the oxidation-
labile hydrazide linker for anchoring to the solid support.

The lipidated building blocks required for the new solid-
phase method were synthesized in high overall yields as
shown in Scheme 2 employing in part transformations descri-
bed earlier.”! Notably only one equivalent of farnesyl chloride
and, in particular, of the N-methylanthraniloyl (Mant)-
functionalized farnesyl analogue GerMantCl were employed.

Building blocks 2 and 4 were then used in the solid-phase
synthesis of H- and N-Ras peptides 9 and 10 (Scheme 3). The
hydrazide unit'® was employed as a linker to the solid support
since it can be cleaved under mild oxidative conditions and
gives access to lipopeptide esters and acids.) Fmoc-hydrazi-
nobenzoic acid functionalized aminomethyl polystyrene resin
is commercially available (NovaBioChem). In order to avoid
racemization of cysteines DIC/HOBt or HBTU/HOBt/TMP
cocktails in CH,Cl/DMF 1:1 were used for coupling the
cysteine building blocks.”

Coupling of Fmoc-Cys(Far)OH and Fmoc-Cys(Pal)OH
proceeded with > 90 % efficiency if a coupling time of 4 h was
allowed and if for Fmoc-Cys(Pal)OH a double coupling was
performed (monitored by Fmoc determination employing the
established UV-based method). After oxidative cleavage with
Cu(OAc), and release from the resin by treatment with
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Scheme 2. Synthesis of lipidated building blocks 2, 4, 6, and 8.

a) 5% TFA, 3% TES, CH,Cl,, 1 h, RT; b) TMSCI (1.1 equiv), 2 h,
reflux, CH,Cl,, then PalCl (3 equiv), Et;N (1.5 equiv) dropwise 3 h,
CH,Cl,, RT; c) FarCl (1 equiv), 4N NH;/methanol, 3 h, 0°C, 1 h,
RT;F4 d) FmocOSu (1.1 equiv), Et;N (1.1 equiv), CH,Cl,, 2 h, RT; e)
GerMantCl (1 equiv), 4N NH;/methanol, 3 h, 0°C, 1 h, RT; f)
NBDCI, THF/methanol, 65°C, 2 h.®® Far=farnisyl, Fmoc=9-fluore-
nylmethyloxycarbonyl, NBD = 4-nitrobenzo-2-oxa-1,3-diazole, Pal=
palmitoyl, RT=room temperature, TES =triethylsilane, TFA=tri-
fluoroacetic acid, TMS =trimethylsilyl.

CH,;OH followed by filtration of the crude product
through a short silica cartridge, the peptide methyl
esters corresponding to immobilized peptides 9 and
10 were obtained in overall yields of 69% and
60 %, respectively, and with > 90 % purity.

For further elongation of the peptide chain the
central problem of the entire method had to be
solved. After removal of the Fmoc group from the
N-terminal S-palmitoylated cysteine a rapid S—N
acyl shift had to be feared,® and, in addition, the
base-labile Fmoc group had to be removed under
conditions that leave the thioester intact, although
this group is very sensitive to nucleophilic attack.?

Scheme 3. Solid-phase synthesis of lipidated peptides employing pre-lipidated
amino acid building blocks. a) 1. 20% piperidine/DMF, 2. Fmoc-Cys (Far)-OH

(4 equiv), DIC/HOBt or HBTU/HOBt/TMP, CH,Cl,/DMF (1:1), 4 h; b) Standard
solid-phase synthesis: 1. 20% piperidine/DMF, 2. Fmoc-AA-OH (4 equiv), DIC/
HOBt or HBTU/HOBt/DIPEA, CH,Cl,/DMF (1:1) or DMF, 2 h; ¢) 1. 20% piperi-
dine/DMF, 2. Fmoc-Cys(Pal)-OH (4 equiv), DIC/HOBt or HBTU/HOBt/TMP,
CH,Cl,/DMF (1:1), 4 h for 10, overnight for 9; d) 1% DBU/DMF, 2x30's;

€) Fmoc-AA-OH (5 equiv), HATU (5 equiv), DIPEA (20 equiv), CH,Cl,/DMF (4:1),
2 h; f) Cu(OAc),, pyridine, acetic acid, methanol, CH,Cl,, oxygen atmosphere, 3 h.
DIC=1,3-diisopropylcarbodiimide, DIPEA = N,N-diisopropylethylamine,

DMF = N,N-dimethylformamide, HATU = O-(7-azabenzotriazol-1-yl)-N,N,N’,N'-
tetramethyluronium hexafluorophosphate, HBTU = N-[(1H-benzotriazol-1-yl)-
(dimethylamino) methylene]-N-methylmethanaminium hexafluorophosphate
N-oxide, HOBt = 1-hydroxybenzotriazole, TMP =tetramethylpiperidide.

Substantial experimentation revealed that the desired for 2 x 30 s followed each time by fast washing with DMF (6 x
elongated and S-palmitoylated peptides can be obtainedina  5s) and immediate coupling for 2 h employing five equiv-
very practical and efficient manner if the Fmoc group is  alents of preactivated (10 min) amino acid building block, five
cleaved by treatment with a solution of 1% DBU in DMF!  equivalents of HATU, and twenty equivalents of diisopropyl-
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ethylamine in CH,CL/DMF 4:1 as solvent.
Under these conditions the desired elon-
gated peptides 12 and the analogue 13
resulting from S—N acyl shift were
formed in a ratio of 95:5.

In order to demonstrate the scope of the
method, the lipid-modified peptides shown
in Table 1 were prepared. In general, a resin
with a loading of 0.35-0.37 mmolg™' was
employed, and the peptides were prepared
in 5- to 20-mg amounts. Immediately after
release from the resin and filtration through
a silica cartridge the peptides were >80 %
pure (determined by HPLC analysis; see
the Supporting Information).

The peptides shown in Table 1 display
different lipidation patterns; in other words,
they are mono- or dilipidated and corre-
spond to the C-termini of the H- or N-Ras
protein. In addition to the lipid groups they
incorporate a fluorescent label (NBD,
Mant) or a photoactivatable group (benzo-
phenone) and/or a maleimidocaproyl group
(MIC), and a biotin group or an unmasked
N-terminal cysteine which can be employed
for coupling to expressed proteins by
expressed protein ligation.”! Three pepti-
des (18-20) incorporating the GerMant
analogue of the farnesyl group were synthe-
sized. Due to the laborious preparation of
the GerMant residue (see above) in the
coupling steps employing Fmoc-Cys(Ger-
Mant)OH only 1.5 equivalents of the build-
ing block were employed to ensure efficient
use.

Finally, the applicability of the method
to the synthesis of long lipidated peptides
was investigated. To this end, decapeptide
27 and tetradecapeptide 28 were prepared,
which both mimic the C-terminus of N-Ras.
Both were obtained in milligram amounts
and characterized by '"H NMR spectroscopy
and mass spectrometry (27: ESI-MS: m/Z 4
for [M+H]*=1887.0, m/zu.q = 1887.3; 28:
MALDI-MS (DHB): mlZeq  for
[M+Na]t=2481.3, M/ Zjouna = 2481.8;
MlZgea for [M4K]*: 24973, mizZiuma=
2497.9). These peptides represent the lon-
gest S-palmitoylated and S-farnesylated
peptides synthesized so far. Both were not
accessible by the previously reported solid-
phase method,” which demonstrates the
superiority of the method reported in this
article.

In conclusion we have developed an
efficient solid-phase method for the syn-
thesis of differently lipidated and addition-
ally modified peptides. This methods meets
the requirements of a widely applicable
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Table 1: Lipidated peptides synthesized by means of the solid-phase method.

Entry  Cmpd.  Structure® Yield [%]
II\IBD
Aloc-Cys-Met-Ser-Cys-Lys-Cys—OMe
1 14 | | | 28
S S, S,
S-tBu Pal  Far
ITIBD
H-Cys-Met-Lys-Leu-Pro-Cys-OMe
2 15 | [ 38
S, s
S-tBu Far
MIC—GIy—Cys—Met—GIy—Leu—Pro-(llysfoMe
3 16 s s 30
“Pal Far
ITJBD
MIC-Gly-Cys-Met-Lys-Leu-Pro-Cys—OMe
4 17 | [ 28
SN S,
Pal Far
MIC-GIy-Cys-Met-GIy-Leu-Pro-C,:ys-OMe
|
5 18 S. S 31
Pal “GerMant
MIC—G!y—Cys—Met—GIy-Leu—ProfCl:ystMe
6 19 s s 23
“S-tBu GerMant
Ac-Met-Ser-Cys-Lys-Cys OMe
7 20 ‘ : 25
S\Pal S\GerMant
/?\Ioc
Ac-D-Met-D-Ser-D-Cys-D-Lys-D-Cys OMe
8 21 A 45
s\Pal S\Far
BP
MIC—GIy—Cys—Met—L)‘/s—Leu—Pro—Cys—OMe
9 22 T | 25
S.
Pal S\Far
NBD-Aca-Gly-Cys-Met-Gly-Leu-Pro-Cys-OMe
| I
10 23 32
S\Pal S\Far
l‘BP
Biotin-Aca-Gly-Cys-Met-Lys-Leu-Pro-Cys-OM
1 24 iotin-Aca-Gly C){s et-Lys-Leu-Pro C)qs OMe 20
S\Pal S\Far
NBD-Aca-GIy-CIys-Met-GIy-Leu-Pro-Cys-OH
|
12 25 S 37
“S-tBu S\Far
NBD-Aca-Gly-Ser-Met-Gly-Leu-Pro-Cys-Val-Val-Met-OH
|
13 26 N 25
Far
Fmoc-GIy-Thr-Glln-GIy-C|ys-Met-GIy-Leu-Pro-Clys-OMe
14 27 NTrt S S 30
“Pal “Far
OtBu OtBu
15 28 Fmoc-Ser-Ser—Asp—?sp—GIy—TJﬂr—GlIn—GIy—Clys—Met—GIy—Leu—Pro—Clys—OMe 12
OtB NTrt S S
! “Pal “Far
[a] Structures to define the abbreviations used:
o}
(e}
MIC = | N% H O o
5 & Ox-N, /\H)k
o} Biotin-Aca = “ N OH
o HNy», H 4
S
e T
o}
www.angewandte.org © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5841
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potentially automatable methodology and overcomes the
limitations of earlier procedures. In terms of efficiency and
flexibility this solid-phase method is superior to the solution-
phase synthesis. It gives pure peptides more quickly and with
superior overall yield.
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Keywords: lipids - proteins - solid-phase synthesis
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very small energy barrier of approximately 30 cm™! for the

Analysis of Poly(carbon suboxide) by Small-
Angle X-ray Scattering**

Matthias Ballauff,* Sabine Rosenfeldt,
Nico Dingenouts, Johannes Beck,* and
Petra Krieger-Beck

Carbon forms different oxides, of which carbon monoxide and
carbon dioxide are among the most widely studied chemical
compounds. The most stable oxide with more than two
cumulative double bonds, known as carbon suboxide C;0, (1;
Scheme 1), was synthesized for the first time nearly 100 years

0=C=C=C=0
1
0 0 o)
O O OH
o}
7 N1/ N7 N\
-

C//C o o1 o
4 0O 0 ¢]
0 L

—n
2

Scheme 1. Structure of monomeric carbon suboxide (1) and the
poly(a-pyronic) structure of poly(carbon suboxide) (2) as postulated
by Ziegler.

ago. In 1906, Diels et al. discovered that the dehydration of
malonic acid with P,O,, yields a colorless, pungent gas which
they later identified as C;0,.! The molecule, whose elec-
tronic structure suggests it to be linear, after intensive
spectroscopic studies, was found to be quasilinear with a
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bending vibration of the central carbon atom.”* Recently the
structural analysis has been carried out using crystalline
C,0,.F!

A specific property of carbon suboxide is its spontaneous
polymerization, which results in the formation of a red to
black solid, with an unaltered composition of C;0,.1Y In spite
of a number of studies, the structure of poly(carbon suboxide)
(C50,),, is not well understood at the atomic level. Owing to
the amorphous nature of the polymer, conventional diffrac-
tion methods cannot be employed. The polymerization is
highly exothermic (—136 kJmol™') and may result in explo-
sions.”! The reaction follows first-order kinetics and can be
catalyzed by traces of water, acids, bases and y-rays.”! In
absence of an initiator, the polymerization depends on the
nature of the surface of the reaction vessel.’) The polymer is
paramagnetic, the susceptibility of which follows the Curie—
Weiss law. The spin density reaches a value of 10" g™
although the polymerization does not follow a radical
mechanism.”) The IR spectra show identical band patterns
independent of the way of preparation. Under highly
anhydrous conditions, the IR spectra show a band at
2180 cm™!, which can be assigned to the ketenyl group, C=
C=0. Exposure of the polymer to small quantities of humid
air results in the disappearance of the band along with the
paramagnetic moment.[”

A number of proposed structures exist. Of which the
earlier hypothesis of poly(spirocyclobutanediones)!'”! and of
an unordered, planar molecule, whose edges are occupied by
carbonyl and ketenyl groups,'!! were discarded on the basis of
spectroscopic findings."” In 1960 Ziegler!"”! postulated for the
first time a poly(a-pyronic) structure, (2; Scheme 1) which
was later confirmed by other studies,®'? and has since found
its way into a number of textbooks. This proposed structure
has recently been questioned, since the acid-base titration of
the polymer shows the presence of two different weakly acidic
groups, which are attributed to the coexistence of a- and y-
pyrones.'¥

The discussion regarding the structure of (C;0,), is not
complete, as the most important parameter in understanding
the structure, the degree of polymerization # is not yet well
defined. Prepared at temperatures below 100°C poly(carbon
suboxide) is soluble in various solvents, such as, water,
dimethylsulfoxide (DMSO), or dimethylformamide (DMF).
The determination of molecular weight of the polymer
(G50,), was carried out by Haubenstock and co-workers,
who obtained a molecular weight of 311 to 358 gmol ™ in
DMF solution using vapor-pressure osmometry, and molec-
ular weight of 312 gmol™! in DMSO using cryoscopy.” The
degree of polymerization n should therefore be very small,
about five units of C;0,. In the sixties, Blake etal. had
reported similar results, but with relatively high errors,
obtaining a value of n=5 to 10 for amorphous solids by
using wide-angle X-ray diffraction."” Recent investigations
for the degree of polymerization of polymers treated with
NH,, by vapor-pressure osmometry in water, gave n = 6-8.%

According to the above results, (C;0,), cannot be
represented as a polymeric substance. If the structure of
(G50,), is indeed as shown Scheme 1, then the polymerization

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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process must result in higher molecular weights and the
degree of polymerization must be much greater than n=>5.

To explain the structure of poly(carbon suboxide) in
solution, and to arrive at a comprehensive and meaningful
conclusion, we have used small-angle X-ray scattering
method, which is suitable for the analysis of dissolved
polymers.'’! Tt is possible with the help of this method, to
determine the degree of polymerization and the shape of the
molecule. The details of such an analysis have been discussed
recently." First, the scattering intensity I(g,c) of dilute
solutions of poly(carbon suboxide) is measured. The scatter-
ing vector g can be described by the scattering angle 6 and the
wavelength of the incident radiation (g = (4m/A)sin(6/2); A =
wavelength, 0 =scattering angle)." The weight concentra-
tions are typically 0.5-1 % and the analysis of the data follows
according to Equation (1) where K is the optical constant,

1(q.c) = ke M, P(q) S(qc) = kcl(q) S(g:) 1)

which can be given through the partial molar volume of the
dissolved polymer (see Experimental Section). M, is the
weight-average molecular weight to be determined and P(q)
is the form factor, which describes the intramolecular
interactions of the dissolved molecules and provides infor-
mation about the form of the polymer. The term S(qg,c) is the
structure factor, which describes the effect of the intermo-
lecular interactions at finite concentrations. By extrapolating
I(g)/c to infinite dilution this effect can be eliminated, and the
scattering intensity Iy(q) of a single dissolved molecule can be
obtained. According to Guinier’s law, in the region of small
scattering angles, an extrapolation to vanishing scattering
angles could be given as Equation (2)!""), where R, is the

2 2

I(q)/c:kaexp[—gTq};ng<l (2)

radius of gyration, which is a measure of the average
extension of the dissolved molecule under consideration.
Figure 1 shows the Guinier plot, where the scattering
intensities are extrapolated to infinite dilution. A mixture of
90% DMF and 10% water was used as solvent. Along with

3000
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1(a) 1 (cK)e-so/
g mol~’
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Figure 1. Guinier plot showing the scattering intensities of dissolved
poly(carbon suboxide) extrapolated to infinite dilutions.
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the optical constant K, determined by the density measure-
ments (see Experimental Section), the y-axis intercept gives a
molecular weight M,, 27504600 gMol™". In spite of the
relative error in the measurements, as a result of the weak
scattering intensities, it can be concluded that the value
obtained is approximately higher by one order of magnitude
than those obtained by Haubenstock et al. who obtained a
value of 311 gmol~'. The radius of gyration R,, is found to be
1.7 nm, which is indicative of a polymeric structure. These
results suggest the polymer structure to be as shown in
Scheme 1.

The above analysis is not sufficient to prove the bandlike
structure for the poly(carbon suboxide). It is necessary to
carry out the analysis of the form factor P(q) at higher
scattering angles: first, the form factor must be corrected for
the finite diameter of the molecule, as the X-ray scattering
interferences, which contribute to the angle dependence of
Iy(g), could also result from the finite cross-section of the
molecule.™ The corrected form factor P,(q), which then
refers to an infinitely thin chain, in which there as only
intramolecular interactions along the chains, could then be
compared to the theoretical models. The main result of this
analysis is the persistence length a, which is a measure of the
stiffness of the polymer chain under consideration: if a is
smaller than the contour length L, of the chain, the polymer is
a flexible coil, whereas, if a is identical to L. then the
macromolecule is a rod.

Following Ref. [16] a plot of the scattering intensities I;(q)
measured at higher scattering angles can be carried out
according to Equation (3), where M| is the mass of the

I(q) - T M,

1
rs exp[—zRZ qz] 3)

polymer chain per unit length and R, is the radius of gyration
across the chain, in which the interferences owing to the finite
cross-section are taken into consideration. The mass per unit
length M; can be divided directly by the formula weight of the
repeating unit to obtain the length which then provides a good
consistence check for the analysis. The form factor Py(q)
corrected for the effect of the finite diameter, could then be
given as Equation (4).'! This term can be compared directly
to the theoretical models."®

(@) = ke My Py(q) expl— 3 R ) )

Figure 2 shows the plot of the scattering data according to
Equation (3). At higher g values a linear relationship was
found as expected, this allows a reliable estimation of M| and
R.. From Figure 2 M; =360+20 gMol 'nm ™' and R.=0.3 +
0.05 nm. For the proposed structure 2 (Scheme 1) M, =
340 gMol 'nm~!. The value obtained for R, is exactly
equivalent to the cross-section, derived from the proposed
Structure.

The next step of this analysis is demonstrated in Figure 3,
which shows the Holtzer plot. Kholodenko’s model was used
for the theoretical description of Py(g), which in comparison
with simulations’® has already been demonstrated to be the
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Figure 2. Plot of the scattering intensities corrected according to
Equation (3) for the determination of mass per length M_ and the
cross-sectional radius of gyration R.. The y-axis intercept of this plot
leads directly to M|, and the slope gives the value of R_ according to
Equation (3).
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Figure 3. Holtzer plot Py(g)qL. of the corrected form factor Py(q). The
points correspond to the experimental data, while the lines show the
fits of the experimental data with the form factor from the Kholodenko
theory. The dashed line depicts the fit with the dimensionless quantity
L,/L,=1.1, while the solid line shows the assumption of the dimen-
sionless quantity L,,/L,=1.5. In both the cases L,=7.7 nm, the value,
which is determined directly from M,, and M. The persistence length a
is given as 1.5 nm for L,/L,=1.1,if L, /L,=1.5 then a is 1.3 nm.

optimal theory.'! Fit-parameter of this model is the persis-
tence length a, as the contour length used for this model L, =
7.7+ 1 nm is given by the molecular weight M|, and the mass
per unit length M, as determined above. The breadth of the
molecular-weight distribution must be considered, this is
given from the ratio of the weight-average contour length Ly,
and the number-average contour length Ly. Since no infor-
mation is available for Ly and Ly, the fit was carried out by
assuming Ly/Ly=1.1 (dashed line in Figure 3) and with L,/
Ly=1.5 (solid line in Figure 3). As can be seen in Figure 3,
both the assumptions deliver identically good fits, which are
within the limits of error. The persistence length a=1.5 nm
for Ly/Ly=1.1, if Ly/Ly=1.5 then a slightly smaller value
a=1.3 nm is obtained.
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In conclusion, small-angle X-ray scattering measurements
in solution allow us to fully confirm the suggested polypyronic
structure 2 (Scheme 1). The degree of polymerization n = 40,
is in contradiction to the earlier determination of the
molecular mass and confirms that (C;0,), is a one-dimen-
sional bandlike polymer. Hence, a solution to the structure of
poly(carbon suboxide) has been obtained.

Experimental Section

1: C;0, was obtained by the thermolysis of malonic acid bis(trime-
thylsilylester) in presence of P,O,, at 160°C.'") The gaseous carbon
suboxide was collected in a cold-trap thermostated at the temperature
of liquid N, ,which was then purified by distilling two times using two
cold-traps in series.

2: For the polymerization, C;O, (1 to 2 mL) was condensed in
glass ampules of 15 cm length, with an inner diameter of 1.5 cm and a
wall thickness of 2 mm, and dry CCl, (3 mL) was added. After
freezing with liquid N,, the ampule was evacuated and sealed. Storage
at room temperature for a few days led to a complete transformation
into the brown red polymer.'®! After opening the ampule under an
inert gas, CCl, was first evaporated at room temperature for 24 h
under vacuum, and then for further 2 h at 50°C. The red brown
powder was preserved in an argon filled glove box and weighed there
for the preparation of solutions.

Small-angle X-ray scattering: all the scattering intensities shown
herein, were obtained using a Kratky compact camera. The measure-
ments were carried out and analyzed analogously to experiments on
dissolved polymers reported elsewhere,'* as was the extrapolation to
infinite dilutions and the desmearing of the scattering intensities,
which is necessary owing to the slit geometry of the X-ray beam
obtained with a Kratky camera.

The optical constant K could be given as Equation (5).['%!

= 2
ne V X<
NoAZ =N, <M0 7721\?3 ) 5)

N, is the Avogadro number and Az is the number of excess
electrons per mass of the dissolved polymer under consideration. The
term n, is the number of electrons per mass, which can be obtained
through the formula weight, and 7, is the partial specific volume,
which can be obtained through the density measurements of dilute
solutions. For the solutions studied here, in the mixture of 90 % DMF
and 10% water a value of #,=0.61+0.02cm’g! and K=
0.0204 mol g% was obtained.
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Cyclophanes

Synthesis of Beltenes by Reactions of
5,6,11,12-Tetradehydrodibenzo[ a,e]cyclooctene
with [CpCo(CO),] Derivatives**

Bjorn Hellbach, Frank Rominger, and Rolf Gleiter*

Paracyclophanes with [1.1] and [0.0] bridges are of consid-
erable interest due to their high strain energy and because the
7 systems are strongly bent.!! Tricyclohexaene 1 can be
looked at as either a superphane®® with ethylene as the nt
system or as a [0.0]-paracyclophane (Scheme 1). Hexaene 1
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can be expanded by incorporating the peripheral double
bonds into four benzene rings, which leads to tetradehydro-
dianthracene 2.P! Replacing the central double bond by a
cyclic conjugated m system such as a metal-stabilized cyclo-
butadiene moiety or a benzene ring leads to 3 and the
tetrabenzannelated 1,2,4,5-cyclophane (4), respectively. The
synthesis and structural properties of 4 were reported recently
(Scheme 1).1 Extending the building units to two ortho-
substituted benzene rings and one conjugated system leads to
conjugated beltenes'™” as indicated in 5 and 6. In this
communication we report the preparation of four beltenes
related to 5 which are the first examples of genuine
beltenes!'” consisting of annelated conjugated four- and
eight-membered rings.

In our previous studies on nonconjugated beltlike macro-
cycles!™ we noticed that highly strained cyclic diynes such as 7
react with [CpCo(C,H,),] preferentially under trimerization
to yield 8 (Scheme 2) or the corresponding tetramer.!”’ When
the reaction of 7 was carried out with [Cp*Co(C,H,),] (Cp* =
pentamethylcyclopentadienyl) the dimerization to give the
corresponding superphane was preferred./! This result was
ascribed to the larger size of the Cp* ligand relative to that of
Cp. From these experiments we concluded that the reaction of
the highly strained cyclodiyne (9)™ with [CpCoL,] might lead
to a tri- or tetramer. Indeed, the irradiation of 9 at 254 nm in
the presence of [CpCo(CO),] in decalin for three days gave a
yellow colored product in 14 % yield (Scheme 3).

The assignment of the structure to the trimer 10 is based
on its spectroscopic data (see the Experimental Section), the
molecular weight determined by mass spectrometry, and X-
ray structural analysis® (Figure 1). The NMR data (three
singlets in the 'H NMR spectrum, five in the *C NMR
spectrum) suggest Dy, symmetry for 10 in solution. This
conclusion is supported by the X-ray diffraction data, which
show that substituents at the cyclobutadiene ring are bent by
about 11° out of the plane of this ring, away from the {CpCo}
unit. The phenyl rings are twisted out of the cyclobutadiene
plane around the interconnecting C—C bond by about 60°.
This angle is larger than that reported for {CpCo}-stabilized
tetraphenylcyclobutadiene, which varies from 32° to 42°.)
The strong twisting in 10 indicates a weak interaction between
the cyclobutadiene rings through the benzene bridges. The
distance of the centers of the cyclobutadiene rings to the
center of 10 amounts to 2.1 A. From this value an inner
diameter of 42 A was calculated. To probe possible inter-
actions between the {CpCoCb} units in 10, we have carried
out studies by means of cyclovoltammetry, which indicated an
irreversible oxidation.!”

By using [Cp*Co(CO),] instead of [CpCo(CO),] we
hoped to favor the dimerization of the cyclic diyne 9 resulting
in superphane 12. Still the main product remained the trimer
11 besides traces of the dimeric product 12 which have not yet
been isolated. The yield of 11 (41%) in this one-pot
trimerization is quite remarkable. We were also able to
isolate single crystals of 11 suitable for X-ray structure
analysis. The data obtained for 11 resemble very much those
of 100" except the cyclic voltammogram of 11 revealed a
reversible redox process at 590 mV and 840 mV (vs. ferro-
cene/ferricinium in CH,CL). In further synthetic work, the
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Scheme 1. Correlations between 1, phanes 2—4, and beltenes 5 and 6.
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Scheme 2. Preparation of the beltlike species 8.
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Figure 1. X-ray crystal structure of 10 (ball-and-stick model). Hydrogen
atoms are omitted for the sake of clarity.

trimers 13 and 14 were prepared by using [(CpCOOMe)-
Co(CO),] and [(CpSiMe;)Co(CO),].

To elucidate the mechanism of the one-pot reaction shown
in Scheme 3 we investigated the crude reaction products of
the synthesis of 11, 13, and 14 by means of mass spectrometry.
We found evidence for the presence of the Cp*, CpCO,Me,
and CpSiMe; congeners of 15 and 16 based on HRMS data.
This let us postulate that first a cobalt-supported dimerization
of 9 to 15 takes place. In this intermediate the substituents at
the (Scheme 4) cyclobutadiene ring should be bent away from

13 R=COOMe
14 R=SiMe;,
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Scheme 4. Possible intermediates on the way from 9 to 10.

16

the CpCo moiety. The reaction of 15 with a third equivalent of
9 in the presence of CpCo(CO), leads to the product 16 which
will finally close the ring to 10. Crucial for the ring closure is
the adoption of a boat conformation of the heptacyclic ligand
as sketched in 15. Model calculations at the BP86/STO-3G
levell>'* on 15 are fully in line with these assumptions. They
predict a boat shaped conformation for the C;,H,4 ligand.
To sum up, we accomplished the synthesis of four
examples of the first conjugated beltenes consisting of
annelated rings. This was achieved by a one-pot reaction
between the diyne 9 and the corresponding cobalt templates.
In case of 10 and 11 we were able to obtain single crystals for
X-ray structural analysis. For the mechanism we assume a
stepwise annelation of {CpCo}-capped cyclobutadiene rings.

Experimental Section
The reactions were carried out under Ar in predried glassware using
Schlenk techniques. Decalin was distilled over Na and was transferred
under Ar. [CpCo(CO),] and its derivatives were prepared according
to literature procedures.!"*'%

General procedure: A 250-mL irradiation flask was charged with
a solution of 9 (0.72 mmol) in decalin (225 mL). [CpRCo(CO),]
(1.60 mmol) was then added. The solution was magnetically stirred
and cooled to 10°C. After three days of irradiation the solvent was
evaporated in vacuo, and the residue was purified by column
chromatography (dichloromethane).

10: Thin yellow crystals (plates) in 14% yield. 'H NMR
(500 MHz, CDCly): 6=5.19 (s, 15H, Hg), 7.08 (t, *J(HH)=
4.41 Hz, 12H, H,on), 7.69 ppm (t, *J(H,H)=4.23 Hz, 12H, H,om);
BCNMR (125 MHz, CDCL): 6=82.37 (Cg,), 82.58(C,), 126.88
(Carom)s 131.70 (Crom)s 133.93 ppm (Cirom); MS (FAB+): m/z =973
[M*+H], 972 [M*]; HRMS: m/z caled for CgHsoCos: 972.1047,
found: 972.1094.

11: Yellow-orange crystals in 41% yield. '"H NMR (500 MHz,
CDCL): 6=1.87 (s, 45H, H¢,:), 6.94 (m, 12H, H,,,), 7.37 ppm (t,
12H, H,,,); *CNMR (125 MHz, CDCl;): § =11.21 (CH,), 78.70
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(Ccv)» 90.47 (Cgyp), 125.28 (Cyrom), 129.93 (Cyrom), 134.52 ppm (Cirom);
MS (FAB +): m/z = 1183 [M*++H], 1182 [M*]; HRMS: m/z calcd for
CsHgoCos: 1182.3395, found: 1182.3379.

13: Yellow solid in 12% yield. "H NMR (300 MHz, CDCL;): 6 =
3.48 (s, 9H, Hyey), 5.10 (m, 6H, He,), 5.73 (m, 6H, H,), 7.91 (m,
12H, Hyom), 7.54 ppm (m, 12H, H,,); “C NMR (75 MHz, CDCl,):
0=51.59 (CHj;), 83.65 (Cc), 83.83 (Cgp), 86.92 (Cgp), 86.94 (Cg,p),
127.34 (Cyrom)s 13138 (Curomn)s 132.58 (Corom)s 168.10 ppm (Ceo); MS
(FAB+): m/z=1147 [M*+H], 1146 [M*]; HRMS: m/z calcd for
CgH,504Co;: 1146.1212, found: 1146.1274.

14: Yellow solid in 8% yield. 'H NMR (300 MHz, CDCl,): 6 =
—0.23 (s, 27H, Hyyg), 4.99 (m, 6H, He,), 5.29 (m, 6H, H,), 6.94 (m,
12H, Hyrom), 7.56 ppm (m, 12H, H,yop); °C NMR (75 MHz, CDClLy):
0=0.68 (Cpys), 77.36 (Cgy), 82.10 (Ccy), 86.96 (Cp), 87.18 (Cgp),
126.55 (Cirom)» 131.89 (Cyrom)s 133.76 ppm (Cipom); MS (FAB + ): m/z =
1189 [M*+H], 1188 [M*]; HRMS: m/z caled for C;,Hg;Si;Cos:
1188.3033 found: 1188.2197.
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Asymmetric Synthesis

Hydrogen Bond Mediated Enantioselectivity of
Radical Reactions™*

Tobias Aechtner, Martina Dressel, and Thorsten Bach*

The renaissance in radical chemistry during the last years and
decades can be explained in large part by the improved
prediction and control of the important parameters chemo-,
regio-, and stereoselectivity.'! Recent investigations show that
radical reactions can be carried out enantioselectively without
an auxiliary being attached covalently to the substrate.! Two
different strategies have been reported. On the one hand, it is
possible to differentiate the enantiotopic faces of a prochiral
radical with chiral reagents (reagent control). For this purpose
chiral hydrogen-atom donors have been used most often.”!
On the other hand, face differentiation is possible by a Lewis
acid, which forms a chelate complex with the substrate, and
which is in turn coordinated to chiral ligands.*! Alternative
chiral templates that are based upon noncovalent interactions
and are similarly effective have, to the best of our knowledge,
not yet been established. In a recent study we were able to
show that high enantioselectivity (up to 84 % ee) in radical
reactions can be achieved with the help of a hydrogen-
bonding chiral template. Our preliminary results are pre-
sented in this communication.

We investigated the enantioselectivity of the reductive
radical cyclization of 3-(w-iodoalkylidene)piperidin-2-ones
(1). These compounds can be synthesized by the aldol

a X = CH,
HNL A~~~ b X = CH,CH,
5 ) € X = CH,CMe,

condensation of N-fert-butyloxycarbonyl(Boc)piperidin-2-
one with w-tert-butyldimethylsilyl(TBDMS)oxyaldehydes
followed by conversion of the protected hydroxy group into
an iodo group (1.tetrabutylammonium fluoride (TBAF),
THF; 2. PPh,, imidazole, 1,).”!

In the presence of an initiator and Bu;SnH the alkenyl
iodides reacted in a 5- or 6-exo-trig-cyclization™® (e.g. 2a—
3a, Scheme 1). The intermediate radicals 3 exhibit a proste-
reogenic center in a-position to the carbonyl function which is
transformed by an intermolecular reaction with Bu;SnH to a
stereogenic saturated carbon atom. In the case of the alkenyl
iodide 1a both enantiomeric cyclization products 4a and ent-
4a are formed during the reaction.

The reaction proceeded smoothly for the three substrates
investigated. The appropriate cyclization products were
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Bu;SnH
ﬁ, HN +

BusSn « 0 H

4a ent-4a

Scheme 1. Mechanism of the radical cyclization 1a—4a/ent-4a. The
hydrogen transfer is the enantioselectivity-determining step.

obtained in good yields (77-83 %) albeit in racemic form. The
two enantiotopic faces of the radical center in a-position to
the carbonyl function become diastereotopic when linked to a
chiral environment. We hoped to achieve such face differ-
entiation by using the chiral complexing reagent 5,78 which

coordinates to lactams through hydrogen bonds.”! For that
purpose the radical cyclization of 1a to give 4a and ent-4a was
carried out in a series of experiments in the presence of
compound 5. BEt; was used as the

0 initiator as it allowed the reactions
\Nm to be carried out at low temperature.

T N-H The reaction was indeed enan-

0 5 tioselective. ~ The  enantiomeric

excess of product 4a in the radical

cyclization"” of iodide 1a was dependent on three parameters
(Table 1). 1) The temperature should be as low as possible
since this leads to a remarkable increase of selectivity (e.g.
entries 5 and 9). 2) The amount of initiator BEt; must be held
to a minimum to achieve optimum enantioselectivity
(entries 2 and 3, entries 4-6). 3) The amount of complexing
reagent used should preferably be high (entries 7 and 9).
These observations are reasonable considering the fact that
the enantiomeric excess directly reflects the ratio of bound to
unbound substrate.”*? The association by means of hydrogen

Table 1: Enantioselective radical reaction (cf. Scheme 1) of substrate 1a
to give the products 4a and ent-4a using the chiral complexing reagent
5.[10]

Entry  T[°C]®  Equiv®’  BEt;[mol%]  Yield [%]  ee[%]
1 25 - 50 83 -

2 25 2.5 20 84 38

3 25 2.5 10 72 44

4 -10 1.0 50 78 20

5 -10 2.5 20 82 40

6 -10 2.5 10 79 55

7 —78 1.0 20 91 40

8 —78 2.5 50 84 Y

9 —78 2.5 20 81 84

[a] Reaction temperature. The reaction was carried out at the cited
temperature in toluene with Bus;SnH (2 equiv). The concentration of
substrate was 5x 1072 mol L™". The initiation occurred by addition of the
cited amount of BEt;."" [b] Equivalents of chiral complexing reagent 5.
The reagent was completely (>90%) recovered. [c] The ee values were
calculated from the enantiomeric ratios determined by HPLC analysis
(Daicel ChiralCel OD).

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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bonding is ideal if the reaction is run in nonpolar solvents and
at low temperatures. Unfortunately, the reaction did not take
place at —78°C with only 10 mol% BEt;. Despite good
reproducibility the results are not completely coherent. Thus
the minimal increase in selectivity upon decreasing the
temperature is hard to explain (entries2 and 5). The
interactions of BEt; and its decomposition products with
the substrate, complexing reagent, and product are apparently
complex and must be investigated in further experiments.
Selectivity in the reaction 1a—4a did not improve upon
photochemical initiation (Original Hanau TQ 150, duran
filter, —65°C).

Compounds 1b and 1c¢ were also reductively cyclized
under optimized conditions (Scheme 2). For the reaction of

Bu;SnH, 5
(PhCHy) HN
-65 °C [hV] H
o [e]
1b 65% 4b 75% ee

Bu,;SnH, 5
(PhCH5) HN

~78 °C [BEty] H
o) * 0

1c 71% 4c 79% ee

Scheme 2. Enantioselective reductive cyclization of substrates 1b and
Tc.

1b we observed an insignificant increase of enantioselectivity
upon photochemical initiation (c=5x10"2molL™!, light
source: Original Hanau TQ 150, duran filter). In the reaction
of 1c¢ under the same conditions"” as those used for the
reaction of 1a—4a, initiation catalyzed by BEt; was pre-
ferred. In every case we obtained the dextrorotatory 3-
cycloalkylpiperin-2-ones as products. The ee values were
calculated from HPLC analysis (for 4b) or chiral shift
experiments (for 4¢).l"

The comparison with literature data shows that dextro-
rotatory o-monoalkyl-substituted five to seven membered
ring lactams with the priority order CONH > alkyl > CH, > H
are R configurated.!'” This configuration assignment corrob-
orates the hypothesis that the hydrogen transfer from Bu;SnH
to radical 3, which is linked to template 5 by means of
hydrogen bonding, occurs from the Si side. The Re side is
shielded by the tetrahydronaphthalene residue. This is
illustrated in Figure 1 for the enantioselective hydrogen
transfer from Bu;SnH to the prochiral radical 3a.

G

5 ——N-H--0
0--.y-N 3a

X

Si face ( H—SnBuj;

Figure 1. Model to explain the face differentiation in the intermediate
radicals 3.
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In ongoing studies we are trying to apply the concept of an
enantioselective radical reaction to other model systems and
to use it in synthesis.
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Electron Transfer

Synthesis and Photophysics of a Neutral Organic
Mixed- Valence Compound**

Alexander Heckmann, Christoph Lambert,*
Mark Goebel, and Riidiger Wortmann

Dedicated to Prof. Jorg Daub
on the occation of his 65th birthday

Purely organic mixed-valence (MV) compounds are of great
interest for the investigation of intramolecular electron-
transfer (ET) processes.'™! Usually these MV compounds
are radical ions consisting of two redox centers connected by a
saturated or unsaturated bridge. In this communication we
present the synthesis and photophysical properties of the first
organic MV compound that is neutral rather than charged.
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MYV compounds are characterized by a so-called inter- 0o—
valence charge-transfer (IV-CT) band (usually in the near-IR
(NIR) region) which is associated with the optically induced
charge transfer from one redox center to the other. The
electronic coupling V between the two diabatic (formally
noninteracting) states (charge localized on the one and on the
other redox center, respectively) is a measure for the
electronic communication between these states and can be
calculated from the IV-CT band by Equation (1), where .,

,ucg ~
= Vmax 1
Ay, (1)

|4
and 7,,, are the transition moment and the energy of the I'V-
CT band, respectively, and Au;, is the diabatic dipole moment
difference between the two diabatic states mentioned above.
The diabatic quantity Ay, can either be estimated by the
effective electron-transfer distance e x r or can be traced back
to purely adiabatic (measurable) quantities by Equation (2)

er= Aﬂlz\/AﬂigJ"“ﬂzg (2)

(generalized Mulliken-Hush theory, GMH),"* where A, is
the difference between the adiabatic dipole moments of the
ground and excited IV-CT state. However, while both the
estimate of e x r by, for example, the distance of the redox
centers r and the determination of Au., by quantum-chemical
methods involves major inaccuracies,” the experimental
determination of Au,, can be achieved by means of electro-
optical absorption measurements (EOAM).I”! Unfortunately,
this method is complicated for charged species because of ion
migration in the electric field, which can be circumvented by

Scheme 1. Optically induced ET process in 1.

bis(4-methoxyphenyl)amine

using glass matrices."'"® Further disadvantages of charged [Pdy(dba)s] - CHCI5
MYV compounds are the low solubility especially in nonpolar PtBus
NaOtBu

solvents"“ ' and ion-pair effects.'"”-*® These disadvantages
can be avoided by using neutral MV compounds, a class of
compounds that has not been described and studied so far to
the best of our knowledge,'”) which is therefore the subject of
this communication.

toluene, reflux, 24 h
46 %

While MV radical cations based on two triarylamine
centers???l and MV radical anions based on perchlorinated
triarylmethyl radicals™?" are well known, it was obvious to
link the two redox centers by, for example, an ethylene bridge
to create a neutral MV system. In the neutral, purely organic
MYV compound 1 a perchlorinated triarylmethyl radical center
acts as the acceptor and a triarylamine redox center as the

donor (Scheme 1). 1.KOtBu
The synthesis of compound 1 is outlined in Scheme 2. g- '\ﬁ:g'OR’?_”"ZSh
Compound 2 was prepared by a Pd-catalyzed Buchwald- 60 %

Hartwig amination of the stilbene derivate 3% and bis(4-
methoxyphenyl)amine in 46% yield. Because of the low o~
acidity of the a-H atom of 2, KOrBu in DMSO was required
to form the corresponding carbanion salt, which was sub-
sequently oxidized with p-chloranil to obtain the air-stable
radical 1 in 60 % yield.
The cyclic voltammogram of 1 in dichloromethane/
tetrabutylammonium hexafluorophosphate (TBAH) solution

! 2
O
shows one reversible oxidation process at E,,=+240 mV

versus ferrocene (Fc), which is assigned to the oxidation of the ~ Scheme 2. Synthesis of the neutral radical 1.
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triarylamine center to the radical cation (Figure 1).%) Fur-
thermore, a reversible reduction wave at E,,=—670 mV can
be observed, which corresponds to the reduction of the
carbon radical center to the carbanion.”"! The large splitting
of the two redox processes reflects the pronounced non-
degeneracy of the two redox centers in contrast to the
degenerate bis(triarylamine) and bis(perchlorotriphenyl-
methyl) MV compounds mentioned above.

The excellent solubility of neutral 1 gave us the unique
chance to investigate the UV/Vis/NIR
absorption spectra in thirteen different
solvents ranging from totally apolar (n-

Angewandte

To our surprise the absorption maximum 7, of the IV-
CT band of 1 shows a weak and superficially nonsystematical
dependence on the solvent polarity (Table 1). The extinction
coefficient of the IV-CT band is larger and the band width at
half-height is smaller in nonpolar solvents such as n-hexane
than in polar solvents like acetonitrile (Figure 3). To explain
this unexpected behavior we used the Jortner model®? to
simulate the IV-CT band in each solvent. In this calculation
an average molecular vibration is treated quantum-mechan-

Table 1: Absorption maxima, extinction coefficients, and other parameters® for 1 in solvents of different

hexane) to strongly polar (acetonitrile). polarity.
Th.e electronic absorpti(?n spectrum of 1 Solvent
(Figure 2) shows an intense band at
25500 cm ™!, which is typical of perchlori- :tr;sz:ane
nated benzene derivatives®™ ! and a 1),4 di

» . . ,4-dioxane
weaker band at 24900 cm™, which is

dibutyl ether

assigned to methoxy-substituted triaryla- diethyl ether

mine systems.””) Furthermore, two weak  MTBE®
absorption bands at 19000 cm™' and ethyl acetate
17500 cm™' can be observed which are THF
characteristic for perchlorinated triaryl- g:nhzlz:ﬁmfghane
methyl radical systems.”* Even more inter- 2-propanol
esting is the observation of a weak absorp-  4cetone

tion band in the NIR region at about acetonitrile

T [cm™] e[Mem™] AG® [em P A [em TN A [em T 5, [em TR
12300 4700 10400 950 1500 1100
11900 4600 10300 1000 1350 1150
12200 3900 9450 1850 1650 1400
11900 4200 9400 1700 1500 1400
11900 4100 9000 2050 1650 1450
12000 3700 8900 2200 1600 1450
12000 3900 8250 2900 1600 1650
11600 3500 7900 3200 1400 1700
12200 3600 8350 3000 1750 1550
11700 3600 7500 3550 1400 1800
11800 3900 8300 2750 1500 1650
12100 3600 7450 4000 1550 1850
12600 3400 7500 4350 1600 1850

12000 cm ™! which can be assigned to an
IV-CT associated with an intramolecular
electron transfer from the triarylamine to
the radical unit (Scheme 1).

15

104

-1000

—500 0 500
E/mVvs Fe/Fet —s

Figure 1. Cyclic voltammogram of radical 1 in CH,Cl,/0.1 M TBAH.
Scan rate v=250 mVs™'

400004

T 30000

e/ 20000
v em™

10000

0

10000 20000 30000

viem™ —

Figure 2. UV/Vis/NIR absorption spectrum of 1 in CH,Cl,.
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a maximum error of 50 cm™
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Figure 3. IV-CT bands of 1 measured in solvents of different polarity.

ically, and a classical solvent coordinate is used.”) An
excellent least squares fit of the IV-CT band of 1 in each
solvent was achieved by varying the parameters for the inner-
sphere reorganization energy A, and the outer-sphere reor-
ganization energy A, as well as the parameters for the
difference of the free energy between the diabatic ground
and excited state AG™ and for the average molecular
vibrational mode 7, in Equation (3). In Figure 4 the fits of

8 Nm*
£=

(i, + Ag— + AG™)?

e**y
30007 Tn 10" es Z 4 n/‘L RT P |~

with the Huang-Rhys factor § = —V

47, RT

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Parameters obtained from the least squares fit of the IV-CT bands. [b] All values were determined with
! except for the 4, value of 2-propanol (100 cm™). [c] Difference in the
free energy between the diabatic ground and excited states. [d] Outer-sphere reorganization energy.
[e] Inner-sphere reorganization energy. [f] Mean molecular vibration mode. [g] Methyl tert-butyl ether.
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Figure 4. Least squares fit of the IV-CT bands of 1 (experimental data
——) in n-hexane (@), benzonitrile (m), and acetonitrile (&) according
to the method of Jortner.

the IV-CT band in n-hexane, benzonitrile and acetonitrile are
shown. The results of all fits are also summarized in Table 1.
From these data it becomes apparent that the surprisingly low
total reorganization energy is dominated by the solvent part
2, in all solvents with exception of the hexanes.!

A plot of each parameter against a term describing the
solvent polarity (D—1)/(2D +1)—0.5(n*—1)/(2n*+1), where
D is the permittivity and » is the refractive index, reveals
linear correlations for both AG® and 4, (Figure Sa and b)."
As initially expected from Marcus’ theory,®™ an increase of
the solvent reorganization energy A, with solvent polarity is
found. The solvent reorganization energy approaches zero for
totally apolar environments. Concomitantly, AG® decreases
due to the fact that the excited state has zwitterionic character
while the ground state is apolar (see below). Therefore, the
usually observed negative solvatochromism of degenerate
ionic compounds is covered (compensated for) by the positive
solvatochromism of AG™ which leads to the weak solvent
dependence of the IV-CT band described above. The analysis
yields directly AG® in CH,Cl, (8350 cm™!) which is in
reasonable agreement with the redox potential difference in
CH,CL/0.lm TBAH (AE=910mV2~7340cm™). As
expected, the inner-sphere reorganization energy A, is inde-
pendent on the solvent polarity (Figure 5c). We also recorded
a weak but systematic solvent dependence of 7, (Figure 5d),
which could be due to the varying importance of different
molecular modes contributing to the averaged mode 7, On
the other hand, this shift may also compensate for inaccur-
acies of the theory in general.

Furthermore, the adiabatic dipole moment of the ground
state (4, =13+£2x107 Cm =3.9+0.6 D) and the difference
between the adiabatic ground and excited state (Au,, =64+
4x10°Cm=19+1D), and the transition moment (x,=
11.0x 107 Cm =3.30 D) of 1 were determined by EOAM
in 1,4-dioxane as previously described.'” With these values
and Equation (2) the diabatic dipole moment (Au;, =67.8 x
107" Cm =20 D) was calculated, which corresponds to an
effective diabatic ET distance of 4.2 A; this is significantly less
than the C—N distance between the redox centers (12.3 A).
With these transition moments the electronic coupling V was
calculated with Equations (1) and (2). Given the rather short
effective ET distance, the transition dipole moment u., =
11.0x10** Cm =330 D and consequently the electronic

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Plots of a) A, b) AG®, c) 4, and d) #, versus the solvent
polarity function f(D) —O.Sf(nz) with f(D) = (D—1)/(2D+1) and
f*)=(n*=1)/(2n"+1).

coupling V=2000cm™' are noticeably small. This implies

that the electronic interaction between the two redox centers
in 1is weak compared to that in an analogous MV compound
consisting of two triarylamine redox centers.”” The AMI-
UHF calculation of 1 shows the reason for the weak
interaction between the two redox centers: steric interactions
among the perchlorinated ring systems cause a twist of the &
system.* This effect and the fact that the B-LUMO is largely
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concentrated on the central triarylmethyl carbon p orbital
while the f-HOMO is delocalized over the triarylamino group
results in a weak conjugation of the aromatic redox centers
(Figure 6).

Figure 6. AM1-UHF-optimized structure of radical 1; f-HOMO
(bottom) and B-LUMO (top).

Using the diabatic parameters determined by Jortner’s
theory as well as the electronic coupling V determined by the
GMH theory, we computed the adiabatic potential energy
surfaces for n-hexane and acetonitrile (Figure 7). It is obvious
from these curves that the solvent has a dominating influence
on the shape of the potential surfaces and thus also has an
impact on the deactivation pathways of the excited state.

In summary we have presented the synthesis and a
detailed study of the photophysical properties of the first
neutral organic MV compound. Only by using Jortner’s one-

Figure 7. Adiabatic potential energy surfaces of 1 in n-hexane (—)
and acetonitrile (-----) calculated with Equation (3) of ref. [1] with
Heg=11.4x10""Cm=3.4D and V=2070 cm™' in n-hexane and
Heg=11.4x107Cm=3.4 D and V=2120 cm™' in acetonitrile. x=ET
coordinate.
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mode model were we able to analyze the IV-CT band and to
reveal the compensating trends of the solvent reorganization
energy 4, and the free energy difference AG”. Both effects
are rather strong due to the highly zwitterionic character of
the excited IV-CT state. The analysis demonstrates that a lack
of solvatochromism is no indication for a negligible change of
dipole moment upon excitation. This large change of dipole
moment upon excitation was also directly proved by EOAM.
These measurements also revealed that the effective diabatic
ET distance is much smaller than the formal separation of the
redox centers. The uncharged character of this prototypical
neutral MV compound enabled us to perform the presented
measurements quite easily. Our findings will be useful for the
design of molecular storage and switching devices where a
neutral character is of practical advantage.

Experimental Section

2: Pd,(dba);-CHCl; (74.0 mg, 71.5 pmol, 0.05 equiv), P(tBu); (173 pL,
0.33M in n-hexane, 57.2 pmol, 0.04 equiv), and NaOrBu (344 mg,
3.58 mmol, 2.50 equiv) were added to a solution of stilbene 374
(1.30g, 1.43mmol, 1.00 equiv) and bis(4-methoxyphenyl)amine
(361 mg, 1.58 mmol, 1.10 equiv) in absolute toluene. The reaction
mixture was stirred for 24 h under reflux in the dark under a nitrogen
atmosphere. The solvent was removed in vacuo, and the residue was
dissolved in CH,Cl, (50 mL) and washed with water (2 x 50 mL). The
organic layer was dried over MgSO,, and the solvent was removed
under reduced pressure. The residue was purified by flash chroma-
tography on silica gel (petroleum ether/CH,Cl, 1:1). The crude
product was precipitated by adding a concentrated solution of 2 in
acetone dropwise to methanol which gave 690 mg (0.65 mmol, 46 % )
of a yellow solid, m.p. 174°C. '"HNMR (400 MHz, [Dg]acetone,
295K): 0=747 (AA', CH=CHCCHCH, 2H), 7.11 (s, 1H,
(C4ClsCH), 7.10 (AA’, NCCHCHCO, 4H), 7.08 (d, *Jy;;=16.5 Hz,
1H, C=CH), 7.01 (d, Jyy=16.5Hz, 1H, C=CH), 6.94 (BB,
OCCHCH, 4H), 6.85 (BB’, CH=CHCCHCHCN, 2H), 3.80 ppm (s,
6H, OCH,);*C NMR (151 MHz, [Dg]acetone, 295 K): 6 =157.6 (q),
150.7 (q), 141.0 (q), 139.44 (HC=CH), 139.44 (2C, q), 137.79 (q),
137.77 (q), 136.3 (q), 135.9 (2C, q), 135.5 (q), 134.9 (q), 134.8 (q),
134.6 (q), 134.34 (q), 134.29 (q), 134.27 (q), 134.25 (q), 134.1 (q),
133.20 (q), 133.17 (q), 133.0 (q), 128.8 (CH=CHCCHCH), 128.1
(OCCHCH), 1204 (HC=CH), 120.0 (CH=CHCCHCHCN), 115.7
(NCCHCHCO), 57.6 (C4Cls-CH), 55.7 ppm (OCH3); IR (KBr): 7=
3037 (w), 2997 (w), 2929 (w), 2869 (vw), 2832 (w), 1599 (m), 1504 (vs),
1463 (w), 1323 (w), 1294 (w), 1241 (s), 1176 (w), 1105 (w), 1037 (m),
966 (w), 827 (m), 808 (m), 649 (w), 575 (w), 521 cm™' (w); MS (EI,
70 eV) [m/z, %]: 1055 (74, M™), 1040 (8, M*—Me), 1021 (45, MT—Cl),
987 (20, M*—Cl-Me), 807 (36, M*—C(Cl;s). Elemental analysis
calculated for C,H,,Cl,NO,: C 46.64, H 2.00, N 1.33; found: C
46.35, H 2.23, N 1.39.

1: Stilbene derivate 2 (50.0 mg, 47.4 umol, 1.00 equiv) was
dissolved in absolute DMSO (10 mL) under a nitrogen atmosphere.
KOrBu (10.6 mg, 94.8 umol, 2.00 equiv) was added, and the deep
purple solution that formed immediately was stirred for 1.5 h in the
dark at room temperature. Then p-chloranil (11.7 mg, 47.4 pmol,
1.00 equiv) was added, and the solution was stirred for further 1.5 h in
the dark at room temperature. The deep brown suspension was
purified by flash chromatography on silica gel (CH,Cl,/petroleum
ether 4:1). The crude product was precipitated twice by adding a
concentrated solution of 1 in acetone dropwise to methanol to obtain
30.0 mg (28.4 umol, 60 % ) of a brown solid, m.p. 165°C (decomp.). IR
(KBr): 7=3040 (w), 2999 (w), 2945 (w), 2930 (w), 2909 (w), 2832 (w),
1595 (s), 1504 (vs), 1463 (vw), 1440 (vw), 1322 (s), 1242 (vs), 1174 (m),
1105 (w), 1037 (m), 945 (w), 816 (m), 707 (w), 653 (w), 575 (w),
521 cm™ (w); MS (FAB, 70 eV, 2-(octyloxy)nitrobenzene) [m/z, %]:
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1054 (<1, M*); Elemental analysis calculated for C,H,,Cl;,NO,: C
46.68, H 1.91, N 1.33; found: C 46.53 H 2.11 N 1.27.
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Rogelio Pereda-Miranda,* and Anne Imberty*

In traditional Mexican farming the morning glory “heavenly blue” (Ipomea tricolor
Cav.) is used as a cover crop. The structure of tricolorin A, one of several phytotoxic
resin glycosides present in this plant, has now been determined crystallographically.
The lipopolysaccharide contains one macrolactone ring and forms channel structures,
which could be responsible for the biological activity of this compound, as reported
by R. Pereda-Miranda, A. Imberty, and co-workers in their Communication on

page 5918 ff.

Carbene Dimerization

R. W. Alder et al. give an overview of the thermodynamics, kinetics, and mechanisms
of the dimerization of diaminocarbenes in their Review on page 5896 ff., in which
they consider both experimental results and those from DFT calculations.

Bioinorganic Chemistry
In their Communication on page 5914 ff., P. J. Sadler and co-workers describe how a
trinuclear oxo—zirconium(1v) cluster forms in the binding site of bacterial transferrin.

Mesoporous Materials

The directed synthesis of two- and three-dimensional mesoporous iron oxide
structures by varying the aging conditions is presented by F. Jiao and P. G. Bruce in
their Communication on page 5958 ff.
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transport that is typically achieved in
mesoporous materials. The mesopores
can be templated with carbon during
zeolite synthesis (see scheme).
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Primed! Secondary phosphine oxides are
able to tautomerize in situ to phosphi-
nous acids and then coordinate to soft
transition metals through the trivalent
phosphorus atom (see scheme). The
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attributions, mistakes, and problems cre-
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A water channel was observed in the first
crystallographically determined structure
of a natural resin glycoside (see figure).
Tricolorin A displays amphipathic fea-
tures, which have been correlated with its
significant mammalian and plant toxicity.
The architecture of tricolorin A in the solid
state suggests that the cytotoxicity of this
class of compounds may be the result of
their pore-forming ability.

New tricks for an old dog: The solid-state
structure of cis-[W(CO),(piperidine),]
reveals an intermolecular, bifurcated
H-bonding network involving the N-H
protons and the two CO ligands trans to
the piperidine ligands (see X-ray crystal
structure; C gray, H green, N blue, O red,
W magenta). Such an arrangement
accounts for v¢o absorptions as low as
1768 cm™'!

Reversible switching of the fluorescence
of an individual dye-labeled DNA mole-
cule is possible by utilizing an electric field
applied in the tip of a nanopipette (see
picture; FRET =fluorescence resonance
energy transfer). The electric field appears
to alter the conformation of the acceptor
dye only, resulting in a significant change
in its quantum yield.

Angew. Chem. Int. Ed. 2004, 43, 5866 —5875

Filling a gap: A trinuclear oxo-zir-
conium(iv) cluster readily assembles in
the “venus fly trap” binding cleft of
bacterial transferrin (see picture; cluster:
Zr green, O red, P yellow; protein:

[ sheets cyan, Tyr pink, Arg dark blue). Its
structure was determined by EXAFS and
X-ray crystallography.
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Self-Construction of Hollow SnO,
Octahedra Based on Two-Dimensional
Aggregation of Nanocrystallites

Bioinorganic Chemistry

S. Wenzl, R. Deutzmann, R. Hett,
E. Hochmuth, M. Sumper* 5933 -5936

Quaternary Ammonium Groups in Silica-
Associated Proteins

Self-Assembly

K. Kumazawa, Y. Yamanoi, M. Yoshizawa,
T. Kusukawa, M. Fujita* ___ 5936 -5940

A Palladium(11)-Clipped Aromatic
Sandwich

Single-Molecule Magnets

S. Wang, J.-L. Zuo,* H.-C. Zhou,*
H. ). Choi, Y. Ke, J. R. Long,
X.-Z. You* 5940-5943
[(Tp)s(H;0)eCu'sFe!'s(CN),“*:

A Cyanide-Bridged Face-Centered-Cubic
Cluster with Single-Molecule-Magnet
Behavior

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0D —2D—3D oriented attachment has
been exploited to prepare octahedra of
rutile-like SnO, with a central cavity by a
template-free hydrothermal route. The
synthesis is based on the two-dimensional
attachment of nanocrystallites and stabi-
lization of a family of {111}-like crystal
planes in 2-propanol/water in the pre-
sence of ethylenediamine. In TEM images

A box of magnetic tricks: By using the
anionic precursor [ (Tp)Fe(CN);]~

(Tp~ =hydrotris(pyrazolyl) borate), the
title compound, which is a new face-
centered-cubic cluster, has been synthe-
sized (see structure; red Fe, turquoise Cu,
orange B, gray C, blue N, dark red O).
Magnetic studies show that it exhibits
single-molecule-magnet behavior with
substantial axial magnetic anisotropy
(D=-0.16 cm™).

www.angewandte.org

of the octahedron (see picture), the
central cavity is evidenced by lighter
regions.

Mother Nature knows best! Silaffins
(silica-associated proteins) from the
diatom Eucampia zodiacus (see picture)
were found to contain novel lysine mod-
ifications that carry quaternary ammoni-
um groups. It appears that the very special
interaction between quaternary ammoni-
um groups and silica is exploited in the
natural biomineralization of silica.

A filling that makes the sandwich: Large
aromatic molecules are sandwiched by
two m-conjugated ligands (L) that are
joined together by six {(en)Pd}?* units
(M; en=1,2-ethanediamine; see picture;
guest red, {(en)Pd}** yellow, ligand blue).
This host has an MgL, composition and is
distorted by the concave shape of the
ligand. Without a guest, it releases the
distortion by forming the dimeric M;,L, in
a reversible fashion.

Angew. Chem. Int. Ed. 2004, 43, 5866 —5875
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Turning on the light: Remarkable photo-
luminescence enhancement is observed
upon intercalation of cetyltrimethylam-
monium cations (CTAT) among the sur-
face aromatic groups of a complex formed

T0. OH
HO. .
o HOT e °
OH
2 10R

Caminoside A

Spontaneous oxidation of the marine-
sponge-derived peptide (+)-milnamide A
(1) to (+)-milnamide D (2), which is also
a natural product, was observed during

Angew. Chem. Int. Ed. 2004, 43, 5866 —5875

from the phenyl-capped semiconductor
CdS cluster molecule [Cd,,S,(SPh),5] (1)
and tetraoctylammonium bromide
(TOAB) (see scheme).

Information technology: The configura-
tion at C10-OH of the caminoside agly-
cone (see formula) was shown to be R by
interpretation of exciton coupling in the
circular dichroism (CD) spectrum of the
tetraphenylporphyrin carboxylate diester
of (2R,10R)-2,10-nonadecanediol. This
compound is derived from the title com-
pound and was embedded in highly uni-
form nanometric liposomes for the CD
measurements.

the total synthesis of 1. The absolute
configurations of the structures were
determined and are also reported.

Approximately eight avidin molecules are
conjugated to each Ce/Tb-doped lantha-
num phosphate nanoparticle (NP)
through the formation of amide bonds
(see scheme). This biofunctionalization
process comprises modification of the
LaPO, NPs with 6-aminohexanoic acid
(AHA) to confer colloidal stability, activa-
tion of the AHA carboxy groups by 1-ethyl-
3-[3-dimethylaminopropyl]carbodiimide,
and avidin conjugation.

www.angewandte.org
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Luminescent Cluster Compounds

T. Hiratani, K. Konishi* ____ 5943 —5946

Surface-Cap-Mediated Host—Guest
Chemistry of Semiconductor CdS:
Intercalative Cation Accumulation
around a Phenyl-Capped CdS Cluster
and Its Notable Effects on the Cluster
Photoluminescence

Stereochemistry

J. B. MacMillan, R. G. Linington,
R. ). Andersen,
T. F. Molinski* 5946 -5951
Stereochemical Assignment in Acyclic
Lipids Across Long Distance by Circular
Dichroism: Absolute Stereochemistry of
the Aglycone of Caminoside A

Natural Product Synthesis

C. Liu, M. N. Masuno, J. B. MacMillan,
T. F. Molinski* 5951 -5954

Enantioselective Total Synthesis of
(+)-Milnamide A and Evidence of Its
Autoxidation to (+)-Milnamide D

Biofunctionalization

F. Meiser, C. Cortez,
F. Caruso* 5954 - 5957
Biofunctionalization of Fluorescent
Rare-Earth-Doped Lanthanum Phosphate
Colloidal Nanoparticles
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F. Jiao, P. G. Bruce* 5958 —5961

Two- and Three-Dimensional Mesoporous
Iron Oxides with Microporous Walls

C—O Activation

M. E. van der Boom,* T. Zubkov,

A. D. Shukla, B. Rybtchinski,

L. J. W. Shimon, H. Rozenberg,

Y. Ben-David, D. Milstein* _ 5961 —-5963

Self-Oxidation of a Phenolate Complex to
a Bimetallic Stilbene Quinone

Radical Reactions

A. Gautier,* G. Garipova, C. Salcedo,
S. Balieu, S. R. Piettre* ____ 5963 —5967

a,a-Difluoro-H-phosphinates: Useful

Intermediates for a Variety of Phosphate
Isosteres

Metallamacrocycles

K. Campbell, C. A. Johnson II,
R. McDonald, M. ). Ferguson, M. M. Haley,
R. R. Tykwinski* 5967 - 5971

A Simple, One-Step Procedure for the
Formation of Chiral Metallamacrocycles

5872
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Do-it-yourself oxidation: The Rh"' complex
1 undergoes a self-oxidative coupling
process, in which the phenolate oxygen
atom serves as the oxidant, to give 2 and
the hydride complex 3 (2:3=1:3). This

Addition of the radical generated from the
sodium salt of hypophosphorous acid to
difluoroalkenes results in the formation of
a,0-difluoro-H-phosphinates. These
intermediates can be transformed into
different phosphorus-centered isosteres,
such as difluorophosphonates, difluoro-
phosphonothioates, and difluorophos-
phinates (see scheme).

PhP  PPhy
(5.8)-chiraphos
N e

PN
Ph php PPh, PR

A twist in the final stage: Chiral, conju-
gated metallamacrocycles can be formed
in excellent yield in a single step from
achiral precursors by ligand exchange

www.angewandte.org

Age concern: Alkyl amine templates act as
bifunctional surfactants which can tem-
plate mesostructures with microporous
walls. Ordered two-dimensional hexago-
nal mesoporous iron oxide with P6mm
symmetry and three-dimensional cubic
mesoporous iron oxide with Fm3m sym-
metry (see TEM image) have been pre-
pared by using decylamine as the tem-
plate, iron(i11) ethoxide as the precursor,
and different aging conditions.

{Bu,

reaction involves cleavage of a strong
aryl-oxygen bond. X-ray analysis of 2
reveals that the two quinonoid C=0
bonds are n?-coordinated to the metal
centers.

PhoP  PPh,
(RR)~chiraphos
TR, N

e

Pt
N
PPh; Ph

’
Ph PhoR

between (R,R)- or (S,S)-chiraphos and
trans platinum acetylide complexes (see
scheme).

Angew. Chem. Int. Ed. 2004, 43, 5866 —5875
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A short and modular synthesis of novel
P,N ligands (pinap; see scheme; X=0 or
NH) is presented. A covalently bound
chiral group allows the separation of the
atropisomeric diastereomers, thus avoid-
ing resolution involving chiral Pd—amine

Weighing in: Multiple kinases can be
assayed simultaneously by using a
method that combines peptide chips and
MALDI-TOF mass spectrometry (MS).
The method uses self-assembled mono-
layers that present a set of peptides that
are each selective for a kinase. The kinase
phosphorylates the peptide, changing its
mass. MS analysis of the surface resolves
each peptide and gives the activity of each
kinase.

)k

004

Ph

LDA/HMPA

ArCH NTs
THF, -98 °C

In the presence of an Evans oxazolidinone
as the chiral auxiliary, the anion derived
from a-diazoacetamide adds to aromatic
N-tosylimines with high stereoselectivity

Angew. Chem. Int. Ed. 2004, 43, 5866 —5875

N
o N
+
Sl

Me
X" Ph

Z N
N
co™

complexes. The utility of the ligands is
demonstrated for three reactions cata-
lyzed by different transition metals; in
each case products are obtained with high
enantiomeric excess (up to 99% ee).

i O NHTs
O N Ar
/\} N2
P drupto>95:5

(see scheme). The addition products can
be used in a concise and stereoselective
synthesis of syn- and anti-a-hydroxy-f3-
amino acid derivatives.

Large pore volumes and highly accessible
mesopore surface areas are present in
highly ordered mesoporous bioactive
glasses (MBGs) prepared by a block
copolymer templating approach under
non-aqueous conditions. These glasses
have a high bone-forming bioactivity

in vitro, as shown by immersing them in
simulated body fluid (SBF) and monitor-
ing the formation of hydroxycarbonate
apatite (HCA) on the surface (see electron
micrographs).

www.angewandte.org
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Asymmetric Catalysis

T. F. Kndpfel, P. Aschwanden, T. Ichikawa,
T. Watanabe, E. M. Carreira* 5971-5973

Readily Available Biaryl P,N Ligands for
Asymmetric Catalysis

Label-Free Assay

D.-H. Min, J. Su,

M. Mrksich* 5973 -5977

Profiling Kinase Activities by Using a
Peptide Chip and Mass Spectrometry

Asymmetric Synthesis

Y. Zhao, Z. Ma, X. Zhang, Y. Zou, X. Jin,
. Wang* 59775980

A Highly Stereoselective Addition of the
Anion Derived from a-Diazoacetamide to
Aromatic N-Tosylimines

Mesoporous Materials

X. Yan, C. Yu,*
D. Zhao*

X. Zhovu, ]. Tang,
5980-5984

Highly Ordered Mesoporous Bioactive
Glasses with Superior In Vitro Bone-
Forming Bioactivities
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Asymmetric Catalysis OSiMe, 0 ligand (10 mol%) O R' OH ,
% + R1J\H/OR2 solvent . OR
M. Langner, C. Bolm* __ 5984 —5987 5 o)
C,-Symmetric Sulfoximines as Ligands in Ph.. 97 ; 2 upto99% ee
; 'S=N HN—,
Copper-Catalyzed Asymmetric Me” Re

Mukaiyama-Type Aldol Reactions
Aldol products with quarternary centers
have been obtained with up to 99% ee in
high yields by using copper(i1) catalysts
bearing C,-symmetric aminosulfoximines
as ligands (see scheme). In terms of

Electrochemistry

E. Kim, D. Son, T.-G. Kim, J. Cho,*
B. Park,* K.-S. Ryu,
S.-H. Chang 5987 -5990
A Mesoporous/Crystalline Composite
Material Containing Tin Phosphate for
Use as the Anode in Lithium-lon Batteries

Sesquiterpene Lactones

J. Merten, R. Fréhlich, /g%
P.Metzr ____ 5991-5994 o

Enantioselective Total Synthesis of the
Highly Oxygenated 1,10-seco-Eudes-
manolides Eriolanin and Eriolangin

Sultones of swing: A sultone served as the
key intermediate in the first enantioselec-
tive total syntheses of the bioactive title
compounds (see scheme), the absolute
configuration of which is now established.

Rare-Earth Metals

C. C. Quitmann,
K. Miiller-Buschbaum* ____ 5994 —5996

[Yb;N(dpa)e][Yb(dpa);]: A Molecular
Nitride of a Rare-Earth Metal with a Yb;N
Unit

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

ee values and yield the new catalysts
compare well with established systems
based on metal complexes with bis-
(oxazoline) and pyridylbis(oxazoline)
ligands.

Packed to capacity: The incorporation of
mesoporous structures as a buffer layer
enhances the structural stability of tin
phosphate and alleviates the volume
expansion of the tin phosphate anode
during Li alloying/dealloying (see TEM
image). The mesoporous tin phosphate/
Sn,P,0; composite anode shows a large
initial capacity (721 mAhg™") and excel-
lent cyclability (587 mAhg™' at the 30th
cycle).

O R=H : (-)-eriolanin
R =Me: (-)-eriolangin

Starting from 2-bromo-1-(2-furyl)etha-
none, 24 steps were required to generate
the common basic structure, and in each
case two additional steps yielded the
natural products.

Centered by a nitride ion: The oxidation of
ytterbium with 2,2’-dipyridylamine in
liquid ammonia at low temperatures
leads to the novel compound

[YbsN (dpa)e][Yb(dpa)s], which is unique
among homoleptic dipyridylamides of the
rare-earth metals. The complete deproto-
nation of NH; provides the first molecular
nitride of a rare-earth metal with a Yb;N
unit (see picture; C blue, N green, Yb
silver).

Angew. Chem. Int. Ed. 2004, 43, 5866 —5875
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HO = gj
="V SiMes - ArylRal In one fell swoop: the reaction of alkynyl- ORI LA

l[Pd(PPh:s)zCIz]v NEt, allyl alcohols with aryl halides in the
e presence of [Pd(PPh;),Cl;] under Heck C. ). Kressierer,
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J. T. Hynes Receives Hildebrand
Award

James T. (Casey) Hynes is the recipient
of the 2005 Joel Henry Hildebrand
Award in the Theoretical and Experi-
mental Chemistry of Liquids, adminis-
tered by the American Chemical Society
(ACS). The award recog-
nizes distinguished contribu-
tions to the understanding of
the chemistry and physics of
liquids. Hynes completed his
PhD in 1969 at Princeton
University (USA). In 1971,
following an NIH Postdoc-
toral Fellowship at the Mas-
sachusetts Institute of Tech-
nology (MIT), he moved to
the University of Colorado,
Boulder, where he is cur-
rently Professor of Chemis-
try and Biochemistry. Since 1999 he
has also been CNRS Director of
Research in the chemistry department
of the Ecole Normale Supérieure, Paris
(France).

Hynes’s research on the theory of
chemical reactions in solution, vibra-
tional-energy transfer in solution, and
intramolecular energy flow in highly
vibrationally excited isolated molecules
has had significant impact on the field.
Other research interests include chemi-
cal reactions in enzymes and other bio-
molecules, electronic structure in con-
densed phases, and heterogeneous reac-
tions important in the depletion of
atmospheric ozone. One current topic
of investigation and the subject of a
recent article in ChemPhysChem! is
the dissociation of aromatic radical
anions in solution. Hynes is Co-Chair-
man of the Editorial Advisory Board
of ChemPhysChem.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Cope Scholar Award to
R. F. Ismagilov

Arthur C. Cope Scholar Awards, admin-
istered by the ACS, aim to recognize and
encourage excellence in organic chemis-
try. The highly interdisciplinary research
of one recipient for
2005, Rustem F.
Ismagilov, includes
aspects of chemis-
try, physics, biology,
and  engineering.
His research group
develops new
microfluidic  tech-
nology, which they
use to study time-

dependent pro-

. . R. F. Ismagilov
cesses in chemistry,
biochemistry, and

biophysics, as well as the dynamics of
complex chemical systems. His most
recent Communication in Angewandte
Chemie about a composite microfluidic
system for screening protein crystalliza-
tion conditions in droplets inside capilla-
ries by on-chip X-ray diffraction was
featured on the cover of issue 19/2004.2!

Ismagilov was born in Ufa (Russia)
in 1973 and completed his BSc in
chemistry at the Higher Chemical Col-
lege of the Russian Academy of Scien-
ces in Moscow. He then moved to the
USA, where he completed his PhD at
the University of Wisconsin, Madison
under the guidance of S.F. Nelsen in
1998. After postdoctoral studies at Har-
vard University with G. M. Whitesides,
he became assistant professor in 2001
at the University of Chicago.

P. Knochel Receives Cope Scholar
Award

Paul Knochel is also to receive an
Arthur C. Cope Scholar Award in 2005.
Born in Strasbourg (France) in 1955,
Knochel has had a very international
career: He completed his studies in
chemistry in 1979 at the Ecole Nationale
Supérieure de Chimie in Strasbourg,
and his PhD in 1982 at the ETH
Zirich (Switzerland) under the guid-
ance of D. Seebach. Following several
years as a CNRS researcher in the
research group of J. F. Normant at the

DOI: 10.1002/anie.200462343

Université Pierre et
Marie Curie in
Paris, he moved to
the USA to under-
take postdoctoral
research with M. F.
Semmelhack at
Princeton  Univer-
sity. In 1988 he was
appointed assistant
professor at the
University of Mich-
igan, Ann Arbor
(USA), where he became full professor
before returning to Europe in 1992 to a
position at Philipps-Universitdt Mar-
burg (Germany). Since 1999 he has
been Professor of Organic Chemistry
at Ludwig-Maximilians-Universitit
Miinchen.

Knochel’s research interests focus
on the development of novel organome-
tallic reagents and methods for organic
synthesis and asymmetric catalysis.
Main group metals, such as lithium,
magnesium, and boron, as well as late
transition metals, such as copper and
zinc, have been used for the synthesis
of complex synthetic building blocks.
He recently reported in Angewandte
Chemie the preparation of polyfunc-
tional arynes via 2-magnesiated diaryl
sulfonates.”’! His Review on highly func-
tionalized Grignard reagents prepared
by halogen-metal exchange reactions
appeared in 2003.14

P. Knochel

[1] D. Laage, 1. Burghardt, T. Sommerfeld,
J. T. Hynes, ChemPhysChem 2003, 4, 61.
[2] B. Zheng, J.D. Tice, L.S. Roach, R. F.
Ismagilov, Angew. Chem. 2004, 116,
2562; Angew. Chem. Int. Ed. 2004, 43,
2508.
I. Sapountzis, W. Lin, M. Fischer, P. Kno-
chel, Angew. Chem. 2004, 116, 4464;
Angew. Chem. Int. Ed. 2004, 43, 4364.
P. Knochel, W. Dohle, N. Gommermann,
F. F. Kneisel, F. Kopp, T. Korn, 1. Sap-
ountzis, V. A. Vu, Angew. Chem. 2003,
115, 4438; Angew. Chem. Int. Ed. 2003,
42, 4302.

[3

[

(4

—_—

Angew. Chem. Int. Ed. 2004, 43, 5876



Highlights

Hierarchical Zeolites: A Proven Strategy to Combine
Shape Selectivity with Efficient Mass Transport**

Martin Hartmann*

Keywords:

carbon -

zeolites

5880

ethylbenzene - mesoporous materials -

Although a variety of chemical reac-
tions of industrial interest are catalyzed
by zeolites or zeolite-analogue materi-
als, zeolite-based catalysts have almost
exclusively found application in refinery
and petrochemical processes where the
shape-selective properties of the micro-
porous zeolites are exploited.! One of
the reasons that zeolites have not yet
found a wider range of industrial appli-
cations is the sole presence of micro-
pores which imposes diffusion limita-
tions on the reaction rate. Mass trans-
port to and from the active sites located
within the micropores is slow (even
compared to Knudsen diffusion) and
limits the performance of industrial
catalysts. To overcome this limitation,
there has been a long-standing drive to
either minimize the size of the zeolite
crystals or to increase the pore size of
zeolites. The latter strategy has led to
the discovery of various large-pore zeo-
lites and zeolite analogues (i.e. VPI-5,
UTD-1,”! and more recently ECR-34,1
SSZ-53, and SSZ-59P!) and also to the
discovery of mesoporous molecular
sieves.’)! However, the use of these novel
materials in industrial applications is
rather limited. Another possibility is to
decrease the size of the zeolite crystals
and several synthesis schemes have been
reported which allow the preparation of

[¥] Priv.-Doz. Dr. M. Hartmann

Fachbereich Chemie, Technische Chemie
Technische Universitit Kaiserslautern
Postfach 3049, 67653 Kaiserslautern
(Germany)
Fax: (4-49) 631-205-4193
E-mail: hartmann@chemie.uni-kl.de

[**] The author’s work in this area has been
funded by the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen
Industrie.
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very small (<50 nm) zeolite crystals."
However, none of these attempts has
produced an easy means of controlling
the crystal size. Moreover, separation of
the small zeolite crystals from a reaction
mixture by filtration is difficult owing to
the colloidal properties of these materi-
als.

Zeolites with hierarchical pore ar-
chitecture (that is, zeolites containing
both micro- and mesopores) have been
found to present a solution to this
problem. The effect of the presence of
mesopores is already used in a number
of industrial processes that make use of
zeolite catalysts, such as, the cracking of
heavy oil fraction over zeolite Y, the
isomerization of the Cs/Cy cut of the
light naphtha fraction to increase the
octane number, and cumene production
over dealuminated mordenite.

To prepare zeolites with hierarchical
pore structure four approaches can be
followed: 1) Small zeolite crystals are
supported, for example, on latex
spheres, carbon fibers, or surfactants,
the support is then removed by calcina-
tion.”! 2) The walls of mesoporous sili-
cates (e.g. MCM-41 or SBA-15) are
recrystallized or zeolite precursors are

deposited on the walls of mesoporous
supports.'” 3) A widely applied method
to generate mesopores involves steam-
ing and acid-leaching treatments of
zeolite crystals.”®! These methods gener-
ate mesopores by extraction of alumi-
num from the zeolite lattice. However,
the mesopores formed during steaming
are predominantly cavities in the zeolite
crystals rather than cylindrical pores
connecting the external surface with
the interior of the crystal.’! 4) Meso-
pores are templated with carbon during
zeolite synthesis. This method was re-
cently developed by researchers from
Haldor Topsoe.''"™ A carbon source,
for example, carbon black, carbon nano-
tubes, or nanofibers,"” is impregnated
with a zeolite precursor solution after
which the material is subject to a hydro-
thermal treatment to grow the zeolite
crystals. In a subsequent calcination
step, the carbon and the template are
burned away resulting in intracrystalline
mesopores in the zeolite (Figure1).
Proper choice of the carbon source and
the synthesis conditions allows tuning of
size, shape, and connectivity of the
mesopores in the system. Furthermore,
the mesoporosity and composition of

Figure 1. Growth of zeolite crystals around carbon particles. Nucleation of the zeolite occurs be-
tween the carbon particles; the crystal grows continues within the pore system of the carbon

template.

DOI: 10.1002/anie.200460644
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the material can be varied independent-
1yl In this context, the recent pub-
lication from the group of Christensen is
worth mentioning."® They report the
performance of zeolites with a hierarch-
ical pore structure in an industrially
relevant reaction, namely the ethylation
of benzene to ethylbenzene, and com-
pare the results to a conventional micro-
porous HZSM-5 catalyst. The world-
wide demand for ethylbenzene, which is
the raw material for styrene production,
is roughly 22x10°t per year and is
almost exclusively produced by this
reaction. The alkylation of benzene with
ethylene over the HZSM-5 catalyst
constitutes the heart of the Mobil-
Badger process, which was first brought
on stream in 1980. This high-temper-
ature vapor-phase alkylation process
offers various advantages over liquid-
phase processes (by Monsanto or UOP)
based on AICI; or BF; catalysts. Com-
pared to these Friedel-Craft catalysts,
zeolites have the clear advantages of
being noncorrosive and harmless to the
environment. With the HZSM-5 catalyst
an excellent selectivity for ethylbenzene
of more than 98% is obtained at a
benzene conversion level of about 20 %.
The uniform channels (dimensions
(d,) =0.51 x0.55 nm) of zeolite ZSM-5
permit the entrance of the feed mole-
cules as well as departure of the product
molecules ethylbenzene and diethylben-
zene isomers, while higher alkylated
products are restricted from leaving.
Any of the higher alkylated products
formed within the ZSM-5 channels are
forced to undergo transalkylation or
dealkylation to facilitate their diffusion
back to the bulk. Steric hindrance of the
necessary transition states is also be-
lieved to inhibit the formation of poly-
alkylated products. Although these are
the clear advantages of using a shape-
selective microporous catalyst, the prob-
lems of catalyst deactivation by coke
formation and low reaction rates owing
to mass transport limitations are major
obstacles to overcome.

Christensen et al. showed convinc-
ingly that the zeolite catalyst with the
hierarchical pore architecture is signifi-
cantly more active than the conven-
tional zeolite catalyst under the reaction
conditions employed (7x=583 to
643 K; pr =0.25MPa), which are suffi-
ciently close to the conditions employed

Angew. Chem. Int. Ed. 2004, 43, 58805882

in the industrial process (7Tx=700K;
pr=2 to 5MPa).ll Moreover, the se-
lectivity to ethylbenzene increases by 5
to 10% depending on the benzene
conversion. The increased activity is
ascribed to the improved mass transport
in the mesoporous zeolites which is
indicated by an increase of the apparent
activation energy from 59 to 77 kJmol ..
Attributing the higher activity to im-
proved mass transport is further sub-
stantiated by the differences in selectiv-
ities observed for the two catalysts. The
higher selectivity to ethylbenzene is
explained by Christensen et al. in the
following way: Whenever an ethylben-
zene molecule is formed, it can either be
transported into the product stream or
undergo further alkylation. However, in
a mesoporous zeolite the diffusion path
is significantly shorter than in the con-
ventional zeolite and further alkylation
is suppressed.

The hierarchical catalyst used in this
study was prepared by impregnating
carbon black pearls (particle diame-
ter=12 nm) to incipient wetness with a
clear zeolite synthesis gel. After a hy-
drothermal treatment at 180°C for 72 h
in a stainless steel autoclave, the product
was collected by filtration, washed, and
the carbon black was removed by con-
trolled combustion in air at 550°C for
8 h. The mesoporous zeolite obtained is
characterized by a significantly higher
specific pore volume (0.59 versus
0.10 cm*g™") and the presence of meso-
pores with a diameter of approximately
12 nm.['¥ The size of the mesopores is
predefined by the primary carbon par-
ticles which are encapsulated by the
growing zeolite crystal and are later
removed by the controlled combustion
in air. The shape, size and tortuosity of
the mesopores can be controlled by the
carbon source used. To produce large
zeolite crystals (with a hierarchical pore
architecture) rather than nanosized zeo-
lite crystals, it is essential that an excess
of sufficiently concentrated gel is used
and that the carbon matrix has pores of a
size that allows crystal growth to pro-
ceed through the pore system. It is still
not fully understood which synthesis
parameters promote the formation of
large mesoporous crystals over nano-
sized crystals located in the carbon
pores. However, it seems reasonable to
assume that the ration of the nucleation

www.angewandte.org

Angewandte

rate relative to the growth rate is of
primary importance.!'!

Hierarchical zeolites have also been
shown to be superior catalysts in the
epoxidation of oct-1-ene and cyclohex-
enel>'” as well as in the isomerization
of n-hexane and n-heptane.™ In both
cases, the activity as well as the selec-
tivity for the desired products is higher
than with the conventional zeolite cata-
lyst.

In conclusion, the primary advan-
tages of these new mesoporous zeolites
compared with conventional micron-
sized zeolite crystals are related to their
higher specific external surface area
causing 1) higher reaction rates for dif-
fusion-limited reactions, 2) better trans-
port properties resulting in improved
selectivities for the target molecules,
3) better contact between active compo-
nents in bifunctional catalysts, 4) slower
deactivation caused by blocking of the
pore mouth, and 5) easier burn-off of
coke deposits. Compared with nano-
crystal zeolites, the advantages of hier-
archical zeolites are related to their
larger crystal size, that is, easier process-
ing owing to noncolloidal properties and
higher stability in high-temperature
processes including catalyst regenera-
tion. While the effect of mesoporosity
on the catalytic performance of zeolite
catalysts has been known for some time
and is already employed in commercial
catalysts, the major achievement in the
work by Christiansen et al. is that the
mesopores can be produced in a more
controlled manner. Moreover, the direct
connection of the mesopores to the
external surface represents a significant
improvement compared to the (predom-
inantly internal) mesopores generated
by steaming or acid leaching. However,
different areas can be identified where
further research and development are
required, that is, tailoring the properties
of the carbon source with respect to
particle size and morphology and the
use of different zeolites. The effect of a
mesoporous secondary pore system on
mass transport is expected to be much
larger for zeolites with one-dimensional
pore systems. In selecting materials used
in industrial processes, mordenite or
zeolite L might be prime targets. More-
over, synthesis strategies for hierarchi-
cal zeolites need to be developed for
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zeolites that grow from viscous gels or
require seeds to crystallize.
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Enantioselective Catalysis with Chiral Phosphine Oxide

Preligands

Natalia V. Dubrovina and Armin Borner*

Another new chiral ligand! The search
for new construction principles for
enantiomerically pure trivalent phos-
phorus compounds for enantioselective
metal catalysis continues unabated. This
statement may well give rise to astonish-
ment since the number of chiral P
ligands in the literature has in the
interim entered the thousands.! Both
academic and economic reasons are
responsible for this phenomenon. Since
the first use of chiral phosphines in Rh
hydrogenation catalysts more than
30 years ago” new metal-catalyzed re-
actions that can be controlled by chiral P
ligands have been continuously discov-
ered.’* Numerous applications of enan-
tioselective syntheses in the pharma-
ceutical industry as well as in the
production of chiral fragrances and
agrochemicals also now bear witness to
the considerable potential of this meth-
odology in the chemical industry.”! Im-
portant are a high enantioselectivity and
productivity of the catalyst. Unfortu-
nately theory has thus far offered scant
help as to which substituents on the
trivalent phosphorus atom give rise to
the desired catalytic properties. This
uncertainty has hitherto challenged the
creativity of the catalyst chemist, and as
a consequence has thrust many a “treas-
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ure” of almost forgotten phosphorus
chemistry into the light of day. Mean-
while the palette of phosphorus ligands
ranges from electron-rich alkylphos-
phines®®, through phosphinites,”’ and
phosphonites,®!  to electron-deficient
phosphites.’” The replacement of oxy-
gen substituents in P-OR compounds
with amino groups made further elec-
tronic and steric variants available.!'"

The number of choices is extended
by the division into monodentate,"
bidentate,! and tridentate™ ligands,
which in turn can coordinate with the
catalytically active metal center with a
wide range of bite angles.”! Each newly
discovered ligand class offers the guar-
antee of its patenting, an important
aspect for an exclusive industrial exploi-
tation in the future.

From a preparative viewpoint many
trivalent phosphorus compounds are
affected by one problem: they are sub-
ject to oxidation. It is therefore fre-
quently necessary to work in an inert gas
atmosphere, not exactly an advantage
for routine use and scale-up. Repeatedly
transient protection of the phosphorus
atom is advised. However, only the BH;
protective group, which when required
can be removed in situ shortly before
coordination to the metal center, has
achieved any significance.'! A disad-
vantage is that the P-BH; adduct is
unstable towards a series of acids and
Lewis bases. Moreover, commonly used
deprotecting reagents such as strongly
basic amines also attack hydrolyzable
P—O bonds.

Significantly more robust is the pro-
tection of the phosphorus atom in the
form of the P=O bond. Removal of the
“oxygen protective group” takes place
by reduction, which is normally carried

DOI: 10.1002/anie.200460848

Keywords:
asymmetric catalysis - iridium - P ligands -
palladium - phosphanes

out with silanes in a separate reaction
step prior to catalysis. However, in this
way the problem of handling oxidation-
sensitive phosphorus compounds is
merely postponed, not solved.

One way out is offered by phosphine
oxides (1; Scheme 1), about which will

1 1 1
R\P,/o L R\P/OH M R\P/OH
r? \H R b r2 N

1 2 3

Scheme 1. Pre-established tautomerization
equilibrium for the generation of a P-ligand—
metal complex.

be reported here. These phosphorus
derivatives can be synthesized simply
by, for example, a P-C coupling reaction
with phosphine halides and subsequent
hydrolysis of a remaining P—X bond.!"”
They are stable to oxidation and inert to
water. Naturally compounds of type 1
are not suitable to coordinate sufficient-
ly strongly to soft transition metals
through the hard oxygen atom. Their
potential as ligands arises in the first
instance through the tautomerism illus-
trated in Scheme 1 in which the penta-
valent phosphine oxides 1 are in chem-
ical equilibrium with the trivalent phos-
phinous acids 2. As early as 1968 Chatt
and Heaton pointed out that this equi-
librium which lies far to the left-hand
side can be displaced in favor of 2 by
coordination to a suitable metal cen-
ter.® In catalysis the term precatalyst is
used for stable precursors of a catalyst,
we therefore logically propose the term
“preligand” for compounds of type 1.
Roundhill and co-workers utilized
the displacement of this tautomeric
equilibrium (Scheme 1) to construct
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the Pt hybrid complex 6 by reaction of
the platinum tetrakisphosphine complex
4 with diphenylphosphine oxide
(5)(Scheme 2).' One interesting detail
of the ligand coordination is the intra-
molecular hydrogen bond in the back-
bone that leads to the formation of a
quasi-chelate which confers additional
conformational stability on the com-
plex.['8l

In 1986 van Leeuwen et al. demon-
strated for the first time the catalytic
potential of preligands, namely in the Pt-
catalyzed hydroformylation of olefins
with terminal and internal double
bonds.'”) Comparable catalysts were
used later by Parkins for the hydrolysis
of nitriles.”™™ Although these results al-
ready indicated the value of this method
for the in situ generation of trivalent P

Ph Ph
\/
.0 H_  ,P=0
[Pt(PPhg)q] + 2 PP ——> Pt
4 5 H PhsP” R—O
Ph Ph
6

Scheme 2. Construction of a Pt complex with a phosphi-
nous acid as ligand by complexation of isomerized phos-

phine oxides.

ligands, it is only since 2001 that pre-
ligands have been used to a greater
extent in homogeneous catalysis. Since
this time they have been abbreviated to
“SPOs” (secondary phosphine ox-
ides).?!

The first highlight point was Li’s use
of SPOs in Pd-catalyzed cross-coupling
reactions with non-activated aryl chlor-
ides.””! The syntheses of the preligands
received particular impetus through the
use of combinatorial methods. An ex-
tensive palette of phosphine oxides 9a
was prepared by the addition of
Grignard reagents or metal alkyl com-
pounds to the heterogenized dichloro-
phosphinamines 7a and hydrolysis of
the products 8a (Scheme 3). Secondary
phosphine oxides (9b) with four differ-
ent substituents on the phosphorus cen-
ter were accessed by the use of mono-
alkylchlorophosphines (7b).

Shortly afterwards Wolf and Lere-
bours too used SPOs in Pd-catalyzed
coupling reactions of arenes.””! At the
same time they reported the high stabil-
ity of the catalysts to hydrolysis in Stille
couplings in water as solvent.”!

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Scheme 3. Solid-phase synthesis of preligands

The work of Li had al-
ready established the ready
accessibility of SPOs with a
stereogenic phosphorus
atom, whose most prominent
area of application should be
enantioselective  catalysis.
An old problem of synthetic
chemistry could also be a
step closer to a solution: the synthesis
of ligands with a stereogenic phosphorus
atom is still more difficult than that of P
ligands with a chiral carbon back-
bone,™!, even though significant im-
provements have been achieved recent-
ly.[ﬁ]

Two possibilities for the synthesis of
enantiomerically pure SPOs, which for-
tunately are highly stable towards epi-
merization, appear especially promis-
ing: the diastereoselective generation of
the stereogenic phosphorus atom and

resolution of the racemate.
In principle these methods
can be used for both tauto-
meric forms. Of potential
for resolution of the race-
mate are, for example, salt
formation or esterification
of the phosphinous acid
with chiral alcohols.*

The groups of Feringa
and de Vries isolated the
enantiomerically pure
SPOs 10-12 on the 100 mg
scale by preparative HPLC
on chiral phases.””l The
new, monodentate preli-
gands were used in the Ir-
catalyzed enantioselective
hydrogenation of prochiral
acetophenone imines, for

1 Ph Ph
R/,' /,O ‘\\LO
7T © 7° D
H P Ph™ N
(0] o H N\
R' = Alkyl 0
R? = Anyl Ph Ph
10 11 12

which up to 83 % ee was obtained with
phosphine oxides of type 10.

Whereas the enantiomerically pure
preligands in the above example had to
be prepared by tedious HPLC separa-
tion, Hamada and co-workers recently
succeeded in synthesizing the enantio-
merically pure diaminophosphine oxide
15 by highly diastereoselective in situ
hydrolysis of the triaminophosphine 14
(Scheme 4).”! The starting material for
this conversion, the triamine 13, is
accessible in a few steps from L-aspartic
acid. The formation of 15, which was

Ph
H/ B”\NH H,0 th Ph
Bn. PCl, _ Si0, N
N Tovm| =
H \ N TR
HN | N \ (e}
Ph Ph H Bn
13 14 15
1?
P Ph oh ph
Me;SiN N BSA HN _\[N
VA 2
$ N7 N0siMe; SN oH
H Bn H Bn
17 16

Scheme 4. In situ synthesis of a diamidophosphorus acid silyl ester ligand. Bn=benzyl.
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isolated in 60% yield as the main
product of the hydrolysis on moist
SiO,, could be monitored by *'P NMR
spectroscopy.

The preligand 15 was tested in the
Pd-catalyzed enantioselective alkylation
of unsymmetrical diketones in the pres-
ence of Dbis(trimethylsilyl)acetamide
(BSA).?3% Surprisingly, the best results
were obtained with an excess of four
equivalents of BSA. Detailed investiga-
tions showed that in the presence of Pd",
complete tautomerization with subse-
quent coordination of the phosphorus
acid 16 to the metal ion did not, as
expected, take place; the displacement
of the equilibrium is first enforced by in
situ O,N silylation with BSA. The ligand
17 subsequently coordinates at the pal-
ladium center. This compound could
also be prepared and isolated in a
comparison experiment by silylation of
15.5" Thus, at the end of this new and
fascinating reaction sequence a nitrogen
analogue of ligand classes recently well
established in enantioselective homoge-
neous catalysis is obtained: that of the
chiral, monodentate triesters of phos-
phorus acid (phosphites)” and diesters
of amidophosphorus acid (amidophos-
phites).?23

It remains to add that high yields and
up to 94 % ee were achieved with ligand
17 in the alkylation of cinnamyl acetates
with B-substituted cycloalkanones. Ki-
netic investigations confirmed that two
monodentate ligands coordinate at the
Pd center. The exocyclic aminoethyl
group which was already essential in
the diastereoselective formation of the
preligand 15 has possibly a directing
effect upon the attacking nucleophile
within the context of an attractive
secondary interaction.*!
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Introduction

What’s in a chemical name ? Tracing
the origins and significance of such
names often requires careful detective
work. The naming of a theory, chemical
substance, transformation, or unit of
measurement dates back at least to the
alchemists. The history of science has
demonstrated that language is not only
the means by which the practitioners
communicate, but it also conveys a
fascinating and instructive social dimen-
sion that enriches our culture. The
origins of element names along with
the etymology of traditional chemical
names (which have been progressively
replaced by more systematic ones) con-
stitute representative examples.!"! In ad-
dition, the naming after a scientist
reflects a description of the more human
side of research and says much about
two intertwined issues: discovery and
proper recognition. Consider, for in-
stance, a series of 20th century chemists
who are credited with discovering some
selected and useful organic reactions:
Grignard, Robinson, Wittig, Brown,
Stille, Heck, and Suzuki. Nowadays,
recognition mostly comes naturally be-
cause an academic or industrial chemist
may use multiple publications to de-
scribe the work and because of the
present trend of putting value and
weight on frequency of citation. But
such bibliometric indexes were absent
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when the landmark discoveries were
made that propelled an obscure branch
of natural philosophy into modern
chemistry.

In an earlier perspective on discov-
eries missed and discoveries made, Ber-
son admirably addressed this concern
and wrote that the defining property,
which is also the immutable precondi-
tion of creativity, is the proper confla-
tion of rational and imaginative ele-
ments.”) In a more recent essay on
carbon skeletal rearrangements, he
again discussed the act of discovery
and disputes over priority.”) What is
more, Berson formulated a thought-
provoking question: why worry about
proper attribution of credit?

“A candid response would be that it is
good to be first for some easily listed
reasons: our grant proposals, our patent
applications, and...our egos. ... Howey-
er, there is another purpose. That is the
need to understand the dynamics and
temporal course of the process of dis-
covery itself. Only by this kind of anal-
ysis is it possible to apprehend the mutual
influences of scientific theories and ex-
periments.”

Both premises are likely to be cor-
rect. Numerous scientists claimed a
particular discovery or invention as their
own, while being fully aware of previous
(or almost simultaneous) work. In fact,
renaming has been a common practice
in the history of science. On the other
hand, the correct assignment of credit
places a discovery within a particular
historical context. However, the intrigu-
ing question to be addressed is to what
extent such an assignment reflects the
entire intellectual and imaginative proc-
ess. Some authors simply describe an
isolated, yet remarkable, experimental

DOI: 10.1002/anie.200330074

observation but overlook its importance
entirely.

Even worse, our modern interpreta-
tion of a particular phenomenon may
often differ from the original statement.
This essay is a brief journey through
some historical episodes, illustrating
that chemical discovery is in fact a
domino reaction, in many ways a por-
trait of the evolution of chemistry
through the researchers who claim cred-
it. Here, the philosophy of science,
rather than narrative history, can be of
further help. It is not my goal to discuss
whether discovery is consistent with
philosophical theories, an aspect that
some chemists will no doubt debate.[*
Instead we should catch a glimpse of the
human side of discovery and credit,
which leads to relevant conclusions.
Probably the main point is that individ-
ual contributions are often overestimat-
ed and only a broader perspective con-
tributes to the advancement of science.

Elementary, My Dear Uncle
Tungsten”

Many elements have been known
since the ancient times and their names
have therefore an obscure origin; others
with miscellaneous origins were named
after a place or a peculiar property; and
finally some elements were named after
people. These include bohrium, curium,
einsteinium, fermium, gadolinium, law-
rencium, meitnerium, mendelevium, no-
belium, and rutherfordium. None of
them were actually discovered by the
corresponding scientists, which supports
the so-called Stigler’s law of eponymy
claiming that no scientific discovery is
named after its original discoverer.®! (It
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should be noted, nonetheless, that epon-
ymy holds for names derived from real
or mythical figures, not necessarily the
discoverer.[!) Perhaps, there is a notable
exception: seaborgium (element 106). It
was named after nuclear chemist Glenn
Theodore Seaborg (1912-1999). The
element was first created by a team led
by Albert Ghiorso at the Lawrence
Berkeley National Laboratory in 1974.
The team also included Glenn Seaborg
as co-discoverer. A few months earlier,
Russian scientists in Dubna reported to
have synthesized the same element.
However, credit was given to the Ber-
keley group in 1993. Dubnium (after
Dubna) is now the name of element 105,
its production being first reported by
Russian scientists in 1967, although in
1970 both the Dubna team and a group
from Berkeley confirmed the discov-
ery.¥

But if an element is at the heart of
disputes on priority, it must surely be
oxygen. In their play Oxygen” Carl
Djerassi and Roald Hoffmann present
their 21st century vision of the act and
importance of discovering. As we know,
the fictional play recreates an encounter
of the three independent discoverers—
Scheele, Priestley, and Lavoisier—and
their wives in Stockholm in 1777 where
they critically discuss their chemical
experiments. Then the story launches
into the second act with the establish-
ment of a retro-Nobel prize in 2001, on
the occasion of the centenary of the
prizes. The Nobel committee investi-
gates and analyzes the conflicting claims
of the three scientists. At first, this seems
to be a story about human psychology,
but it is really about human-defined
value judgments on science and the
sometimes unexpected consequences of
their use.

This play is also instrumental in
questioning what we call discovery and
who deserves proper recognition. His-
torical records®™!” suggest that the dis-
covery should be credited to Joseph
Priestley (1733-1804; Figure 1), who
isolated oxygen in 1774. It was obtained
earlier, in 1771, by Carl Wilhelm Scheele
(1742-1786) but published later. Priest-
ley believed that oxygen was “dephlo-
gisticated air” and continued to believe
it until his death in 1804, even though
Antoine-Laurent Lavoisier (1743-1794)
disproved experimentally the phlogiston

Angew. Chem. Int. Ed. 2004, 43, 5888 -5894

Figure 1. ). Priestley (1733-1804) was a codis-
coverer of oxygen. Like Columbus, he died
without realizing the importance of his discov-
ery.

theory in 1783. Likewise, Scheele be-
lieved that the gas he isolated reacted
with phlogiston in combustion reactions.
It took several years and a good deal of
experimentation before Lavoisier ar-
rived at the conclusion that the gas was
a new element, which he called “oxy-
gene”. Only the French chemist truly
understood what the discovery meant.!'”!
Thus, discovery is really a two-step
process: finding and comprehension,
although some discoverers should be
credited with only the former.

To be honest, it is reasonable to
assume that neither Scheele nor Priest-
ley were the first to obtain oxygen. That
recognition should go to unknown Euro-
pean or Arabic alchemists who were
skilled in thermal reactions. Some schol-
ars have attributed that honor to the
Dutch engraver, glassworker, and in-
ventor Cornelius Jacobszoon Drebbel
(1572-1633), who reported in 1621 the
pyrolysis of saltpeter, a process produc-
ing oxygen.'! Remarkably, Drebbel
also suggested a method of making
sulfuric acid by the oxidation of sulfur.

Some scholars hold that chemistry
evolved from a metaphysical idea of
composition into an empirical idea of
composition, which was pioneered by
Lavoisier and settled by Dalton’s atomic
theory.l'” The phlogiston theory was one
interpretation among others to cope
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with such an empirical concept. Neither
phlogiston nor combustion itself was a
dominating issue before Lavoisier, nev-
ertheless. From the 1770s onwards, in-
vestigations on the composition of air
boosted combustion as a recurrent
theme with theoretical implications,
and it was thereby susceptible to refu-
tation. Lavoisier knew that something
essential was missing in the phlogiston
theory. Unlike the work of Scheele or
Priestley, Lavoisier’s discovery was not a
matter of experimental skill; he relied
on intuition and creative leaps in draw-
ing conclusions.

The story of another gas, radon,
equally illustrates this thesis on finding
and recognizing phenomena. Radon is a
radioactive and hazardous gas, the heav-
iest of the noble gases. Most noble gases
were discovered by Sir William Ramsay
(1852-1916) and co-workers between
1895 and 1898. Radon, however, is
attributed to the German chemist Frie-
drich Ernst Dorn (1848-1916), who
apparently called it radium emanation
in 1900. Surprisingly, this erroneous
attribution arises from a flawed trans-
lation of Dorn’s original paper publish-
ed in a local journal. This fact was
pointed out by Partington almost six
decades later!™ and investigated in de-
tail in a very recent study.!'¥

Dorn certainly noticed a previous
observation of Ernest Rutherford
(1871-1937) on the emanation from
thorium. Dorn also repeated Ruther-
ford’s experiments and found that while
uranium and polonium did not show the
emanation phenomenon, thorium and
radium did. The nature of such an
emanation was not investigated by
Dorn; it was, however, by Rutherford
and Pierre and Marie Curie from 1902
on. Together with Frederick Soddy
(1877-1956), Rutherford studied the
physico-chemical and nuclear properties
of the emanation, noting that it passed
unaffected through physical barriers
(cotton and water) and chemical sub-
stances (phosphorus pentoxide, sulfuric
acid, heated magnesium, and even al-
most-molten platinum). By 1903 they
claimed the existence of a new ele-
ment.') “It will be noticed that the only
gases capable of passing in unchanged
amount through all the reagents em-
ployed are the recently discovered mem-
bers of the argon family.” Two decades
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later, the then International Committee
on Chemical Elements replaced the
term radium emanation by radon.'

A further story on credit and priority
comes from the discovery of vanadium
(element 23), first isolated by the Span-
ish chemist and mineralogist Andrés
Manuel del Rio in 1801 but officially
credited to the Swedish chemist Nils
Gabriel Sefstrom, who rediscovered it in
1831.5171 Del Rio (1764-1849) was born
in Madrid and after studying chemistry,
geology, and mineralogy, he traveled
through Germany, France, and England.
In 1791 he became an assistant to
Lavoisier. By 1794 he moved to Mexico
as a teacher at the Real Colegio de
Minas en Ciudad de Mexico. In 1801
Del Rio analyzed lead ores and, after
successive chemical tests, he believed to
have discovered a new element, which
he called panchromium (from the
Greek: all colors) in view of the wide
range of colors of its oxides, salts, and
solutions. Later, he named it erythroni-
um (from the Greek: red) due to the
intense red color of its salts when heated
with acids. Del Rio gave a sample of the
ore containing erythronium to Alexand-
er von Humboldt (1769-1859), who
visited the Colegio de Minas in 1803.
Humboldt had received instruction in
mineral chemistry and convinced Del
Rio that the new element was presum-
ably chromium, which also forms similar
colored derivatives. Del Rio withdrew
his previous assignment and published a
correction in a Spanish journal in
1804.1'®1 But Humboldt vacillated, and
after returning to Europe, he gave a
sample of the lead ores to a French
chemist for further analyses, who con-
cluded that no new element was pres-
ent.!”! Humboldt finally accepted that
erythronium was chromium and for-
warded these results to Del Rio. It took
a long time, however, before this anal-
ysis reached Mexico, and Del Rio felt
frustrated as he had already published
the conclusion that the element present
in the brown ore was chromium.

The lack of recognition for Del Rio
adds a critical element of reflection.
Chemistry throughout the 19th century
was largely influenced and dominated
by French and German scientists. Very
few Spanish chemists had much contact
with other European scientists. The
reasons for this lack of contact are not
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clear, although at that time cultivated
people in Spain often grouped chemistry
with astrology and magic. Spaniards
turned their attention to practical activ-
ities like mineralogy in which they
gained reputation.” Del Rio’s annoy-
ance for the lack of proper credit was
expressed in a letter forwarded to Hum-
boldt several years later."” “We Span-
iards should not make any discovery, no
matter how small, either in chemistry or
mineralogy, these being a foreign mo-
nopoly. ... Did I lose all credit for not
having known in 1802 all the properties
of chromium in a country so lacking in
books, where for the same reason the
sciences are so little cultivated?”
Despite this, Del Rio and Humboldt
professed reciprocal admiration. That
Humboldt was not fully convinced that
the salt isolated was a chromate is
evidenced by the fact that he also gave
a sample to Friedrich Wohler (1800-
1882) to reinvestigate its composition. In
the meantime Nils Sefstrom (1787-
1845) obtained a new element from an
iron mineral and gave it the name of
vanadium (after Vanadis, a Scandinavi-
an goddess of love). Sefstrom gave some
vanadium pentoxide to Jons Jacob Ber-
zelius (1779-1848), who also sent it to
Wohler. The German chemist conclu-
sively demonstrated that vanadium was
identical to erythronium, the element
isolated by Del Rio 30 years earlier.

Renamed Laws

Like elements, some of the most
important physico-chemical laws and
theories reveal the issues of priority
and proper recognition. In most cases
incorrect attributions arise from misun-
derstanding, neglect, and controversy,
for which scientists and historians alike
are responsible. The forgotten scenarios
and actors of physical chemistry have
been the subject of scholarly studies by
Laidler.” This analysis is reminiscent of
that of Nobel prizes, which may certain-
ly be awarded to undeserving scientists
whereas deserving ones may be over-
looked. In a recent book Hargittai
classes nonwinners into those whose
discovery was never honored by a Nobel
prize and those who participated in a
recognized discovery but who were not
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awarded the prize. Similar observations
are often made in the history of science.

It might be surprising to state that
Robert Boyle (1627-1691) did not dis-
cover Boyle’s law, but anticipation of
the phenomenon should correctly be
attributed to Richard Townley (1628—
1707) and Henry Power (1623-1668)
who, in 1660, established the relation-
ship between pressure and the volume
of an expanded gas.”! Boyle began his
studies on the properties of gases several
years earlier with the invaluable help of
his assistant Robert Hooke (1635-1701),
who helped him to construct a vacuum
pump.?*?! Boyle described the proper-
ties of air and that air is necessary for
respiration, combustion, and propaga-
tion of sound. Such results were pub-
lished in 1660 in New Experiments
Physico-Mechanical, = Touching  the
Spring of the Air and its Effects.” In
1661 Boyle submitted a report to the
Royal Society, in which he presented
improved experimental results on the
relation, now known as Boyle’s law, that
the pressure of a gas is inversely propor-
tional to its volume at constant temper-
ature. The second edition of his 1660
work containing this result appeared in
1662.

Two of the most salient chemical
laws, Le Chatelier’s principle and the
Arrhenius equation, were not deduced
by the scientists who have become
recognized by the naming of these laws.
In both cases, the proper recognition
must go to Dutch chemist and first
recipient of the Nobel prize in chemis-
try, Jacobus Henricus van’t Hoff (1852—
1911; Figure 2), who suggested these
relationships in his pioneering studies
on physical chemistry in 1884.1*")

Henry-Louis Le Chatelier (1850—
1936) also published his results the same
year stating that if a system in an
equilibrium state is disturbed, the sys-
tem will readjust in such a way as to
neutralize the perturbation and restore
equilibrium. In praise of Le Chatelier,
it is fair to say that he explicitly men-
tioned van’t Hoff as the pioneer of this
conclusion. Some related ideas, yet in a
vague form, were anticipated by Josiah
Willard Gibbs (1839-1903), whose
works Le Chatelier later translated into
French.

The equation that correlates the
effect of temperature on reaction rates
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Figure 2. ). H. van't Hoff (1852-1911) was a
key figure in modern stereochemistry and
physical chemistry but never claimed priority
and recognition.

was also suggested by van’t Hoff,”” as a
consequence of the equation for equili-
brium constant. Svante August Arrhe-
nius (1859-1927), quoting van’t Hoff,
applied this equation to numerous re-
actions, thereby demonstrating its gen-
eral value.” Perhaps due to his previ-
ous and bitter experience with Kolbe,
van’t Hoff was always a quiet and mod-
est man. He never claimed priority and
shared credit with his contemporaries.
This reveals an exceptional and appeal-
ing attribute, unusual in most scientists.

Play It Again, Alexander!

The legendary image of scientists as
brilliant encyclopedic minds has been
progressively replaced by the image of
people competent in a narrowly defined
domain, at least from the 19th century
on. Thus, no one would imagine any
modern chemist pursuing chemistry
with along with another professional
activity. A notable exception, however,
was the great Russian composer and
chemist Aleksandr Porfirevich Borodin
(1833-1887). The author of Prince Igor
and other operas and symphonies re-
ceived his doctorate in 1858 from the
Medico-Surgical Academy in St. Peters-
burg. From 1859 to 1862 he studied in
western Europe. On returning to Russia
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he became adjunct professor of chemis-
try at the Medico-Surgical Academy and
was named full professor in 1864."

Borodin largely investigated oxy-
genated compounds, and his most im-
portant contribution, which was once
called the Borodin reaction, involves the
combination of a silver carboxylate with
bromine to afford an alkyl bromide,
CO,, and AgBr.PY Borodin should be
credited with this transformation, even
though he did not prove that the product
was an alkyl bromide. Most organic
chemists have forgotten Borodin and
refer to this process as the Hunsdiecker
reaction. The Hunsdieckers, husband
and wife, reinvented and really devel-
oped the Borodin reaction in the
19405,

Russian chemists also experienced a
lack of recognition as time went on.
This is ironic as modern chemistry owes
a great debt to Russian chemists rang-
ing from Mendeleev to Arbuzov, and
other key figures who are seldom
acknowledged. The lack of credit has
often been attributed to the insular
nature of Russian industry along with
unfamiliarity of the West with the
Russian language. Re