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Helices and grids two most fascinating architectures, which have been the subject of
intense recent studies in view of their significance in chemistry, biology, and material
science, are represented in the cover picture. They are interconnected in a
thermodynamic equilibrium generated by a Lewis acid catalyzed pathway involving a
constitutional dynamic reorganization, self-assembly, and control of helical folding.
For further details see the Communication by J.-M. Lehn et al. on page 4902 ff.

DNA-Templated Synthesis

In their Review on p. 4848 ff., X. Li and D. R. Liu present an approach to controlling
chemical reactivity by modulating the effective molarity of highly dilute reactants
through macromolecule-templated synthesis—an approach that mimics natural
biosynthesis.

Electronic Effects

The powerful effect that electronic stabilization can have on the course of a reaction
is described by M. Murakami and M. Hasegawa in their Communication on

page 4873 ff with the ring opening of trans-3,4-disilylcyclobutene.

Nanorobotics

The progress of a six-nucleotide-long DNA fragment wandering along a self-
assembled track with three anchor points is investigated by H. Yan, A. J. Turberfield,
J. H. Reif et al. in their Communication on page 4906 ff.
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Caution explosive! Homoleptic azides are
of great interest as polynitrogen com-
pounds particularly because of their high
energy content. A recent breakthrough is
the first synthesis and characterization of
the highly sensitive neutral tellurium azide
[Te(Ns)4] and of ionic (N;)*[P(Ns)e]~ con-
taining 23 nitrogen atoms.

Mysterious and elusive, elisabethin A (1,
pictured with the West Indian sea whip
Pseudopterogorgia elisabethae from which
it was isolated), has not yet succumbed to
total synthesis—or has it? Two recent
attempts at the synthesis of this challen-
ging target are examined, but questions
still remain as to the absolute configura-
tion of the natural product and the
synthetic material.

Angew. Chem. Int. Ed. 2004, 43, 4820—4828
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A historical confluence of the streams of
science and art took place in Dessau,
Germany, in 1927. The main participants
were the artists of the Bauhaus School
(represented by a painting by Kandinsky,

A surprisingly general way to control
reactivity uses DNA base pairing to mod-
ulate the effective molarity of synthetic
reactants. This approach mimics bio-
synthesis and enables complex mixtures
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left) and the Nobel Laureate and avid
painter Wilhem Ostwald, who presented
his theory of color (the basis for the
etching on the right).

in a single solution to react with efficien-
cies and selectivities that cannot be
achieved using conventional laboratory
synthesis (see scheme).

A true test of the power of electronic
stabilization is provided by a ring-opening
reaction of trans-3,4-bis (trimethyl-
silyl)cyclobutene. The two bulky silyl
groups prefer inward rotation, despite the
steric constraints. Electronic stabilization
arising from the delocalization of the
HOMO electron density into the two
antibonding orbitals overcomes the steric
congestion (see picture).

postage paid at Jamaica NY 11431. US POST-
MASTER: send address changes to Angewandte
Chemie, Wiley-VCH, 111 River Street, Hoboken,
NJ 07030. Annual subscription price for insti-
tutions: Europe € 3430.00/3118.00; outside
Europe US$ 4499.00/4090.00 (valid for print
and electronic/print or electronic delivery); for

www.angewandte.org

Angewandte

Essays

P. Ball, M. Ruben* 48424847

Color Theory in Science and Art: Ostwald
and the Bauhaus

Reviews

Synthetic Methods
X. Li, D. R. Liu* 4848 — 4870
DNA-Templated Organic Synthesis:
Nature’s Strategy for Controlling

Chemical Reactivity Applied to
Synthetic Molecules

Communications

Electronic Effects

M. Murakami,*

M. Hasegawa 4874-4876

Synthesis and Thermal Ring Opening of
trans-3,4-Disilylcyclobutene

individuals who are personal members of a
national chemical society, or whose institution
already subscribes, or who are retired or self-
employed consultants, print only: Europe

€ 248.00/outside Europe US$ 378.00. Postage
and handling charges included. All Wiley-VCH
prices are exclusive VAT.

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

Chemie

4821


http://www.angewandte.org

11811404_gu

for more than a hundred years

A

A Journal of the Gesellschaft Deutscher Chemiker

ngewan

die

International Edition Ch em ’ e

www.angewandte.org

1888:

The beginning
of a success story

Constant Innovations

1962:

1976:
1979:
1988:
1989:
1991
1992:

1995
1998:

2000:

2001:
2002:

2003:

2004:

First issue of the
International Edition
Graphical abstracts

Cover pictures

Centenary of Angewandte
Routine use of color

New section: Highlights
Computerized editorial
tracking system

Internet service for readers
Regular press service;
full-text online

New section: Essays;
EarlyView: Communications
available online ahead of
the printed version

New section: Minireviews
Online submission

of manuscripts

Weekly publication; new
section: News; new layout
Backfiles (1962-1997);
ManuscriptXpress: Online
system for authors and
referees

Angewandte Chemie International Edition is G D C h
a journal of the German Chemical Society (GDCh) v

$WILEY-VCH



iPry JiPr iPr., ,iPr
P BN
tBu—B: ‘B B: :B—fBu
P. P,
P P P Pr

Counting the calories: The coupling of two
PBPB diradicals through an antiferro-
magnetic linker affords a singlet tetra-
radical, whereas when they are coupled
through a ferromagnetic linker, a bis(bi-
cyclic) system is obtained (see picture).

Lowering the temperature breaks the ¢
bond in the interconversion of 1,3-dibora-
2,4-diphosphoniocyclobutane-1,3-diyl and
its bicyclo[1.1.0]butane bond-stretch
isomer (see picture). Variable-tempera-
ture NMR and UV/Vis experiments
demonstrate for the first time the exis-
tence of two bond-stretch isomers that
feature a transannular bonding t overlap,
which allows for the thermal ring closure
and opening processes.

Myxobacteria have it both ways: Whereas
the epothilones stabilize the tubulin
cytoskeleton and build microtubuli, tubu-
lysins, which have now been isolated from
Archangium gephyra and Angiococcus dis-
ciformis, have exactly the opposite effect.

Angew. Chem. Int. Ed. 2004, 43, 4820—4828

but

The energy difference between the planar
form and the bicyclic isomer of substitu-

ted PBPB derivatives is only a matter of a
few kcal mol~', thus a few kcalmol~' can

make a tremendous difference.

All square: A {ZnO}, square resting state
in autocatalysis is revealed by NMR
spectroscopy and endorsed by DFT
calculations (see picture). Its dynamic
behavior and reversible binding of excess
iPr,Zn are defined.

OH

COOH

Tubulysin A

They induce the disintegration of the
microtubuli, and even picomolar concen-
trations can cause cell death by apoptosis.
Their effect on cell cultures exceeds that of
the most active epothilones by 50-fold.
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A. Rodriguez, F. S. Tham, W. W. Schoeller,
G. Bertrand* 4876 - 4880

Catenation of Two Singlet Diradicals:
Synthesis of a Stable Tetraradical
(Tetraradicaloid)

Bond-Stretch Isomers

A. Rodriguez, R. A. Olsen, N. Ghaderi,
D. Scheschkewitz, F. S. Tham,
L. ). Mueller,* G. Bertrand* . 4880—4883

Evidence for the Coexistence of Two Bond-
Stretch Isomers in Solution

Zinc Autocatalysts

I. D. Gridnev¥*, ]. M. Serafimoyv,
J. M. Brown* 4884 — 4887

Solution Structure and Reagent Binding of
the Zinc Alkoxide Catalyst in the Soai
Asymmetric Autocatalytic Reaction

Biosynthesis

H. Steinmetz, N. Glaser, E. Herdtweck,
F. Sasse, H. Reichenbach,
G. Hofle* 4888 —4892
Isolation, Crystal and Solution Structure
Determination, and Biosynthesis of
Tubulysins—Powerful Inhibitors of Tubu-
lin Polymerization from Myxobacteria
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Zeolites

T. Ikeda,* Y. Akiyama, Y. Oumi, A. Kawai,
F. Mizukami 4892 - 4896

The Topotactic Conversion of a Novel
Layered Silicate into a New Framework
Zeolite

Polymer Vesicles
Y. Zhou, D. Yan* 4896 — 4899

Supramolecular Self-Assembly of Giant
Polymer Vesicles with Controlled Sizes

Nanostructures

A. R. Armstrong, J. Canales,

P. G. Bruce* 4899 -4902

WO,Cl, Nanotubes and Nanowires

Constitutional Dynamics

N. Giuseppone, J.-L. Schmitt,
J.-M. Lehn* 4902 - 4906
Generation of Dynamic Constitutional
Diversity and Driven Evolution in Helical
Molecular Strands under Lewis Acid
Catalyzed Component Exchange
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High-density silicate sheets made up of
five-membered rings with Me,NOH
molecules and K* ions in the porelike
interlayer space: This is the structure of
the silicate PLS-1. When PLS-1 (left pic-
ture) was heated above 673 K under

vacuum, the novel zeolite CDS-1 (right
picture) was obtained as the result of
topotactic dehydration—condensation
reactions. CDS-1 is a pure silicate and
thermally stable, and should therefore find
a range of industrial uses.

An ill-defined hyperbranched multiarm
copolymer (see picture) with a high
hydrophilic fraction (>60%) self-assem-
bles in water to form giant polymer
vesicles (branched polymersomes). The
size of the branched polymersomes can
be easily controlled by adjusting the
hydrophilic fraction of the copolymer, with
the average diameter of the larger bran-
ched polymersomes exceeding 100 um.

Mixed-anion nanotubes and nanowires
have been synthesized, for the first time,
by a simple process of exfoliation and
restacking. The WO,Cl, (oxyhalide) nano-
tubes and nanowires (see picture) may
have some properties of both the halide
and oxide anions.

A stir in the library: The efficient Sc(OTf);-
catalyzed transimination of helical oligo-
hydrazone strands has been utilized to
yield a highly diverse constitutional
dynamic library through assembly, dis-
sociation, and exchange of components.
This library can subsequently undergo
driven evolution in the presence of

Zn" ions to express preferentially

[2x 2] gridlike arrays by component
recombination.

www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 48204828
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There’s no turning back for an autono-

mous DNA walker that moves along a self-
assembled track, driven by the hydrolysis
of ATP. The track contains three anchora-
ges (A, B, C) at which the walker (%), a six-
nucleotide DNA fragment, can be bound

The helical sense of the peptidic parts of a
cyclodimeric zinc porphyrin host with
helical oligopeptide units (1) determines
whether a right- or left-handed oligopep-
tide guest (2) is selectively bound (see
picture). In contrast, enantiomers of
nonhelical peptidic guests containing a
point chirality are hardly discriminated.

o8R0
ERe

23 nitrogens and only one phosphorus:
The Ns* ion is combined with energetic

Angew. Chem. Int. Ed. 2004, 43, 4820—4828

(see figure). The motion of the walker is
unidirectional. At each step it is ligated to
the next anchorage, then cut from the
previous one by a restriction endonu-
clease.

Two cyanide-bridged molecular cubes of
general formula [{MCI},{Re" (tri-

phos) (CN);},], M=Fe, Co (depicted),
triphos =1,1,1-tris (diphenylphosphanyl-
methyl)ethane, and their magnetic prop-
erties are reported. The cubes are pre-
pared in good yields from the reaction of
the Re"" complex [Et,N][Re" (triphos) (CN);]
with the appropriate divalent metal halide
and consist of octahedral Re" and tetra-
hedral M corners bridged by cyanide
ligands.

anions in the form of Ns*[P(N;)¢]” and
N;s*t[B(Ns)4]~ (see scheme), containing 91
and 96 wt %, respectively, of nitrogen.
Also, the thermally unstable compound
NsHF,-n HF is prepared by metathesis
from N;SbF; and CsHF,. Its usefulness as
a reagent for the synthesis of new Nt
salts is demonstrated with the preparation
of NsPFg, NsBF,, and NySO,F.

www.angewandte.org
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P. Yin, H. Yan,* X. G. Daniell,
A. ). Turberfield,* ). H. Reif* 4906 —4911
A Unidirectional DNA Walker That Moves
Autonomously along a Track

Single-Molecule Magnets

E. ). Schelter, A. V. Prosvirin, W. M. Reiff,
K. R. Dunbar* 4912 -4915

Unusual Magnetic Metal-Cyanide Cubes
of Re" with Alternating Octahedral and
Tetrahedral Corners

Inclusion Compounds

Y.-M. Guo, H. Oike,* N. Saeki,
T. Aida* 4915-4918

One-Pot Optical Resolution of Oligo-
peptide Helices through Artificial
Peptide Bundling

Polynitrogen Chemistry

R. Haiges,* S. Schneider, T. Schroer,
K. O. Christe* 4919 -4924

High-Energy-Density Materials: Synthesis
and Characterization of Ng*[P(N;)¢] ™,
Ns*[B(N;),] ", Ns*[HF;] -nHF, Ns*[BF,],
Ns*t[PF¢]~, and NsT[SO;F]~
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M.-H. V Huynh,* M. A. Hiskey,*
E. L. Hartline, D. P. Montoya,
R. Gilardi 4924 - 4928
Polyazido High-Nitrogen Compounds:
Hydrazo- and Azo-1,3,5-triazine

Protein-Inorganic Conjugates

A. J. Patil, E. Muthusamy,
S. Mann¥* 4928 - 4933
Synthesis and Self-Assembly of Organo-
clay-Wrapped Biomolecules

Zeolites

S. Zanardi,* A. Alberti, G. Cruciani,
A. Corma, V. Fornés,
M. Brunelli 4933 -4937
Crystal Structure Determination of
Zeolite Nu-6(2) and Its Layered
Precursor Nu-6(1)

Polymerization
H. Li, L. Li, T. ). Marks* ___ 4937 —4940

Polynuclear Olefin Polymerization Cataly-
sis: Proximity and Cocatalyst Effects Lead
to Significantly Increased Polyethylene
Molecular Weight and Comonomer
Enchainment Levels
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Gift wrapped: Biomolecules can be
enveloped within an ultrathin shell of an
aminopropyl-functionalized magnesium
(organo)phyllosilicate to produce
aqueous dispersions of discrete
protein—inorganic nanoparticles. Similar

A small-pore pentasil zeolite (Nu-6(2)),
which has a new topology, is obtained by
thermal treatment of the 4,4’-bipyridyl
silicate Nu-6(1). Crystal structure solution
of the new zeolite and its layered pre-
cursor was achieved by combining high
resolution X-ray powder pattern, direct
methods, and model building. Nu-6(2) is
characterized by a 1D channel system of
two independent sets of eight-membered
rings (see picture).

Weight watching: In ethylene polymeriza-
tion, approximately 70 fold increases in
molecular weight are achieved with C1-Zr,
compared to ethylene-bridged C2-Zr, (see
scheme). With MAO as the cocatalyst,
approximately 600 fold increases in poly-
ethylene (PE) molecular weight are

www.angewandte.org

20 nitrogens and six carbons: The com-
pounds 1 and 2, demonstrate that hydra-
zo and azo linkages can be used to
desensitize polyazido high-nitrogen com-
pounds and also decrease their volatility.
The compound 2 has the highest experi-
mentally measured heat of formation
reported for energetic organic com-
pounds (+2171 k) mol™).

procedures but with organoclay oligomers
that have pendent long-chain hydrophobic
moieties result in self-assembly of the
protein—inorganic nanoparticles into
higher-order superstructures (see
picture).

achieved with C2-Zr,Cl, and C1-Zr,Cl,
compared to a mononuclear analogue.
These results support the argument that
Zr—Zr proximity significantly influences
chain-transfer rates, and such effects are
highly cocatalyst-sensitive.

Angew. Chem. Int. Ed. 2004, 43, 4820—4828
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A core with corners: The first alumoxane
containing an {Al,O,} core as well as a
gallium congener with an {Al,Ga,0,} core
are prepared by the reaction of an organo-
aluminum monohydroxide with
MH;-NMe; (see formula; M=Al, Ga;
Ar=2,6-iPr,C¢H;). These compounds
contain reactive hydride groups on the
central M,0, rings and methyl groups on
the terminal aluminum atoms.

A strong antibonding = interaction has
been shown by density functional calcu-
lations (see LUMO MO graph) to be a key
characteristic of two new Cu'-diazene
complexes with hydrotris (pyrazolyl)borate
ligands. The complexes have been further
characterized by X-ray crystallography as
well as "TH NMR, UV/Vis absorption,

IR, far-IR, and resonance Raman
spectroscopy.

The highly crowded arylbis(9-anthryl)me-
thyl cations (structure shown) have now
been prepared. Their stability is due to the

Aldehydes in excellent yields were
obtained from the ruthenium—porphyrin-
catalyzed oxidation of various terminal
alkenes with 2,6-dichloropyridine N-oxide
under mild conditions. The aldehydes
generated from these ruthenium-cata-

Angew. Chem. Int. Ed. 2004, 43, 4820—4828
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doubly benzo-annelated structure of an-
thracene, which prevents Nazarov-type
cyclization from taking place. The most
remarkable feature of these cations is that
they exhibit strong absorptions in the
near-infrared region (A,,,=855-946 nm)
in trifluoroacetic acid. Ar=p-anisyl, 1-
naphthyl, 2-naphthyl, phenyl, p-tolyl.

lyzed alkene oxidations can be used in situ
for olefination reactions with ethyl
diazoacetate in the presence of PPh; in a
one-pot diazoacetate olefination starting
from alkenes (see example).

www.angewandte.org
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H.-G. Schmidt 4940-4943

S
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Tetranuclear Homo- and Heteroalum-
oxanes Containing Reactive Functional
Groups: Syntheses and X-ray Crystal
Structures of [{[LAl(Me)](1-O) (MH,)},]

Binuclear Complexes

K. Fujisawa,* N. Lehnert,* Y. Ishikawa,
K.-i. Okamoto 4944 - 4947

Diazene Complexes of Copper: Synthesis,
Spectroscopic Analysis, and Electronic
Structure

Hydrocarbon Cations

Y. Nishimae, H. Kurata,
M. Oda* 4947 - 4950
Arylbis(9-anthryl)methyl Cations: Highly
Crowded, Near Infrared Light Absorbing
Hydrocarbon Cations

Alkene Oxidation

4950-4954
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A Practical and Mild Method for the
Highly Selective Conversion of Terminal
Alkenes into Aldehydes through
Epoxidation—Isomerization with
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Cluster Compounds

S.-K. Yip, E. C.-C. Cheng, L.-H. Yuan,
N. Zhu, V. W.-W. Yam* __ 4954 —4957

Supramolecular Assembly of Luminescent
Gold(1) Alkynylcalix[4]crown-6 Complexes
with Planar n%n*-Coordinated Gold(1)

Centers Au---Au interactions between the gold(1) complexes (see picture) give rise to rich
centers arranged in a planar rhomboidal  luminescence behavior, with long-lived
array in a novel class of luminescent excited states and relatively high lumi-

tetranuclear gold(1) alkynylcalix[4]crown-6  nescence quantum yields.

@ Communications labeled with this symbol have been judged by two referees as being “very important papers”.
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M. Mayor and Team Receive
E. Schrodinger Prize

The Erwin Schro-
dinger  Prize s
awarded annually in
recognition of out-
standing scientific or
technically innova-
tive achievements in
interdisciplinary re-
search. Members of
the Helmholtz Asso-
ciation (made up of
15 major publicly
funded research
institutions in Germany) must be involved
in the research. This year the prize goes to
a team from the Institut fiir Nanotechno-
logie of the Forschungszentrum Karlsruhe
(Germany): Marcel Mayor and Frank
Hennrich (chemistry), as well as Ralph
Krupke and Heiko Weber (physics).

Mayor completed his PhD in 1995
on vitamin B, derivatives at the Univer-
sitdt Bern (Switzerland) under the guid-
ance of R. Scheffold and L. Walder. He
then moved to the Université Louis Pas-
teur in Strasbourg, at first to undertake
postdoctoral research with Jean-Marie
Lehn on the design and synthesis of
cryptatium compounds, and later to the
College de France in Paris. Since 1998
he has led a research group at the Insti-
tut fir Nanotechnologie in Karlsruhe.
His research is focused on correlations
between the chemical structure and
electron-transport properties of mole-
cules, supramolecular assemblies, and
nanostructures, and on nanoscale
objects with tailored physical properties.
The prize was awarded in particular for
interdisciplinary work on the separation
of carbon nanotubes and electron trans-
port through single molecules.[!]

M. Mayor

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

W. Tolman Receives Humboldt
Prize

William B. Tolman
studied chemistry
at Wesleyan Uni-
versity in Middle-
town, CT (USA)
and completed his
PhD in 1987 with
K.P.C. Vollhardt
at the University
of California, Ber-
keley. He then
undertook postdoc-
toral research with
S. J. Lippard at the Massachusetts Insti-
tute of Technology. His independent
career, which began in 1990 at the Uni-
versity of Minnesota in Minneapolis,
included a spell as a visiting professor
in Berkeley in the research group of
Judith Klinman. Now, as the recipient
of an Alexander von Humboldt Prize,
he will spend a year as a guest in the
research group of W. A. Herrmann at
the Technische Universitdt Miinchen.

Tolman’s research, which encom-
passes synthetic bioinorganic chemistry,
as well as organometallic and polymer
chemistry, is focused on reaction mecha-
nisms at active centers of metallopro-
teins and complexes of N-donor ligands
that function as catalysts for the poly-
merization of cyclic esters. In Miinchen
he intends to devote himself in particu-
lar to the development of catalysts for
the synthesis of biodegradable polymers
derived from renewable resources. In
2002 he co-authored a Review in Ange-
wandte Chemie together with L. Que on
biocatalytically relevant rhombic bis(p-
oxo)dimetal cores in copper and iron
complexes.?

W. Tolman

Solvay Prize to S. Alvarez

Santiago Alvarez Reverter (University
of Barcelona) received the 2003 Solvay
Prize for Research in Chemical Scien-
ces, awarded by a foundation of Spanish
industrial companies, for “his contribu-
tions to the development of theoretical
models for the study of a large number
of chemical phenomena, in particular
in molecular and nonmolecular solids”.
These quantum-chemical studies pertain

DOI: 10.1002/anie.200461855

to the structure and symmetry of inor-
ganic materials, in particular of molecu-
lar magnets. The award of this prize to
Alvarez reflects the growing importance
of quantum chemistry for industrial
research.

Alvarez studied
chemistry at the
University of Bar-
celona and com-
pleted his PhD in
1980 on normal
vibrations of sulfur
oxyanions. He
undertook postdoc-
toral research with
R. Hoffmann at
Cornell University
(Ithaca, USA) and
has been a visiting scientist in the
USA, France, Chile, and Israel. In
1989, he became professor at the Uni-
versity of Barcelona, where his research
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The first synthesis of a covalent azide
HN; was reported by Curtius more than
100 years ago.'! However, the chemistry
of coordinated azides received little
attention until the early 1960s presum-
ably because of their explosive nature
and shock sensitivity. Today the high
potential energy content of these com-
pounds is the driving force to synthesize
new and even more endothermic com-
pounds that nevertheless have some
kinetic stability. The relatively stable
azide anion (I) contains two double
bonds, but the covalent-bonded azides
(IT) are polarized towards structures
containing a single and a triple bond,
which facilitate the elimination of dini-
trogen.”!

N - _
[\N—N—N/] IN-N=N|

I 11

Every azido group adds about
70 kcalmol™! to the energy content of
the molecule, and so the synthesis of
molecules with a high number of azido
groups is a useful but challenging way to
synthesize  high-energy = materials.
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Azidometalates in salts containing large
counter cations (e.g. [EPh,]*, E=P, As)
and multiple azido groups can often be
stabilized and safely handled.® The salt
is stabilized by its crystal lattice enthal-
py, and the dissociation energy into
highly unstable covalent species by N3~
transfer is minimized with large non-
electrophilic counterions. In addition
the activation energy barrier of the
decomposition may be raised by sepa-
ration of the azido groups with large
counterions (dilution effect). Therefore
the covalent azides incorporated into a
salt containing large ions were often
characterized prior to the corresponding
neutral species. If there is an electro-
negativity difference between M and the
azido group in the formally covalent M—
(N;) bond, then the molecule will be
stabilized by ionic resonance. However
the M—(N;) bond will be particularly
weak where M is large and the electro-
negativities are similar.! Neutral cova-
lent azides can be stabilized by adduct
formation with a Lewis base (e. g.
pyridine), which results in surprisingly
thermally stable compounds, as was
successfully shown for azides of
Group 13P9 and 14.%% Thus despite
many difficulties, many fascinating in-
organic azides have been prepared and
structurally characterized over the last
decades.”!

Klapotke and co-workers as well as
Christe and co-workers have made some
very significant advances in the field of
highly energetic polynitrogen com-
pounds. Christe’s group discovered the
novel N5t ion,”! and Klapotke’s group
synthesized and characterized a number

DOI: 10.1002/anie.200401748

of main group azides.’™! One of last
highlights in this race was the back-to
back publication of the syntheses and
structure determinations of the first
neutral and anionic binary tellurium
azides.!

This is remarkable, because binary
tellurium—nitrogen compounds and ho-
moleptic azides of Group 16 are rare.
For many years the only structurally
characterized binary tellurium azide was
ionic lattice stabilized [Te(N;);][SbF]
containing [Te(N;);]*," except for the
few reports on extremely labile telluri-
um nitrides. The chemistry of tellurium
azides commenced in 1972 with the
synthesis of TeCl;(N;) and TeCl,(N;),
by the reaction of TeCl, with Me;SiN;
by Wiberg and co-workers.®] Wiberg
et al. predicted that TeF, would react
with Me;SiN; to give [Te(N;),] in a
straightforward reaction, but at the
same time warned of the likely potential
explosive nature of the product.

The first structurally characterized
neutral azides containing tellurium were
the organotellurium(iv) di- and triazides
prepared by the reactions of organo-
tellurium fluorides with Me;SiN;."”) Lud-
man et al. investigated the system TeF/
Me;SiN; by YF NMR spectroscopy and
found all members of the TeF,(N;),_,
(n=1-5) series as well as partial reduc-
tion of Te"" to Te'"v mediated by the
azide ion.'” This fact was used by
Christe etal. in their preparations of
[Te(N3)s]” and [Te(Ns),] starting from
TeFg and [TeF;]~, respectively, and Me;.
SiNj; the fluoride—azide exchange and
reduction occurred in one step [Eq. (1)
and (2)].
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TeF; + 6 Me;SiN; <5
[Te(N3),] + 6Me;SiF + 3N,

[TeF,]” +7Me;SiN; — @)
[Te(Ns)s]” + 7Me;SiF + 3N,

Similar results were obtained by
Klapotke et al. following the route sug-
gested by Wiberg starting directly from
the tellurium(v) fluorides [Eq. (3) and

O

TeF, +4Me,SiN, —

[Te(N;),] + 4Me,SiF 3)

[TeFs]™ +5Me;SiN; — W
[Te(N;)s]” + 5Me;SiF
The reaction of [Te(N;),] with
[PPh,](N3) led to the formation of the
dianion [Te(N;)q]*~ [Eq. (5)].E"

[Te(Ns)4] +2 [PPh,](N;) — 5)
[PPh,]; [Te(N;)]

The ionic, lattice-stabilized telluri-
um azides are relatively stable, whereas
the neutral [Te(N;),] is very sensitive
and can explode under various condi-
tions.!

These reactions appear to be very
simple, however very special experimen-
tal knowledge and expertise is necessary
to do chemistry of this kind.['!! Potential
safety hazards are reduced by preparing
very small amounts of material and by
the skilful use of various analytical tools
(multinuclear NMR, Raman, and IR
spectroscopy). The more stable ionic
species were also characterized by sin-
gle-crystal X-ray diffraction, whereas
the complete structural determination
of the neutral [Te(N;),] remains a chal-
lenge.

In all three known binary tellurium
azide structures the free electron pair is
sterically active. [Te(N;);]* has a pseu-
do-tetrahedral AXGE structure,” and
[Te(N;)s]” (Figure 1a), one of only two
examples of a pentacoordinate azido
species,”? has a pseudo-octahedral
AXE geometry.”! The free electron
pair is sterically active (AX(E) even in
[Te(N;)J*~ (Figure 1b) and distorts the
geometry from ideal S, symmetry,®
which is found in the Group 14 azido
AX¢ metalates [M(N;)]> (M=Si,
Ge).'¥ Therefore all three tellurium
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Figure 1. Structure of a) the [Te(N;)s]™ (intermolecular Te—N interactions between [Te(N;)s]™ are

not shown) ion and b) the [Te(N;)¢*™ ions.

ions have geometries in agreement with
a simple VSEPR model. The as yet
experimentally unknown structure of
[Te(Ns),], is predicted by theoretical
calculations to have an AX/E type
structure like SF,, with two isomers
having energies differing only by
1.8 kcalmol ™ (Figure 2).1°")

Figure 2. Calculated minimum-energy struc-
tures of [Te(N;),].*!

Similar binary azides of the lighter
homologues selenium and sulfur are still
unknown. Over 30 years ago Wiberg
et al. reacted SCl, and SeCl, with Me;-
SiN; and observed the reduction of the
chalcogen chlorides.® Two years ago the
first ionic selenonium azide [R;Se](N;)
(R=H;C, C¢Hs) was prepared by the
reaction of [R;Se]l with AgN,."! Very
recently the first covalent selenium
azide 2-Me,NCH,C4H,Se(N;) was syn-
thesized and structurally character-
ized.™ The latter compound is stabi-
lized by an intramolecular dative bond
formed by donation of the nitrogen lone
pair into the ¢ orbital of the Se—N bond,
which inhibits the elimination of dini-

www.angewandte.org

Figure 3. The structure of the azide 2-
Me,NCH,C¢H,Se(N;) stabilized by an intra-
molecular dative bond."

trogen and the formation of the corre-
sponding stable diselane (Figure 3).

In contrast, the binary azides of
phosphorus  ([P(N3);],  [P(N;)]",
[P(N5)s], [P(N;)¢]") were prepared be-
fore the azides of the heavier homo-
logues arsenic and antimony, although
the crystal structures of the binary
phosphorus azides are still to be deter-
mined."! The ionic arsenic azide salts
containing [As(N3),]”, [As(N;),]*, and
[As(N;)]~ are stabilized by their corre-
sponding lattice energies and the factors
referred to in the introduction.'”! The
neutral arsenic and antimony azides are
similar to the neutral tellurium azides
but are much more explosive; however,
they are stabilized by forming donor-
acceptor adducts. This allows the isola-
tion of the binary arsenic and antimony
azides in the oxidation state +35 as
Lewis base adducts [E(N;)s]LB (E=
As, Sb; LB =Lewis base, for example,
py). The free azides [E(N;)s] can be
handled safely in solution, but could not
be isolated even at —70°C.'"™3! Very
recently the structures of the less explo-
sive binary As™ and Sb™ azides have
been determined."” Both have AX;E
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geometries in which the free valence
electron pair is sterically active and the
structure of [Sb(N;);] (isoelectronic to
[Te(N;);])7 presents an example of
perfect C; symmetry.

Computational chemistry has be-
come a valuable tool in evaluating the
stability of compounds with high nitro-
gen content especially for neutral com-
pounds where lattice enthalpies and
solvation energies are not applicable or
small.?! Recent theoretical (including
estimates of lattice enthalpies) and ex-
perimental studies have shown that the
very high energy density ionic forms of
elemental nitrogen (N5)*(N;), and
(N5)*(Ns)~ () will very likely never be
prepared.’?l However very recently
Christe et al. were able to combine the
N;*ion with homoleptic azide anions by
metathesis reactions according to Equa-
tions (6) and (7).

(N5)[SbFg] + Na[P(N;)¢] —

(6)
(N5)[P(N3)e] + Na[SbF]

(N5)[SbFe] + Na[B(N;),] — ™
(N5)[B(N,),] + Na[SbF,]

The phosphorus compound
(N5)[P(N3)g] contains 23 nitrogen atoms
and has a nitrogen content of 91 wt%.
In the corresponding boron compound
(N5)[B(N3),] the nitrogen content is
even higher (95.7 wt%). Both com-
pounds are extremely sensitive and ex-
plode upon the slightest provocation.

These recent developments show
that some of the most outrageous com-
pounds imaginable can be prepared and
characterized. We anticipate that in the
next few years many other thermody-
namically unstable and increasingly
marginally kinetically unstable simple
species with even greater nitrogen con-
tent will be isolated and characterized as
real compounds that can be seen and
weighed, and not just observed as im-
ages on a computer screen.
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Elisabethin A: A Marine Diterpenoid Yet To Surrender
to Total Synthesis**

Giuseppe Zanoni* and Maurizio Franzini

Gorgonian corals have attracted con-
siderable attention as a result of their
wealth of bioactive secondary metabo-
lites, such as acetogenins, sesquiterpe-
noids, diterpenoids, prostanoids, and
steroids. Specifically, the West Indian
sea whip Pseudopterogorgia elisabethae,
collected in deep waters near San An-
drés Island (Colombia), has been a
goldmine for novel diterpenoids with
rare carbon-skeleton architectures. Eli-
sabethanes stand out among these diter-
penoids for their interesting anti-inflam-
matory, antibacterial, analgesic, and cy-
totoxic activities. The intricate structure
of elisabethin A (1), a representative
member of this family whose biological
properties have not been fully investi-
gated,!!! constitutes a formidable syn-
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thetic challenge for organic chemists. Its
structure was elucidated by exhaustive
spectroscopic studies and X-ray diffrac-
tion analysis, which did not allow the
establishment of the absolute configu-
ration of the natural compound.!! The
tricyclic cis,trans-fused 5,6,6 ring system
of elisabethin A embodies a fully sub-
stituted enedione functionality and six
contiguous stereogenic centers, of which
one, at the junction of the three rings, is
quaternary. To date, only two research
groups, those led by Mulzer and Raw-
al,®”! have tackled the task of the total
synthesis of this unusual molecule. For
the reader’s convenience, the absolute
configuration of the final product de-
scribed in Mulzer’s work is tentatively
assumed to be that of the natural
product.

In Mulzer’s approach, two stereo-
genic centers were established in a
convergent fashion through the conden-
sation of two chiral units (Scheme 1).
The first of these units, iodide 2, was
prepared in five steps and 55 % overall
yield from the known aldehyde 3,
which was obtained in turn from (S)-
(+)-3-hydroxy-2-methylpropionic acid
methyl ester, an expensive commercially
available nonnatural chiral-pool com-
pound.”’

The dienyl system in iodide 2 was
secured through a classical Horner—
Wadsworth—-Emmons reaction, followed
by a salt-free Wittig ethenylation. The
aromatic intermediate 4 was then as-
sembled by means of a finicky diaster-
eoselective alkylation of imide 5 (the
second of the above-mentioned chiral
units) with iodide 2, followed by a
straightforward four-step manipulation.
Imide 5 was prepared from the com-
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mercially available aldehyde 6 in 11
steps, the last of which consisted of a
modified Evans oxazolidinone conden-
sation with the mixed pivaloyl anhy-
dride 7. The product of the ensuing
doubly stereodifferentiating alkylation
was obtained with a satisfying 93:7 d.r.
and in 69 % yield after recycling of the
starting material.

The other four contiguous stereo-
genic centers present in the natural
product were installed by means of a
unique Diels—Alder reaction performed
on the quinoidal system 8. After remov-
al of the phenolic silyl ether protecting
groups, an oxidation reaction promoted
by aqueous ferric chloride afforded the
desired cycloadduct via a transient qui-
nonic intermediate. The surmised qui-
noidal system 8 was never isolated, but it
was detected by TLC and by NMR
spectroscopy. The subsequent intramo-
lecular Diels-Alder (IMDA) reaction
was monitored by TLC.

The comments of the authors about
the IMDA reaction deserve additional
mention. Although rare, there are in-
deed a few reported examples of the
participation of acyclic terminal
Z dienes in IMDA reactions.”! Because
of their proclivity to preferentially un-
dergo a thermally induced [1,5] H shift”)
and/or thermal Z to E isomerization,®
terminal Z dienes have been avoided in
total synthesis. There are many more
reports on failed attempts to carry out
IMDA reactions with E,Z and
Z,Z dienes than reports of successful
cases.[***]

Secondly, the tenfold excess of iron
chloride, employed as the oxidizing
agent for hydroquinone 9, might also
act as a Lewis acid to catalyze the

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Evans alkylation
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Scheme 1. The Mulzer approach to elisabethin A. Bn=benzyl, TBS = tert-butyldimethylsilyl, Piv=pivaloyl, Tr=trityl.

subsequent IMDA reaction through po-
larization of the carbonyl &t bonds in the
transient quinone.'”’ Moreover, the ob-
served high substrate-dependent dia-
stereoselectivity, as confirmed by the
HPLC detection of less than 3% of an
alleged minor epimer, would rule out
the necessity for a Diels—Alderase in a
hypothetical biosynthetic pathway to
elisabethin A.'" Both of these points
raise some reservations about the “vir-
tually biomimetic” mode of this IMDA
reaction, which was referred to in this
way by the authors by virtue of the
otherwise very mild reaction conditions
(aqueous medium at room temperature).

The moot point in the synthesis
described stems, however, from the
proposed structure for the product of
the cycloaddition, and therefore for the
transition state leading to it. Although in
principle an IMDA reaction can pro-
ceed through either an exo or an endo
transition state (TS), the latter is known

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

to generally be highly preferred under
conditions of Lewis acid catalysis, at low
reaction temperatures, and in the pres-
ence of an electron-withdrawing group
in close proximity to the dienophile.!'>°"!
Not only are these conditions met in this
case, but minimization of the allylic
strain between the isopropenyl group
at C9 (elisabethin A numbering) and
one of the quinone carbonyl groups
would also favor an endo approach.
Recent work on the IMDA reaction of
masked p-benzoquinones generated in
situ indeed showed that endo transition
states largely prevail, almost independ-
ent of the substitution pattern of the
dienyl unit.™

Upon the realization that the initial-
ly proposed endo TS would give a
different product from the obtained
compound 10, in a correction the au-
thors proposed an exo TS (R'=Me,
R*=H, Scheme 2) to account for the
relative and absolute stereochemistry

www.angewandte.org

assigned to compound 10." Unfortu-
nately, a cursory inspection of molecular
models seems to hint at a lack of the
required overlap and alignment of the
HOMO/LUMO  orbitals of the
E.Z diene and quinoid dienophile, as a
result of severe steric constraints. How-
ever, a Z to E isomerization of the
terminal olefin could take place in the
presence of the excess FeCl;; Lewis acid
mediated olefin isomerization reactions
are well documented in the literatur-
e’ If such an isomerization was
combined with an exo IMDA reaction
(R'=H, R*=Me), the C3 epimer 10a
would clearly form (Scheme 2). Con-
versely, in a third, more plausible sce-
nario, a Z to E isomerization in combi-
nation with an endo TS (R'=H, R?’=
Me) would lead to 10b, with the oppo-
site configuration at the three contigu-
ous centers C1, C2, and C3 with respect
to the purported cycloadduct
(Scheme 2).
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OMe

R'=H
R?=Me

R'=Me
R’=H
Scheme 2. Possible stereoisomeric products from the
IMDA cyclization.

Despite the extensive NOESY spec-
troscopic studies reported, the correct
structure for intermediate 10, which was
prepared in 16 linear steps and a re-
markable 25 % overall yield, can not be
validated at this stage. Comparison of
the *C NMR data of natural elisabethi-
n Al with those of the final synthetic
product, obtained from 10 by hydro-
genation of the C4-C5 endocyclic al-
kene, base-induced epimerization, and
demethylation in modest overall yield,
reveals several significant divergences in
the chemical shifts (up to 0.5 ppm).
Furthermore, the two '"H NMR spectra
are not completely superimposable. In
light of the incongruities revealed by a

Angew. Chem. Int. Ed. 2004, 43, 4837 —4841

close examination of the work
published by Rawal and dis-
cussed below in the spectro-
scopic and chemical character-
ization of the alleged common
intermediate 10 (and its enan-
tiomer), the identity of natural
elisabethin A and of Mulzer’s
synthetic compound 1 can
hardly be reaffirmed at this
juncture.

For the attempted total
enantioselective synthesis of
elisabethin A by Rawal and
co-workers,  L-pyroglutamic
acid was selected from the

Angewandte

natural chiral pool as the initial source
of chirality (Scheme 3). The construc-
tion of the other stereogenic centers was
based on a sequence of internal asym-
metric induction steps and a highly
stereoselective chirality transfer step
with quite a high degree of atom econ-
omy. The C7 stereogenic center was
installed with a satisfying 8:1 d.r. by
methylation of the enolate anion of
lactone 11, which was eventually con-
verted into alkyne 12 through a one-
carbon homologation. The configura-
tion at C9 was established first through
a Negishi coupling of acyl chloride 13,
followed later by a clever, underutilized

Me
Me =
Me_ H M/
e} IMDA O
ent1 —— —
Me. A~ O . OMe = ove
~JVe
Me \epimerization © Me
15
o NBS/Ag' bromination
Negl?hl HN=NH reduction
couplin
Wittig Mea P Me /
reaction —, / 1) tBuLi '
\ < B MeO,Cy
v /—/ 2) ZnCl, . -t
OH Me [Me [PdCL(PN:P),] | MeO glcn;cgfr-eﬁrean ement
— g
Me
salcomine OMe
oxidation
/N O,
=N__ _N=
,Co\
o ©
OMe
200, Bng\©:Me
lactone (PACkEPRSY OMe
alkylat|on\ . Seyferth o )
! \ diazaphosphonate Negishi coupling
= alkynylation /
HOWS 7 ! OMe
— —) ;
MeO Me o0~ o ! Me
MeO O OMe
12 OMe 1
g\ 10
0" o° ‘cocl
13
Me
~
Me Y
0] PhMe, 80°C
OMe 67%
— OMe
6] Me
15

Scheme 3. The Rawal approach to elisabethin A. NBS = N-bromosuccinimide.
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Highlights

ex0 TS

pinacol-like rearrangement to furnish
the methyl ester intermediate 14. The
anchimeric assistance provided by the
electron-rich aromatic counterpart in
the migration dictates the overall reten-
tion of configuration observed at C9,
which bears a methoxycarbonyl group in
the product 14 as a precursor to the
isopropenyl unit in the natural product.
The Z bromovinyl group in 14 was read-
ily elaborated from the terminal alkyne
derived from alcohol 12.

After constructing the Z,E dienyl
moiety by means of a Negishi coupling
of Z-bromoalkene 14 with (E)-1-bromo-
propene, Rawal and co-workers also
relied on the high stereospecificity of
an IMDA reaction to define the config-
uration of the remaining four stereo-
genic centers. The quinoidal functional-
ity in 15, the substrate for the IMDA
addition, was formed in moderate yield
by an O,-induced oxidation catalyzed by
salcomine. In the IMDA reaction, the
endo TS, which avoids 1,3-allylic strain
between the methyl group at C7 and the
propenyl substituent on the cis double
bond, delivered 16 as a single stereo-
isomer, whose carbon skeleton is epi-
meric at C2 with ent-elisabethin (ent-1).

endo TS

~ 15

10 16

enantiomers

no epimerization

1

Scheme 4. a) Pd/C, H,, EtOAc, room temperature, 1 h;
b) Wilkinson catalyst, H,; ¢) NaOH, MeOH/H,0, 80°C,
5 h; d) NaOEt, EtOH, reflux.
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Unfortunately, the synthesis of
ent-elisabethin could not be com-
pleted. After the selective hydro-
genation of 16 with the Wilkinson
catalyst to form the tricyclic in-
termediate 17 (Scheme 4), which
was obtained in a total of 16
linear steps and 1.7% overall
yield, it was found that it was
not possible to epimerize the C2
center under a variety of exper-
imental conditions. Dreiding
models seem to suggest that the
C2—H bond is locked in an al-
most coplanar orientation with
respect to the adjacent carbonyl
group as a result of the rigidity of
the polycyclic frame, in stereo-
electronic misalignment for de-
protonation.

The putative enantiomer of
17 prepared by Mulzer by the
hydrogenation of 10, however,
underwent successful epimeriza-
tion under basic aqueous condi-
tions (Scheme 4). This discrepan-
cy between the two alleged enan-
tiomers can be attributed to in-
accuracy in the stereochemical
assignment of 10, as alluded to
above. The structure of the cyclo-
adduct 16 was further confirmed by
NOE studies reported by Rawal,”) and
by chemical correlation after derivatiza-
tion into ent-elisapterosin B,'®! another
natural diterpene of the same family,
recently synthesized by Kim and Rych-
novsky.'"”? The conversion of ent-B-eli-
sabethin (ent-1p), formed by demethy-
lation of 17, into ent-elisapterosin 18
was inspired by a hypothetical biomi-
metic pathway. Thus, a Ce™-mediated
oxidative cyclization was followed by
base-induced tautomerization of the
resulting diketone fragment. The former
step probably proceeds by an oxidative
single-electron transfer (SET) from ent-
1p, which triggers the C—C bond for-
mation (Scheme 5).'8! Further oxida-
tion by Ce'” would generate the tertiary
carbocation proposed by Rawal as an
intermediate in his synthesis. Stereo-
electronic constraints would favor de-
protonation from one of the methyl
groups, thus leading to the less substi-
tuted alkene as the product.

It would be premature to claim that
a complete synthesis of elisabethin A
has been achieved. Only X-ray diffrac-
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Cel\/

SET

Cel\/

SET

ent-elisapterosin B (18)

Scheme 5. a) 1. Lil, 2,6-lutidine, 80°C, 99%; 2. CAN,
MeCN, 0°C, then pyridine, Et;N, 50°C, 84%. CAN =
(NH,),Ce(NO).

tion analysis of crystals of a key inter-
mediate in Mulzer’s route and the use of
nonnatural D-pyroglutamic acid as chi-
ral-pool source in Rawal’s approach will
defuse any remaining doubts about the
structure of the synthetic elisabethin A
and the absolute configuration of the
natural product.

Cases of the incorrect assignment of
the configuration of IMDA products are
in fact known in the literature."”! For
example, in a Communication on the
preparation of the core carbon frame-
work of elisabethin A by an IMDA
reaction involving an o-imidoqui-
none,® Nicolaou et al. initially assigned
this unit the configuration I shown in
Scheme 6. However, after the collection
of crystallographic data, the same au-
thors reassigned the configuration of
this compound as Il 'in a full paper a year
later.3

In conclusion, further work is re-
quired before elisabethin A can be
placed in the basket of natural products
whose synthesis has been completed.
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Color Theory in Science and Art: Ostwald and the
Bauhaus™**
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The outstanding but controversial po-
sition of Wilhelm Ostwald as a scientist
and philosopher was highlighted ex-
haustively last year, in this journal
among others, to mark the 150th anni-
versary of his birth.'! Yet among the
many diverse activities Ostwald engag-
ed in during his life, his artistic work and
its impact on his philosophical ideas has
generally been overlooked. During his
scientific life, and especially after his
formal retirement in 1906, he dedicated
much time and energy to artistic en-
deavors. His favorite leisure activities
were painting, playing the viola, and
writing poetry. But Ostwald’s interest in
the arts was not incidental to his scien-
tific and philosophical theories; rather,
the two were interwoven. This is partic-
ularly evident in his work on color,
which exerted a marked influence on the
industry and fine art of his own period.
Little has been said about the interac-
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tion of Ostwald’s ideas with fine art, and
here we hope to close this gap somewhat
by describing an historically rare mutual
concordance between science and the
arts, in which Ostwald and the person-
alities of the Bauhaus school of art,
architecture, and design appear as the
main actors.

The Bauhaus School

The Bauhaus School was founded in
1919 by the architect Walter Gropius
under the utopian slogan “The building
of the future”. It sought to train a new
type of artist, capable of reaching be-
yond the confines of academic special-
ization and of bridging the gulf between
fine art and the traditional crafts. In
essence, Gropius wanted to remove the
long-standing distinction between the
pure and the applied (something that
surely resonates with scientists today).
To achieve that, he recognized the
necessity of establishing new teaching
methods in his school. This was the goal
he strove towards during the first period
of the Bauhaus in Weimar; but after a
somewhat anarchic beginning, the mis-
sion of practical training was reiterated
when the school relocated, for political
reasons, to Dessau in 1925. In the 1919
Bauhaus manifesto, Gropius wrote: “Ar-
chitects, painters, and sculptors must
once again come to know and compre-
hend the composite character of a build-
ing, both as an entity and in terms of its
various parts. Then their work will be
filled with that true architectonic spirit
which, as ‘salon art’, it has lost.”?

It soon became clear that this rec-
onciliation of art and crafts could not be
backward-looking (in the way that it had

DOI: 10.1002/anie.200430086

been in the British Arts and Crafts
movement), but needed to embrace the
reality of a technical civilization, with its
incipient methods of mass manufactur-
ing. In short, the aesthetic of the artist
had to be installed in the factory and
workplace. In 1923, the Bauhaus ac-
knowledged this with a new motto: “Art
and technology—a new unity”. The
design standards promoted at the school
would thenceforth recognize the de-
mands of industry in both its functional
and aesthetic aspects. The Bauhaus
workshops produced prototype artifacts
for mass production, ranging from indi-
vidual household lamps to complete
dwellings.”

From 1921, every student of the
Bauhaus was required to take a com-
pulsory “preliminary course” (Vorkurs)
before entering into a workshop of his
choice, where he would be taught both
practical and artistic skills in a unified
manner. Ever since its foundation, the
school was able to attract talented artists
and craftsmen, acquiring an extraordi-
nary collection of personalities that
made the Bauhaus a thriving center of
European art. Its illustrious gallery of
teachers (“masters”) and pupils favored
late Expressionism and early Abstrac-
tion (Figure 1), and together they help-
ed to define the course of artistic
modernism. They included the painters
Wassily Kandinsky, Paul Klee, Oskar
Schlemmer, Johannes Itten, Lyonel Fei-
ninger, and Josef Albers, the architects
Gropius himself and, in the late phase,
Ludwig Mies van der Rohe and Marcel
Breuer, and the photographers Laszlo
Moholy-Nagy (also an accomplished
painter) and Andreas Feininger. Stu-
dents flocked to the school to study with
these famous names, although Gropius
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Figure 1. The masters on the roof of the Bauhaus building in Dessau. From the left: Josef Al-
bers, Hinnerk Scheper, Georg Muche, Laszlé Moholy-Nagy, Herbert Bayer, Joost Schmidt, Direc-
tor Walter Gropius, Marcel Breuer, Wassily Kandinsky, Paul Klee, Lyonel Feininger, Gunta Stélzl,

and Oskar Schlemmer.?

discovered that they tended to arrive
with dreams of becoming fine artists
rather than being content to turn out
designs for factories.

Several masters of the Bauhaus were
intensely interested in theories of color
and its relation to form. Such “construc-
tivist” work took place mainly in the
courses directed by Itten, Kandinsky,
and Klee, and to a lesser extent with
Schlemmer, Moholy-Nagy, and Albers.
There was a strong feeling that color
composition could be pursued in an
objective, “scientific” way. Itten, who
was responsible for devising the pre-
liminary course, believed that colors
could be assigned definite and universal
emotional values, an idea that he pur-
sued with something akin to dogmatic
mysticism (Figure 2, left). Klee made
reference in his teachings to standard
ideas about color taken from the theo-
ries of Goethe and the works of the

French painter Eugene Delacroix, which
stressed the use of complementary pairs
(red—green, blue-orange, yellow-vio-
let). But he was always wary of too
much theory: “Of course we may use it
for a bit, but we hardly have any need for
a theory of colors. All the infinite mix-
tures will never produce an emerald
green, a Saturn red, a cobalt violet.”?
In other words, Klee felt that the
characteristic hues of these materials
engendered profound emotional effects
that could not be dissected, laid out, and
analyzed on color tables and charts.
But it was Kandinsky who was
responsible for most of the color teach-
ing at the Bauhaus. He experienced the
condition of synesthesia, a neurological
confusion of the senses in which two
different sensations can be triggered by
the same stimulus. This commonly re-
sults in an association of color with
sound, so that certain timbres or pitches

Figure 2. Two examples of color systems invented by Itten at the Bauhaus (left) and by Ostwald

(right) .7
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create a sense of color. So it is not
surprising that Kandinsky believed that
“color directly influences the soul”—
that a carefully chosen arrangement of
colors could pluck the heartstrings of the
emotions as deliberately as a pianist
strikes chords on the keyboard. The task
was then to identify the psychological
meanings of different colors, which
Kandinsky tried to establish by “scien-
tific” tests. He issued a questionnaire!*!
in which participants were asked to
match the three primary colors (red,
yellow, blue) to particular forms (circle,
square, triangle)®l—with somewhat in-
conclusive results.

Thus the Bauhaus, standing at the
intersection of art, design, and industry,
turned out to be very receptive to all
kinds of systematic approaches to art,
including those that claimed to have a
foundation in science.

Ostwald’s Color System in Theory
and Practice

Wilhelm Ostwald (Figure 3) was an
enthusiastic amateur painter during
most of his lifetime, especially after he
retired from his academic career. He
considered painting and drawing to be a
form of “physical and psychic recovery”,
and his first explicit reference to these
activities was in 1884, when he painted
during a journey.

After 1904, he undertook such paint-
ing excursions nearly every year (Fig-
ure 4). His artistic efforts, which were
generally naturalistic and traditional
(even, for their time, conservative),
were, however, not simply a form of
relaxation but an expression of his
closely intertwined scientific and philo-
sophical preoccupations, guided by his
enormous intellectual curiosity. Since
his childhood, Ostwald had used his
interest in and knowledge of chemistry
to synthesize pigments for use in art.

Around 1914, Ostwald begun to
develop a systematic theory of color as
well as a quantitative color science,
culminating in the publication of several
books and publications on the topic
between 1917 and 1922—most notably,
The Colour Primer (original German
version, 1917).”) Ostwald’s most impor-
tant contribution to color theory was the
role he assigned to gray as a key
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Figure 3. Portrait of Wilhelm Ostwald by A.
Klamroth (pastel, 1904) .5

coordinate of “color space” (Figure 2,
right). His attempts to map this space
were influenced by the work of the
American artist and teacher Albert
Munsell, whom Ostwald met in 1905.
Munsell tried to quantify and standard-
ize colors according to the parameters of
hue (roughly speaking, the dominant
wavelength), saturation (the intensity or
“richness” of the color), and brightness
(which can be crudely equated with the
shade of gray the color gives in a black
and white photo).*] The last of these
parameters was particularly important
to Ostwald. He believed that a scale of
perceptually equal steps in the bright-
ness of a color could be achieved by
adding black and white in ratios that
followed a logarithmic progression.
This, he said, provided a scheme for
achieving perfect tonal balance and
harmonious color composition in a
painting. The idea of “harmony” in
painting was one much discussed by
Renaissance artists, and no doubt goes
back even further. It alludes to the skill
of combining colors so that no part of
the composition stands out glaringly in
relation to others. This is not necessarily
a naturalistic device; even in their

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

Figure 4. One of the artistic products of Wilhelm Ostwald’s annual excursions: the painting

Clouds and Waves from 191318

abstract works, painters like Klee and
Kandinsky show an awareness of the
need for harmony to lend unity to their
pictures. Ostwald was, at face value,
offering a foolproof set of rules for
achieving such harmony (and he was
quite prepared to criticize famous works
of art which violated them).

Ostwald used his fame as a chemist
and Nobel laureate to impress his color
theory on the German paint industry. In
1912 he joined the Deutsche Werkbund,
an organization dedicated to introduc-
ing standardization into industrial de-
sign, and in 1914 he arranged an exhi-
bition of commercial paints and dyes at
a Werkbund exhibition in Cologne.
Eventually Ostwald established his
own pigment factory near Leipzig,
which operated from 1920 to 1923.

While at first Ostwald directed his
artistic endeavors towards the “accu-
rate” reproduction of nature, after 1915
his paintings reveal his experiments on

how his color theories should be put into
practice (Figure 5). In other words, he
was trying to create art from a scientific
standpoint, which ultimately led him
towards the notion of the “ideal” paint-
ing constructed according to principles
of his color theory. He spoke about this
idea in a lecture at a congress of the
Werkbund in Stuttgart in 1919; but such
a rigid program for art was rejected by
most contemporary artists.'”) In the
same period Ostwald did little to endear
himself to those of an artistic sensibility
by announcing that Titian had once used
a blue “two tones too high”.['!]

Ostwald and the Bauhaus

Thus Ostwald was prepared to con-
vert the artistic world to his ideas on
color. Having encountered him on sev-
eral previous occasions (for example, in
the Werkbund), Walter Gropius seems

Figure 5. Two examples of Ostwald’s artistic work before (left) and after (right) being influenced

by his own color theory.t*?!

www.angewandte.org

Angew. Chem. Int. Ed. 2004, 43, 4842-4846


http://www.angewandte.org

to have approached him in late 1926
with a view to arranging a visit to the
Bauhaus. In a letter to Ostwald on
November 20, 1926, Gropius says “...en-
closed you will find a small brochure
describing how the teaching of form and
color is organized within our institute...
On November 4th we are going to
inaugurate our new institute building. 1
send you an invitation and I would be
very pleased to meet you again.”!?
Ostwald’s reaction is recorded by his
daughter Grete in her diary of Decem-
ber 1926: “He is so fascinated by a
brochure written by Gropius that he even
decided to visit it [the Bauhaus] on the
occasion of the inauguration of its new
buildings. Beauty = Law, this is what
Gropius has also understood, and he
[WO)] is interested in how this can fit with
Kandinsky and in particular with Klee.
Indeed, it transpired that Gropius is the
constructive head, but is indifferent to
color. Unfortunately, it was only possible
to exchange some brief words with him.
On the other hand, he had a heated
discussion and lunch together with a

painter with a Polish name... , who is
constructing paintings out of squares and
rectangles.”["%]

Beginning with the meeting on De-
cember 4, 1926, there was an intense
exchange of letters and books between
Ostwald on one side and Gropius,
Moholy-Nagy, and the designer and
typographer Herbert Bayer on the oth-
er. Grete’s diary mentions on February
28, 1927, that “he [WO] is looking
forward to the promised Bauhaus
week” . This week was first scheduled
for the beginning of April 1927, but was
later postponed so that it finally took
place on June 10-15, 1927, in Dessau.

In a letter to his wife Helene written
on June 10, 1927, Ostwald says that he
arrived in Dessau in the morning and
was invited to stay with Gropius in one
of the recently erected school buildings
in the famous Bauhaus style. After
taking lunch with Gropius and his wife,
the two men were clearly intent on
entering into intense discussion: “...go-
ing a long distance together...” ") as
Ostwald put it. This is confirmed by an
entry in the diary of Gropius’s wife Ise
concerning the same day: “Ostwald has
arrived... he behaves very brightly and
naturally here, and his intensity does not
slow down for a moment.”™
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In the afternoon Ostwald gave his
introductory talk and reported to his
wife that 120 people attended, including
“the professors, except for Klee ... it
might be disconcerting for him to meet
me” " 1se Gropius recorded on June 12,
1927, that Ostwald was giving daily talks
which were well received by the Bau-
haus pupils, and she praises Ostwald’s
brio and vitality.'”!

What kind of lectures did he give
there? In her diary entry for the June 13,
1927, Ise mentions that “Ostwald gave
his last lecture about his tenet of har-
mony. As big as the impact of his tenet of
order has been, the opposition to his tenet
of harmony is of comparable size. I too
believe that it is wrong to apply his tenet
of color to painters...”™ Later she
refers to a “color organ” that Ostwald
gave to the Bauhaus, which attracted
interest from Bayer and Hinnerk Schep-
er, the designer who had devised the
color scheme for the new building in
Dessau.'%1 The connection between
music and color has ancient origins,
and it shaped Isaac Newton’s division
of the visible spectrum into seven rain-
bow colors. The connection was partic-
ular evident to the synesthetic Kandin-
sky (Figure 6), as well as to the Russian
composer Alexander Scriabin, who had
the same condition and composed in
color for a “keyboard of light”. Ostwald
explored these notions in a 1925 manu-
script “Musical Art and the Art of
Light”.0l

The tenets of color, order, and
harmony to which Ise Gropius refers

Angewandte

might be related to Ostwald’s lecture
manuscripts “The Euphonies of the
World of Colors” (presumably 1927),
“The General Order of Forms into
Regular Networks—A Contribution to
the Harmony of Forms” (presumably
1927), and “The Harmothek” (1926).
All of these documents are still available
in Ostwald’s written estate.!"

Ostwald’s Impact on the Artistic
World

The reaction at the Bauhaus to
Ostwald’s talks was mixed. He made a
strong impression as a personality, but
there was considerable skepticism to-
wards his theories. It wasn’t the first
time the artists had encountered them,
of course—Ostwald’s ideas had been a
topic of debate at least since the pub-
lication of The Colour Primer, and
Gropius referred to them in the cata-
logue of the Bauhaus exhibition of 1923.
Kandinsky had been initially ambivalent
about Ostwald’s color theory, but had
become more sympathetic to it by 1925;
nonetheless, his color course after 1927
was not entirely uncritical of Ostwald’s
framework. Klee, meanwhile, remained
unwilling to be fettered by any scientific
theory of color. He had come across
Ostwald’s ideas as early as 1904, when
he had read the chemist’s Malerbriefe
(Letters to a Painter). He once com-
mented on these theories in the most
acerbic and dismissive terms: “That
which most artists have in common, an

Figure 6. Wassily Kandinsky's painting Jocular Sounds from the artist’s Bauhaus years (1929);
virtually every element in the painting is adapted from music notation. (Copyright VG Bild-

Kunst, Bonn, 2004).
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aversion to color as a science, became
understandable to me when a short time
ago I read Ostwald’s theory of colors. 1
gave myself a little time to see if I could
succeed in getting something of value
from it but instead was only able to get a
few interesting thoughts... To hold that
the possibility of creating harmony using
a tone of equal value should become a
general rule means renouncing the
wealth of the soul. Thanks but no
thanks.”?!

Schlemmer, who must have been
present in Dessau in 1927, echoed these
sentiments: “Ostwald’s color building is
a typical scientific result; artistically it is
nonsense.”""! Ise Gropius likewise drew
the conclusion that “he [WO] knows
nothing whatsoever about the painters,
although he is able to define ‘the painter’
in theory absolutely correctly. But if he
stands next to him, he does not recognize
him.”! Yet it must be said that Ost-
wald’s color theory was rather positively
received by Piet Mondrian and his
colleagues in the “De Stijl” group in
the early 1920s. The Colour Primer was
enthusiastically reviewed in the group’s
journal in 1918, and Ostwald is said to
have become something of a “cult
figure” for them. Mondrian’s work with
simple primary colors bears some evi-
dence of Ostwald’s influence."*!"!

During the months after the visit,
Gropius kept in close contact with
Ostwald, who sent several of his pig-
ments, binders, and books to Dessau. On
June 28, 1927, Gropius asked Ostwald to
join the advisory board of the Bauhaus,
to which Ostwald replied two days later:
“With thanks and joy I accept the honor
of entering onto the board of trustees... I
would like to add that I do not consider
this membership a hollow formality, but I
ask you to contact me whenever I can be
useful to the Bauhaus...” (Figure 7).1"”

Such a collaboration could have
been as fruitful as it would have been
controversial—but apparently it did not
develop to Ostwald’s own satisfaction.
In August 1928, one year after the
lectures, Gropius had to reassure Ost-
wald in a letter that “it is not true, as you
believe, that your lectures have not left
any trace at the Bauhaus. I know that
Scheper has dealt with them intensively
and is using your systems in his cours-
es.”l18 Shortly after this assurance, Joost
Schmidt contacted Ostwald to ask for

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

Figure 7. Fascimile of the first page of Ost-
wald’s response to the invitation to join the
Bauhaus board of trustees."”

explanatory material, which he planned
to use in the course of his classes dealing
with advertising techniques, and he even
seems to have visited Ostwald in
GroBbothen to that purpose.' But
there is no record of further visits by
Ostwald after 1928, and he died in 1932,
the year before the school, a center of
“degenerate art”, was closed by the Nazi
regime. Its artistic stars were scattered
across the world, several of them finding
refuge in the USA. There, abstract
expressionism was to establish color as
the central constructive component of
modern art, largely in isolation from any
consensual theory about how color
should be used or what it “meant”. But
at least the American artists’ later
engagement with the industrial materi-
als championed by Ostwald was a matter
of choice. After the closure of the
Bauhaus, Oskar Schlemmer was forbid-
den to exhibit his work in Germany, and
was reduced to making a living by
testing materials for a paint company.
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l n contrast to the approach commonly taken by chemists, nature  From the Contents

controls chemical reactivity by modulating the effective molarity

of highly dilute reactants through macromolecule-templated * Introduction 4849
synthesis. Nature’s approach enables complex mixtures in asingle , 1. poaction Scope of DNA-
solution to react with efficiencies and selectivities that cannot be Templated Synthesis 4850
achieved in conventional laboratory synthesis. DNA-templated
organic synthesis (DTS) is emerging as a surprisingly general way ~ 3 Expanding th7 Sy:thet:ch Capabilities
to control the reactivity of synthetic molecules by using nature’s of DNA-Templated Synthesis 4854
effective-molarity-based approach. Recent developments have 4 DNA-Templated Polymerization 4858
expanded the scope and capabilities of DTS from its origins as a
model of prebiotic nucleic acid replication to its current ability to 5 Toward a Physical Organic
translate DNA sequences into complex small-molecule and Understanding of DNA-Templated

. . . Synthesis 4860
polymer products of multistep organic synthesis. An under-
standing of fundamental principles underlying DTS has played an ¢, applications of DNA-Templated
important role in these developments. Early applications of DTS Synthesis 4863
include nucleic acid sensing, small-molecule discovery, and
reaction discovery with the help of translation, selection, and 7. Summary and Outlook 4867
amplification methods previously available only to biological 8. Abbreviations 4868

molecules.

1. Introduction

The control of chemical reactivity is a ubig-
uitous and central challenge of the natural scien-
ces. Chemists typically control reactivity by com-
bining a specific set of reactants in one solution at
high concentrations (typically mm to wm). In
contrast, nature controls chemical reactivity
through a fundamentally different approach
(Figure 1) in which thousands of reactants share
a single solution but are present at concentrations
too low (typically nM to pum) to allow random
intermolecular reactions. The reactivities of these
molecules are directed by macromolecules that
template the synthesis of necessary products by
modulating the effective molarity of reactive
groups and by providing catalytic functionality
(Figure 2 shows several examples). Nature’s use

Figure 1. Two approaches to controlling chemical reactivity.

of effective molarity to direct chemical reactivity enables
biological reactions to take place efficiently at absolute
concentrations that are much lower than those required to
promote efficient laboratory synthesis and with specificities
that cannot be achieved with conventional synthetic methods.

Among nature’s effective-molarity-based approaches to
controlling reactivity, nucleic acid templated synthesis plays a
central role in fundamental biological processes, including the
replication of genetic information, the transcription of DNA
into RNA, and the translation of RNA into proteins. During
ribosomal protein biosynthesis, nucleic acid templated reac-
tions effect the translation of a replicable information carrier
into a structure that exhibits functional properties beyond
that of the information carrier. This translation enables the
expanded functional potential of proteins to be combined
with the powerful and unique features of nucleic acids
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including amplifiability, inheritability, and the ability to be
diversified. The extent to which primitive versions of these
processes may have been present in a prebiotic era is widely
debated,'? but most models of the precell world include
some form of template-directed synthesis.!">132°

In addition to playing a prominent role in biology, nucleic
acid templated synthesis has also captured the imagination of
chemists. The earliest attempts to apply nucleic acid tem-
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Harvard University
12 Oxford Street
Cambridge, Ma 02138 (USA)
Fax: (+1) 617-496-5688
E-mail: drliu@fas.harvard.edu

[**] Section 8 of this article contains a list of abbreviations.
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Figure 2. Examples of effective-molarity-based control of bond formation and bond
breakage in biological systems.

plated synthesis to nonbiological reactants used DNA or
RNA hybridization to accelerate the formation of phospho-
diester bonds or other structural mimics of the nucleic acid
backbone.!"'*** More recently, researchers have discovered
the ability of DNA-templated organic synthesis to direct the
creation of structures unrelated to the nucleic acid back-
bone. > A growing understanding of the simple but power-
ful principles underlying DTS has rapidly expanded its
synthetic capabilities and has also led to emerging chemical
and biological applications, including nucleic acid sens-
ing 7304969 sequence-specific DNA modification, " and
the creation and evaluation of libraries of synthetic mole-
CuleS. [44,47,81,82]

Herein we describe representative early examples of
nucleic acid templated synthesis and more recent develop-
ments that have enabled DNA templates to be translated into
increasingly sophisticated and diverse synthetic molecules.
We then analyze our current understanding of key aspects of
DTS, describe applications that have emerged from this
understanding, and highlight remaining challenges in using
DTS to apply nature’s strategy for controlling chemical
reactivity to molecules that can only be accessed through
laboratory synthesis.

David R. Liu was born in 1973 in River-
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2. The Reaction Scope of DNA-Templated
Synthesis

A reactant for DTS consists of three components
(Figure 3a): 1) a DNA oligonucleotide that modulates
the effective molarity of the reactants but is otherwise a
bystander, 2) a reactive group that participates in the
DNA-templated chemical reaction, and 3) a linker con-
necting the first two components. When two DTS
reactants with complementary oligonucleotides undergo
DNA hybridization, their reactive groups are confined to
the same region in space, increasing their effective
concentration.

The extent to which the effective molarity of DNA-
linked reactive groups increases upon DNA hybridiza-
tion could depend in principle on several factors. First,
the absolute concentration of the reactants is critical. For
a DNA-templated reaction to proceed with a high ratio
of templated to nontemplated product formation, reac-
tants must be sufficiently dilute (typically nm to um) to
preclude significant random intermolecular reactions,
yet sufficiently concentrated to enable complementary

Figure 3. a) The three components of a reactant for DTS. b)—d) Tem-
plate architectures for DTS. A/B and A’/B’ refer to reactants containing
complementary oligonucleotides, and + symbols indicate separate
molecules.

Xiaoyu Li was born in 1975 in Xining,
China. He obtained a BSc in chemistry at
Peking University and later completed his
PhD at the University of Chicago with
Professor D. G. Lynn in 2002. He is cur-
rently a postdoctoral fellow in Professor
D. R. Liu’s group.
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oligonucleotides to hybridize efficiently. Second, the preci-
sion with which reactive groups are aligned into a DNA-like
conformation could influence the increase in effective molar-
ity upon DNA hybridization. It is conceivable, for example,
that only those reactions that proceed through transition
states consistent with the conformation of duplex DNA may
be suitable for DTS. Recent studies have evaluated the
importance of each of these factors and revealed the reaction
scope of DTS. Additional factors influencing the effective
molarity of reactive groups in DTS are analyzed in Section 3.

2.1. Nucleic Acid templated Synthesis of Nucleic Acids and
Nucleic Acid Analogues

Nucleic acid templated syntheses prior to the current
decade predominantly used DNA or RNA templates to
mediate ligation reactions that generate oligomers of DNA,
RNA, or structural analogues of nucleic acids
(Figure 4).[1142-41.70.8.84 Qince there are several excellent
articles!"**"# on the DTS of nucleic acids and their
analogues, we summarize only a few key examples below. In
these cases, the reactive groups were usually functionalities
already present in the oligonucleotides or oligonucleotide
analogues, and linkers were often absent. The template
architecture used to support these DNA-templated reactions
most frequently placed the site of reaction at the center of a
nicked DNA duplex (Figure 3b). The reactive groups in these
examples mimic the structure of the DNA backbone during
product formation.

The first report of a nucleic acid templated nucleotide
ligation was the observation of Naylor and Gilham in 1966
that a poly(A) template could direct the formation of a native
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phosphodiester bond between the carbodiimide-activated
5" phosphate of (pT), and the 3’ hydroxy group of a second
(pT)s molecule (5% yield). Several examples of DNA- or
RNA-templated oligonucleotide syntheses have since been
reported (Figure 4), including Orgel’s pioneering work on
nucleic acid templated phosphodiester formation between 2-
methylimidazole-activated nucleic acid monomers and
oligomers (Figure 4a),"**" Nielson’s and Orgel’s RNA-
templated amide formation between PNA oligomers (Fig-
ure 41), Joyce’s DNA-templated peptide-DNA conjuga-
tion (Figure 4d),’®! von Kiedrowski’s carbodiimide-activated
DNA coupling® and amplification of phosphoramidate-
containing DNA (Figure 4¢)," Lynn’s DNA-templated
reductive amination and amide formation between modified
DNA oligomers (Figure 4b),?=*8381 Eschenmoser’s nucleic
acid templated TNA ligations,®'"! and Letsinger’s and Kool’s
DNA- and RNA-templated phosphothioester and phospho-
selenoester formation (Figure 4¢).2*2%441 Qligonucleotide
analogues have also served as templates for nucleotide
ligation reactions. Orgel and co-workers used HNA, a non-
natural nucleic acid containing a hexose sugar (see Figure 16),
as a template for the ligation of RNA monomers through
activated phosphate coupling,*” while Eschenmoser and co-
workers have shown that nonnatural pyranosyl-RNA can
template the coupling of complementary pyranosyl-RNA
tetramers through phosphotransesterification with 2’,3’-cyclic
phosphates.[!

In addition to analogues of the phosphoribose backbone,
products that mimic the structure of stacked nucleic acid
aromatic bases have also been generated by DTS (Figure 5).
Photoinduced [242] cycloaddition, typically involving the
C5—C6 double bond of pyrimidines, has served as the most
common reaction for the DTS of base analogues. One of the
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Figure 4. Representative DNA-templated syntheses of oligonucleotide analogues." "%~ LG: leaving group.
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first examples was the DNA-templated formation of a
thymine dimer by irradiation at 290 nm described by
Lewis and Hanawalt.”¥ DNA-templated photoliga-
tions between thymidine and 4-thiothymidine have
also been reported (Figure Sa).” Other photoreactive
groups used in DNA-templated [2+42] cycloaddition
reactions include coumarins,®® psoralens®” and stil-
benes.”® 1% Recently, Fujimoto, Saito, and co-workers
described a reversible DNA-templated photoligation—
photocleavage mediated by [242] cycloaddition
between adjacent pyrimidine bases, one of them
modified with a 5-vinyl group (Figure 5b).['"

The products of the templated nucleotide ligation
reactions described above are structurally similar to the
nucleic acid backbone and typically preserve the six-
bond spacing between nucleotide units or the relative
disposition of adjacent aromatic bases. An implicit
assumption underlying these studies is that a DNA-
templated reaction proceeds efficiently when the
DNA-linked reactive groups are positioned adjacently
and the transition state of the reaction is similar to the
structure of native DNA.

2.2. DNA-Templated Synthesis of Products Unrelated to
the DNA Backbone

While structural mimicry of the DNA backbone
may maximize the effective concentration of the
template-organized reactants, it severely constrains
the structural diversity and potential properties of
products generated by nucleic acid templated reac-
tions. The use of DTS to synthesize structures not
necessarily resembling nucleic acids is therefore of
special interest and has been a major focus of research
in the field of template-directed synthesis since 2001.

Our group probed the structural requirements of
DTS by studying DNA-templated reactions that gen-
erate products unrelated to the DNA backbone.* A
series of conjugate addition and substitution reactions

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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between a variety of nucleophilic and elec-
trophilic groups (Figure 6) were found to
proceed efficiently at absolute reactant
concentrations of 60 nM.*! In contrast,
products were not formed when the sequen-
ces of reactant oligonucleotides were mis-
matched (noncomplementary). These find-
ings established that the effective molarity
of two reactive groups linked to one DNA
double helix can be sufficiently high that
their alignment into a DNA-like conforma-
tion is not needed to achieve useful reaction
rates.* This conclusion is consistent with
simple geometric models of effective molar-
ity. For example, confining two reactive
groups to 10 A separation—achievable
by conjugating them to the 5" and 3’ ends of

Figure 6. DNA-templated reactions that generate products not resembling

nucleotides 134446104
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hybridized oligonucleotides—can correspond to an effective
molarity of  1m.

We also compared the ability of two distinct DNA
template architectures to mediate DTS. Both a hairpin
template architecture (A+BB’A’, a closed form of the
A+B+A'B’ architecture that enables products to remain
covalently linked to templates, see Figure 3¢) and a linear
A+A’ template architecture (Figure 3d) were found to
mediate efficient product formation.* The A+A’ architec-
ture is especially attractive because the corresponding
reactants are the simplest to prepare. Furthermore, the
oligonucleotide portion of the A+A’ architecture is less
likely to influence the outcome of a DTS beyond simple
modulation of the effective molarity compared with a hairpin
or A+B+A’B’ arrangement in which the reaction site is
flanked on both sides by DNA (see Section 5.3).

Following the discovery that DNA mimicry is not a
requirement for efficient DTS, our group extended the
reaction scope of DTS to include many types of reactions,
the majority of which were not previously known to take
place in a nucleic acid templated format.">*! Conjugate
additions of thiols and amines to maleimides and vinyl
sulfones, S\2 reactions, amine acylation, reductive amin-
ation,”* Cu'-mediated Huisgen cycloaddition,*” and oxa-
zolidine formation!'™ were found to proceed
efficiently and sequence specifically with a DTS
format using the A+A’ template architecture
(Figure 6).1*! Several useful carbon—carbon bond
formation reactions were also successfully transi-
tioned into a DTS format, including the nitro-aldol
addition (Henry reaction), nitro-Michael addition,
Wittig olefination, Heck coupling, and 1,3-dipolar
nitrone cycloaddition (Figure 6).**! These trans-
formations included the first carbon—carbon bond
forming reactions other than photoinduced cyclo-
addition that are templated by a nucleic acid. The
Pd-mediated Heck coupling was the first example
of a DNA-templated organometallic reaction.
Czlapinski and Sheppard reported the DTS of
metallosalens (Figure 7):*) Two salicylaldehyde-
linked DNA strands were brought together by a
complementary DNA template in the A+B+A'B’
architecture. Metallosalen formation occured in
the presence of ethylenediamine and Ni** or Mn?".
Gothelf, Brown, and co-workers recently applied
this reaction to the DNA-templated assembly of
linear and branched conjugate structures (see Section 3.3).1%

Collectively, these studies have conclusively demon-
strated that DTS can maintain sequence-specific control
over the effective molarity even when the structures of

Figure 7. DNA-templated assembly of metallosalen—-DNA conjugates
(M=Ni** or Mn?).
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reactants and products are unrelated to that of nucleic acids.
The array of reactions now known to be compatible with DTS,
while modest compared with the compendium of conven-
tional synthetic transformations developed over the past two
centuries, is sufficiently broad to enable the synthesis of
complex and diverse synthetic structures programmed
entirely by a strand of DNA (see Sections 3.2 and 3.3).

2.3. DNA-Templated Functional Group Transformations

The examples described above used DNA hybridization
to mediate the coupling of two DNA-linked reactive groups.
While coupling reactions are especially useful for building
complexity into synthetic molecules, functional group trans-
formations are also important components of organic syn-
thesis. A few DNA-templated functional group transforma-
tions have recently emerged.

Ma and Taylor used a 5’-imidazole-linked DNA oligonu-
cleotide and the A+B+A’B’ architecture for the DNA-
templated hydrolysis of a 3’-p-nitrophenyl ester linked
oligonucleotide (Figure 8a).*) The initial product of the
templated reaction, an imidazolyl amide linked at both ends
to DNA, undergoes rapid hydrolysis to generate the free

Figure 8. DNA-templated functional group transformations.**' X in (b): OCH,CH,.

carboxylic acid. The net outcome of this reaction is the DNA-
templated functional group transformation of a p-nitrophenyl
ester into a carboxylic acid. Ma and Taylor demonstrated that
the template can dissociate from the product-linked DNA
strand after ester hydrolysis and can participate in additional
rounds of catalysis with other ester-linked oligonucleotides.
Brunner, Kraemer, and co-workers recently developed a
conceptually related DNA-templated functional group trans-
formation that uses DNA templates to mediate a Cu**-
catalyzed aryl ester cleavage (Figure 8b). In this first
example of templated catalysis involving DNA-linked metal
complexes, DNA-linked aryl esters are transformed into
alcohols.
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3. Expanding the Synthetic Capabilities of DNA-
Templated Synthesis

Together with the above efforts to broaden the reaction
scope of nucleic acid templated synthesis, several recent
insights and developments have significantly enhanced the
synthetic capabilities of DTS. These findings include 1) DTS
between reactive groups separated by long distances, 2) multi-
step DTS in which the product of a DNA-templated reaction
is manipulated to serve as the starting material for a
subsequent DNA-templated step, 3) the design of template
architectures that increase the types of reactions which can be
performed in a DNA-templated format, 4) synthesis tem-
plated by double-stranded DNA, and 5)new modes of
controlling reactivity made possible by DTS that cannot be
achieved with conventional synthetic methods.

3.1. Distance-Independent DNA-Templated Synthesis

The ability of DNA hybridization to direct the synthesis of
molecules that do not mimic the DNA backbone suggests that
functional group adjacency may not be necessary for efficient
DTS. Our group evaluated the efficiency of simple DNA-
templated conjugate addition and nucleophilic substitution
reactions as a function of the number of intervening single-
stranded template bases between hybridized reactive groups
(Figure 9).1*! Surprisingly, for both reactions tested, apparent
second-order rate constants of product formation did not
significantly change when the distance between hybridized
reactive groups was varied from one to thirty bases (Figure 9).
Reactions exhibiting this behavior were designated “distance-
independent”. Replacement of the intervening single-
stranded DNA bases with a variety of DNA analogues or
with duplex DNA demonstrated that efficient long-distance
templated synthesis requires a flexible intervening region, but

Figure 9. Distance-independent DNA-templated synthesis. a) Two
distinct architectures that can support distance-independent DTS.

b) A DTS reaction exhibits distance independence if the rates of prod-
uct formation are comparable for a range of values of n.[**4
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does not require a backbone structure specific to DNA. A
significant fraction of the DNA-templated reactions studied
by our group to date have demonstrated at least some
distance independence.[***/

Distance-independent DTS is initially puzzling in light of
both the expected decrease in effective molarity as a function
of distance and the notorious difficulty of forming macro-
cycles,'%-1%l byt is in part explained by the ability of DNA
hybridization to elevate the effective molarity to the point
that bond formation for some reactions is no longer rate
determining. Indeed, subsequent kinetic studies revealed that
DNA hybridization, rather than covalent bond formation
between reactive groups, is rate determining in distance-
independent DTS.*! Additional factors contributing to
efficient long-distance DTS are discussed in Section 5.1.

3.2. Multistep DNA-Templated Synthesis

Synthetic molecules of useful complexity typically must be
generated through multistep synthesis. The discovery of
distance-independent DTS was an important advance
toward the DNA-templated construction of complex syn-
thetic structures because it raised the possibility of using a
single DNA template to direct multiple chemical reactions on
progressively elaborated products.

Our group achieved this goal by developing a series of
linker and purification strategies that enable the product of a
DNA-templated reaction to undergo subsequent DNA-tem-
plated steps. The major challenges were to develop general
solutions for separating the DNA portion of a DTS reagent
from the synthetic product after DNA-templated coupling
has taken place (Figure 10), and to develop methods appro-
priate for pmol-scale aqueous synthesis that enable the
products of DNA-templated reactions to be purified away
from unreacted templates and reagents.

Integrating the resulting developments, we used DNA
templates containing three 10-base coding regions to direct
three sequential steps of two different multistep DNA-
templated synthetic sequences.*’”! Both a nonnatural tripep-
tide generated from three successive DNA-templated amine
acylation reactions (Figure 11a) and a branched thioether
generated from an amine acylation—Wittig olefination—con-
jugate addition series of DNA-templated reactions (Fig-
ure 11b) were prepared. These studies are the first examples
of translating DNA through a multistep reaction sequence
into synthetic small-molecule products.

Following these syntheses, the development of additional
DNA-templated reactions, linker strategies, and template
architectures (see Section 3.3) has enabled the multistep DTS
of increasingly sophisticated structures. For example, we used
recently developed DNA-templated oxazolidine formation, a
new thioester-based linker, and the second-generation tem-
plate architectures described in Section 3.3 to translate DNA
templates into monocyclic and macro-bicyclic N-acyloxazoli-
dines (see Figure 13)."” While the first products of multistep
DTS are modest in complexity compared with many targets of
conventional organic synthesis, these initial examples already
suggest that sufficient complexity and structural diversity can
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Figure 10. Three linker strategies for DNA-templated synthesis."’!
Cleavage of a “useful scar linker” generates a functional group that
serves as a substrate in subsequent steps. A “scarless linker” is
cleaved without introducing additional unwanted functionality. An
“autocleaving linker” is cleaved as a natural consequence of the
reaction.

be generated to yield DNA-templated compounds with
interesting biological or chemical properties.

3.3. New Template Architectures for DNA-Templated Synthesis

The DNA-templated reactions described above use one of
three template architectures (Figure 3): A+A’, A+B+A'B/,
or the hairpin form of the latter (A+BB’A’). The predict-
ability of DNA secondary structures suggests the possibility of
rationally designing additional template architectures that
further expand the synthetic capabilities of DTS.

The distance dependence of some DNA-templated reac-
tions (for example, nitrone—olefin dipolar cycloaddition or
reductive amination reactions) limits their use in multistep
DTS because each of the three template architectures listed
above can accommodate at most one distance-dependent
reaction (by using the template bases closest to the reactive
group). Our group developed a new template architecture
that enables normally distance-dependent reactions to pro-
ceed efficiently when encoded by template regions far from
the reactive group. Distance dependence was overcome by
using three to five constant bases at the reactive end of the
template to complement a small number of constant bases at
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the reactive end of the DNA-linked reagent (Figure 12).1°
This arrangement, the omega () architecture, made efficient
distance-dependent reactions possible even when they were
encoded by bases far from the reactive end of the template.
Importantly, sequence specificity is preserved in the € arch-
itecture despite the presence of invariant complementary
bases near the reactive groups because the favorable ener-
getics of hybridizing the constant bases barely offset the
entropic penalty of ordering the template bases separating the
reactive groups (Figure 12a)." In principle, any DNA-
templated reaction can be encoded anywhere along a
template of length comparable to those studied (up to ~40
bases) by using the Q architecture.

A second template architecture developed in our group
allows three reactive groups to undergo a DNA-templated
reaction together in a single step.[*! The efficient reaction of
three groups in a single location on a DNA template is
difficult in the A+A’, A+B+A'B’, or A+BB’A’ template
architectures because the rigidity of duplex DNA is known to
inhibit DTS between reactive groups separated by double-
stranded template-reagent complexes (Figure 12b).[*! Relo-
cating the reactive group from the end of the template to the
non-Watson—Crick face of a nucleotide in the middle of the
template enables two DNA-templated reactions involving
three reactive groups to take place in a single DTS step
(Figure 12a,c). This “T” architecture was used to generate a
cinnamide in one step through DNA-templated substitution
reaction and Wittig olefination of DNA-linked phosphane, a-
iodoamide, and aldehyde groups. In a second example, we
used the T architecture to synthesize a triazolylalanine from
DNA-linked amine, alkyne, and azide groups through amine
acylation and Cu'-mediated Huisgen cycloaddition (Fig-
ure 12¢).*! As some DNA polymerases used in PCR tolerate
template appendages on the non-Watson-Crick face of
nucleotides, '™ the complete information within a T architec-
ture template could be amplified by PCR.

These two second-generation template architectures were
essential components of recent multistep DNA-templated
syntheses of monocyclic and bicyclic N-acyloxazolidines
(Figure 13).1'! Beginning with an amine-linked T template,
we used an Q architecture-assisted long-distance DNA-tem-
plated amine acylation to generate T-linked amino alcohols.
In the second step, DNA-templated oxazolidine formation
was effected by recruiting DNA-linked aldehydes to the 3’
arm of the amino alcohol linked T templates. The instability
of the resulting oxazolidines required that the final reaction,
the oxazolidine N acylation, takes place in the same step as
the oxazolidine formation. The N acylation was therefore
directed by the 5 arm of the T template. Linker and
purification strategies, involving sulfone and thioester cleav-
age and biotin-based affinity capture and release, provided
the DNA-linked N-acyloxazolidine in Figure 13a.1%? A
modified version of this synthesis was also implemented; it
uses sulfone, phosphane, and diol linkers and ends with a
Wittig macrocyclization, providing the bicyclic N-acyloxazo-
lidine shown in Figure 13 b.l1"

Eckardt, von Kiedrowski, and co-workers recently ach-
ieved the DNA-templated formation of three hydrazone
groups simultaneously by combining a branched Y-shaped
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Figure 11. Multistep DNA-templated synthesis of a) a synthetic tripeptide and b) a branched thioether. Only one of the possible thiol addition
regioisomers is shown in (b). R': CH,Ph; R%: (CH,),NH-dansyl; R*: (CH,),NH,; dansyl: 5-(dimethylamino)naphthalene-1-sulfonyl .

DNA template with three complementary hydrazide-linked
oligonucleotides and free trimesaldehyde (Figure 12d).%!
The branched nature of the template was copied into the Y-
shaped product, demonstrating the nucleic acid templated
replication of nonlinear connectivity. The complete sequence
information and connectivity within a branched template,
however, cannot easily be copied using polymerase-based
reactions such as PCR and therefore such a template may be
better suited for the replication of branched structures than
for applications that require decoding of complete template
information (see Section 6). The Y template architecture was
also used by Gothelf, Brown, and co-workers to assemble
branched conjugated polyenes linked by metallosalen
groups.!*

The six template architectures described above (A+A’,
A+B+A'B’, A+BB’A’ (hairpin), @, T, and Y) are important
developments in DTS because they expand the arrangements
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of template sequences and reactive groups that can lead to
efficient DNA-templated product formation. In some
cases, '™ the synthesis of a target molecule is only possible
with a particular template architecture. The feasibility of
generating novel DNA architectures in a predictable
manner'"” ¥ suggests that increasingly sophisticated tem-
plate architectures will continue to expand the synthetic
capabilities of DTS.

3.4. Synthesis Templated by Double-Stranded DNA

The examples described above all use single-stranded
templates to bind complementary oligonucleotides linked to
reactive groups by Watson—Crick pairing. Double-stranded
DNA can also serve as a template for DTS by using either the
major or the minor groove to bind reactants.'”! Luebke
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Figure 12. Architectures for DNA-templated synthesis. a) Representative examples of A+A’, A+BB'A’ (hairpin), €, and T architectures. b) Duplex
template regions can preclude multiple DNA-templated reactions on a single template in one step. c) Two DNA-templated reactions on a single
template in one solution mediated by the T architecture.*® d) A Y-shaped template mediates tris-hydrazone formation.'*®!

and Dervan reported duplex-DNA-templated 3’,5'-phospho-
diester formation between two DNA oligomers designed to
bind adjacently in the major groove of a double-stranded
template through Hoogsteen base pairing.'"”) The resulting
triplex DNA product differs from the products of DNA-
templated nucleic acid synthesis described in Section 2.1 in
that the sequence of the third strand is neither identical to nor
complementary (in a Watson—Crick sense) with that of the
template.

Li and Nicolaou developed a self-replicating system that
uses both double- and single-stranded DNA to template
phosphodiester formation (Figure 14a).>) An A+A’ double
helix templated the synthesis of a third strand through triplex
formation. Because A was a palindromic sequence, this third-
strand product was identical to A. The newly synthesized A
then dissociated from the A+A’ duplex and templated the
formation of its complement (A’) from two smaller oligonu-
cleotides to provide a second-generation A+A’ duplex that is
ready to enter the next round of replication.”” This cycle
requires that replicating sequences be palindromic for the
third-strand product to be identical to one of the two duplex
strands. As with all triplex-based systems, these approaches
are limited to homopurine:homopyrimidine templates.

A duplex-DNA-templated synthesis mediated by minor-
groove rather than major-groove binding was recently
reported by Poulin-Kerstien and Dervan.'"® Hairpin poly-
amides containing N-methylpyrrole and N-methylimidazole
groups are known to bind to duplex DNA in the minor groove
sequence specifically.™"’ When conjugated to azide and
alkyne functionalities, two adjacent hairpin polyamides
undergo  duplex-DNA-templated  Huisgen cycloaddi-
tion'?1%! to provide a branched polyamide that spans both
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minor-groove binding sites and shows greater affinity than
either of the polyamide reactants (Figure 14b). The reaction
exhibits strong distance dependence, consistent with the
rigidity of duplex templates™! compared with the flexibility
of single-stranded DNA that can enable distance-independ-
ent DTS This distance dependence may prove useful in the
self-assembly of small molecules that target double-stranded
DNA sequence specifically since both the spacing between
binding sites and their sequences must be optimal for efficient
coupling.

3.5. New Modes of Controlling Reactivity Enabled by DNA-
Templated Synthesis

The use of effective molarity to direct chemical reactions
enables nature to control reactivity in ways that are not
possible in conventional laboratory synthesis. Primary amino
groups, for example, undergo amine acylation during peptide
biosynthesis, form imines during biosynthetic aldol reactions,
and serve as leaving groups during ammonia lyase catalyzed
eliminations—all in the same solution and in a substrate-
specific manner. In contrast, under conventional synthetic
conditions, amine acylation, imine formation, and amine
elimination reactions cannot simultaneously take place in a
controlled manner without the spatial separation of each set
of reactants.

DTS enables synthetic molecules containing functional
groups of similar reactivity to also undergo multiple, other-
wise incompatible reactions in the same solution. We
demonstrated this mode of controlling reactivity by perform-
ing (in one solution) three reactions of maleimides (amine
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Figure 13. Translation of DNA into N-acyloxazolidines. Route (a): mutistep DNA-templated synthesis of a monocyclic N-acylated oxazolidine;
route (b): multistep DNA-templated synthesis of a bicyclic N-acylated oxazolidine."®. BME: 2-sulfanylethanol.

addition, thiol addition, and nitro-Michael addition) which
generated exclusively three sequence-programmed products
out of nine possible products.’?*! Similarly, two aldehyde
coupling reactions (reductive amination and Wittig olefina-
tion) were performed in one solution, and three amine
reactions (amine acylation, reductive amination, and malei-
mide addition) were also performed in a separate single
solution to afford only the desired DNA-templated prod-
ucts.['°] Finally, all six of the above reactions were performed
simultaneously by combining twelve DNA-linked reactive
groups in a single solution (Figure 15). Even though the
combination of these reactants in a conventional synthesis
would lead to the formation of at least 28 possible products,
the DNA-templated reactions exclusively generated the six
sequence-programmed products shown in Figure 15.12°
These findings also suggest that DTS may enable the
diversification of synthetic small-molecule libraries in a single
solution by using different reaction types without the efforts
or constraints associated with spatial separation. This strategy
in principle can achieve some of the goals of recent diversity-
oriented library syntheses (most notably, the work of
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Schreiber and co-workers to introduce skeletal diversity
into small-molecule libraries!'™), but without the require-
ment of pre-encoding skeletal information within substrate
groups. As with any DTS strategy, however, reactions used in
this approach must be compatible with the mildly electro-
philic and mildly nucleophilic groups present in DNA, and all
non-DNA-linked reactants must be mutually compatible.
Finally, it has been recently shown (see the Note Added in
Proof at the end of this article) that DTS enables hetero-
coupling reactions to take place between substrates that
preferentially homocouple under conventional synthesis
conditions. Exclusive heterocoupling is possible in a DNA-
templated format because the effective molarity of the
heterocoupling partners is much greater than the absolute
concentration of any single homocoupling-prone substrate.

4. DNA-Templated Polymerization

DNA- and RNA-templated phosphodiester formation
and amine acylation reactions are iterated in nature to
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Figure 14. Duplex-DNA-templated synthesis. a) Replication of palin-
dromic double-stranded DNA by using both single-stranded-DNA- and
double-stranded-DNA-templated phosphodiester formation."”!

b) Double-helical-DNA-templated dimerization of polyamides through
sequence-specific minor-groove binding.'™

biosynthesize functional macromolecules. The efficient labo-
ratory synthesis of sequence-defined synthetic heteropoly-
mers of similar length to functional proteins and nucleic acids
remains a daunting challenge. DNA polymerases,['*%3l RNA
polymerases,** ¥ and the ribosomes!"*'*! are known to
tolerate modified building blocks thus enabling the incorpo-
ration of modified nucleic acid bases and amino acids into
nucleic acid and protein polymers, respectively. Natural
enzymes for generating biopolymers, however, typically do
not accept monomers containing nonnatural backbones,
although as a notable exception, Chaput and Szostak recently

Figure 15. DTS can control multiple, otherwise incompatible reactions in a single solution. R", R": linker or DNA oligonucleotide.
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reported the ability of Deep Vent(exo-) DNA polymerase to
extend a DNA primer by three a-L-TNA nucleotides.'*]
Nucleic acid templated polymerization has therefore attracted
the interest of organic chemists because it may provide access
to sequence-defined synthetic heteropolymers free from con-
straints imposed by polymerase or ribosome acceptance.

4.1. DNA-Templated Polymerization of DNA and RNA

Polymerization reactions are an especially challenging
form of DTS because they require many successive reactions
to take place efficiently and sequence specifically without the
benefit of intermediate purification. A hypothetical DNA-
templated coupling reaction that generates a product that is
80% sequence-specific in 80% yield only provides 1%
overall yield of a final 10-mer product of correct sequence.
The simplest (in retrospect, deceptively so) target for
templated polymerization is the polymerization of activated
DNA or RNA monomers (Figure 16). These studies, led by
the pioneering work of Orgel and co-workers, 892 144-150]
demonstrated that monomers containing activated phosphate
units could induce a small number of DNA-, RNA-, PNA-,
HNA-, or ANA-templated phosphoesterification reactions
between mono-, di-, tri-, or oligonucleotides to generate
oligomeric DNA or RNA products with modest efficiency
(generally 50% yield per monomer coupling).

Acevedo and Orgel achieved the DNA-templated syn-
thesis of an RNA 14-mer by using a DNA template and G and
C 5'-phospho-2-methylimidazolide monomers.'*” The full-
length polymer resulting from 13 DNA-templated coupling
reactions was generated in <2 % overall yield. The sequence
specificities of this oligomerization and other early DNA-
templated polymerization reactions!!:$39%144146.147.199.150] ere
not investigated in detail, however, and templates usually
consisted of poly(G), poly(C), or mixed G/C bases. Subse-
quent studies by Stutz and Richert suggest that the error rates
of related DNA-templated phosphoimidazole mononucleo-
tide coupling reactions are as high as 30% for forming
G:Cpairs, and  50% for forming A:T pairs,'*! suggesting
that these systems may not maintain sufficient sequence
specificity to faithfully translate templates into sequence-
defined synthetic polymers.

[126]
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Figure 16. DNA and RNA monomers suitable for oligonucleotide-
templated polymerization.* 4815

4.2. Nonnatural Polymers Generated by DNA-Templated
Polymerization

The DNA-templated oligomerization of non-DNA or
non-RNA monomers has also been achieved. Nucleic acid
analogues that have been oligomerized by DTS include
peptide nucleic acids (PNAs)?* %! and altritol nucleic acid
(ANA, the hydroxylated analogue of HNA) (Figure 16).1""
Bohler, Nielsen, and Orgel used DNA-templated amine
acylation to oligomerize five PNA dimers gg on a dC,
template.”” This 1995 study represents the first report of a
nucleic acid templated synthesis of an oligomer containing a
nonnatural backbone. Yields of full-length PNAs in this and
subsequent studies,'**l however, are modest (typically  25%
relative to limiting template), and the sequence specificities of
these DNA-templated PNA oligomerization reactions are
unclear since some oligomeric products are observed even
when PNA dimers complementary to portions of the template
are excluded, or when the template itself is excluded.?**! In
the case of the nucleic acid templated oligomerization of
ANA, Kozlov, Orgel, and co-workers observed only isomeric
mixtures of very short oligomers of four or fewer ANA
nucleotides from phosphoimidazole transesterification reac-
tions containing ANA or RNA C,, templates.'™”! Chaput’s
and Szostak’s findings that polymerases can catalyze the
DNA-templated oligomerization of several TNA nucleoti-
des!"*I raises the possibility that natural or laboratory-evolved
polymerases may eventually enable DNA-templated poly-
merizations.

Reactions other than phosphodiester formation and
amine acylation have also been used to effect DNA-tem-
plated oligomerization and polymerization, in some cases
with remarkable results. In 2000, Fujimoto, Saito, and co-
workers used an efficient and reversible DNA-templated
photochemical [2+2] cycloaddition (Figure 5b) to oligomer-
ize five DNA hexamers each containing a 5'-exocyclic vinyl
group and a 3’ pyrimidine on a complementary 30-mer DNA
template. The full-length 30-mer product containing four
cyclobutane linkages was generated in high yield upon
irradiation at 366 nm and could be fragmented back to the
monomers quantitatively by irradiation at 302 nm.""!

Li, Lynn, and co-workers significantly advanced the field
of templated polymerization in 2002 by adapting their
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previously described DNA-templated coupling of 5-amino
and 3'-formyl DNA analogues to address DNA-templated
polymerization.?'=>3%3] In contrast with the DNA-templated
DNA, RNA, PNA, and ANA oligomerization reactions
described above (Figure 16) which generally proceed in low
yields and with modest chain-length and sequence specificity,
Li, Lynn, and co-workers found that reductive amination
mediates the efficient coupling of eight 5'-amino-3'-formyl dT
mononucleotides on a dAg template to generate the full-
length octamer product in 80 % yield (Figure 17). Impor-
tantly, products larger than eight nucleotides were not
observed, oligomerization did not proceed in the absence of
template, and studies using templates containing A and
T bases showed that oligomerization does not occur when
monomer and template sequences cannot form base pairs.**
These findings demonstrated that DTS can generate synthetic
polymers efficiently with sequence and length specificity.

Our group studied the efficiency, regioselectivity, and
sequence specificity of polymerization reactions of PNAs or
formyl-PNAs by using amine acylation or reductive amina-
tion templated by 5’-amino-terminated hairpin DNA oligo-
nucleotides.*? Consistent with the previous observation**12¢!
of the distance independence of DNA-templated amine
acylation, poor regioselectivity and poor yields of full-length
products were observed when the polymerization was medi-
ated by amine acylation. In contrast, polymerization mediated
by the highly distance-dependent!**! reductive amination
reaction proceeded very efficiently ( 90% yield of full-
length products) and with excellent sequence specificity and
regioselectivity (Figure 18),[*?! consistent with the findings of
Lynn and co-workers.

We systematically examined the sequence specificity of
DNA-templated formyl-PNA polymerization reactions with
templates of mixed sequences containing all four bases, >
and found that tetrameric formyl-PNA of sequence gvvt (v=
g, a, or c¢) were polymerized with excellent sequence
specificity even in the presence of mixtures of all nine
possible gvvt formyl-PNAs. In all cases, the polymerization
terminated upon reaching the first template codon that did
not complement any of the formyl-PNAs in solution. Inte-
grating these findings, DNA-templated reductive amination
was used to translate nine different DNA templates, each
containing a 40-base coding region with approximately equal
percentages of A, G, C, and T (ten consecutive four-base
codons), into corresponding sequence-defined synthetic PNA
heteropolymers (Figure 18)."% Full-length heteropolymeric
products were generated in good yields only when the formyl-
PNAs complementing all template codons were present.
These studies established that synthetic polymers of length
comparable to that of natural biopolymers with binding or
catalytic properties™ can be generated efficiently and
sequence specifically by nucleic acid templated synthesis.

5. Toward a Physical Organic Understanding of
DNA-Templated Synthesis

Understanding key aspects of DNA-templated synthesis is
valuable not only because it enhances the development of
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Figure 17. DNA-templated polymerization of 5'-amino-3'-formyl-modified dT monomers.*l

Figure 18. DNA-templated formyl-PNA polymerization. a) A 5'-amino-terminated
DNA template (blue) directs the efficient oligomerization of modified formyl-
PNAs (red) with high sequence specificity; b) mismatched codons (orange) in
the templates halt the polymerization of formyl-PNAs and generate predomi-
nantly truncated products, demonstrating regioselectivity.!*?

features of DTS for which an understanding of
underlying principles is emerging.

5.1. Understanding Distance-Independent DNA-
Templated Synthesis

One of the most unexpected and enabling proper-
ties of DTS is its ability to direct efficient reactions
even when many intervening template nucleotides
separate hybridized reactive groups (see Figure 9).1/
This property raises two questions: 1) why is the rate
of product formation for some, but not all, DTS
reactions independent of the intervening distance
between the hybridized reactive groups; and 2) why is
long-distance DTS efficient at all, in contrast with the
notorious difficulty!"*>'*! of synthesizing macrocycles
(which mimic the structure of long-distance DTS
products)?

Our group began to address the first question by
determining the role of the DNA backbone in
mediating efficient long-distance DTS.***! The inter-
vening nucleotides separating the reactive groups
were systematically replaced with structural ana-
logues of similar length but lacking the aromatic
base, lacking the entire ribose ring, lacking the ribose
and phosphate groups, or lacking nearly all heteroa-
toms (Figure 19a). In all cases, efficient long-distance
DTS was still observed.*! The efficiency of long-
distance DTS was significantly reduced, however,

DTS but also because it reveals underlying principles that  when the intervening region was rigidified by hybridization
deepen our understanding of analogous biological and  with a complementary DNA oligonucleotide. These results
chemical systems. In this section we discuss three central established that structural elements of the DNA backbone are
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Figure 19. Understanding distance-independent DTS. a) The interven-
ing region of a long-distance A+A’ template was replaced with DNA
backbone analogues. b) Conceptual model of distance-independent
DTS.H447

not responsible for distance independence, although flexibil-
ity in the intervening region is required.

Subsequent studies by our group™! demonstrated that
product formation for distance-independent DNA-templated
reactions exhibits second-order kinetics (first order in each of
the two DNA-linked reactants). This simple finding began to
unravel the mystery of distance-independent DTS because it
indicated that bond formation between the reactive groups in
the hybridized complex (a pseudo-unimolecular process)
cannot be rate-determining for these reactions. Instead, the
results suggested that hybridization of the two DNA-linked
reactants (a bimolecular process) is rate-determining for
these reactions. Distance independence therefore can occur
when the effective molarity of the hybridized reactive groups
is sufficiently high that bond formation occurs faster than
DNA hybridization. Increasing the number of intervening
nucleotides between the reactive groups in this situation does
not decrease the observed rate of product formation until
bond formation rates begin to approach or fall below rates of
hybridization (Figure 19b).

This simple kinetic model for distance-independent DTS
explains differences in behavior among different DNA-
templated reactions such as the progressive loss of distance
independence in the following series of reactions: Cu'-
mediated Huisgen cycloaddition (fastest rate of bond for-
mation), amine acylation, Wittig olefination, and 1,3 dipolar
nitrone cycloaddition (slowest rate of bond formation)./*!
One DNA-templated reaction of particular importance (see
Section 4.2), however, does not fit this model: reductive
amination®3>%! is highly distance-dependent,*! yet gener-
ates the product more rapidly than should be possible under
the model in Figure 19b. The origins of this discrepancy are
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not yet understood but could be explained if the rate of imine
hydrolysis is enhanced by intervening single-stranded tem-
plate bases, or if imine reduction is inhibited by intervening
template nucleotides.

5.2. The Role of High Dilution and Aqueous Solvent

How can long-distance DTS be much more efficient than
the equivalent non-templated (intermolecular) reaction con-
sidering that macrocyclizations are generally challenging
synthetic reactions? There are at least two explanations.
The first is the incongruity between reference states of DTS
and conventional organic synthesis. Most of the DNA-
templated small-molecule syntheses described above are
performed at mid-nMm reactant concentrations. At these
concentrations, rates of nearly all intermolecular reactions
including reactions between reactants linked to mismatched
DNA are negligible. These intermolecular reaction pathways
also include the dimerization and oligomerization of reactants
and products—common sources of undesired products in
traditional macrocyclization reactions even when performed
under “dilute” (typically pm—mm) conditions. By eliminating
the possibility of significant dimerization or oligomerization
without impairing the formation of desired products, the
extremely high dilution of DTS reactions contributes to their
viability even in long-distance (pseudo-macrocyclic) format.

An additional key factor behind the efficiency of long-
distance DTS compared with conventional synthetic macro-
cyclization reactions is the use of aqueous solvents in DTS
reactions and predominantly nonaqueous solvents in the
latter. Aqueous solvents can assist long-distance DTS in
several ways. Water is a better solvent than nonaqueous
alternatives for the wide range of reactions described above
because the rate-determining transition states of these
reactions (and indeed of most synthetic transformations) are
generally more polar than the starting materials. For some
DTS reactions, the aqueous environment enables bond
formation rates to exceed the rate of DNA hybridization,
resulting in distance independence. In addition, water is well-
known to minimize the volume of organic reactants as a
consequence of the entropic penalty incurred by ordered
water molecules at the water—organic interface. This tendency
is reflected in the unusually high cohesive energy density of
water.'™ The tendency of aqueous solvents to contract
reactant volume makes water especially well-suited for
macrocyclic joining reactions including long-distance DTS.
Consistent with this analysis, previous comparisons of macro-
cyclization efficiencies in water and organic sol-
vents!!03106: 14158 hiohlight the benefits of aqueous media.

Both of the above proposed roles of aqueous solvents
predict that DTS in organic solvents should be less efficient
than DTS in water, and more distance-dependent. Early
unpublished results by our group (Calderone and Liu) suggest
that this is indeed the case. The use of long-chain tetraalkyl-
ammonium salts enable DNA-linked reactants to dissolve in
organic solvents including dichloromethane, DMF, and meth-
anol.®1% Remarkably, DTS can be sequence-specific in
organic solvents, suggesting that base-pairing of some form
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can still take place. However, DNA-templated amine acyla-
tion reactions, normally efficient and distance-independent in
aqueous solvents, can be less efficient and more distance-
dependent when performed in organic solvents.

While in some respects an aqueous solvent is a constraint
that prevents the use of strongly basic or strongly acidic
reactants, the above analysis suggests that water is also a key
enabling aspect of DTS. The insolubility of organic reactants
in aqueous solvents frequently precludes the use of water in
conventional organic synthesis. In contrast, DNA-linked
reactants for DTS, by virtue of their attached oligonucleotides
and nm working concentrations, are not constrained by
limited solubility in water.

5.3. Probing Template-Induced Effects by Using Stereoselectivity
in DNA-Templated Synthesis

DTS is most general when the oligonucleotides modulate
the effective molarities of reactants but do not perturb
reaction outcomes. DNA-induced stereoselectivity during
DTS is a sensitive probe of template-induced effects beyond
elevating effective molarities. Moreover, stereoselective DTS
serves as a model for how the chirality of an information
carrier, in addition to its sequence, can be transferred to the
products of a templated synthesis. In theory, stereoselective
DTS could also be used to alter the distribution of stereo-
isomeric products arising from templated reactions to favor
desired stereoisomers, although predicting and measuring the
sense and magnitude of stereoinduction on the minute
molecular biology scale of DTS reactions are formidable
challenges.

The earliest studies on stereoselectivity in nucleic acid
templated synthesis were performed on systems that gener-
ated nucleic acid analogues. Joyce, Orgel, and co-workers
showed in 1984 that the poly(C,)-templated oligomerization
of  D-guanosine  5-phospho-2-methylimidazole  (Dp-2-
MelmpG) to generate oligo(G) was highly sensitive to
inhibition by the enantiomeric monomer L-2-MeImpG.['®!
Interestingly, L-2-MelmpG is efficiently coupled by tem-
plated synthesis in response to the poly(C,) template, but the
resulting product is effectively capped and cannot undergo
further extension. These findings introduced the importance
of minimizing inhibition from enantiomeric monomers in
prebiotic models of translation. Enantiomeric cross-inhibition
was also observed in PNA-templated RNA oligomeriza-
tion. 1%

Bolli, Micura, and Eschenmoser demonstrated that ster-
eoselectivity in nucleic acid templated synthesis extends
beyond RNA synthesis and includes the synthesis of non-
natural nucleic acid analogues.” For example, the D-pyra-
nosyl-RNA-templated oligomerization of complementary
pyranosyl-RNA tetramers proceeds diastereoselectively,
favoring the coupling of D-tetramers over tetramers with
mixed pyranose chirality.” In an elegant example of stereo-
selective DTS, Kozlov, Orgel, and Nielsen showed that as few
as two D-DNA nucleotides when appended to an achiral PNA
template could favor the enantioselective template-directed
coupling of D-DNA dinucleotides in the A+B+A'B’ archi-
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tecture (Figure 20).“! This enantioselectivity is striking
because bond formation occurs far away from the inducing
chiral groups, and on a different molecule.

We recently investigated stereoselectivity in the DTS of
products unrelated to the nucleic acid backbone. The chirality

Figure 20. The chirality of a DNA dinucleotide (blue) terminally incor-
porated in a PNA template affects the stereoselectivity of a remote
PNA-templated PNA-DNA coupling. As a result, the (pp)-3'-CG-5’
DNA dinucleotide substrate is preferred over the (LL)-3"-CG-5’
dimer."*l

of a DNA template was observed to induce modest stereo-
selectivity in DNA-templated thiol substitution reactions
(Figure 21a).1*"! The observed stereoselectivity was surpris-
ingly independent of the template architecture, favoring the
reaction of the S substrate by a similar degree in either
hairpin (A+BB’A’) or long-distance A+4A’ architectures.
Stereoselectivity was abolished, however, when flexible
achiral linkers (three or more CH, or O groups) were
introduced between the reactive groups and the DNA
oligonucleotides (Figure 21b).*¥ These findings indicated
that even short flexible linkers can remove template influen-
ces beyond modulation of the effective molarity of reactants,
suggesting that the use of such linkers is important when DTS
is to be performed in its most general form.

The observed stereoselectivity in small-molecule substi-
tution reactions was traced to the macromolecular helical
conformation of the single-stranded or double-stranded
template, rather than to the chirality of any particular
nucleotide group.*®! This hypothesis was supported by the
additional observation that stereoselectivity is inverted when
the conformation of template hairpin DNA is transitioned
from right-handed B-DNA to left-handed Z-DNA (Fig-
ure 21¢). These findings also demonstrate how the chirality
of information carriers can be transferred through their
helicity to products unrelated to the structure of the template.

6. Applications of DNA-Templated Synthesis

DTS connects three broadly important components of
chemical and biological systems: nucleic acid sequences,
synthetic products, and reactions. This connection in principle

allows mixtures of any one of the above three components to
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Figure 21. a) Stereoselective DNA-templated subtitution reactions.
b) Flexible achiral linkers abolish stereoselectivity during DNA-tem-
plated subtitution reactions. c) Stereoselectivities are inverted when
DNA undergoes a B-form (right-handed) to Z-form (left-handed)

transition.* k,: apparent reaction rate.

be searched for a desired solution while the other two
components are defined. This conceptual framework suggests
three types of discovery-oriented applications for DTS:
1) detection of nucleic acid sequences for the DTS of a
specific product (nucleic acid sensing), 2) identification of
DNA-templated synthetic products with desired properties
that arise from DTS (discovery from synthetic libraries), and
3) discovery of DNA-templated reaction schemes that enable
template sequences to generate products (reaction discov-
ery). Early studies have already begun to realize the potential
of DTS-based approaches for each of these emerging
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applications and are presented in the following sections (see
the Note Added in Proof regarding the application of DTS to
reaction discovery).

6.1. Nucleic Acid Sensing

The sequence specificity of DTS enables products to form
exclusively in the presence of complementary templates.
When the DNA-templated reactions and the product struc-
tures are chosen to facilitate the detection of DTS events, the
resulting systems can be used to detect the presence of
specific nucleic acid sequences.

Ma and Taylor described one of the earliest applications
of DTS for nucleic acid detection (see Figure 8a).*) DNA
templates brought together DNA-linked imidazole and
DNA-linked p-nitrophenyl esters, inducing imidazole-cata-
lyzed ester hydrolysis. Simple Michaelis—-Menten kinetic
behavior was observed with a k., of 0.018 min~' when the
ester-linked oligonucleotide was sufficiently short to allow
dissociation from the template after hydrolysis. The authors
proposed that this system might lead to the sequence-specific
release of small-molecule drugs, although localizing DNA-
linked reagents to target nucleic acids within living organisms
is a significant challenge. This strategy might also be adapted
to release a readily detected chromophore or fluorophore in
response to a DNA or RNA analyte.

Mattes and Seitz used DNA-templated amine acylation to
ligate two octamer PNA reagents for DNA detection.”” The
formation of coupled PNA products, and therefore the
inferred presence of complementary template sequences,
was confirmed by MALDI-TOF mass spectrometry. Three
template sequences could be detected simultaneously and
independently by choosing PNA reagent sequences and
lengths such that product masses are distinguishable. Increas-
ing the sensitivity and number of templates that can be
simultaneously detected may eventually enable efficient
DNA single-nucleotide polymorphism (SNP) detection by
this approach.

Kool and co-workers used DNA-templated substitution
reactions between 3’-phosphorothioates and 5'-electrophilic
groups in two distinct approaches to nucleic acid detec-
tion.’" In the first approach,”*) DNA- or RNA-templated
S\2 reactions covalently link fluorescence resonance energy
transfer (FRET) donor and acceptor fluorophores to the
same oligonucleotide product (Figure 22a). The resulting
proximity of the FRET donor and acceptor fluorophores
generates a distinct signal. This approach was used to
distinguish mixtures of complementary (matched) and mis-
matched RNA and DNA templates sequence specifically. In
the second approach,” Sando and Kool used DTS to induce
the loss of a fluorescent quencher from a fluorescein-linked
oligonucleotide probe conjugated to an dabsyl leaving group
(Figure 22b). Using these reagents, the presence of comple-
mentary rRNA within fixed cells was detected by fluorescence
unquenching.””

DTS-based strategies for nucleic acid detection are
attractive ~ compared  with  existing enzyme-based
approachesP ™™ because the detection signal is transduced

Angew. Chem. Int. Ed. 2004, 43, 48484870



DNA-Templated Synthesis

Figure 22. Nucleic acid sensing through DTS. a) A DNA- or RNA-tem-
plated subtitution reaction enforces fluorophore proximity, creating a
detectable FRET signal. b) RNA-templated ligation reactions can
induce the unquenching of a tethered dabsyl group.?’="

through chemistry chosen by the researcher rather than
through the narrow range of ligation and polymerization
reactions that can be mediated by enzymes. Indeed, the
structures generated by the small number of early examples
above have already significantly expanded the diversity of
signals that can arise from nucleic acid sensing. Advances in
sensitivity or turnover as well as more extensive use of the
inherent ability of DTS to be multiplexed are still needed,
however, before DTS-based nucleic acid sensing is likely to
achieve widespread and general use.

6.2. Synthetic Small-Molecule and Polymer Evolution

The development of synthetic small molecules and
polymers with desired properties is a persistent and wide-
spread challenge in chemistry. Chemists most frequently
address this challenge by synthesizing or isolating from nature
candidate structures, then evaluating (screening) the candi-
dates for desired compounds (Figure 23). Nature’s approach

Figure 23. Two approaches to discovering functional molecules.
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to functional biological molecules,'®*) in contrast, involves
1) the translation of nucleic acids into proteins in a manner
that preserves their association, 2) the selection of proteins
(and their associated encoding nucleic acids) with favorable
properties, and 3) the amplification and occasional diversifi-
cation of nucleic acids encoding functional proteins that
survived selection (Figure 23). Compared with the chemists’
approach, nature’s evolutionary approach offers advantages
including unparalleled sensitivity, efficiency, and throughput
without the significant infrastructure requirements associated
with conventional library synthesis, spatial separation, and
screening,[$ 153170172

Nature’s evolution-based approach to discovery can only
be applied to molecules that can be translated from amplifi-
able information carriers. The ribosomes and polymerases
address this requirement for proteins, nucleic acids, and their
close analogues, but cannot create general synthetic struc-
tures. Based on the properties of DTS described above, we
hypothesized that DTS could be used to translate libraries of
DNA templates sequence specifically into corresponding
libraries of synthetic small molecules and polymers,*/
addressing the major challenge involved in the evolution of
synthetic molecules.

DTS products remain covalently associated with the
encoding template if architectures such as A+4+A’ or
A+BB'A’ (hairpin) are used, analogous to the association
between nucleic acids and their encoded proteins that is
required for protein evolution. Unlike natural translation,
however, DTS is not limited to structures that are compatible
with biological machinery. A scheme for the evolution of
synthetic small molecules proposed by our group in 20014 is
shown in Figure 24. Multistep DTS was proposed as a means
of translating a library of DNA templates into the corre-
sponding complex synthetic small molecules. The resulting
template-linked library could then be subjected to in vitro
selections for desired properties. The templates conjugated to
and encoding library members surviving selection could be
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Figure 24. General scheme for the creation and evolution of libraries of synthetic molecules by using DNA-templated library synthesis, in vitro

selection, PCR amplification, and DNA sequence diversification.*!

amplified by PCR and either sequenced to identify desired
compounds, or diversified and subjected to additional cycles
of DTS (translation), selection, and amplification.

The scheme in Figure 24 requires that DTS retains its
efficiency and sequence specificity when performed in a
library format, as opposed to a single-template format. To
evaluate the sequence specificity of library-format DTS, we
combined a library of 1025 maleimide-linked DNA templates
with 1025 complementary thiol-linked reagents in a single
solution (Figure 25).*4 The templates that reacted with one of
the 1025 thiol reagents (the only thiol reagent that was
biotinylated) were isolated by in vitro selection, amplified by
PCR, and characterized by restriction digestion and DNA
sequencing. The predominant template was found to be the
one complementary to the biotinylated thiol reagent.*! These
results suggested that DTS can be sufficiently sequence-
specific in a library format to enable templates to react with
sequence-programmed reagents even in the presence of a
large molar excess of mismatched, noncomplementary
reagents.

The approach in Figure 24 also requires selections for
DNA-linked synthetic molecules with desired properties. Our
group developed highly sensitive and effective in vitro
selections for DNA-linked synthetic small molecules with
protein binding affinity or specificity.* As few as 10~ mol of
DNA-linked protein-binding small molecules could be
enriched and identified following affinity selections against
six different proteins. Iteration of these selections enabled
minute quantities of a DNA-linked protein ligand to be
enriched starting from a mixture containing a 10°-fold excess
of DNA-linked nonbinding control molecules.®”

Our group recently integrated the generality, sequence
specificity, distance independence, and multistep synthetic
capability of DTS to translate a library of DNA templates into
a library of corresponding complex synthetic small mole-
cules.® Three successive DNA-templated reactions, each
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encoded by a distinct 12-base region of a DNA template,
followed by an efficient aqueous Wittig macrocyclization,

Figure 25. A model library-format DNA-templated synthesis, selection
for protein binding, and PCR amplification."!
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were used to generate macrocyclic fumaramides conjugated
to their encoding DNA templates. A pilot library of 65
macrocyclic fumaramides was translated sequence specifi-
cally in this manner from a single solution containing 65 DNA
templates. The ability of libraries of DNA-templated syn-
thetic small molecules to be selected for properties such as
protein binding affinity was established by performing an
in vitro selection on this 65-membered macrocyclic fumara-
mide pilot library. Two iterated rounds of selection for
carbonic anhydrase affinity®®? (without retranslation between
rounds) enriched a single member of the 65-membered
library. Sequence characterization of the PCR-amplified
template emerging from this selection indicated that the
selected macrocyclic fumaramide uniquely contained a
phenyl sulfonamide group known to confer carbonic anhy-
drase affinity (Figure 26).®! These results collectively indi-
cate that library-format DTS coupled with in vitro selection
enables the translation, selection, and amplification of DNA
sequences encoding not biological macromolecules but rather
synthetic small molecules.

By analogy, recent successes in translating DNA tem-
plates sequence specifically into synthetic polymers even in
the presence of several monomers of different sequence (see
Figure 18, Section 4)™? suggest that it may be possible to
evolve sequence-defined synthetic heteropolymers by analo-
gous processes. Compared with the small-molecule discovery
methods described above, DTS-driven synthetic-polymer
discovery offers the additional attraction that the theoretical
complexity of heteropolymers of even relatively modest
length can easily exceed the total number of molecules
present in a typical pmol-scale library (10'? molecules). Such
an enormous sequence space can in principle be explored
efficiently by iterated cycles of DTS-based translation,
selection for desired binding or catalytic properties, template
amplification by PCR, and template diversification by muta-
genesis or recombination, representing a true evolutionary
process. The possible structures of synthetic heteropolymers

Figure 26. In vitro selection of a carbonic anhydrase ligand from a 65-membered library of DNA-tem-

plated macrocyclic fumaramides.®"
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evolved in this manner, however, are constrained to arise
from monomers that can sequence specifically hybridize to a
DNA template, or that can be cleaved from adapter
molecules (analogous to natural tRNAs) that hybridize to
DNA.

7. Summary and Outlook

DNA-templated synthesis has evolved dramatically over
the past 40 years. DTS was first examined as a model system
for prebiotic self-replication through phosphodiester forma-
tion. The recently discovered abilities of DTS to sequence
specifically generate products unrelated to the phosphoribose
backbone™ ! and to mediate sequence-programmed syn-
thesis between groups separated by long distances on DNA
templates!1%?! have established DTS as a general method
that enables the reactivity of synthetic molecules to be
controlled by modulated effective molarities. These discov-
eries have also led to new developments that have rapidly
expanded the synthetic capabilities of DTS, including multi-
step DNA-templated small-molecule synthesis, new template
architectures, synthesis templated by double-stranded DNA,
efficient and sequence-specific DNA-templated polymeriza-
tion, and DNA-templated library synthesis.

Controlling reactivity with DNA-programmed effective
molarity rather than with conventional intermolecular reac-
tions allows synthetic molecules to be manipulated in ways
previously available only to the substrates of natural macro-
molecular templates. For example, otherwise incompatible
reactions can take place in a single solution. Some reactions
that cannot easily be performed by conventional synthetic
methods, such as heterocoupling reactions between substrates
that preferentially homocouple, can also take place in a DNA-
templated format (see the Note Added in Proof). We
anticipate that DTS may eventually enable ordered multistep
syntheses in a single solution between reactants that would
normally generate uncontrol-
led mixtures of products.
These unique features of effec-
tive-molarity-controlled reac-
tivity may expand the accessi-
bility and structural diversity of
libraries of synthetic small mol-
ecules and heteropolymers
beyond what is possible with
current approaches.

The ability of DTS to trans-
late amplifiable information
into synthetic structures has
also led to fundamentally new
approaches to widespread dis-
covery challenges that are
faced by chemists. These chal-
lenges, including nucleic acid
detection, synthetic small-mol-
ecule and polymer discovery,
and reaction discovery, in prin-
ciple can now be addressed

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

4867



Reviews

4368

with the assistance of powerful translation, selection, ampli-
fication, and diversification strategies previously available
only to biological macromolecules.

Several remaining goals must still be met for the vision
presented herein to be fully realized. These goals include
1) continuing to expand the scope and synthetic capabilities of
DTS beyond the modest fraction of synthetic organic
chemistry represented above, 2) continuing to develop and
apply new modes of controlling synthetic reactivity through
DTS that cannot be realized by conventional synthetic
methods, 3) discovering additional reactions that occur effi-
ciently in a DTS format and that are not known to exist or that
cannot take place in a nontemplated format, and 4) discov-
ering functional synthetic small molecules and polymers that
are difficult or impossible to find by other approaches. Leslie
Orgel presciently wrote in 1995 that the development of
chemical systems that incorporate fundamental and powerful
features of biological molecules “will require a combination of
the techniques of organic chemistry ... and the methods of
molecular biology.”!"! Less than a decade later, DNA-tem-
plated synthesis has transformed this prediction into a fertile
frontier for organic chemistry.

Note Added in Proof (August 16, 2004): The third
proposed application of DTS listed in section 6, reaction
discovery, has now been realized and is reported in “Reaction
Discovery Enabled by DNA-Templated Synthesis and In Vi-
tro Selection”: M. W. Kanan, M. M. Rozenman, K. Sakurai,
T. M. Snyder, D. R. Liu, Nature 2004, in press.

8. Abbreviations

ANA altritol nucleic acid

CDI 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide

DMT-MM 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride

Dabsyl 5-dimethylaminonaphthalene-1-sulfonyl

DTS DNA-templated synthesis

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

FRET fluorescence resonance energy transfer

HNA hexitol nucleic acid

MALDI-TOF  matrix-assisted laser desorption ionization—
time of flight

PCR polymerase chain reaction

Sulfo-NHS N-hydroxysulfosuccinimide sodium salt

TNA threose nucleic acid
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Communications

In the reaction described by M. Murakami and M.

Hasegawa on the following pages, the electronic effects are so
dramatic that the sterically hindered substrate prefers to react by a
more crowded pathway. This reaction will provide organic chemistry
textbooks with a prime example of systems in which electronic effects
are dominant over steric effects in determining the stereochemical
outcome of a reaction.
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Electronic Effects

Synthesis and Thermal Ring Opening of trans-3,4-
Disilylcyclobutene

Masahiro Murakami* and Munehiro Hasegawa

The electrocyclic ring opening of substituted cyclobutenes is a
classical textbook example of concerted pericyclic reactions
that obey the Woodward—Hoffmann rules.!! Substituents
located at the 3- and 4-positions can move either toward the
breaking bond (inward) or away from it (outward) during the
thermal ring-opening reaction, provided that their move-
ments are conrotatory. For example, (E)-penta-1,3-diene and
the corresponding Z isomer can both arise from 3-methyl-
cyclobutene without violating the Woodward-Hoffmann
rules. However, experimentally, the FE isomer is formed
exclusively.”) The outward preference is intuitively

reasonable, because significant steric congestion devel-

ops when the methyl substituent rotates inward during

H CHs 175 °C
=X e~ Secn,
HsC H H H
1 2

Scheme 1. Ring-opening reaction of trans-3,4-dimethylcyclobutene 1.

Previous studies on the effects of silyl substituents
prompted us to examine the ring-opening reaction of trans-
3,4-bis(trimethylsilyl)cyclobutene (9; Scheme 2), in which the
two methyl substituents of 1 are replaced with two signifi-
cantly bulkier trimethylsilyl substituents. The steric conges-
tion arising from the inward rotation of two bulkier sub-
stituents may become insurmountable. Thus, we consider this
a true test of the power of electronic stabilization.

The synthesis of frans-3,4-bis(trimethylsilyl)cyclobutene
(9) is shown in Scheme 2. Cyclobutenedione 3, prepared
according to a literature procedure,'? was reduced to the cis

) : : ; . 0 Ho, oH  (am
the ring-opening reaction. The inward transition state NaBH,, CeCl;H,0 Pd/C
was calculated to be energetically higher than the _ _ MeOH, 0 °C _ ‘ MeOH, RT
outward transition state by 5.3 kcalmol™' (MP2/6- MesSi SiMe; Me,Si SiMe,
31G(d)//3-21G) in the case of 3-methylcyclobutene.” 3 4 75%
On the other hand, theoretical studies predicted that HO,  OH HO,  OH HO,  OH
an electron-accepting substituent would prefer to rotate ™ + [ ] +
inward.[¥ The delocalization of electron density from the Me,Si SiMe, Me3sf° ,I'SiMe3 Me;,Si SiMe,
highest occupied molecular orbital (HOMO) of the 6 7
opening cyclobutene skeleton to the electron-accepting 5/6/7=2:1:1
substituent stabilizes the inward transition state. This s s N/—\N
prediction has been verified experimentally with car- OJ\O Me” P ‘Me
bonyl-substituted cyclobutenes.”! We recently discovered CI" Cl, DMAP - Ph |
the remarkable effects of a silyl substituent located at the 5+6 CH.Cl. 0 °C RT MesSi SiMe;
3-position.*”! Although silicon is more electropositive e Me,Si 8 SiMes —

than carbon, silyl substituents accelerate the reaction and
promote inward rather than outward rotation, in spite of
steric considerations. Stabilization of the inward transi-
tion state was explained by assuming that the energeti-
cally low-lying antibonding o* orbital of the silicon—
carbon bond accepts electron density from the
HOMO.[+#*]

In the case of trans-3,4-disubstituted cyclobutenes, the
disadvantage of the inward transition state in which both
substituents rotate in the sterically unfavorable direction
would be enormous. For example, (2E,4F)-hexadiene (2) is
exclusively formed during the ring-opening of trans-3,4-
dimethylcyclobutene (1) (Scheme 1).1% The calculated
energy difference of the inward and outward transition
states amounts to 13.0 kcalmol™ (RHF/3-21G)."! Organic
chemistry textbooks present this reaction as a typical example
of conrotatory ring opening.""!

[*] Prof. Dr. M. Murakami, M. Hasegawa
Department of Synthetic Chemistry and Biological Chemistry
Kyoto University
Katsura, Kyoto 615-8510 (Japan)
Fax: (+81) 75-383-2748
E-mail: murakami@sbchem.kyoto-u.ac.jp

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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13% from 4

Scheme 2. Synthesis of trans-3,4-bis (trimethylsilyl)cyclobutene (9).
DMAP = 4-dimethylaminopyridine.

diol 4 with NaBH,/CeCl,."® Hydrogenation over Pd/C in
methanol afforded a diastereomeric mixture of diols 5, 6, and
7.04 The diols 5 and 6 were separated from 7 by chromatog-
raphy. The cis 1,2-diol unit was converted into a carbon-
carbon double bond by using the Corey-Hopkins method.!!
When a mixture of § and 6 was treated with thiophosgene, the
diol § reacted much faster than 6, probably as a result of steric
reasons, permitting the isolation of the cyclic thiocarbonate 8.
The desired cyclobutene 9 was obtained by the reaction of 8
with 1,3-dimethyl-2-phenyl-1,3,2-diazaphospholidine.

The cyclobutene 9 thus obtained was heated in n-decane
at 110°C and underwent ring opening in a conrotatory fashion
(t,=1.7 h) to afford a mixture of diene (1Z,3Z)-10 and the
corresponding E,E isomer 11 (both depicted in the s-cis
conformation for convenience in Scheme 3). Remarkably, the
Z.,Z isomer 10 predominated over 11, with a ratio of 78:22.1""
The two trimethylsilyl substituents preferred inward rotation
despite the significantly greater steric constraints on this
reaction pathway.
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10/11=78:22

Scheme 3. Ring-opening reaction of 9.

Computational studies were carried out on the reaction of
9. The energy diagram obtained by density functional
calculations [B3LYP/6-31G(d)]""!¥ is shown in Figure 1.
The inward transition state is lower in energy than the
outward transition state by 0.51 kcalmol™!, whereas the
product ratio experimentally obtained at 110°C (78:22)

energy nward Tg 01 outward TS
(kcal mol™") —_— ; \
/2044 i |208s
e —_—
13.1
_ X 15.9 3.7
“ /—\
777777 A_L,,,l, Y
Me;Si 3_4|____
/) 3 2
/ Me;Si g SMe: Me3Si—/‘/1_1\\—SiMe3
SiMe; gauche-11 Jj
s-trans-10 Me;Si /

s-trans-11

Figure 1. Potential energy diagram for the ring opening of 9 (383 K).

corresponds to an energy difference of 0.96 kcalmol™'.
Interestingly, the reaction through the inward pathway leads
directly to 10 in the s-trans conformation, without the
intervention of an energy minimum that corresponds to the
s-cis (or gauche) conformation." In contrast, in the outward
pathway the initial product 11 in the gauche conformation
(the dihedral angle C;-C,-C;-C,=21°) exists as a local
minimum before the final product s-trans-11 is formed. The
contrasting reaction profiles are another indication of the
magnitude of steric congestion of the inward ring opening.

We attribute the counterintuitive rotational behavior of 9
to the electron-accepting nature of the two antibonding
orbitals on the silicon atoms based on Houk’s theory.*! The
inward transition state is shown in Figure 2, in addition to the
natural bond orbital (NBO) overlap image® for the two
antibonding orbitals of the Si5—C6 and Si9—C10 links, and the
breaking C1—C4 o bond, that is, the HOMO of the opening
cyclobutene skeleton. This clearly shows the overlap of the
antibonding orbitals with the HOMO. Electronic stabilization
arising from the dual delocalization of the electron density of
the HOMO into the two antibonding orbitals overcomes the
steric congestion at the inward transition state, leading to the
predominance of 10.

Although steric arguments are commonly employed to
understand the stereochemical outcomes of organic reactions,
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Figure 2. Overlap of the two antibonding orbitals on the silicon atoms
with the HOMO in the inward transition state.

electronic effects may have a greater impact than
generally supposed. In the system described herein,
the effects are so dramatic that the more sterically
hindered substrate prefers to react through a more
crowded reaction pathway. This Communication will
hopefully provide organic chemistry textbooks with a
prime example of systems in which electronic effects
are dominant over steric effects in determining the
stereochemical outcome of a reaction. It is also
remarkable that even though silicon is immediately
below carbon in the periodic table, it exhibits a totally
opposite rotational preference.

SiMe;

Experimental Section

Ring opening of 9: A solution of 9 (19.8 mg, 0.10 mmol) and
galvinoxyl (2.0 mg, 4.7 pmol; added to prevent isomerization
of the olefin geometries of the products)?!! in n-decane
(50 puL) was placed in a screw-capped vial under a nitrogen
atmosphere. The mixture was then stirred at 110°C in an oil
bath. The ring-opening reaction to form 10 and 11 was monitored by
"H NMR spectroscopy. 10: '"HNMR (300 MHz): 6 =6.98-7.06 (m,
2H), 5.74-5.82 (m, 2H), 0.17 ppm (s, 18 H); *C NMR (75 MHz): 6 =
145.0,135.1,0.3 ppm. 11: 'H NMR (300 MHz): § = 6.51-6.58 (m, 2 H),
5.89-5.96 (m, 2H), 0.10 ppm (s, 18 H); “C NMR (75 MHz): 6 = 146.6,
134.8, —1.3 ppm.*?
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Catenation of Two Singlet Diradicals: Synthesis of
a Stable Tetraradical (Tetraradicaloid)**

Amor Rodriguez, Fook S. Tham, Wolfgang W. Schoeller,
and Guy Bertrand*

Singlet and triplet diradicals are fascinating as they are even-
electron molecules that have one bond less than the number
permitted by the standard rules of valency."! In localized
singlet diradicals the partially filled orbitals reside on two
different atoms that are connected by one or more saturated
atoms.™™ These diradicals are also called “nonconjugated”.
However, the partially filled atomic orbitals that are formally
localized on the two radical centers can interact either
through space or through the o bonds of the atoms that
connect them. Catenation of singlet diradicals, through
appropriate linkers, are predicted to lead to antiferromag-
netic low-spin polymers, in which the half-filled electron
bands would confer the capability of metallic conduction
without doping.!'“? However, as noted by Berson,!'* a vast
and largely unmapped terrain must still be explored before
these practical objectives can be reached. Not only do we lack
knowledge about the solid-state intermolecular interactions
between chains, which can be decisive in the ultimate bulk
conductivity of a polymer, but it is also necessary to under-
stand the effects induced by the presence of a second diradical
site on the first. For this purpose, several carbon-based
tetraradical prototypes have already been prepared, but
conclusions have been difficult to draw due to the instability
of such species.”!

Similarly to its carbon congeners,*! 1,3-dibora-2,4-diphos-
phoniocyclobutane-1,3-diyls, A, feature a trans-annular bond-
ing m-overlap®® that allows for the thermal ring closure to
give 1,3-dibora-2,4-diphosphoniobicyclo[1.1.0]butanes, B[
(Scheme 1). However, we have shown that given the right
set of substituents, strongly colored diradicals (or diradica-
loids)® of type A were indefinitely stable both in solution and
in the solid state.’] This very unusual stability gave us the

R R R
R, R 2 R',PLi R, ,B. R P
Bow, e e o e e e
Cl Cl R' ! , \
i R R
R A B

Scheme 1. Synthesis of type A and B ring systems.
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opportunity to study whether strong spin coupling can be
maintained in extended systems with more than two sites for
unpaired electrons.

Herein we report the synthesis of the first stable singlet
tetraradical and our first results concerning the influence of
the antiferromagnetic and ferromagnetic nature of the link-
ers!'” on the relative stability of compounds A/B.

As shown in Scheme 1, the synthesis of derivatives of
types A and B involved the addition of two equivalents of
phosphide to the appropriate 1,2-halogenodiborane. There-
fore the obvious precursors for derivatives p-4 and m-4 were
tetrahalogenotetraboranes p-3 and m-3 (Scheme 2). The

Li‘@—Li MezéN @Mezﬂ\l
a . { -
or ) Me,N-B N\ \B,B Br b)

EoE
/B /, —
MezN—$ \ NB/B Bu
|
L Br Me,N tBu

p-1 (75% yield) p-2 (90% vyield)

|
MezN

Angewandte

Figure 1. Hexane solutions of p-4 (left) and m-4 (right)

B-B interatomic distance (2.568 A), which indi-
cates that the B—B bonds have been cleaved. All
these geometric parameters are very compara-
ble to those found in the previously reported
diradicals of type A1

Li m-1(91% yield) m-2(80% yield) In marked contrast, the PBPB cores of m-4
strongly deviate from planarity (interflap angle

iPr\P}\iPr :Pr,,,,P,iPr between the two PBB units 120.7 and 123.6°),

tBu—B" }BOB’; “B—1Bu and the B-B interatomic distances (1.875 and

Br = Br ’.Prfp"’oipr iPr“\'P\iPr 1.906 A) are shortenl.ed by more than 25%

o Br—B/B@ /IIB—tBu RN or P-4 (43% yield) compareq toip-4 (Flgul.re 3). Moreover, the
\ B phenyl ring is perpendicular to the PBPB

Bu 3 Br iPr_ iPr skeletons. Clearly, the geometric parameters of

fn_s m-4 are very similar to those observed for

iPr
m-4 (41% yield)

Pr

d) iPr,PLi (4 equiv), hexane/diethyl ether, —78°C.

latter have been obtained in three steps. The addition of
two equivalents of 1,2-bis(dimethylamino)-1,2-dibromodibor-
ane to 1,4- and 1,3-dilithiobenzene afforded derivatives p-1
(75 % yield) and m-1 (91 % yield), respectively. Treatment of
p-1and p-1 with two equivalents of tert-butyllithium led to the
tetrakis(dimethylamino)tetraboranes p-2 and m-2, which
were isolated in 90 and 80% yields. An exchange reaction
with boron tribromide gave rise to the desired precursors p-3
and m-3 that can only be characterized by "H NMR spectros-
copy due to their high instability.'"!! Then, addition of four
equivalents of lithium diisopropylphosphide led to p-4 and m-
4, which were isolated in 43 and 41 % yield, respectively, both
as oxygen-sensitive but highly thermally stable crystals [m.p.:
261°C decomp (p-4); 246°C decomp (m-4)]. The similarities
between the two isomeric derivatives p-4 and m-4 stop here.
As can be seen in Figure 1, compound p-4 is deep violet
(Amay = 630 nm, & =1374), whereas m-4 is colorless.!"?

The X-ray diffraction analysis!" of p-4 (Figure 2) revealed
that the B atoms are in a planar environment, and the
presence of two almost planar PBPB four-membered-ring
moieties (interflap angle between the two PBB units 175°)
linked by a phenyl ring that is coplanar to the two PBPB
skeletons (torsion angle 2°). Another striking feature is the

Angew. Chem. Int. Ed. 2004, 43, 48764880

P
{Bu=BB
N iPr

‘tBu

Scheme 2. Synthesis of m-4 and p-4: a) Me,N (Br)BB(Br)NMe, (2 equiv), hexane/diethyl
ether, —78°C; b) tBulLi (2 equiv), hexane, —78°C; c) BBr; (4 equiv), hexane, —78°C;

www.angewandte.org

bicyclic[1.1.0] derivatives of type B.”!
Antiferromagnetic coupling units such as
that in p-4 are known to be very effective and to
lead to quinoid structures for which the singlet—
triplet gap tends to reach zero.'™ A close
comparison of the x-ray data of p-4 and m-4

Figure 2. Molecular view of p-4 in the solid state. Selected bond
lengths [A] and angles [°]: B1-B2, 2.568; B1-P1, 1.897+2; P1-B2,
1.894+2; B2-P2, 1.900 £ 2; P2-B1, 1.899+2; B2-C2, 1.547 £3; C2-C3,
1.404+3; C3-C4, 1.383 £3; C4-C5, 1.411£3; C1-B1-P1, 132.46 £ 16;
B1-P1-B2, 85.26 -10; P1-B2-C2, 132.50£16; C2-B2-P2, 132.22+£17;
P1-B2-P2, 94.76 £11; B2-P2-B1, 85.06 =10; P2-B1-C1, 132.86 £16; P2-
B1-P1, 94.69£11.

shows that the quinoid character of p-4 is very weak but not
non-existent. In particular the B2—C2 bond length is a little
shorter in p-4 [1.547(3) A] compared to m-4 [1.577(2) A], and
there is an alternation between slightly shorter and longer

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Molecular view of m-4 in the solid state. Selected bond
lengths [A] and angles [°]: B1-B2, 1.909+ 3; B1-P1, 1.8982+19; P1-B2,
1.8769+19; B2-P2, 1.875+2; P2-B1, 1.898+2; B2-C2, 1.577£2; C2-
C3,1.396+2 A; C3-C4, 1.390+3; C4-C5, 1.385+2; C5-C6, 1.397£2;
C6-C7, 1.404+2; C7-C2, 1.401£2; C6-B3, 1.573 £2; B3-B4, 1.875£3;
B3-P3, 1.8751+18; P3-B4, 1.905 £+ 2; B4-P4, 1.903 +2; P4-B3,
1.8781+19; C1-B1-P1, 131.994+14; B1-P1-B2, 59.08 £ 8; P1-B2-C2,
132.97+13; P1-B2-P2, 99.73 £9; C2-B2-P2, 126.61 +13; B2-P2-B1,
60.78 +8; P2-B1-C1, 129.01 £ 14; P2-B1-P1, 98.17+9; C6-B3-P3,
130.92 +12; B3-P3-B4, 59.48 +-8; P3-B4-C8, 130.38 £+ 14; P3-B4-P4,
97.01£9; C8-B4-P4, 131.65114; B4-P4-B3, 59.46 +8; P4-B3-P3,
98.90+9; P4-B3-C6, 129.05 £12.

bonds in the phenyl ring of p-4 [C2—C3: 1.404(3) and C4—CS5:
1.411(3) versus C3—C4: 1.383(3) A]. The coplanarity of the
phenyl ring with the PBPB cores also suggests some
delocalization between the 2p(B) orbitals and the
7 ring systems. Lastly, it is worth noting the absence
of a signal in both the solution and solid-state
electron paramagnetic resonance spectra from
—80°C to room temperature, which indicates that
P-4 has a singlet ground state.

To understand why p-4 features a planar
structure with long B—B bonds whereas m-4 has a
bis(bicyclic[1.1.0]) structure, ab initio calculations
at the (U)B3LYP/6-31 g* level'® were performed
for the parent compounds in the planar forms p-5A
(D), symmetry) and m-5 A (C,, symmetry), and the

Relative Energy / kcal mol™!

—39.3 m-5A (T)

p-5A(T) 33.2 —

bis(bicyclic) forms p-5B and m-5B (Figure 4). Both open-
form species have a singlet ground state, but interestingly the
singlet-triplet gap (adiabatic, between two planar forms) for
p-5A (§=0.057; 16.4 kcalmol™) is 3.9 kcalmol™ smaller
than for m-5A ($*=0.0). In addition, p-5A is 2.2 kcalmol
more stable than m-5A, and the energy benefit for the ring
closure of p-5A (16.8 kcalmol ") is smaller by 2.1 kcalmol ™
than for m-SA.

These small energy differences are in line with the X-ray
data for p-4 and m-4 and corroborate the hypothesis that
there is only a weak “communication” between both diradical
sites of p-4 through the antiferromagnetic linker. One
possible reason for this communication is the weakness of
B—C double bonds,"”" which hampers the formation of the
quinoid structure. However, despite the weakness of the
phenomenon, the consequences are of importance since in the
solid-state p-4 has an open-form structure whereas m-4
features a bis(bicyclic) structure. In fact, as shown in the
preceding paper™ and in contrast with the parent com-
pounds, the energy difference between the planar form and
the bicyclic isomer of substituted PBPB derivatives is only a
matter of a very few kcalmol . Indeed, as in the case of the
“monomeric” derivative 6, the planar structure of p-4 exists in
the solid state but is in equilibrium in solution with the
bicyclic structure p-4B (Scheme 3). Here also the open-
structure p-4A predominates at low temperature (6°'P=
+1.0ppm at 173 K), whereas at room temperature, the
bis(bicyclic) system p-4B is by far the major product (6°*'P =

iPry JiPr . ) iPry iPr
Py increase in T P,
Ph—B:+B~Ph =————— Ph~B==B=Ph
P, decreasein T ’p‘\
P’ iPr iPr” iPr
6A 6B
iPrq .iPr iPr., ,iPr iPry ,iPr iPry ,iPr
EN N increase in T P P,
Bu—B: ‘B B: sB—{Bu ‘d—T Bu=—B;=B B;=B—tBu
P, P ecrease in
P ipr ipr ipr ipr’ Nier P’ NiPr
p-4A p-4B

Scheme 3. Equilibrium between 6A and 6B, and between p-4A and p-4B.

—22.4 ppm); this has been confirmed by UV experiments,
which show that the absorbtion considerably increases
when the temperature decreases."8 In marked contrast,
no dynamic behavior was observed for m-4: the *'P
chemical shift (—28.4 ppm) is not temperature depend-
ent.

H, We are currently investigating the catenation of
HB,.F’\.B diradicals of type A with different antiferromagnetic
H, H, 190 m5A (S P linkers in the hope of quantifying to some extent their
HB}p}B—QB /:P}BH 5A(S) 166 . m-5A (8) H ?,‘sz efficiéncy. N.Iorf:over, the synthesis of polymers featuring
P P H:P-BH  diradical units is underway.
H, Hy
H,
Ho Hy P
P

Figure 4. Relative energies of the bis (bicyclic) forms (p-5B and m-5B) and planar

forms (p-5A and m-5B) in their singlet (S) and triplet (T) configurations.
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Experimental Section

All reactions and manipulations were carried out under an

atmosphere of dry argon by using standard Schlenk techniques.
p-1 and m-1: A solution of [BBr(NMe,)], (2.70 g, 10 mmol)

in hexane (20 mL) was added to a suspension of 1,4- or 1,3-

Angew. Chem. Int. Ed. 2004, 43, 4876 —4880
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dilithiobenzene (1.24 g, S mmol) in ether (30 mL) at —78°C. The
mixture was warmed to room temperature and stirred overnight. All
the volatiles were removed in vacuo and the residue was extracted
with toluene (40 mL). Yield: (p-1: 1.72 g, 75 %; m-1: 2.08 g, 91 %;). p-
1: '"H NMR (300 MHz, CDCLy): 6 =7.27 (s, 4H, CH,,,), 2.95, 2.91,2.90
and 2.77 ppm (s, 6 H, NMe,); “C{'H} NMR (75.5 MHz, CDCL,): 6 =
130.8 (s, CH,,,), (Cipso not observed), 44.6, 43.2, 40.4 and 29.5 ppm (s,
NMe,); "B{'H} NMR (CDCl,): 6=44.88, 41.45. m-1: '"HNMR
(300 MHz, CDCl;): 6=7.21 (m, 4H, CH,,), 2.89, 2.88, 2.85 and
2.71 ppm (s, 6 H, NMe,); *C{'H} NMR (CDCl,): 6 = 134.5, 130.1 and
126.7 (s, CH,,,), (Cipso not observed), 44.8, 42.3,40.2 and 37.8 ppm (s,
NMe,); "B{"H} NMR (160.5 MHz, CDCl;): 6 =40.3 ppm (br).

p-2 and m-2: 5.01 mL of BuLi (1.5M, pentane) were added
dropwise to a solution of p-1 or m-1 (1.72 g, 3.76 mmol) in hexane
(20 mL) at —78°C. The mixture was warmed to room temperature
and stirred for 6 h. All the solvents were then removed in vacuo.
Toluene was added and the salts were removed by filtration. Yield:
(p-2: 1.39g, 90%; m-2: 123 g, 80%). p-2: 'HNMR (300 MHz,
CDCL): 6=7.25 (s, 4H, CH,,), 2.97, 2.93, 2.85 and 2.84 (s, 6H,
NMe,), 0.93 ppm (s, 18H, Bu); “C{'H} NMR (75.5 MHz, CDCl,):
0=131.3 (s, CH,,,; Cipso not observed), 46.8, 45.5, 40.3 and 39.9 (s,
NMe,), 29.6 ppm (s, Bu); "B{'H} NMR (160.5 MHz, CDCl;): 6 =
44 ppm (br). m-2: '"H NMR (CDCl;) 6 =7.10 (m, 4H, CH,,,), 2.87 and
2.85 (s, 3H, NMe,), 2.84 (s, 6 H, NMe,), 2.79 and 2.78 (s, 3H, NMe,),
2.73 (s, 6H, NMe,), 0.80 (s, 9H, Bu), 0.79 ppm (s, 9H, rBu); *C{'H}
NMR (CDCl;: 6=136.5, 130.3 and 1262 (s, CH,,; Cipso not
observed), 46.7, 45.5, 40.3 and 39.8 (s, NMe,), 29.5 ppm (s, {Bu);
"B{'H} NMR (160.5 MHz, CDCl,): 6 =52 ppm (br).

p-3 and m-3: A solution of BBr; (1.27 mL, 13.48 mmol) in hexane
(20 mL) was added dropwise to a solution of p-2 or m-2 (1.39 g,
3.37 mmol) in hexane (40 mL) at —78°C. After the solution had been
stirred for 30 min, all the volatiles were removed in vacuo and the
residue was treated with hexane (20 mL), filtered and used for the
next step without further purification. p-3: 'HNMR (300 MHz,
CDCL): =7.8 (s, 4H, CH,,,), 1.1 ppm (s, 18H, tBu). m-3: '"H NMR
(300 MHz, CDCl;): 6=8.4 (s, 1H, CH,,), 82 (d, Juu=72, 2H,
CH,,,), 7.6 (t, Juyu="7.2, 1H, CH,,,), 1.20 ppm (s, 18H, tBu).

p-4 and m-4: A suspension of iPr,PLi (prepared by adding nBuLi
(4.80 mL, 2.5, pentane) to iPr,PH (12.04 mmol) in ether (20 mL) at
—78°C and subsequent stirring at room temperature for 1 hour) was
added to a solution of p-4 or m-4 (1.66 mL, 3.01 mmol) in hexane
(20 mL) at —78°C. The reaction mixture was warmed to room
temperature within 1 hour and the solvents were removed in vacuo.
Toluene was added and the salts were filtered off. Violet crystals of p-
4 were obtained by cooling a saturated boiling toluene solution to
room temperature, Yield: (0.96 g, 43%). Colorless crystals of m-4
were obtained in THF at —30°C. Yield: (2.41, 41%). p-4: '"H NMR
(300 MHz, C¢Dg): 0 =7.67 (s, 4H, CH,,,), 2.06 (m, 8H, PCH), 1.36 (s,
18H, rBu), 1.22 (dd, Juy=16.5Hz, Jyp=72Hz, 24H, CHCHj;),
1.13ppm (dd, Juy=159Hz, Jyp=72Hz, 24H, CHCH;);
BC{'H}NMR (75.5 MHz, CDy): 6=1349 (s, CH,,), (Cipso not
observed), 34.5 (s, tBu), 21.9 (t, Jpc=22.6 Hz, PCH), 21.4 ppm (d,
Jpc =143 Hz, CHCH;); "B{'H} NMR (C,Ds): 6 =2.67, —2.80 ppm;
P{'H} NMR (C;Ds: 6 =—22.40 ppm. m-4: 'HNMR (300 MHz,
C¢Dg): 6=7.88 (s, 1H, CH,,), 7.51 (d, Juy=7.5, 2H, CH,,,), 7.30 (t,
Jun=7.5,1H, CH,,,),2.01 (m, 8H, PCH), 1.41 (s, 18 H, rBu), 1.22 (dd,
Jun=162Hz , Jyp=6.9 Hz, 24H, CHCH;), 1.10 ppm (dd, Jyy=
16.0 Hz, Jyp=7.8Hz, 24H, CHCH;); BC{'H} NMR (75.5 MHz,
C¢Dg): 0=143.9, 133.3 and 127.0 (s, CH,,,), (Cipso not observed),
34.7 (s, tBu), 28.8 (t, Jpc =21.9 Hz, PCH), 21.4 ppm (d, Jpc =11.6 Hz,
CHCH,); "B{'H} NMR (160.5 MHz, C¢D): 6 =—3.7, —8.0 ppm;
S'P{'H} NMR (C,Dy): 6 = —28.4 ppm.
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Bond-Stretch Isomers

Evidence for the Coexistence of Two Bond-
Stretch Isomers in Solution**

Amor Rodriguez, Ryan A. Olsen, Nima Ghaderi,
David Scheschkewitz, Fook S. Tham,
Leonard J. Mueller,* and Guy Bertrand*

The concept of “bond-stretch isomerism” has been intro-
duced by Stohrer and Hoffmann by using strained tricyclic
hydrocarbons (Scheme 1): “In the 2,2,2-system the optimum
alignment for through-bond coupling of radical lobes creates
the conditions for a new type of isomerism—two stable
conformations related by a simple bond stretching. These are

Scheme 1. Some key compounds in the debate on bond-stretch
isomerism.
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the normal tricyclic form II and the stabilized diradical I”.1"
The early attempts to characterized bond-stretch isomers
either failed or were eventually rejected as crystallographic
artifacts, and therefore the existence of bond-stretch isomers
became questionable.™ According to the most recent review
on this topic,™ the 1,3-diphosphacyclobutane-2,4-diyl IIT and
1,3-diphosphabicyclo[1.1.0]butane IV reported by Niecke
etal.P! are the first and only known stretch isomers that
have been isolated and independently characterized. It is
important to note that because of a trans-annular anti-
bonding & overlap, the thermal ring closure of III into IV is
forbidden. Herein we report the first experimental evidence
for the existence of two bond-stretch isomers that features a
trans-annular bonding m-overlap, which allows for the ther-
mal ring closure and opening processes.

We have recently reported the synthesis of a 1,3-dibora-
2,4-diphosphoniocyclobutane-1,3-diyl 1% as well as several
1,3-dibora-2,4-diphosphoniobicyclo[1.1.0]butanes 250
(Scheme 1); they differ by the nature of the boron and
phosphorus substituents and therefore are not bond-stretch
isomers. Derivatives 1 and 2-5 feature very different spectro-
scopic properties, which at first glance could be used as a
fingerprint for the diradical versus the bicyclic structure. As
observed for related carbon-based singlet 1,3-diradicals,"”!
compound 1 is strongly colored [1,, (toluene)=446 nm,
£=2200], whereas all the derivatives 2-5 are colorless.
Because the phosphorus is in a three-membered ring and
the boron is tetracoordinated, the *'P and ''B NMR signals for
2-5 appeared at a much higher field than those for 1.

In the course of a systematic study on the influence of the
nature of the substituents on the ground state structure of the
PBPB system, we have prepared a derivative that features iso-
propyl at phosphorus and phenyl groups at boron. This
compound has been isolated in 57% yield as very-air-
sensitive, but thermally highly stable purple crystals (m.p.:
105°C). In line with the strong coloration, X-ray diffraction
analysis!'! (Figure 1) revealed that in the solid state this
compound adopts a very similar structure to that observed for
1: a planar, almost square PBPB ring, with a very large B—B
interatomic distance of 2.57 A. Interestingly, the phenyl rings
are almost coplanar to the PBPB skeleton (torsion angle

Figure 1. Molecular view of 6 in the solid state (H atoms are omitted).
Selected bond lengths: P1-B1, 1.8943+17 A; P1-B1a, 1.8915+ 16 A;
B1-C1, 1.557+2 A; B1-P1-B1a, 85.23 +7°, P1-B1-Pla, 94.77+£7°, P1-
B1-C1, 129.47+11°; P1a-B1-C1, 135.75+12°.

Angew. Chem. Int. Ed. 2004, 43, 48804883
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13.5°), which suggests some delocalization between the 2p(B)
orbitals and the m-ring systems.

The magic-angle-spinning solid-state NMR spectrum of
the purple crystals shows a single *'P signal at 0 =5.9 ppm,
which is comparable to that observed for 1 both in solution
and in the solid state, thus confirming the diradical structure
in the solid state. However, the solution state NMR spectra of
the same compound (Figure 2) at room temperature reveal a
single *'P signal at = —28 ppm and an ''B resonance at 6 =
—9 ppm, which suggest a different structural preference.
These chemical shifts are very comparable to those observed
both in solution and in the solid state for the bicyclic
derivative 2 (same substituents at the Patom and duryl
instead of phenyl at the B atp,). As the *'P chemical shift was
found to be temperature dependent and moves towards a
lower field as the temperature decreased, these results as a
whole suggest a fast interconversion between a diradical
structure 6 and the corresponding bicyclic stretch isomer 7,
the latter being favored at higher temperatures. This hypoth-
esis is consistent with the observed changes in the NMR line
shape!' as the solution is cooled. But instead of two slow-
exchange P signals, one for 6 and one for 7, three resonances
were observed at —145°C. The signal at 6 =4.0 ppm can be
easily assigned to the open form, 6, whereas the signals at 6 =

30°C

-85°C

-95°C

-105°C

T T T T
25 0 -25 -50

--—— O (*'P)/ppm

Figure 2. *'P spectra of the interconverting singlet diradical 6 and bicy-
clic stretch isomers 7 as a function of temperature. Spectra were
obtained on a 400 MHz (1 H) Bruker DMX spectrometer equipped
with a 5 mm high-resolution double resonance probe and referenced
through an external solution of 1% phosphoric acid at 30°C. The tem-
perature was measured by using an internal probe thermocouple cali-
brated versus a standard methanol chemical shift thermometer. The
signals at —20 ppm are tentatively assigned to impurities.
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—32.2 and —41.8 ppm could not be readily explained and
prompted us to perform ab initio calculations.!

For the planar structure, local minima that correspond to
eight different arrangements of the isopropyl groups, includ-
ing the crystallographically observed conformer 6, were
found. The calculated *'P NMR chemical shift (4 6.0 ppm)
agrees well with both the solid-state and the low-temperature
liquid-state NMR data. For the bicyclic structures, ten local
minima were found, among them 7a and 7b were the lowest
and equivalent in energy (Figure 3). Due to the presence of

Figure 3. Optimized structures of the two most-stable bicyclic
conformers 7a and 7b.

two inequivalent phosphorous nuclei, AX systems are calcu-
lated at 6 = —36.3 and —43.1, and —31.9 and —40.3 ppm, for
7a and 7b, respectively. The observed signals of equal
intensity and line width at 0 = —32.2 and —41.8 ppm fit well
with a rapid low-temperature interconversion between 7a and
7b, although the participation of other conformers that
preserves the AX system cannot be excluded.

As the temperature is raised above —145°C, the singlet
diradical and bicyclic bond-stretch isomers exchange. Initially,
the signals at high field broaden more rapidly due to the
inequivalent exchange, which favors 6 over 7 by a 3:1 ratio at
—145°C. Rates extracted from the line width of the diradical
peak in the initial broadening regime (from —145 to —110°C)
give a free energy of activation™ of 6.6+ 1.8 kcalmol ™ at
—130°C for the pathway between 6 and 7. The transition
through intermediate exchange (—110 to —85°C) is somewhat
convoluted as the equilibrium constant 6/7 also changes
dramatically in this region with preference switching from 6 to
the bicyclic forms 7 (1:2 at —85°C). Above —65°C, only a
single fast-exchange resonance is observed with a temper-
ature-dependent chemical shift that reflects the changing
populations of the bond-stretch isomers, which reaches a 6/7
ratio of 1:7 at room temperature. We can extract a free-energy
difference between the stretch isomers from these data by
using a three-site exchange model, which gives AH=14+
0.2 kcalmol ™! (6 being the most stable isomer) and AS=7.2 +
1.6 calmol ' K. Although, ab initio calculations of the energy
difference between the biradical and bicyclic forms favor the
bicyclic isomer by 0.8 kcalmol ', this discrepancy is within the
limit of error expected for such a comparison.

We note the excellent agreement of the limiting chemical
shifts for the diradical 6 and bicyclic forms 7 with the related
compounds 1 and 2, respectively, as well as the agreement
with the ab initio calculated shifts. These results give us
confidence that the observed dynamic NMR behavior is not
due to isopropyl group rotations™ within the planar bond-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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stretch form 6. This conclusion is confirmed by variable-
temperature UV/Vis spectroscopy,’® which also tracks the
population shift from the colorless bicyclic form 7 to the
colored diradical species 6 as the temperature is decreased
(Figure 4).

450 500 550 600 650 700

Alnm ——

Figure 4. UV/Vis spectra showing the preference for the colored
open form 6 over the colorless bicyclic form 7 as the temperature is
lowered.

It can be concluded that the order of stability of the bond-
stretch isomers 6 and 7 is strongly entropy driven. The
diradical isomer with the coplanar phenyl group has fewer
degrees of freedom than the bicyclic isomers in which free
rotation of the phenyl groups and inversion at boron are both
allowed. This is certainly a unique example of a reaction in
which the breaking of a o-bond is induced by decreasing the
temperature and the bond formation is entropically favored.
It is noteworthy that the B—B interatomic distance between 6
[257 (exp), 258 pm (calcd)] and 7 [186 pm (calcd)] varies by
40%. Combined with the phenomenon of temperature-
dependent interconversion, these results open interesting
perspectives for “molecular muscles”'” as well as electrical
switch devices.!""!

Experimental Section
All manipulations were performed under argon by using standard
Schlenk techniques. Dry, oxygen-free solvents were employed.

Synthesis of [(iPr),PB(Cl)Ph],: (iPr),PSiMe; (3.05 g, 16.05 mmol)
was added to a solution of commercially available PhBCl, (2.55 g,
16.05 mmol) in toluene (30 mL) at —80°C. The reaction mixture was
heated overnight at 100°C. All the volatile products were removed
under vacuum. Single crystals were obtained by cooling a saturated
solution of product in toluene to —30°C. m.p.: 268°C, decomp;
BC{'H} NMR (125.8 MHz, CDCl;): 6 =132.9, 127.7, 126.8 (s, Cyo),
24.4 (pseudo-t, Jpc =15.2 Hz, PCH), 21.4 (s, CHCH,), 20.3 ppm (s,
CHCH,), ipso-C atoms are not observed; 'HNMR (300 MHz,
CDCly): 6=7.72 (d, *Jyy = 6.0 Hz, 4H, Ph-0-CH), 7.23 (m, 6 H, Ph-
m,p-CH), 3.02 (m, 4H, PCH), 1.28 (dd, Jyp = 13.8 Hz, *Jy;; =7.2 Hz,
12H, CHCH;), 0.75ppm (dd, Jyp=13.8 Hz, 3/yy=7.2Hz, 12H,
CHCH;); *P{'H} (CDCl)) 6=-52ppm; “B{'H} (CDCL) 6=
—1ppm.

Synthesis of derivative 6/7: A freshly prepared solution of Li-
naphtalene (6.4 mL, 0.8M, thf) was added dropwise to a toluene
solution (15mL) of [(iPr),PB(CI)Ph], (2.5 mmol) at —80°C. The
reaction mixture was warmed to room temperature and stirring was
maintained for about 30 minutes. The solvents were immediately
removed under vacuum and the residue was dissolved in pentane
(30 mL). Salts were removed by filtration and pentane was removed
under vacuum. Naphtalene was sublimed by heating to 80°C under
vacuum for 30 minutes. Purple single crystals (57% yield) were
obtained by cooling saturated solutions of product in pentane to
—30°C. m.p.: 105°C; *C{'H} NMR (125.8 MHz, C,Dy): 6 = 143.8 (br,
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i-Cpo), 136.3, 128.5, 126.3 (s, C,0), 28.6 (pseudo-t, Jc =22 Hz, PCH),
21.4ppm (s, CHCH;); '"HNMR (300 MHz, CDCL): 6 =7.48 (d,
*Jan="7.2 Hz, 4H, Ph-0-CH), 7.01 (pseudo-t, *Jyy; =7.2 Hz, 4H, Ph-
m-CH), 6.89 (t, *Jy; =7.2 Hz, 2H, Ph-p-CH), 1.73 (d. sept., Jyp=
42 Hz, Iy =72 Hz, 4H, PCH), 0.80 ppm (dd, Jy;p = 16.5 Hz, 3Ty =
7.2 Hz, 24H, CHCHS).
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Zinc Autocatalysts

Solution Structure and Reagent Binding of the
Zinc Alkoxide Catalyst in the Soai Asymmetric
Autocatalytic Reaction**

Ilya D. Gridnev,* Jorg M. Serafimov, and John M. Brown*

The remarkable zinc alkylation reactions discovered and
developed by Soai and co-workers remain the sole example of
amplifying asymmetric autocatalysis, even after more than
seven years."? The phenomenon is confined to rigid v-
aminoaldehydes, especially 1, and uniquely limited to diiso-
propylzinc. An O-Zn-N monomeric chelate structure,
common to all such structurally characterized catalysts for
asymmetric zinc alkylation reactions, cannot operate in this
case.’l The efficiency of the autocatalysis experiment is
affected by substituents at the 2-position of the pyrimidine
ring, with alkynyl groups being optimum.”! Understanding
the structural and mechanistic principles of this reaction will
permit the rational development of new exam-
ples of autocatalysis and a better understand-
ing of spontaneous asymmetric synthesis in  MegSi,
this system.P! C\\\C
In earlier joint work we demonstrated that
the resting state is a dimeric zinc alkoxide,
which is active only in its homochiral form.[!
Initial NMR spectroscopy experiments in
C,Dg revealed the dynamic nature of the
system. More easily interpretable spectra
were obtained from 2a and 2b with iPr,Zn in
[Dg]THF or [D,;]DMF, the solutions being
more stable in [Dg]THF. In solution in THF,
however, turnover is slow and amplifying
autocatalysis does not occur, which is in keep-
ing with the inhibiting effect of this strongly Lewis basic
solvent.”! The statistical distribution between homo- and
heterochiral associates of 3a or 3b was verified in [Dg]THF
(Figure 1). A further key observation made from the "H NMR
spectra defines the structure in solution. For enantiomerically
pure 3b, four distinct doublets are observed for the isopropyl
methyl groups, indicating that both ZnOCHCHMe, and
ZnCHMe, are diastereotopic (Figure 1a). For racemic 3b,
which contains equal proportions of the homo- and hetero-
chiral dimers, three additional doublets arising from methyl
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groups are seen (Figure 1b), with the ZnCHMe, pair now
isochronous in all '"H and C NMR spectra over a wide
temperature range (Figure 1). This result demonstrates that
the heterochiral form has a symmetry plane that encompasses
C-Zn---Zn-C. The results also fit uniquely with the structures
of the homochiral and heterochiral dimers being (R,R)-4b
and (R,S)-4b. These diastereomeric structures have been

o
SiMes

(R,R)-4b (R,S)-4b

verified by B3LYP DFT calculations on model compounds
with a full 6-31G* basis set and shown to be comparable in
enthalpy,® whereas the previously postulated macrocyclic
structure 5 has been shown to be significantly less favorable
(Figure 2).”! A third possible dimeric structural type 6 of

hg

R
O0—2Zn—=~0
N)QN/Zn\O
i/ X =
= N| _N Na iN
!
e \R( \Zr}’/ ;(
! -
5 6

permissible symmetry is ruled out by the 'H NMR spectra of a
solution of (R)-2b in C,Dy treated with 0.5 equivalents of
iPr,Zn which indicate an equal mixture of (R,R)-4b and (R)-
2b. There is good precedent for the postulated {ZnO}, square
dimer form.!"!
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CHOZn MeCHZn MeCHCH

half-life of an individual dimer mole-
cule with respect to R—S exchange is
in the region of 15 s at 293 K.

In a dilute solution (ca. 0.04M) of

MeCHZn

RR m

(R,R)-4b, prepared from the alcohol by
reaction with a modest excess of zinc
reagent (0.08Mm) in C,Dg all the
"HNMR signals associated with the
pyrimidine entity broaden markedly on
cooling. The oligomeric species formed
L at low temperature must have low

symmetry, and distinct environments

Me,CHZn MeCHCH

for the pyrimidine nitrogen atoms of
individual rings, since 4-H and 6-H are
inequivalent.'” The broad 'HNMR
signals observed for alkoxide 4b in

MeCHZn
RS

=)

w_

the ArH region under static conditions
(that is, the probe is not spun) at 273 K
is identical to that which develops
when the autocatalytic reaction
between aldehyde 1b and iPr,Zn is
followed in situ.
The magnetic equivalence of the
L two aryl hydrogen atoms in the ambi-
ent-temperature 'H NMR spectrum of

o

8.60

4.50 2.00 1.20 1.00

--—— 5 /ppm

0.80

Figure 1. "H NMR spectra of a) (R,R)-3b and b) (R,S)-3b in [Dg]THF at ambient temperature,
500 MHz. In the 1.5 to 0.5 ppm region, the upper trace of the homochiral dimmer shows both
pairs of magnetically inequivalent CHMe, groups. The lower trace (a 1:1 equilibrium mixture of
homo- and heterochiral dimers) additionally shows the equivalent ZnCHMe, at 1.02 ppm (over-
lapping) and inequivalent CHCHMe, groups at 8=0.88 and 0.72 ppm (overlapping). Co-pro-

duced propane is at 8=0.90 ppm.

Encouraged by these results, we reverted to NMR
analyses in toluene. Solutions of zinc alkoxides in C;Dg have
a tendency to precipitate,'!l which is alleviated by the
addition of excess iPr,Zn. The general features of the NMR
spectra in [Dg]THF are reproduced in toluene, whilst reagent
binding is more pronounced (see below). Specifically, the
distinct resonance signals of the diastereotopic iPrCH and
iPrZn methyl groups are observed in the homochiral form,
and the signal for the iPrCH methyl groups is also observed in
the heterochiral form, whereas the signal for the iPrZn methyl
groups is broadened at ambient temperature. The proportions
of homo- and heterochiral forms in the racemate are again
quite comparable in C,Dg. The indicated structure is sup-
ported by numerous NOESY spectra; the absence of close
contact between the 2-H atom of the phenyl substituent and
the iPrCH or iPrZn moieties of 3¢ in both C;Dg and C,D40 is
especially telling. For dimer 4a prepared from aldehyde 1a
without added catalyst 2a, two broadened singlets of similar
intensity were observed at 298 K in the 8.5 ppm region,
corresponding to the homo- and heterochiral forms (52:48).
On increasing the temperature these broaden and then
coalesce at 348 K. Line-shape analysis of the aryl protons
over the range 313-353 K and extrapolation of the slope of
Ink(exchange) to ambient temperature indicates that the

Angew. Chem. Int. Ed. 2004, 43, 4884-4887
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all the mixtures of reactant 1 or alk-
oxide 4 with added iPr,Zn requires that
any N-association is dynamic. To inves-
tigate this further, the synthesis of *N-
labeled pyrimidinal 1d was carried out
(Scheme 1)." Association of reactant
1d with varying iPr,Zn concentration
was conveniently studied at 213 K by
BC, 'H, and "N NMR spectroscopy,
the latter by means of heteronuclear
multiple-bond correlation (HMBC) spectra; at this temper-
ature the aldehyde reacted only slowly with iPr,Zn. These
spectra consistently demonstrate binding to iPr,Zn by
N coordination. The association constant of 5.8M ™' derived
from the "H NMR spectra is fully consistent with the value of
5.6M ! obtained by analysis of *N chemical shift data, in
which shielding of up to 15.5 ppm is observed at high zinc
concentration.™ The alkynyl *C NMR chemical shifts are
also markedly affected by zinc binding; increased zinc alkyl
concentration causes shielding of C1’, and deshielding of C2’
as well as deshielding of C4. The results all demonstrate
rapidly reversible association of iPr,Zn with a pyrimidine
nitrogen atom of 1d without evident involvement of the
carbonyl group.'*

Synthesis of labeled enantiomerically pure alcohol 2d
(Scheme 1) from aldehyde 1d enabled further zinc-binding
studies. Informative "N HMBC spectra were only obtained at
308K in C,Dg for the zinc alkoxide dimer 4d, and the
progressive shielding of the “N signal with increasing iPr,Zn
concentration indicated association. A quantitative assay was
obtained from the substantial *C chemical shift change of the
alkynyl carbon atom signals of alkoxide 4b on addition of
iPr,Zn, and were interpreted as being the result of N
coordination. The association constant is 4.6M . Similar

0.60 0.40
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Figure 2. DFT minimized structures of square dimer 4a and macrocyclic
dimer 5a. For formation of 4a from monomer, AH,= —38.4 kcalmol™', and
correspondingly for 5a, AH,=—29.7 kcal mol~". iPr,Zn-bound minimized
structures 7a and 8a, respectively, have binding enthalpies of —10.2

(N=Zn) and —6.5 kcalmol™' (O—Zn—0).

MeO. OMe H
e B N
¢ A N e D,
+ hig
HgN\H/NHz 0
0
20% '°N

RO
| ~
N__-N
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2d,R =H,

X
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N__N ___
SiMez
O H
9 [
i N_.-N
I
SiMeg
1d

4d, R = Zn/Pr (dimer)

Scheme 1. The synthesis of "’N-labeled pyrimidines. a) reference [3a],

b—d) references [3b, c].

changes were seen in [Dg]THF, but in this solvent the
association constant is only 0.4m~'. THF does not function
as a solvent for amplifying autocatalysis and the lower
association constant probably reflects solvent coordination

to zinc.'”!

4886
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Allowing for the substantial temperature difference, these
results indicate that the zinc alkoxide dimer 4 binds more
strongly than the aldehyde 1 to iPr,Zn, and that both involve
predominant N coordination. Both the CH and CHj; reso-
nance signals of the iPr,Zn are shielded to an extent that
depends on the degree of complexation. Under turnover
conditions at 0°C, these resonance signals change in a manner
that indicates increased zinc complexation (0 =0.670 ppm,
Ocu,=1.274 ppm at 25% reaction, dcy=0.704 ppm, Ocy, =
1.294 ppm at 80% ). More intriguingly, the alkoxide dimer
acts as a chiral shift reagent towards iPr,Zn with clear
temperature-dependent separation of the diastereotopic
ZnCHMeMe' groups of the reagent (Figure 3).

i 273K
oo
| I
IRVRRATE
| MW/ Vi \L\/
T T 1
140 1.30
[ 6/ ppm
ol
WO eseK
FAR Lo
J' \/ \\/' \W
f T T
1.45 1.35

6/ ppm

Figure 3. Detail of the '"H NMR spectrum of zinc alkoxide 3b (0.08 m)
in C;Dg showing the CH; resonance signal of excess iPr,Zn (0.04 m),
shifted from its normal position of 8=1.20 ppm (at 273 K in the
absence of 3b).

In the presence of excess iPr,Zn the EXSY spectrum of
alkoxide dimer 4b in both THF and toluene shows rapid
exchange between zinc-bound isopropyl groups in the reagent
and dimer. The reaction occurs for both racemic and
homochiral dimers with comparable facility. In toluene the
rate increases with increasing iPr,Zn concentration, but in
THF saturation occurs above 0.2M reagent. This observation
is consistent with the trigonal, coordinatively unsaturated zinc
sites proposed in structure 4b. In THF, desolvation may be
necessary before the formally trigonally coordinated zinc site
is exposed to the reagent.'’ The proposed pathway is
supported by computational studies on the iPr,Zn complexes
of 4a (Figure 2). Of the two defined energy minima, the
bridged (O-ZnR,-O) structure 8a is favorably disposed for
alkyl exchange. The nitrogen-bonded isomer 7a is somewhat
more stable.

What is the relevance of these studies to autocatalysis?
We postulate a {Zn-O}, square structure for the resting state,
which has a significant affinity for the complexation of iPr,Zn.
Under typical autocatalytic turnover conditions (0°C-25°C,
0.05-0.2M iPr,Zn),"™ both the dimer and its zinc-association
complex are present. Any mechanism that seeks to explain
the reaction is required to take this into account. The

Angew. Chem. Int. Ed. 2004, 43, 48844887


http://www.angewandte.org

aesthetically appealing possibility of a tetrameric transition
state is encompassed by these studies, but the strong
aldehyde-ZnR, binding postulated in the model proposed
by Buono and Blackmond,™ remains unsupported by in situ
observations.

Experimental Section

1d: The “N labeled 2-hydroxypyrimidine hydrochloride was pre-
pared in 77 % yield by condensation of "N-urea (10 %, Aldrich) with
1,1,3,3-tetramethoxypropane.'”] Further steps paralleled those for the
unlabeled compound (see Scheme 1).
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Isolation, Crystal and Solution Structure
Determination, and Biosynthesis of Tubulysins—
Powerful Inhibitors of Tubulin Polymerization
from Myxobacteria**

Heinrich Steinmetz, Nicole Glaser,
Eberhardt Herdtweck, Florenz Sasse,
Hans Reichenbach, and Gerhard Hofle*

The antifungal and cytotoxic myxobacterial metabolite epo-
thilone"! was known for many years before Bollag et al.”
discovered in 1995 that its potent cytotoxicity is based on the
induction of tubulin polymerization. In fact, epothilone was
the first natural product after taxol to be found to have this
mode of action, and, even more surprisingly, it was able to
displace taxol from its binding site on microtubules. This and
the fact that it retained its activity for taxol- and multidrug-
resistant tumor cells initiated extensive worldwide chemical
and biological research activity’®* and clinical development.”!
However, it also triggered the reinvestigation of other toxic
natural products for which no mode of action was known.
Very soon, this led to the discovery that discodermolide,
eleutherobin/sarcodictyin,””! laulimalide,® peloruside,” dic-
tyostatin-1,1” jatrophane,' and hemiasterlin™? were also
tubulin-polymerization inducers or inhibitors.

In our hands, the macrodiolide disorazol™ and a novel
group of tetrapeptides named tubulysins!"* from myxobac-
teria turned out to be, contrary to epothilone, inhibitors of
tubulin polymerization, thereby mimicking the activity of the
vinca alkaloids. Both disorazol and the tubulysins surpass
epothilones, vinblastine, and taxol by a factor of 20-1000 with
respect to growth inhibition potential; however, their ther-
apeutic efficacy as anticancer drugs has still to be evaluated.
Here we report on the isolation, structure elucidation,
biosynthesis, and biological properties of tubulysins A-T (1-
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tubuvaline, Tut/Tup = tubutyrosine/tubuphenylalanine).
Two different species of myxobacteria, Archangium
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gephyra and Angiococcus disciformis, were identified to
produce tubulysins, and the compounds were isolated by
multistep chromatography from culture extracts. Whereas
A. gephyra produces 2-4 mgL ™" of tubulysin A and as minor
components tubulysins B, C, G, and I, all of which are
characterized by a p-hydroxyphenyl residue, A. disciformis
produces 0.5 mgL~"' of the phenyl analogues tubulysins D, E,
F, and H.'"! Structure elucidation of tubulysins by NMR
spectroscopy was seriously complicated by signal broadening
and even lack of signals for certain carbon and hydrogen
atoms. At this stage an important clue came from a
biosynthetic labeling study. Feeding with the *C-enriched
presumed polyketide precursors indicated incorporation of
three acetate units and three methyl groups from methionine
(see below). Thus, assignment of the *C NMR spectra was
facilitated, and, most importantly, the signal for the C11 atom
of the Tuv building block became visible as a broad peak at
around 6 =70 ppm. With this information, structure elucida-
tion of tubulysin A (1; C;3HgsNsO,,S) by 1D and 2D NMR
spectroscopy was straightforward (Table 1).

Tubulysin A turned out to be a linear tetrapeptide of N-
methyl pipecolic acid (Mep), isoleucine (Ile), a novel amino
acid named tubuvaline (Tuv), and a novel chain-extended
tyrosine analogue named tubutyrosine (Tut). In tubulysins D,
E, F, and H the latter is replaced by tubuphenylalanine (Tup).
Whereas the S5-acetoxy residue in Tuv is common to all
tubulysins, the N-acyloxymethyl substituent varies in size
from 3-methylbutyrate in tubulysins A (1) and D (4) to
acetate in tubulysins H (8) and I (9). The N-acyloxymethyl
substituent may also be regarded as a formaldehyde N,O-
acetal, and formaldehyde was indeed liberated upon acidic
hydrolysis. Remarkably, N,O-acetals of this type have been
found only twice in nature, as the methyl ether! or O-
glycoside.!"”!
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Table 1: *C and "H NMR (150 and 600 MHz) spectroscopic data of tubulysin A (1).”!
C atoms H atoms O [ppm] Multiplicity  J [Hz] o [ppm] Multiplicity — J [Hz]
in [Dg]DMSO in CD,OD in [Dg]DMSO in CD,0OD
Mep:
Cl 172.8 1733 2-H 2.46 dd 10.4, 3.1 3.05 brs
C2 68.1 69.5 3a-H 1.37 m 1.66 m
C3 24.8 311 3b-H 1.57 m 1.92 m
C4 22.8 23.6 4a-H 1.16 qt 12.3,3.6 1.41 qt 12.8, 3.7
C5 29.6 255 4b-H 1.63 m 1.83 m
Cé 54.7 56.4 5a-H 1.42 qt 125,33 1.67 m
Cc7 43.8 441 5b-H 1.55 m 1.76 m
6a-H 1.93 m 2.45 brs
6b-H 2.82 dt 11.5,35 3.15 brd 11.8, 3.5
7-H; 2.04 s 241 s
lle:
Cl 174.2 176.3 2-H 4.42 t 9.1 4.68 d 9.0
C2 52.6 55.3 2-NH 7.92 d 8.8 -
a 35.1 37.4 3-H 1.93 m 2.05 m
C4 241 25.4 4a-H 1.09 m 1.25 ddq 13.7,9.0, 7.4
C5 10.1 10.8 4b-H 1.48 ddd 13.4,75,28 1.67 m
Cé 15.3 16.4 5-H; 0.80 t 7.7 0.95 t 7.4
6-H; 0.83 d 6.1 1.02 d 6.8
Tuv:
Cl 159.7 162.7 3-H 8.18 s 8.15 s
C2 149.8 150.9 5-H 5.75 dd 11.3,2.2 5.91 dd 11.1, 2.1
C3 124.2 125.4 6a-H 2.15 brs 2.38 brs
C4 168.5 170.9 6b-H 2.40 m 2.51 brt 12.0
C5 68.9 70.9 7-H 4.38 brs 4.42 brs
c6 343 359 8-H 1.83 brs 1.95 brs
c7 55.8 58.7 9-H; 0.68 d 6.7 0.86 d 6.7
c8 30.0 32.2 10-H, 0.98 d 6.5 1.10 d 6.5
c9 19.3 20.4 11a-H 5.26 d 12.1 5.50 d 12.1
C10 20.2 20.7 11b-H 6.20 brd 12.1 6.12 brd 12.1
cn 68.9 70.5 5-OAc 2.11 s 2.20 s
5-OAc 169.8 172.0 2'a-H 2.08 dd 14.9,7.1 212 dd 15.0, 7.0
5-OAc 20.5 20.8 2'b-H 2.14 dd 14.9,7.2 218 dd 15.0, 7.4
c1 171.3 173.3 3-H 1.90 m 2.04 m
c? 42.7 44.4 4'-H; 0.82 d 6.7 0.93 d 6.6
c3 25.0 26.8 5"-H, 0.81 d 6.7 0.90 d 6.6
c4 22.1 22.8
C5’ 22.0 22.8
Tut:
@] 177.1 180.7 2-H 2.38 m 2.58 ddq 9.3,46,7.0
c2 36.2 38.4 3a-H 1.52 ddd 13.6, 10.6, 4.9 1.65 m
c3 37.6 39.3 3b-H 1.84 ddd 13.5,9.1, 43 2.06 m
C4 49.0 51.1 4-H 411 m 433 ddt 9.6, 5.4, 6.6
C5 39.5 41.1 4-NH 7.79 d 8.2 -
Cé 128.5 130.1 5a-H 2.67 dd 13.8, 6.3 2.85 dd 13.9,7.0
c7 129.9 131.5 5b-H 2.73 dd 138,73 2.87 dd 13.9,6.3
(@) 114.9 116.2 7-H 6.97 AA 8.4 7.08 AA 8.4
c9 155.5 157.0 8-H 6.62 BB’ 8.4 6.70 BB’ 8.4
ci10 18.0 18.7 9-OH 9.1 brs -
10-H, 1.06 d 7.0 1.21 d 7.0
[a] DMSO =dimethyl sulfoxide.

The absolute configuration of the seven stereocenters of  functional-group manipulation. Fortunately, tubulysin A crys-
the tubulysins, as depicted for compounds 1-9, was first tallized spontaneously from a methanol/water solution, and
determined by acidic hydrolysis, degradation, and partial an X-ray crystal structure analysis could be performed to
synthesis, coupled with GC analysis."®¥ However, some doubts  confirm the structure and the proposed absolute configura-
remained with the assignment of the Tuv C5 and Tup C2  tion (Figure 1)."”
atoms, whose configuration may have been inverted during
Angew. Chem. Int. Ed. 2004, 43, 4888 -4892 www.angewandte.org © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4889
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Figure 1. Stereoview of the crystal structure of tubulysin A (1) (ORTEP
plot, hydrogen atoms added).

In the unit cell we find one tubulysin A and five
interstitial water molecules, but no methanol. Due to
the limited resolution (< 1.01 A) of the X-ray experi-
ment, hydrogen atoms could not be located directly.
Nevertheless, short interatomic distances and the
geometry of the carboxyl group indicate that tubuly-
sin A crystallizes as a zwitterion. From the exterior
angles the carboxyl group appears to be ionized (C7-
C9-02 118(1)° and C7-C9-O3 120(1)°; crystal struc-
ture numbering differs from that shown in the
structures above).” On the other hand, the piper-
idine nitrogen atom shows one short intermolecular
contact to the carbonyl oxygen atom (contact distance
N5-O1 2.85A). This is compatible only with a
protonated piperidine nitrogen atom.

The protonation state of tubulysin A in methanol
was investigated by observation of the chemical shifts
of the Mep N-methyl and Tut 2H signals. After addition of
ammonia and acetic acid the free and signals of the proto-
nated N-methyl groups were observed at 0=2.19 and
2.72 ppm, respectively, and the Tut 2H signals were observed
at 0=2.42 and 2.60 ppm. Based on these data, in free
tubulysin A, with N-methyl and Tut 2H siganls observed at
0 =2.41 and 2.58 ppm, respectively, the carboxyl group is only
sparingly deprotonated, whereas the extent of protonation of
the piperidine nitrogen atom is about 40 %.

In tubulysins the Tuv N-acyloxymethyl substituent causes
considerable crowding around the Ile-Tuv amide bond, and
slow rotation in this tertiary amide is obviously responsible
for the extensive line broadening of the Tuv C6 and C11
methylene signals and the C7 and C8 methine signals.
Additionally, slow proton exchange at pH7 causes line
broadening in the vicinity of the Mep nitrogen atom and for
the Tut 2H atom. Both 'H and *C NMR signals sharpen up at
elevated temperatures; however, even at 80°C the linewidth
of these signals is still greater than that of other signals. As
expected, this and the overlap of "H NMR signals complicated
the solution-conformation analysis. Whereas ROESY spectra
of tubulysin A in methanol showed a surplus of H-H contacts,
NOE contacts in DMSO indicate the presence of one
predominant conformer (Figure 2), which is very similar to
that in the crystal structure. While no NOE contacts were
observed across the thiazole ring, a strong NOE interaction
between the Tuv SH and Tut 4NH atoms indicates rotation of
the thiazole ring by 180°, which brings these hydrogen atoms
into close proximity. From vicinal coupling constants
(Table 1) and NOE interactions, it is determined that the

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Tut side chain, including the C10 atom, is in an extended
staggered conformation with some rotational freedom for the
p-hydroxybenzyl group. The tripeptide part Mep-Ile-Tuv
exists in a well-defined conformation, as indicated by a tight
network of NOE contacts. In addition, vicinal coupling
constants, for example, in Ile (2H, 3H, 4NH: 9.1 Hz) and
Tuv (5H, 6Ha, 6Hb: 11.3, 2.2 Hz) are in full accord with this
conformation.

Biosynthetic considerations suggested that the tubulysin
backbone is formed by condensation of the common amino

Figure 2. Conformation of tubulysin A (1) in [Dg]DMSO, based on the crystal
structure, NOE correlations, and vicinal proton coupling constants. Ac=acyl.

acids pipecolic acid (lysine), isoleucine, valine, cysteine, and
tyrosine or phenylalanine with two acetate units, followed by
C- and N-methylation. Feeding with *C-labeled acetate and
methionine indeed confirmed incorporation of these building
blocks with high efficiency in the expected positions (Figure 3,

OH

0

L

Ho 9 e o

N N

eMe © L\ S
o] COOH

AN

Figure 3. Biosynthesis of tubulysin A (1) from ["*C,]acetate (—) and
[*CH;]methionine (®).

Table 1 in the Supporting Information). The biosynthesis
would be completed by P,s;-mediated hydroxylation at the
Tuv C5 atom and the Tuv N-methyl group, followed by
acylation. Remarkably, the 5-hydroxy group is exclusively
acetylated, whereas the N-hydroxymethyl group is acylated
by a range of fatty acids. The fact that feeding the organism
with specific fatty acids has no significant influence on the
pattern of acyl groups indicates that these are specifically
derived from a pool of fatty acid coenzyme A esters formed
by amino acid degradation.”!! Similarly, feeding with an
excess of phenylalanine or tyrosine had no influence on the
ratio of tubulysins formed. Whereas the tubulysin synthase
complex of A. gephyra accepts exclusively tyrosine, that of
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A. disciformis is only partially selective for phenylalanine
(Phe/Tyr=8:1). With the recent cloning of the tubulysin
megasynthase complex from A. disciformis,® the way is
prepared for a detailed analysis and manipulation of the
approximately 30 biosynthetic steps required to form tubuly-
sin.

From a structural and biosynthetic point of view the
tubulysins are related to dolastatin 10, which was isolated by
Pettit et al. from the sea hare Dolabella auricularia.”™ Both
compounds are polypeptide—polyketide hybrids of similar
size and amino acid composition. Although the sequence of
building blocks is significantly different, both compounds
target the tubulin system by inhibiting polymerization. Taken
together, these similarities are a strong indication for a
common ancestor of the dolastatin 10 and tubulysin biosyn-
thesis genes in bacteria,” an ancestor that during coevolution
with eukaryotes has been optimized independently for the
synthesis of two different molecules with high tubulin-binding
affinity. It is a tempting idea to search now for “biosynthetic
fossils” on the gene or product level.

The antiproliferative activity of tubulysins A-I correlates
very well with their lipophilicity as indicated by the retention
time on reversed-phase HPLC (Table 2). Regardless of the
size of the Tuv 11-acyloxy residue, Tup-type tubulysins 4-6
and 8 are more lipophilic and more active than the Tut-type
ones 1-3, 7, and 9, which have a phenolic hydroxy group.
Within the two groups tubulysins D and A with a 3-
methylbutyryl residue are the most active, and tubulysins H

Table 2: Biological activity, inhibition of tubulin polymerization, and
lipophilicity of naturally occurring tubulysins A-I (1-9), dolastatin 10,
and vinblastine.

Tubulysin Lipophilicity L929"  KB-V1¥ Tubulin-polymerization
£ [min] ICso [ngmL™"]  inhibition [9]!

D 17.5 0.011  0.25 47

E 16.4 0.013 0.25 48

F 15.3 0.015 0.35 50

H 13.9 0.031 1.3 36

A 13.6 0.070 1.4 46

G 13.0 0.093 2.9 39

B 12.6 0.091 23 57

C 11.6 0.30 4.0 57

| 10.4 0.68 6.8 34

dolastatin 10 17.4 0.10 1.5 -

vinblastine 17.7 23 93 20

[a] Retention time on RP-18 chromatography is used as a measure of the
lipophilicity.™ [b] Mouse fibroblasts (DSMZ ACC 2). [c] Human cervix
carcinoma, multidrug-resistant cell line (DSMZ ACC 149). [d] Deter-
mined at 10 um tubulin and 1 pm tubulysin and vinblastine, respec-
tively.

and I with an acetyl residue are the least active. Overall, the
activity varies by a factor of 60 from 0.011-0.68 ngmL".
Contrary to the antiproliferative activity, the target activity,
that is, inhibition of tubulin polymerization, is more or less the
same for all tubulysins and is lower than cell culture activity
by several orders of magnitude. These results can be
explained, in part, by the preferential uptake of the lipophilic
tubulysins from the culture medium. Indeed, incubation of
L.929 cells with a mixture of tubulysins A and D (50 ngmL ™)
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resulted in 25- and 100-fold enrichments, respectively, in the
cells, according to HPLC/ESI-MS analysis. Whether this is the
result of an active inward transport or of diffusion followed by
binding to abundant tubulin in the cytoplasm is not known.
Even with the multidrug-resistant cell line KB-V1, which has
an active P-glycoprotein export system, the intracellular
concentration of tubulysins remains high; this results in
activity superior to that of dolastatin and vinblastine.
Ongoing work on the chemical modification of tubuly-
sin A indicates that its inhibitory activity can be increased by
a factor of 10. The tubulysins are therefore ideal candidates
for immunoconjugation and tumor targeting. On the other
hand, there is sufficient scope for reducing activity by
derivatization while improving the therapeutic index. At
first sight, total synthesis also seems an easy task; however, as
we observed, clustering of space-demanding groups in the
center of the structure poses an unexpected challenge.

Experimental Section

Isolation of tubulysins from Archangium gephyra: A fermentation
batch (270 L) of strain Ar315 was harvested and extracted as
described previously."* The resulting crude extract (60g) was
partitioned between methanol and n-heptane to give a refined oily
extract (52 g), which was separated by chromatography on Sephadex
LH 20 with methanol as the eluent. The tubulysin-containing fraction
(6.12 g) was further separated by MPLC (RP-18, methanol/50 mm
ammonium acetate buffer (pH6.5) 6:4) to give tubulysins A
(856 mg), B (739 mg), and C (94 mg) as colorless amorphous solids.
Tubulysins G (24 mg) and I (190 mg) were obtained from intermedi-
ate fractions by preparative HPLC (acetonitrile/50 mM ammonium
acetate buffer (pH 6.5), 35:65).

Isolation of tubulysins from Angiococcus disciformis: A fermen-
tation batch (300 L) of strain An d48 was harvested and extracted as
described previously."* The resulting crude extract (36 g) was passed
through a Sephadex LH 20 column (methanol) to give a tubulysin-
enriched fraction (3.3 g), which was further separated by MPLC
(Merck Prepbar, RP-18, methanol/75 mM ammonium acetate buffer
(pH 6.5) 6:4) to give a polar fraction (209 mg) containing tubuly-
sins A, B, F, and H and a more lipophilic fraction (308 mg) containing
tubulysins D and E. Repeat MPLC chromatography of these fractions
on RP-18 and subsequently on Sephadex LH 20 (CH,Cl,/MeOH 8:2)
yielded tubulysins D (74 mg), E (11 mg), F (5 mg), and H (1 mg).

Tubulysin A (1): Colorless crystals from methanol/water, m.p.
106-108°C; colorless crystals from 10 mm sodium phosphate buffer
(pH7), m.p. 107-110°C; tzg =13.6 min (Nucleosil C18, 125 x2 mm,
5 um, acetonitrile/10 mm ammonium acetate buffer (pH 5.5), gradient
from 30:70 to 95:5 over 20 min, 0.3 mLmin"); R;=0.42 (silica gel 60
on aluminium sheets, dichloromethane/acetone/methanol 70:20:10);
[a]y =153 (c=5,MeOH); UV (MeOH): 4, (1ge) =205 (4.44), 225
(4.20), 250 sh (3.86), 276 (3.25), 287 nm (3.08); IR (KBr): #,,,, = 3390,
2959, 2934, 2876, 1747, 1667, 1553, 1515, 1233cm™'; NMR: see
Table 1; DCI MS: m/z (%): 844 (34) [M+H™], 742 (22), 504 (6), 239
(30), 120 (17), 103 (100); HR DCI MS: m/z calcd. for C;3HgN5O,S
[M+H*]: 844.4530; found: 844.4543.
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The Topotactic Conversion of a Novel Layered
Silicate into a New Framework Zeolite**

Takuji Ikeda,* Yoshikatsu Akiyama, Yasunori Oumi,
Akiko Kawai, and Fujio Mizukami

Zeolites have been widely used, among others, as catalysts,
ion exchangers, detergents, and adsorbents, and their range of
applications continues to grow. Thus, there is a large demand
for new types of zeolites with high thermal and chemical
stability. However, new zeolites are still mainly synthesized by
trial and error, and molecular engineering in their synthesis
has been underdeveloped. Here we report that a thermo-
stable zeolite with a novel framework is obtained by
molecular manipulation, that is, topotactic dehydration—
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condensation between the layers of face-sharing pentagon
cylinders in a new silicate.

Peculiar properties of zeolites arise as a result of the
framework structure. This framework structure has been
understood as the combination of ringed silicate building
blocks,!' and some of the corresponding silicate oligomers
have been detected and/or isolated.”*! Therefore molecular
engineering can be used to design zeolite frameworks by
assembling block oligomers or appropriate precursors which
dehydration—condensation. However, there has been no
example for this kind of molecular manipulation in zeolite
synthesis so far, although some syntheses were carried out
with this intent.

For instance, we have investigated the transformation of
the layered silicates kanemite and HLS (helix layered silicate)
into the zeolites MFI (zeolite socony mobil five, ZSM-5) and
SOD (sodalite), respectively.*”) However, these conversions
did not proceed with dehydration—condensation only, that is,
they were not perfect block condensation polymerizations. In
the case of kanemite —MFTI a different type of bond breaking
and recombination took place, and for HLS—SOD the
presence of aluminum hydroxide or gallium hydroxide was
essential. This means that the transformation to SOD is not a
simple block condensation—polymerization, although the
structures of HLS and SOD are very similar.

Schreyeck et al.'%! have reported that the layered
aluminosilicate PREFER was converted into an FER-type
zeolitel'” by dehydration-condensation. Since the crystal
structure of PREFER has not been clearly determined, it is
unknown if the conversion is a simple block condensation—
polymerization. Furthermore, although not yet proven, such
conversions were suggested for the transformation of EBR-
113 into MWW-type zeolites such as MCM-22 and ITQ-1 and
the formation of RUB-24 from an intercalated layered
material based on RUB-18.1 Here we show a concrete
example of zeolite synthesis by complete block condensation—
polymerization, which can be a guiding principle for the
molecular engineering of zeolites.

A novel layered silicate was crystallized by the hydro-
thermal treatment of a mixture of SiO,, H,0O, KOH,
tetramethylammonium hydroxide (TMAOH), and 1,4-diox-
ane at 423 K. As observed in the X-ray crystal structure (see
below), the silicate adopts a structure with shared faces of
pentagon cylinders made up of five-membered silicon rings,
or pentasil rings. Thus, it was named pentagonal cylinder-
layered silicate (PLS-1). When PLS-1 was heated above 673 K
under vacuum, a novel framework zeolite with a cylindrically
double saw edged structure (CDS-1) was obtained as the
result of dehydration—condensation between the pentasil
layers. The as-synthesized PLS-1 contains TMAOH mole-
cules between the layers (see below), and during the
conversion into CDS-1 most of the TMAOH can be recovered
by trapping the volatile components with liquid nitrogen.

Figure 1 shows the scanning electron microscope (SEM)
images and ’Si magic angle spinning (MAS) NMR spectra of
powdered crystals of PLS-1 and CDS-1. In the SEM images,
the two crystal morphologies are quite similar in the thin
plate, suggesting that the conversion of PLS-1 into CDS-1is a
topotactic condensation—polymerization with simple dehy-

Angew. Chem. Int. Ed. 2004, 43, 48924896

www.angewandte.org

Angewandte

Figure 1. Top: SEM images of purified samples of PLS-1 (a) and CDS-1
(b) showing platelike microcrystals. Bottom: °Si-MAS NMR spectra of
PLS-1 (c) showing three resonances and of CDS-1 (d) showing one
broad resonance. The chemical shifts are given with respect to tetra-
methylsilane.

dration (strictly speaking, removal of H,O and TMAOH). In
the NMR spectra, PLS-1 exhibits resonances around 6=
—102 and —113 that are characteristic of HOSi(OSi); (Q?)
and Si(OSi), (Q) silicon sites, respectively. On the other
hand, CDS-1 displays only a broad peak around 6 = —112 that
is mostly due to Q* structures and possibly contains a small
amount of Q°. This indicates that during the conversion of
PLS-1 into CDS-1, the Q? sites lose their terminal silanol
groups upon dehydration-condensation to become Q* struc-
tures.

If layered silicates are converted into three-dimensional
microporous crystals with pores large enough to accommo-
date gas molecules, the amount of gas adsorbed after the
conversion should increase. Figure2 shows the nitrogen
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Figure 2. Nitrogen adsorption isotherm plots for PLS-1 and CDS-1.
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adsorption isotherm curves for PLS-1 and CDS-1. Silicate
CDS-1 adsorbs a much higher volume of nitrogen than PLS-1,
and its curve exhibits the adsorption pattern characteristic of
microporous crystals. The multipoint Brunauer-Emmett—
Teller (BET) surface area and the Saito-Foley (SF) cumu-
lative pore volume were calculated from the argon adsorption
isotherm curve to be 301 m?’g ' and 0.13 cm®g !, respectively,
for CDS-1. These values are equal to or higher than those of
typical zeolites such as FER and silicalite. The total pore
volume was calculated to be 0.60 cm’g™" at the maximum
P/P,. In addition, the minimum of the pore size distribution
calculated from the argon adsorption isotherm data with
nonlocal density functional theory!"” was 4.83 A. This is in
good agreement with the pore diameter (ca. 4.8 A) of the
main window of CDS-1 (a silicate eight-membered ring,
8MR), which was calculated on the basis of structural
parameters, the ionic radius of an oxygen atom, and lattice
constants obtained by the Rietveld refinement.

Figure 3 provides views of the crystal structures of PLS-1
and CDS-1. The structure of PLS-1 was elucidated from the
preliminary X-ray structure determination (see the Support-
ing Information), and then the positions of the interlayer
potassium ions and TMAOH molecules were estimated by
the maximum entropy method (MEM).'*"! It was deter-
mined that PLS-1 is a three-dimensional layered silicate—the
structure is similar to that proposed for PREFER and MCM-
47" __with different types of layer stacking. The X-ray

Figure 3. Perspective view of the crystal structure of a) PLS-1 along the
[001] (left) and [010] directions (right) as well as b) CDS-1 along the
[001] (left) and [010] directions (right). Color coding: blue=Si,
red=0, green=K, white=C, cerulean=N, sky blue=OH. CDS-1 con-
sists of silicates layers based on a framework of PLS-1 with 5MRs and
forms 8MRs in the [001] and [010] directions.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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diffraction data for CDS-1 did not directly give the structure
because the crystals were poor in crystallinity and contained
various distortions and small domains of crystallites. There-
fore, with molecular dynamics (MD) simulations, preliminary
structural models for CDS-1 were derived from the layer
structure of PLS-1, and then the most probable model was
determined by structure analyses.!"”

The crystal system of PLS-1 is a monoclinic phase with the
space group P2,/m and lattice parameters a =10.5710(5), b =
14.0064(3), ¢=7.4220Q2) A, p=98.014(4)°, and V=
1088.21(7) A’. The framework contains a pair of high-density
silicate sheets made up of five-membered rings, and the
porelike interlayer space is occupied by TMAOH molecules
and K* ions that are distributed with partial disorder
(Figure 3a). The chemical composition was estimated to be
Si;303,(OH) 4K, 5-1.7 (CH;),NOH by the Rietveld refinement.

For CDS-1, indexing of the reflections gave an ortho-
rhombic unit cell with a=18.355(3), b=13.779(2), c=
7.3674(6) A, and V=1863.3(4) A’; these values are very
close to the corresponding values of zeolites FER. The
reflection conditions afforded the space groups Pnma, Pnnm,
and Pbcm as well as Cmcm on the assumption that CDS-1 has
a centrosymmetric space group. Three preliminary models
constructed on the basis of the MD calculation results”” were
evaluated by the Rietveld method taking into account
geometrical considerations. Finally, we adopted the highest
symmetry model with space group Pnma. The framework
obtained shows a novel type of topology, which has straight
channels consisting of 8MRs along the [010] and [001]
directions (Figure 3b). The chemical composition was calcu-
lated to be SiyO5,, but the positions of the K* ions could not
be determined because of insufficient resolution of the X-ray
data. The comparison of the frameworks of PLS-1 to CDS-1
shows that the sheets of PLS-1 condense and polymerize
along the [100] direction by dehydration to form CDS-1. The
TMAOH molecules are removed along the [001] direction.

The X-ray diffraction patterns were then used for
structure refinement by the MEM-based pattern fitting
(MPF) technique at the electron density level.”!! The MEM
electron density distribution map of PLS-1 (Rz=0.0142 after
MPF refinement) shows that the TMAOH molecules and
potassium ions exist in the interlayer (Figure 4a). Localized
electron densities between TMA* and OH™ are clearly
observed, and the chemical bonding is directed parallel to
[001]. Small amounts of K seem to be closely located to the
silicate sheets; however, the ion sites could be replaced by
water molecules. After a revision based on the electron
density, the MPF refinement dramatically improved and the
R of the final MPF became 0.0093.

On the other hand, the final electron densities of CDS-1
obtained by MEM (R, = 0.0267) reveal the three-dimensional
microporous structure composed of SMRs and 8MRs (Fig-
ure 4b). No electron densities arising from water molecules
and/or other adsorbed atoms or molecules are observed in the
straight channels. Electron densities of oxygen atoms at the
points connecting the sheets are anisotropically elongated,
which means that the framework structure of CDS-1 has
considerable lattice distortion and internal stress in compar-
ison with other zeolite frameworks.

Angew. Chem. Int. Ed. 2004, 43, 4892—-4896
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Figure 4. Electron-density images of PLS-1 (a) and CDS-1 (b) along
the [001] direction. The equidensity level was set at 0.7 e A~ in both
images.

Organic amines are effective for the formation of zeolite
frameworks, and various types of zeolites have been synthe-
sized so far.’”! However, the amines are often difficult to
synthesize and expensive to buy, and only several types of
zeolites show sufficient thermal and chemical stability to be
employed in industry. This stability generally increases with
increasing silica content. Silicate CDS-1, with straight two-
dimensional channels, is pure silicate and thermally stable.
Furthermore, the TMAOH used in the synthesis of the CDS-1
precursor, PLS-1, is inexpensive and can be recovered. The Si
atom defects, which are homogeneously distributed in the
CDS-1 crystals, could be active sites for catalytic reactions or
different metal ions could be incorporated to make new active
sites. Thus, CDS-1 is expected to find wide application as a
catalyst, adsorbent, separator, or ion exchanger for various
industrial uses.

Experimental Section

PLS-1: Silica powder (Cab-O-Sil M5, 10.0 g), TMAOH (22.0 g, 15
wt %), 0.5N KOH (5.0 g), and 1,4-dioxane (50.0 g) were consecutively
suspended in distilled water (25.0 g). The sol mixture was vigorously
stirred for 1 h at room temperature with a magnetic stirrer, and then
heated at 423 K under autogenous pressure for 10 d in a stable PTFE-
lined stainless-steel autoclave with an internal volume of 300 mL. The
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crystalline product was filtered and washed with acetone and distilled
water, then dried at 70°C in a drying oven for 12 h.

CDS-1: Silicate PLS-1 was heated (range 673 to 1173 K) under
vacuum (107% to 107® torr). Thus, the conversion was carried out
reproducibly.

General: KOH and 1,4-dioxane were purchased from Wako
chemical, and TMAOH was purchased from Tokyo Kasei Kogyo Co.
Ltd. Cab-O-Sil M5 (CABOT Co.) was employed as a silica source.
The SEM observations with a HITACHI S-800 microscope showed
the samples to be thin microcrystals with a length of less than 1 um
and a thickness of about 0.1 pm. Solid-state *’Si-MAS NMR spectra
were obtained on a Bruker AMX-500 spectrometer. The recycle delay
was 300 s for PLS-1 and 30 s for CDS-1 with the sample rotor spinning
at 4 kHz. Nitrogen adsorption isotherm plots of all materials were
obtained by using a Shimazu ASAP-2010 instrument, and the argon
adsorption isotherm plot of CDS-1 was measured with a Quantach-
rome Autosorb-1MP instrument. The X-ray diffraction data were
collected at room temperature on a MAC Science MXP-3TA HR
powder diffractometer in a Bragg—Brentano geometry for PLS-1 and
a Debye—Scherrer geometry using a capillary specimen for CDS-1.
The conditions of the diffraction experiments for both specimens
were as follows: Cug,, radiation using a Ge(111) primary mono-
chromator, output 40 kV and 50 mA, scan range 6° <26 <90°, step
width 0.02°, counting time per step 120 s.
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Keywords: hydrothermal synthesis - polymerization - silicates -
structure elucidation - zeolites

[1] C. Baerlocher, W.M. Meier, D.H. Olson, Atlas of zeolite
structure types, Structure Commission of the International Zeolite
Association, 5th rev. ed., Elsevier, London, 2001.

[2] C.S. Cundy, P. A. Cox, Chem. Rev. 2003, 103, 663 -701.

[3] M. Ogura, Y. Kawazu, H. Takahashi, T. Okubo, Chem. Mater.
2003, 15, 2661 -2667.

[4] P. Bussian, F, Sobott, B. Brutschy, W. Schrader, F. Schiith,
Angew. Chem. 2000, 39, 4065 —4069; Angew. Chem. Int. Ed. 2000,
39, 3901 -3905.

[5] C.E. A. Kirschhhock, S. P. B. Kremer, P. J. Grobet, P. A. Jacobs,
J. A. Martens, J. Phys. Chem. B 2002, 106, 4897 —4900.

[6] S. Shimizu, Y. Kiyozumi, K. Maeda, F. Mizukami, G. Pal-
Borbély, R. M. Mihdlyi, H. Beyer, Adv. Mater. 1996, 8-9, 759 —
762.

[7] M. Salou, Y. Kiyozumi, F. Mizukami, P. Nair, K. Maeda, S. Niwa,
J. Mater. Chem. 1998, 8, 2125-2132.

[8] T. Ikeda, Y. Akiyama, F. Izumi, Y. Kiyozumi, F. Mizukami, T.
Kodaira, Chem. Mater. 2001, 13, 1286—1295.

[9] Y. Kiyozumi, F. Mizukami, A. Akiyama, T. Ikeda, T. Nishide,
Stud. Surf. Sci. Catal. 2001, 135H, 191.

[10] L. Schreyeck, P. Caullet, J. C. Mougenel, J. L. Guth, B. Marler,
Microporous Mater. 1996, 6, 259 -271.
[11] L. Schreyeck, P. Caullet, J. C. Mougenel, J. L. Guth, B. Marler,
Stud. Surf. Sci. Catal. 1997, 105, 1949 -1956.
[12] P. A. Vaughan, Acta. Crystallogr. 1966, 17, 983 —990.
[13] R. Millini, G. Perego, W. O. Parker, Jr., G. Bellussi, L. Carluccio,
Microporous Mater. 1995, 4, 221 -230.
[14] B. Marler, N. Stroter, H. Gies, Recent Research Reports of the
14th International Zeolite Conference, 2004, pp. 15-16.
] R. Evans, J. Phys. Condens. Matter 1990, 2, 8989 —9007.
] D. M. Collins, Nature 1982, 298, 49-51.
] M. Sakata, M. Sato, Acta. Crystallogr. Sect. A 1990, 46, 263 -270.
] A. Burton, R. J. Accardi, R. F. Lobo, M. Falcioni, M. W. Deem,
Chem. Mater. 2000, 12, 2936—-2942.
[19] The structure was solved with the EXPO package,”! refined
with the RIETAN-2000 package®! combined with the MEM

[15
[16
[17
[18

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

Chemie

48095


http://www.angewandte.org

Communications

program PRIMA ! and visualized with the VENUS package.”’!
The final number of structural parameters (fractional atomic
coordinates, lattice, and isotropic atomic displacement parame-
ters) was 68 for PLS-1 and 40 for CDS-1. Including the profile,
scaling, and zero shift factors, the total number of refinable
parameters was 155 for PLS-1 and 78 for CDS-1. The numbers of
contributing ikl reflections are 929 (PLS-1) and 800 (CDS-1),
the numbers of geometric restraints of type d(Si—O), $(O-Si-O),
d(C—N), and ¢(C-N-C) are 21, 30, 3, and 4, respectively, for PLS-
1; 24 and 36 restraints of d(Si—O) and ¢(O-Si-O) are adopted,
respectively, for CDS-1. The MEM electron density distributions
were calculated from “observed” structure factors based on the
Rietveld refinement, using the program PRIMA and visualized
by the program VEND built into the VENUS package.

[20] Silicate CDS-1 was modeled by MD methods with the CRYS-
TAL Builder module in the Cerius2 program developed by
Accelrys Inc., USA. The MD calculations were carried out with
the MXDTRICL program developed by Kawamura et al.”® The
Verlet algorithm was used to calculate the atomic motions, while
the Ewald method was applied to calculate the electrostatic
interactions.”?* Temperature and pressure were controlled by
means of scaling the atom velocities and unit cell parameters
under three-dimensional periodic boundary conditions. The
calculations were performed for 10000 steps with a time step
of 2x 107" s at 300 K.

[21] F.Izumi, S. Kumazawa, T. Ikeda, T. Ida, Powder Diffraction (Ed.:
S. P. Sen Gupta), Allied Publication, New Delhi, 1998, pp. 24—
36.

[22] Introduction to Zeolite Science and Practice (Eds.: H. van Bek-
kum, E. M. Flanigen, P. A. Jacobs, J. C. Jansen), 2nd rev. ed.,
Elsevier, London, 2001.

[23] A. Altomare, M. C. Burla, M. Camalli, B. Carrozzini, G. L.
Cascarano, C. Giacovazzo, A. Guagliardi, A. G. G. Moliterni, G.
Polidori, R. Rizzi, J. Appl. Crystallogr. 1999, 32, 339 —-340.

[24] F. Izumi, T. Ikeda, Mater. Sci. Forum 2000, 321-324, 198 -203.

[25] F. Izumi, R. A. Dilanian, Recent Research Developments in
Physics, Vol. 3, Part 11, Transworld Research Network, Trivan-
drum, 2002, pp. 699 -726.

[26] K. Kawamura in Molecular Dynamics Simulations (Ed.: K.
Kawamura), Springer, Berlin, 1990.

[27] L. Verlet, Phys. Rev. 1967, 159, 98—103.

[28] P. Ewald, Ann. Phys. 1921, 64, 253 -287.

4896 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

Angew. Chem. Int. Ed. 2004, 43, 4892—-4896


http://www.angewandte.org

Communications

4896  © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Polymer Vesicles Lol

Supramolecular Self-Assembly of Giant Polymer
Vesicles with Controlled Sizes**

Yongfeng Zhou and Deyue Yan*

Supramolecular self-assembled vesicles have attracted great
attention for their potential applications in drug delivery,
gene therapy, and model systems of biomembranes.!! Pre-
vious methods to make vesicles include the self-assembly of
large copolymers and small amphiphiles such as lipids (lip-
osomes);** however, compared to liposomes, polymer
vesicles possess unique properties such as good stability and
permeability. Polymer vesicles have thus become attractive
and promising research objects since the first observation of
block copolymer vesicles by Eisenberg and co-workers,” who
called the aggregations of the block copolymer with small
hydrophilic fractions (<20%) crew-cut micelles. Discher
et al. reported another type of polymer vesicle formed from
block copolymers having a similar hydrophilic fraction (35 +
10%) to liposomes and these were termed polymersomes.”!
Polymer vesicles have also been prepared from other
materials, such as, polypeptides, rod-coil polymers, and
dendrimers.”! The vesicle-forming systems based on small
amphiphiles, dendrimers, or linear block copolymers have a
well-defined molecular structure. The polymer vesicles result-
ing from the molecular self-assembly of ill-defined polymers
such as hyperbranched copolymers have not yet been
reported. Furthermore, giant polymer vesicles with diameters
of 100 um have not been observed to date, although Menger
et al. have demonstrated in their research on liposomes that
“giant vesicles” with diameters of 5-200 um have many
special advantages.”! We report here the preparation of new
kind of polymer vesicle with a controlled size (the diameters
of the larger polymer vesicles are above 100 um) that are
generated from the molecular self-assembly of ill-defined
hyperbranched copolymers having a high hydrophilic fraction
(>60%).

Recently, we reported® macroscopic molecular self-
assembly from a hyperbranched multiarm copolymer
(HBPO-star-PEO) in acetone (HBPO =hyperbranched
poly(3-ethyl-3-oxetanemethanol), PEO = poly(ethylenegly-
col)), which gave rise to multiwalled tubes with diameters of
the order of millimeters and lengths of the order of
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centimeters. It was found that the molecular structure of the
HBPO-star-PEO copolymer greatly influenced the macro-
scopic self-assembly behavior. The work reported herein
investigates the self-assembly of HBPO-star-PEO copolymers
in water. Three HBPO-star-PEO copolymers with different
hydrophilic fractions (PEO volume fraction) denoted HBI,
HB2, and HB3 (Figure 1) were synthesized. The overall

H(‘)ﬁ 20

Figure 1. Schematic representation of the HBPO-star-PEO multiarm
copolymer. The dashed circle shows the boundary between the HBPO
core (inside) and the PEO arms.

structures of HB1-3 are different from those used in the
macroscopic molecular self-assembly.”! The molecular self-
assembly of HB1-3 involved directly placing the polymer into
deionized water (polymer concentration: 10 mgmL™") under
stirring at room temperature. The properties of HB1-3 and
the aggregations are summarized in Table 1, while the syn-
thesis, characterization, and self-assembly of HB1-3 are
described in the Supporting Information.

Table 1: Details of vesicle-forming multiarm copolymers.!

Angewandte

Figure 2. Optical micrographs (a, ¢, d) and TEM image (b) of HB1-3
vesicles. a), b) HB3 vesicles. c) HB2 vesicles. d) HB1 vesicles. The
samples for TEM measurement were negatively stained with 2% aque-
ous uranyl acetate solution. The scale bars represent 25 pm in (a), (c),
and (d), and 250 nm in (b).

tion less than 100 mgmL~!, other morphologies were found
for polymer solutions with concentrations higher than
100 mgmL") could be stored for at least two months in
water at around 20°C, but the HB1 vesicles settled under
gravity at the bottom of the container underneath the
medium. Compared with the polymer vesicles previously
reported, the aggregation observed in this work has several
unique characters: 1) the vesicles originate from an ill-defined
hyperbranched amphiphilic multiarm copolymer; 2) the
HB1-3 copolymers that can directly form vesicles in water
have a higher hydrophilic fraction (>60%) than those
forming polymersomes and crew-cut micelles (block copoly-
mers with a hydrophilic fraction higher than 40 % often self-
assemble into wormlike and spherical micelles); 3) the HB1-3
vesicles have giant sizes similar to those of giant liposomes,™
and to the best of our knowledge HB1 provides the largest
known polymer vesicles, with diameters larger than 100 pm.
In short, the aggregation of the giant vesicles reported herein
is different from crew-cut micelles, polymersomes and other

polymer vesicles, and results in a

new sort of polymer vesicle. A new

Sample M, [gmol™] Polydispersity index feo

HB1 12200 1.5 0.69
HB2 16800 1.7 0.79
HB3 20800 1.9 0.86

terminology, branched polymer-
Diameter [um] d [nm] some, is used to describe this new
112.8430 10+2 type of aggregation.
22.64+4.2 5+2 The size distributions of HB1-3
4.0+1.6 542

vesicles are displayed in Figure 3.

[a] M,: the number-average molecular weight; Polydispersity index: weight-to-number average
molecular weight; fio: the hydrophilic PEO volume fraction; d: the vesicle wall thickness. The HB1-3
samples have the same HBPO cores with a molecular weight of 6400 gmol~".

The optical and transmission electron microscopy (TEM)
images of the resulting self-assembled objects are shown in
Figure 2. It appears that HB1-3 directly self-assembled into a
well-defined vesicular structure in water, and the vesicles
increased in size from 1 to 200 um as the hydrophilic fraction
decreased. The HB2 and HB3 vesicles (polymer concentra-
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The size of the vesicles was mea-
sured from the staff gauge in the
microscopy studies, and the results
were based on an analysis of
200 vesicles for HB2 and HB3 and
100 vesicles for HB1. The average diameters of the vesicles
are 4.0 um for HB3, 22.6 pm for HB2, and 112.8 um for HB1
(Figure 3 and Table 1). Thus, the size of the generated vesicles
increases and the size distribution becomes broader as the
hydrophilic fraction of the HBPO-star-PEO molecules
decreases from 0.86 to 0.69. However, the distribution of

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Size distribution of the giant polymer vesicles made from the
HBPO-star-PEO multiarm copolymer. The blue, yellow, and red bars
represent HB3, HB2, and HBT vesicles, respectively.

the vesicle size is not directly related to the polydispersity
index of the copolymer (Table 1). Discher and Eisenberg!'?!
also found that polydispersity is not a strict requirement for
vesicle formation. Such a size dependence of the giant vesicles
on the copolymer composition as shown in Figure 2 has not
been observed before, and it presents an easy approach to the
assembly of giant polymer vesicles with well-controlled sizes.
In fact, submicroscopic vesicles (not shown) were also
obtained through the self-assembly of HBPO-star-PEO with
a much higher hydrophilic fraction in water, but they did not
fall within the concept of “giant vesicles” discussed in this
work. It is necessary to control the vesicle size in techno-
logical and scientific applications;?! for example, giant
vesicles are very good models for the simulation of the
fluidization of cell membranes.*"

The self-assembly mechanism of HBPO-star-PEO mole-
cules in water includes two aspects: one is the self-assembly
interaction, and the other is the molecule packing in the self-
assembled vesicle wall. The hydrophobic interaction, which is
attributed to the amphiphilic character of HBPO-star-PEO in
water, and the formation of hydrogen bonds are responsible
for driving the self-assembly. The importance of hydrogen
bonds in the self-assembled HB1-3 vesicles has been con-
firmed by variable-temperature FTIR spectroscopy as well as
by temperature- and concentration-dependent 'H NMR
spectroscopy. The molecule packing in the vesicle wall was
investigated by solution-state '"H NMR data. These studies
show that the surface of the vesicle is covered by PEO arms
and the HBPO cores are located inside the vesicle wall, thus
resulting in the vesicle wall having a sandwich structure. A
previous report! on the macroscopic molecular self-assembly
of HBPO-star-PEO molecules in acetone had shown that the
tube walls possessed an alternate PEO and HBPO lamella
structure, and thus suggested that the sandwich structure in
the HB1-3 vesicle walls consisted of PEO-HBPO-PEO
lamellae. In addition, small-angle X-ray scattering (SAXS)
experiments further proved the lamellar structure in the
HB1-3 vesicle wall. The lamellar thickness measured by
SAXS experiments is 5.6 nm for HB3 vesicles, 5.3 nm for HB2
vesicles, and 11.1 nm for HB1 vesicles, which fits well with the
wall thickness of the HB1-3 vesicles measured by TEM

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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studies (Table 1). Consideration of the HBPO-star-PEO
molecule size, the lamella structure, the lamella thickness,
and the vesicle wall thickness leads us suggest that the HB2
and HB3 molecules pack into a monolayer structure in the
related vesicle walls in the same way as a triblock copoly-
mer,"*! and the HB1 molecules pack into a bilayer structure
similar to that in diblock copolymer vesicles.*®! For details of
the experiments and analysis of the self-assembly mechanism
see the Supporting Information.

A tentative molecular packing model for the walls of the
HB1-3 vesicles is shown in Figure 4. In the monolayer model
(Figure 4a) each HBPO-star-PEO molecule behaves as an

Figure 4. Proposed molecular packing models in the HB1-3 vesicle
walls. The blue zones represent the condensed HBPO cores and the
red wavy lines denote PEO arms. a) A monolayer structure. b) A bilayer
structure. The illustrations are not drawn to scale.

amphiphilic triblock copolymer (ABA type) and spontane-
ously segregates into a molecular sandwich with an internal
layer consisting of the HBPO core and outer shells of PEO
arms as a result of the hydrophobic interaction, while the
molecular sandwiches aggregate into giant vesicles. In the
bilayer model (Figure 4b) each HBPO-starr-PEO molecule
segregates into a hydrophobic HBPO part and a hydrophilic
PEO part similar to the amphiphilic structure of diblock
copolymers, while the hydrophobic parts aggregate together
to form the bilayer structure similar to that in vesicles formed
by a diblock copolymer. The boundary between the two core
layers in Figure 4b does not really exist, and the exaggerated
boundary is only shown to illustrate the bilayer structure
more clearly. Comparison of the HB1-3 molecules shows that
HB1 has shorter hydrophilic PEO arms, which possibly could
not stabilize the monolayer structure and resulted in HB1
forming a bilayer structure so as to keep the self-assembled
objects stable.

In conclusion, we successfully obtained a new kind of
giant polymer vesicle from an ill-defined hyperbranched
multiarm copolymer having a high hydrophilic fraction
(>60%) through direct self-assembly in water. These poly-
mer vesicles have been termed branched polymersomes. The
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size of the branched polymersomes can be easily controlled by
adjusting the hydrophilic fraction of the copolymer, with the
average diameter of the larger branched polymersomes
exceeding 100 um. Two possible molecular packing models
in the vesicle walls are proposed. The large size of the
branched polymersomes suggests they will have applications
for encapsulation and simulation of the biomembrane pro-
cess. Further results of the morphology transition and
membrane fluidity of these branched polymerases will be
reported in the near future.
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Nanostructures

WO,Cl, Nanotubes and Nanowires**

A. Robert Armstrong, Jesus Canales, and
Peter G. Bruce*

Since the discovery of carbon nanotubes,!!! there has been
much interest in synthesizing nanotubes of greater chemical
complexity such as, chalcogenides (e.g., MoS,, WS,),? oxides
(e.g, TiO,, VO,)¥ and recently halides (e.g. NiCl,).") Complex
nanotubes can exhibit fascinating new optical, electrical, and
magnetic properties due to their dimensional confinement.!
In solid-state chemistry, the partial replacement of cations of
one type by another is ubiquitous; yet partial replacement of
the anions can often change the dimensionality of the
compound. Partial replacement of O’ ions in 3D oxides by
the heavier halides can promote the formation of van der
Waals bonded layered structures that in turn more readily
form nanotubes and nanowires than the pure oxides do; yet
such materials can maintain many properties of the oxides.
Herein we report the synthesis of WO,Cl, nanotubes and
nanowires; this represents the first synthesis of a new class of
nanotubes/nanowires based on mixed anion (oxyhalide)
compounds.

It is no accident that, following the discovery of carbon
nanotubes, the chalcogenides were one of the first classes of
inorganic nanotubes to be synthesized. Their layered struc-
tures encourage the formation of nanotubes/nanowires (see
for example reference [3a,b]). Similarly, it is not surprising
that VO,, TiO,—B and other titanates have been prepared as
nanotubes/nanowires. In the case of the titanium oxides,
layered titanates form during the hydrothermal synthesis,
which curve or scroll to form nanotubes/nanowires.”! How-
ever, the majority of oxides form 3D structures and other
approaches have been adopted to promote 1D growth. For
example, it is difficult to grow nanotubes/nanowires of WO;,
however, the reduced phases, such as W3O,,, contain shear
planes that limit growth thus forming wire shaped struc-
tures.®! Templates can also be used to promote crystal growth
in certain directions.”"

Partial replacement of O atoms by F atoms results in
oxyfluorides, which generally adopt 3D structures. However if
the O atoms are replaced in part by atoms of the heavier
halides, Cl, Br, I then the resulting oxyhalides are often
layered structures due to the propensity of the more electron-
rich halides to exhibit van der Waals bonding between
adjacent layers. Several compounds of this type are known
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for example, FeOCl, VOC], WO,Cl,, WO,Br,, and
Mo0,CL." They should form nanotubes/nanowires relatively
easily and without the need to promote 1D growth. We have
investigated the formation of nanotubes/nanowires based on
WO,Cl,.

WO; can adopt a number of distorted forms of the ReO;
structure, Figure 1, in which WOy octahedra share common
vertices, thus forming a 3D network. Replacing a layer of O*~
ions in WOj; by two layers of Cl™ ions results in the formation
of the van der Waal’s bonded layered structure WO,Cl,. The
structure of this compound is shown in Figure 1b and is
composed of layers containing W coordinated by 4 O*~ ions
to form a slightly distorted square in which each WO, units
share common vertices. The W*" ions are coordinated by a
total of six anions, with the coordination being completed by
two CI” ions, one immediately above and the other immedi-
ately below the W-O plane. The complete structure of
WO,Cl, (orthorhombic space group Immm) consists of these
trilayer blocks(CI-WO,-Cl) stacked in the ¢ direction such
that each trilayer block is displaced by a translation x 4/,

Figure 1. a) |deal crystal structure of WO; showing vertex-sharing WOg
octahedra. b) Crystal structure of WO,Cl, showing the relationship to
WO,

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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y =+ '/, with respect to its neighbor. Because the WO, layers in
WO, (Figure 1) are preserved in WO,Cl,, the band structure
and electronic properties of WO,Cl, are similar to WO; and
may be derived from the latter, with a perturbation due to the
presence of the CI~ ions.™

Nanotubes and nanowires of WO,Cl, have been prepared
by a simple process of exfoliation and restacking, the
experimental details of which are described in the Expei-
mental Section. Transmission electron micrographs of the
resulting materials are shown in Figure 2. In general, the
nanotubes/nanowires exhibit diameters in the range 30-80 nm
and can be up to 5 um in length.

Figure 2. Transmission electron micrograph of WO,Cl, nanotubes and
nanowires. The bar on the image is 100 nm long.

There was no evidence of nanotubes/nanowires in the as-
received WO,Cl,, despite the fact that these materials are
made by a solid/gas reaction (WO;+ WCly) that is known to
promote nanotube growth in other layered materials such as
the chalcogenides.** Grinding the as-received WO,Cl,,
reduced the particle size to around 0.1 um (as observed by
scanning electron microscopy), but did not induce nanotube
formation. Stirring a mixture of ground WO,Cl, for two
weeks in polar solvents such as propylene carbonate or a 1:1
(v/v) mixture of ethylene carbonate/dimethyl carbonate also
provided no evidence of nanotube formation. We had noted
in our previous studies of bulk WO,Cl, that when in contact
with non-aqueous Li electrolytes the latter developed a
colloidal appearance. Following this earlier observation, the
ground solid was stirred in a 1 M solution of LiPFgin a 1:1 (v/v)
mixture of ethylene carbonate and dimethyl carbonate
resulting in a colloidal solution which, when filtered then
centrifuged, washed in dimethyl carbonate then dried, gave
rise to a fine powder. The powder contained in excess of 90 %
nanotubes/nanowires in equal proportions, based on TEM
analysis. Figure 3 shows TEM images of nanotubes/nanowires
taken from different regions of the sample from that of
Figure 2, thus indicating the widespread nature of the nano-
tube and nanowire morphology. Although more detailed
studies are necessary to elucidate the exact nature of the
reaction, it seems clear that the electrolyte penetrates the
van der Waals layers sufficiently to prize them apart and
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Figure 3. a) Transmission electron micrograph of a WO,Cl, nanotube.
b) Transmission electron micrograph of a WO,Cl, nanowire. The bars
are 50 nm long.

promote exfoliation. Subsequent repeated washing of the
centrifuged material removes the electrolyte and restacks the
layer but with the nanotube/nanowire morphology. This infers
that while the layers are in solution they roll into tubes/wires.
It is know from other studies that sheets in solution can roll
into tubes or wires.”! The use of other electrolytes, such as
those based on propylene carbonate or acetonitrile, did not
yield significant quantities of nanotubes/nanowires.
Although most of the material is composed of approx-
imately a 1:1 ratio of nanotubes to nanowires, we have
observed some examples of particles that are both nanotubes
and nanowires, Figure 4. High-resolution transmission elec-
tron microscopy (HRTEM) has allowed a more detailed
investigation of the structure of the walls of the tubes and the
wires, Figure 5, which are identical. The measurement of the
lattice images and electron-diffraction patterns confirm that
the structure is that of WO,Cl,. The c-axis of the orthorhom-
bic unit cell of WO,Cl,, along which the layers are stacked,
lies along the radius of the tubes/wires with the ab plane
coinciding with the plane of curvature of the tube walls. The a
and b lattice parameters extracted from the electron micro-
scopy are a~b~3.75A (3.8414/3.8851 A), with values
obtained from the previous X-ray diffraction study given in
brackets."") The HRTEM reveals that the tube walls consist of
small domains, each of which adopts the WO,Cl, structure
with their c axis parallel to each other but with the structure of

Angew. Chem. Int. Ed. 2004, 43, 4899 -4902
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Figure 4. Transmission electron micrograph showing a combined tube
and wire. The bar is 100 nm long.

Figure 5. High-resolution transmission electron micrograph of a) a
nanotube wall and b) a nanowire. In each case the lattice spacings are
highlighted and selected area electron diffraction patterns down the
[001] direction are shown as an inset. The bars are 5 nm long.

each domain being incoherent with it neighbors. It is
interesting to note that the tubes are invariably capped as
shown in Figure 2.

Layered structures in general favor the formation of
nanotubes/wires. However the majority of examples are
based on CdI,, CdCl,, or similar structure types, in which
the MX, octahedra share common edges. In contrast, in
WO,(l, the octahedra share common vertices. Although the

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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radius of curvature involved in bending a sheet into a scroll is
relatively small compared with the average bond length,
bending a sheet of edge-sharing octahedra is much more
difficult than is the case of a sheet of corner-sharing
octahedra; in the latter case this only requires a small
deviation of the M-O-M angle from 180° in the direction of
curvature of the tubes. Many oxides built from vertex-sharing
polyhedra have M-O-M bond angles that are far from 180°.01!]
This demonstrates that the lattice energies are relatively
insensitive to variations in the bond angles, in keeping with
the nature of the metal-oxygen bonding in such materials
Therefore the vertex-sharing layered structures of materials
such as WO,Cl, are excellent candidates for nanotube
formation. As a result, it is likely that other oxyhalides with
similar structures for example, MoO,Cl,, will also readily
form nanotubes/wires.

WO,(l, is an intercalation host. Both Li and Na atoms
have been intercalated up to a maximum of Li,WO,Cl, and
Na, sWO,Cl, respectively. Such intercalated materials are
layered tungsten bronzes that exhibit a mixture of electronic
and ionic conductivity and display an intense blue color. The
ability to switch color on and off with intercalation/dein-
tercalation is the basis of electrochromic displays. The tubes/
wires have the same structure and hence the potential to act
as intercalation hosts with attendant changes in the electronic,
ionic and optical properties. However the confined dimen-
sions of the tubes/wires can lead to rapid switching on
intercalation/deintercalation. The intercalation of Li and Na
atoms into WO,Cl, nanotubes/wires is under investigation
and will be reported subsequently.

In conclusion we have succeeded in preparing, for the first
time, mixed anion (oxyhalide) nanotubes and nanowires.
Doubtless, further examples of this new class of nanotubes/
nanowires will be synthesized in the future.

Experimental Section

WO,Cl, (Aldrich, 99 %), was ballmilled for 1 to 1.5 h by using a SPEX
Centri-Prep 8000M mixer/mill. All milling was carried out under an
Ar atmosphere to prevent hydrolysis of the material. The milled solid
was returned to the glove-box and stirred in a 1 M solution of LiPF, in
a 1:1 (v/v) mixture of ethylene carbonate and dimethyl carbonate
(Merck) for several days. The resulting colloidal solution was then
centrifuged, washed in dimethyl carbonate and dried.

HRTEM imaging and selected-area electron diffraction (SAED)
were carried out by using a JEOL-JEM 2011 electron microscope
operating at 200 kV and equipped with a side-entry +20° double-tilt
specimen holder. The specimens were prepared by making a
suspension of powdered samples in organic solvent and depositing
one drop onto a holey carbon-coated Cu grid. This was carried out in
the glovebox. The specimen holder was loaded so as to minimize the
sample exposure to the atmosphere.
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Constitutional Dynamics

Generation of Dynamic Constitutional Diversity
and Driven Evolution in Helical Molecular
Strands under Lewis Acid Catalyzed Component
Exchange**

Nicolas Giuseppone, Jean-Louis Schmitt, and
Jean-Marie Lehn*

Constitutional dynamic chemistry (CDC)! rests on the
implementation of dynamic features that act on the consti-
tution of molecular® as well as supramolecular®™ entities
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through reversible covalent bonds and noncovalent interac-
tions, respectively. Dynamic constitutional diversity is gen-
erated by exchange and recombination of components, as
expressed in particular by the recently developed dynamic
combinatorial chemistry.! CDC operates in the self-assem-
bly®! of well-defined molecular or supramolecular species
which is driven by molecular information and recognition
processes.

Control of the folding of molecular strands has been the
subject of intense recent activity! in view of its significance in
both chemistry and biology. In particular, the generation of
helical species®®! may be enforced through the implementa-
tion of specific helicity codons based on nonbonded inter-
actions in polyheterocyclic strands” or on hydrogen-bonding
subunits.®! The self-assembly of helical strands by formation
of reversible hydrazone-type bonds between suitably
designed hydrazino and carbonyl components®”'” gives, in
principle, access to dynamic libraries of molecular helices.

We report here a system that brings together the three
major features mentioned above: constitutional dynamics,
self-assembly, and control of helical folding.

The generation of dynamic constitutional diversity for
both biological and materials science purposes depends on
the availability of suitable chemical connections that are
reversible in the desired conditions. The C=N unit, which is
present in imines, hydrazones, and oximes, in principle offers
highly attractive potentialities to CDC, provided that fast and
efficient reversibility in organic solvents is achieved.
Zinc(11) ions are known to catalyze transimination of Schiff
bases!"!! and have been found in our research group to
accelerate component exchange in polyimine materials."? We
now describe the efficient Lewis acid catalyzed exchange of
hydrazones and apply the results to the generation of a
constitutional dynamic library of helical strands incorporating
hydrazone bonds that is capable of assembling, dissociating,
and exchanging components. Moreover, we demonstrate that
these libraries can undergo driven evolution in the presence
of suitable metal ions to express [2x2]grid-type metal
complexes preferentially from the mixture of helices. These
processes are illustrated schematically in Figure 1.0'%

The condensation of pyrimidine-derived difunctional
hydrazine and carbaldehyde building blocks leads to helic-
ity-encoded oligomeric® and polymeric!® molecular strands.
These strands have been found to resist many attempts to
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perform component exchange,™ thus indicating their high
stability even at elevated temperature and/or in the presence
of acid. As a model system for the exploration of potential
exchange catalysts, cross-over experiments between the
dihydrazone compound A and the dihydrazine B in chloro-
form at 60°C were performed first (Figure 2). Only 7% of A

OMe OMe
504
] A - -
‘ 40 A (1 equiv) + B (1 equiv)
30 c 20 mol% | CHCly
] Zn(BF4)2 | 60°C

A (12.5%) + B (12.5%) +

Ratio of adducts / %
N
<

C (25%) + D (25%) +

L
m

T T T

T T T
0 10 20 30 40 50 60
t/ hours

E (12.5%) + F (12.5%)

—_—

Figure 2. Evolution with time of the composition of a model hydra-
zone/hydrazine mixture A and B followed by 'H NMR spectroscopy
under Zn" catalysis; ¢(A) =¢(B) =50 mm.["!

was consumed after 48 h in these conditions without catalyst
and slow degradation of constituents of the mixture had taken
place. Extensive decomposition into unidentified compounds
other than C-E occurred under acid catalysis (20 mol %
CF;CO,H). In contrast, addition of 20 mol % Zn(BF,),:8H,0
led to complete exchange with a half-life of 10 h, without
observable degradation. The statistical distribution of the
products at equilibrium indicates the nonspecific interaction
of the Zn"ions with the different compounds and the
isoenergetic nature of the library.*! As in the case of

Figure 1. Schematic representation of the processes occurring in the present system. Left: Lewis acid catalyzed generation of dynamic constitu-
tional diversity in helical molecular strands involving compounds 1 and B of Figure 3 (1 is shown in both its extended and its preferred helical
forms) ;" right: evolution of the dynamic library towards formation of a [2x 2] grid driven by suitable metal ions.
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imines,""*?! the reaction proceeds through a transimination
process; indeed, in similar conditions the pyrimidine 4,6-
biscarboxaldehyde analogue of B and dihydrazone A did not
show any detectable exchange after three days.

These promising results prompted us to explore the
catalytic activity of other Lewis acids for the model exchange
reaction depicted in Figure 3. The data indicated that the
activity was directly correlated with the ionic radius of the
trivalent metallic ions assayed, with scandium triflate being

Me Me

jA(\OMe H,N 7/\( NH,

—-
N
=)
=)

h

=
< 904
T G
2 g0
o MeQO OMe
=
70+
s OMe
°
@ 604
o 20 mol%
§ 50 Lewis Acid

080 090 1.00 1.10

lonic Radius / A —

0.70
Mixture of products

Figure 3. Comparative catalytic activity of different trivalent Lewis acids
M (OTf); for the exchange of hydrazones (right) as a function of ionic
radius (left); ¢(B) =¢(G) =5 mm at 60°C in CDCl;. The conversion is
measured by following, through integration of the '"H NMR signal, the
decrease of compound G over 15 h, which was the time required for
reaching equilibrium in the case of the most active catalyst, Sc(OTf);.
In the same conditions, the conversions for the uncatalyzed and for
the Zn(OTf),- or Zn(BF,),-catalyzed reactions were 1% and 30%,
respectively.!"”

the most powerful Lewis acid catalyst for hydrazone scram-
bling. Moreover, utilization of scandium triflate in the
exchange between compounds A and B (Figure 2) resulted
in the half-reaction being reached after only 20 minutes, a 30-
fold acceleration compared to the results obtained with
Zn(BF,),:8H,0

To test the efficiency and generality of the system we
turned to compound 1, a one-turn helical strand containing
four hydrazone groups, which was expected to be much more
reluctant to undergo component exchange (Figure 4, equili-
brium (a)) than the shorter related structures (A, C, D, F,
Figure 2), as a consequence of its folding and the resulting
lower accessibility of its hydrazone sites. Compound 1 never-
theless underwent exchange of its two bishydrazine compo-
nents with compound B in 48 h when mixed in a stoichio-
metric ratio in the presence of 20 mol % (namely, 5 mol % per
hydrazone site of 1) Sc(OTf); in chloroform at 60°C. The
equilibrium was reached after about 48 h as indicated by
NMR spectroscopy and mass spectrometry. Extensive
exchange had taken place after 48 h even with only 4%
catalyst (that is, 1 % per site), although the reaction was much
slower. The constituents of the mixture could be separated
and identified by HPLC/ESMS. The data analysis demon-
strated that full recombination between 1 and B had taken
place, with the generation of the set of compounds 1-28
containing expanded helices with up to ten hydrazone sites
(more than three helical turns).”) Moreover, all the possible
cross-combinations with phenyl and/or methoxyphenyl moi-
eties were generated for each size of helical strand, thus
highlighting the efficiency of the reorganization process. In
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Figure 4. Generation of a highly diverse recombination library of helicity-encoded molecular strands from the one-turn/four-sites helical com-
pound 1 (¢=50 mm) and the dihydrazine B (¢=50 mm) using Sc(OTf); (20 mol %) as a catalyst in CDCl; at 60°C; 28 constituents were identified
by LC/MS (bottom left) and direct introduction ESI/TOF (bottom center) mass spectrometry, as indicated (bottom right).!
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the same conditions but under acid catalysis (20 mol%
CF;CO,H) less than 5% of 1 was converted into compounds
11 and 3; degradation of the dihydrazine B had also started
(as shown by NMR analysis and LC/MS)."!

Finally, the dynamic library of helical structures under
equilibrating conditions was treated with Zn(OTf), (1 equiv
with respect to the inital amount of compound 1), which is
known to self-assemble with two-site ligands such as 5, to
yield [2x 2] grid-type complexes in acetonitrile (Figure 5,
equilibrium (b)).”! The formation of [Zn,5,] as the major
tetranuclear grid together with the [Zn,5;4] and [Zn,5,4,]
analogues was observed by ESI/TOF mass spectroscopy using
direct injection. The HPLC trace (b) (displaying the ligands
resulting from dissociation of the complexes on the column)
and the ESMS data indicated a marked increase in the
amount of 5, which forms the [2 x 2] grid structure, accom-
panied by a decrease in the larger helical species compared to
the initial equilibrium (a). Moreover, Zn" ions favored for-
mation of 5 over 4, which contains a more bulky central group
that hinders the formation of the homoleptic grid complex
[Zn,4,]. These observations indicate that addition of Zn" ions
had driven the evolution of the dynamic set towards the
expression of the ligand 5 under the pressure of the formation
of the (less bulky) grid-type complex by dissociation and
recombination of the subunits of the helical strands. The
evolution was also found to depend on the concentration of
Zn" ions, as was demonstrated by using three equivalents of
its triflate salt (Figure 5, equilibrium (¢)). The HPLC trace
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and direct introduction ESI/TOF mass spectroscopy showed
that, in addition to an increase of 5 (and of 4 to a lesser
extent), the main effect observed when three equivalents of
Zn(OTf), were added to the mixture was the formation of
mononuclear [Zn2,], [Zn(2)(3)], and [Zn3,] complexes, thus
leading to a huge amplification of the single site ligands 2 and
3 in the library compared to the equilibria (a) and (b). This
observation may be explained as resulting from the adapta-
tion of the system to generate the ligands providing the sites
required for most complete zinc coordination.

The data reported here demonstrate the ability of
Sc™ions to efficiently catalyze the exchange of the compo-
nents of hydrazones (and, by extension, of any C=N
functionality) in organic medium and to establish a library
of equilibrating entities, a feature of crucial importance for
CDC. The method provides a general and efficient procedure
for establishing dynamic behavior in sets of discrete mole-
cules (in particular bioactive ones) and in materials (such as
polymers). It also allowed the generation of a highly diverse
dynamic combinatorial library of oligomeric helical strands
from two constituents undergoing assembly, dissociation, and
exchange processes. Addition of Zn"ions subsequently
shifted this library towards the selective amplification of
specific ligand constituents, driven by the formation of [2 x
2] gridlike complexes (Figure 1). From a broader perspective,
the results described illustrate the ability of constitutional
dynamic systems to respond to environmental parameters and
to perform effector-driven evolution toward the fittest con-

Figure 5. Driven evolution of the dynamic library (a) towards the generation of the [2x 2] grid complex [Zn,5,] (bottom left: HPLC traces; bottom
right: ESMS direct injection) by addition of 1 (b) or 3 (c) equivalents of Zn(OTf), (CD;CN; 60°C; 24 h) to the library (a), preequilibrated as in
Figure 4 (20 mol% Sc(OTf);; CDCly; 60°C; 48 h), and then evaporated and redissolved in CD;CN; the equilibrium was not significantly affected

by the change in solvent. The identification of compounds 1-28 is given in Figure 4. Compounds 4 and 5 are identical to F and A, respectively.
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stituent, an essential feature characterizing the adaptive and
evolutive nature of CDC under the pressure of external
factors.
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A Unidirectional DNA Walker That Moves
Autonomously along a Track**

Peng Yin, Hao Yan,* Xiaoju G. Daniell,
Andrew J. Turberfield,* and John H. Reif*

A major challenge in nanotechnology is to precisely transport
a nanoscale object from one location on a nanostructure to
another location along a designated path. The successful
construction of self-assembled DNA nanostructures provides
a solid structural foundation to meet this challenge. DNA,
with its immense information-encoding capacity and well-
defined Waston-Crick complementarity, has been explored as
an excellent building material for nanoconstruction."? In
particular, recent years have seen remarkable success in the
construction of both self-assembled nanostructures and
individual nanomechanical devices. For example, one- and
two-dimensional DNA lattices have been constructed from a
rich set of branched DNA molecules.”" These DNA lattices
could provide a platform for embedded DNA nanomechan-
ical devices to perform the desired transportation. A diverse
group of DNA nanomechanical devices have also been
demonstrated. These include DNA nanodevices that execute
cycles of motions, such as opening/closing,*"!! extension/
contraction,'” and reversible rotation.">'! Such DNA-
based nanodevices can be cycled between well-defined states
by means of external intervention, for example, by the
sequential addition of DNA “fuel strands”®1¢1271416 or by
changing the ionic composition of the solution.'""*) However,
these devices are unsuitable for the above challenge for two
reasons: First, they demonstrate only local conformation
changes, rather than progressive motion. Second, they do not
move autonomously. Various schemes of autonomous DNA
walker devices based on DNA cleavage and ligation have
been explored theoretically but not experimentally;['” these
schemes have been limited to random bidirectional move-
ment. The use of DNA hybridization as an energy source for
autonomous molecular motors has also been proposed.!'* The
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construction of a non-autonomous DNA biped walker
device" and autonomous DNA tweezers® have been
reported recently. The production of a DNA motor capable
of autonomous, unidirectional, progressive linear transla-
tional motion is an important next step in the development of
DNA-based molecular devices.

Herein we report the design and construction of an
autonomous, unidirectional DNA motor that moves along a
DNA track. The self-assembled track contains three anchor-
ages at which the walker, a six-nucleotide DNA fragment, can
be bound. At each step the walker is ligated to the next
anchorage, then cut from the previous one by a restriction
endonuclease. Each cut destroys the previous restriction site,
and each ligation creates a new site, in such a way that the
walker can not move backwards. The motor is powered by the
hydrolysis of adenosine triphosphate (ATP), a kinetically
inert fuel whose breakdown may be accelerated by many
orders of magnitude by protein catalysts.”?!! The operation of
the motor was verified by tracking the radioactively labeled
walker by gel electrophoresis.

The autonomous, unidirectional, along-the-track motion
demonstrated by this prototype system represents a novel
type of motion for DNA-based nanomechanical devices. The
motion of the walker can be extended in principle beyond
three anchorages. Embedding a walking device of this kind in
a DNA lattice would result in a nanorobotics lattice that could
meet the challenge stated above: a nanoscale “walker” that
moves autonomously along a designated path over a micro-
scopic structure, thereby serving as a carrier of information
and possibly even physical cargo, such as nanoparticles.

The structural design of the device is shown in Figure 1a.
(Base sequences for all components are given in the
Supporting Information). The track consists of three evenly
spaced DNA double-helical “anchorages” (A, B, and C), each
tethered to another DNA duplex segment, which forms part
of the backbone of the track, by means of a four-nucleotide
“hinge”. Each anchorage consists of 13 base pairs, with a
three-nucleotide single-strand overhang (“sticky end”). Each
anchorage is positioned three helical turns (31 or 32 base
pairs) away from its nearest neighbors. The duplex segments
of the backbone of the track and of the three anchorages are
expected to behave like rigid rods, since they are much
shorter than the persistence length of duplex DNA (greater
than 10 turns).”>®! In contrast, the four-nucleotide single-
strand hinge is expected to be flexible, since the persistence
length of the single DNA strand is three nucleotides.* A six-
nucleotide DNA “walker”, labeled * and colored red, moves
sequentially along the track from anchorage A to B, then to C.

The device was constructed by mixing stoichiometric
amounts of purified DNA oligonucleotides in hybridization
buffer (see Experimental Section) and slowly cooling the
system from 90 to 37°C. The solution was then supplemented
with T4 ligase, endonuclease PfIM I, and endonuclease
BstAP I and incubated at 37°C. The autonomous motion of
the walker was initiated by the addition of the energy source
ATP.

The recognition sites and restriction patterns of PfIM I
and BstAP I are shown in Figure 1b. Figure 1c shows the
sequence of structural changes that occur during the motion
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of the walker; on the right-hand side the base sequence at the
end of each anchorage at each stage is shown, as well as how
these base sequences are transformed by the action of
enzymes. The motion of the walker depends on alternate
enzymatic ligation and restriction (cleavage). Before the
motion starts, the walker, whose position is indicated by *,
resides at anchorage A, as shown in panel O of Figure 1c. In
this state anchorages A* and B have complementary sticky
ends, which can hybridize with each other. T4 ligase can then
seal the nicks at each end of the newly hybridized section, thus
joining the two anchorages covalently (A*+B —A*B); this is
an irreversible step that consumes energy provided by the
hydrolysis of ATP. The ligation of A*B creates a recognition
site for endonuclease PfIM I. In process II, PfIM I cleaves
A*B in such a way that the walker moves to anchorage B:
A*B—A+B*. The sticky end of anchorage B* can then
hybridize with the complementary sticky end of anchorage C,
and the two anchorages are ligated to form B*C in process I11.
The ligation product B*C contains a recognition site for the
second endonuclease BstAP I. In process IV, B*C is cleaved
by BstAP I to regenerate anchorage B and create C*. Thus,
the walker moves from anchorage B to C to complete the
autonomous, programmed motion of the walker.

The motion of the walker is unidirectional: the product of
ligation between two neighboring anchorages can only be
cleaved such that the walker moves onto the downstream
anchorage (A*B and B*C can only be cut such that the walker
is left attached to B and C, respectively). Two idling steps are
possible: B* can be religated to A and regenerated by
restriction by PfIM I; similarly, C* can be religated to B and
regenerated by BstAP I. However, these idling steps neither
reverse nor block the overall unidirectional motion of the
walker. Once B* has been ligated to C the walker can never
return to A.

The autonomous and unidirectional motion of the walker
was verified by using denaturing polyacrylamide gel electro-
phoresis (PAGE) to track the motion of the walker, which was
radioactively labeled. The position reached by the walker in
the presence of different combinations of enzymes can be
determined by measuring the size of the labeled DNA
fragment. Figure 2a is a schematic drawing of the exper-
imental design. The 5" end of the walker (red) was labeled
with y-P*, represented by a red dot in Figure 2 a. Initially, the
labeled strand (part of A*) is 52 nucleotides long. The
completion of processes I, II, III, and IV can be detected by
the appearance of bands corresponding to radioactively
labeled DNA fragments of 68, 19, 57, and 41 nucleotides,
respectively. The appearance of these bands corresponds to
the transfer of the radioactively labeled fragment between the
anchorages along the track. The system was incubated at 37°C
in hybridization buffer supplemented with ATP and bovine
serum albumin (BSA) in the presence of different combina-
tions of enzymes, which were added to the system simulta-
neously. Figure 2b is an autoradiograph of a denaturing gel
which shows the products formed during each reaction. The
system in lane 1 is the control reaction without an enzyme or
ATP. In lane 2 T4 ligase and ATP are present: The walker is
expected to complete process I to produce a radiolabeled
strand of 68 nucleotides, thus corresponding to the formation

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. The structural design and operation of the autonomous unidirectional device. a) Structural design: The device contains two parts: the track and
the walker. The track consists of three evenly spaced duplex-DNA anchorages, A, B, and C, each linked to the backbone by a hinge: a four-nucleotide flexible
single-stranded DNA fragment. The walker is a six-nucleotide DNA fragment (colored red and indicated by ) initially positioned at anchorage A. The num-
bers give the lengths of DNA fragments in terms of the number of bases. b) Recognition sites and restriction patterns of PIM | and BstAP I: Green (pink)
boxes indicate the recognition site of PfIM | (BstAP I) and green (pink) arrows indicate their restriction sites. Bases that are important for PIM | (BstAP I)
recognition are shown in bold green (pink) fonts. N indicates the position of a base that does not affect recognition. c) Operation of the device: The left-
hand scheme shows the sequence of structural changes that occur during the operation of the device; the right-hand scheme describes the accompanying
enzymatic reactions and shows how they affect the ends of the anchorages. Panel 0 depicts the device in its initial state. Process | is the ligation of anchor-
age A* and anchorage B, which have complementary sticky ends; purple curves indicate the ligation sites. Note that the ligation of A* with B creates a
PfIM | recognition site, which is indicated by green boxes in panel 1; the cuts made by this enzyme are indicated with two green arrows. In process Il, the
device is cleaved by PfIM I, thus transferring the walker to anchorage B (panel 2). The new sticky end of B* is complementary to that of C. In process I,
anchorage B* and anchorage C hybridize with each other, and are ligated by T4 ligase to create a recognition site for the endonuclease BstAP I. Purple
curves in panel 3 indicate the ligation sites; pink boxes and arrows indicate the BstAP | recognition site and restriction pattern, respectively. In process IV,
B*C is cleaved into B and C*, thus transferring the walker to anchorage C and completing the motion of the walker. The final product is shown in panel 4.
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Figure 2. Evidence of the autonomous unidirectional motion of the walker. a) Experimental design: The six-
nucleotide walker is colored red. The red dot indicates the radioactive label; at each stage the radioactively
labeled strand is illustrated as a thickened line, with its length in terms of the number of bases shown near its
5’ end. b) PAGE analysis of the autonomous motion of the walker. An autoradiograph of a 20% denaturing
polyacrylamide gel identifies the position of the radioactively labeled walker. Lane 0: labeled 10-base-pair (bp)
DNA ladder marker; lane 1: device with no enzyme (control); lanes 2—4: device with T4 ligase, ATP, and differ-
ent combinations of the endonucleases PfIM | and BstAP | (lane 2: no enzyme; lane 3: with PAIM I; lane 4:
with BstAP | and PIM I). c) PAGE analysis of the stepwise motion of the walker. Lane 0: labeled 10-bp DNA
ladder marker; lane 1: device with no enzyme (control); lanes 2-5: samples corresponding to the stepwise
completion of processes |, II, Ill, and IV in Figure 2a, respectively, as described in the text (lane 2: no enzyme;
lane 3: with PfIM I; lane 4: no enzyme; lane 5: with BstAP I). Oligonucleotide lengths (in numbers of bases)

corresponding to DNA bands are indicated beside the gels.

of A*B. In lane 3 both T4 ligase and endonuclease PfIM I are
present: The walker is expected to be able to follow the
reaction sequence shown in Figure 2 a as far as the completion
of process I1I. Upon the completion of process II, A*B is cut
to produce A and B¥*, thus resulting in a labeled strand of 19
nucleotides. Subsequently, B* can be ligated to C to form B*C
to give a strand of 57 nucleotides. (These stages in the motion
of the walker were also observed in a time-course experiment;
see the Supporting Information). In lane 4 all three enzymes
are present: The walker is expected to be able to continue
autonomously to the completion of process IV in which B*C
is cleaved by BstAPI to generate C*, thus producing a
labeled strand of 41 nucleotides. The radioactive bands in the
gel shown in Figure 2b agree with all the above expectations
and hence provide evidence for the designed autonomous,
unidirectional motion of the walker.

To further test the operation of the system we forced the
device to operate in a stepwise fashion (rather than auton-
omously) by adding and deactivating the enzymes sequen-
tially. This experiment enabled us to inspect more closely the
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products formed at the end
of each process. The walker
was radioactively labeled as
described above. Figure 2¢
is an autoradiograph of a
denaturing gel which shows
the products after each step.
The system was first supple-
mented with T4 ligase: The
appearance of a band cor-
responding to a 68-nucleo-
tide DNA fragment in
lane 2 demonstrates the
completion of process I and
the formation of A*B. The
solution was left at 37°C for
one day to deactivate
T4 ligase,™ then PfIM I was
added (lane 3). The band of
68 nucleotides, which corre-
sponds to A*B, diminished,
whereas a band of 19
nucleotides, which corre-
sponds to B*, appeared,
thus confirming the comple-
tion of processIl. The
system was then incubated
at 37°C for two more days
to deactivate PfIM L and
was again supplemented
with T4ligase and ATP
(lane 4). The intensity of
the 19-nucleotide band cor-
responding to B* dramati-
cally decreased, whereas the
intensity of the 68-nucleo-
tide band corresponding to
A*B increased, and a 57-
nucleotide  band
sponding to B*C also appeared. This is consistent with our
expectation that B* can be ligated to both A and C. The
formation of A*B is only an idling step in the motion of the
walker. One more day later, after the enzymatic activity of
T4 ligase had ceased, the addition of BstAP I resulted in the
disappearance of the 57-nucleotide band and the appearance
of a 41-nucleotide band, thus indicating the cleavage of B*C
to B and C* (lane 5). The intensity of the 68-nucleotide band
remained almost unchanged, which confirms that A*B is
resistant to the restriction activity of BstAP I. These measure-
ments provide further confirmation that the device operates
as designed.

The unidirectional motion of the walker was also tested by
the two control experiments depicted in Figure 3. In the first
experiment, shown in Figure 3a,b, we intentionally con-

corre-

Bl The half-life of T4 ligase at 37°C is approximately 4 h (New England
Biolabs, unpublished observations).

El The half-life of PAIM | at 37°C is approximately 16 h (New England
Biolabs, unpublished observations).
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Figure 3. Control experiments. a) and c) show the design of control experiments in which the device is prepared with the walker (colored red) initially
attached to anchorages B and C, respectively. Red dots indicate the y-P*? label; the corresponding labeled strand is shown as a thickened line, with its
length in number of bases shown near its 5" end. A red cross on a broken arrow means that the reaction indicated by that arrow is not expected to happen.
b) and d) are autoradiographs of denaturing 20% PAGE gels that show the results of the experiments indicated in parts a) and c), respectively. b),d) Lane 0:
labeled 10-bp DNA ladder marker; lane 1: device with no enzyme (control); lanes 2-5: device with T4 ligase, ATP, and different combinations of the endonu-
cleases PfIM | and BstAP | (lane 2: no enzyme; lane 3: with BstAP | and PfIM I; lane 4: with PfIM [; lane 5: with BstAP I). Oligonucleotide lengths (in num-
bers of bases) corresponding to DNA bands are indicated beside the gels.
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structed the device such that the walker initially resides at
anchorage B. Figure 3a shows the forward and idling proc-
esses that we expect to be allowed, and reverse processes that
we expect to be forbidden. The 19-nucleotide strand B* was
labeled with y-P* at its 5 end, as indicated by the red dot.
Figure 3b shows the products generated upon the addition of
different combinations of restriction enzymes and ligase. In
the presence of T4 ligase (lane 2 of Figure 3b) the appearance
of 68- and 57-nucleotide bands indicate the formation of A*B
and B*C, respectively. The addition of BstAPI (lane5),
which is designed to cut B*C into B and C¥*, leads to a
decrease in the intensity of the B*C band and to the
generation of the 16-nucleotide fragment B, as expected.
The addition of PfIM I (lane 4), which is designed to cut A*B
into A and B*, leads to a decrease in the intensity of the A*B
band, but fragment B is not generated, again as expected.
Lane 3 shows the case when all three enzymes are present.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In the second control experiment depicted in Figure 3c,
the device was constructed with the walker initially at
anchorage C. The 5 end of the 41-nucleotide strand of
anchorage C* was labeled with y-P*%. In the presence of
T4 ligase (lane 2 of Figure 3d), the appearance of a 57-
nucleotide band indicated the formation of B*C as expected.
Subsequent lanes, which correspond to different combina-
tions of restriction enzymes and ligase, show that B*C can be
restricted to B and C* by BstAP I as expected, but that no
combination of enzymes leads to the reverse step B¥*C—
B*+4C (which would have been indicated by a 19-nucleotide
labeled band corresponding to B*).

By measuring the intensities of the bands in Figure 2b we
estimated the following yields for steps in the operation of the
device: A*—A*B, 46 %; A*B—B*C, 51 %; B*C—C*, 97 %.
Both imprecise stoichiometry and low ligation/cleavage
efficiency could cause low measured yields. Low enzymatic
efficiencies might result from the steric constraints imposed
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by the design of the motor; each substrate is created by
hybridization of two anchorages, which are also linked by the
backbone of the track. We are currently investigating design
improvements, including structural modifications such as an
increase in the length of the linkage between each anchorage
and the backbone.

As the reactions described herein were carried out in
solution, the possibility exists that the anchorages of two
individual devices might interact with each other in such a
way that the walker of one device might deviate from its
designated track and move onto the track of another device.
Through a control experiment described in the Supporting
Information we have shown that under conditions corre-
sponding to those under which the measurements described
above were made, the linkage of two tracks is undetectable.

In summary, we have designed and constructed a nano-
scale device in which an autonomous walker moves unidirec-
tionally along a DNA track, driven by the hydrolysis of ATP.
The motion of the walker can in principle be extended well
beyond the three-anchorage system demonstrated herein.!
The discovery of new endonucleases with larger nonspecific
spacing regions within their recognition sequences could lead
to walkers of larger sizes. By encoding information into the
walker and the anchorages, it should be possible to develop
the device into a powerful autonomous computing device
(and hence an “intelligent” robotics device).?

Experimental Section

DNA sequences were designed and optimized with the SEQUIN
software®”! and are listed in the Supporting Information. DNA
strands were synthesized commercially by Integrated DNA Technol-
ogy, Inc. (www.idtdna.com) and purified by denaturing gel electro-
phoresis. The concentrations of DNA strands were determined by
measurement of ultraviolet absorption at 260 nm. To assemble the
track, the DNA strands were mixed stoichiometrically at 0.3 um in
hybridization buffer and incubated in a heating block from 90 to 37°C
over a period of 3 h. NEB buffer purchased from New England
Biolabs (www.neb.com) was used as the hybridization buffer: NEB 3
contains NaCl (100 mm), Tris-HCl (50 mm), MgCl, (10 mm), and
dithiothreitol (1 mm, pH 7.7 at 37°C). Radioactive labeling: DNA
strands were labeled with T4 polynucleotide kinase purchased from
Invitrogen Inc. (www.invitrogen.com), by using the standard protocol
recommended by the kinase kit. For the ligation experiments and
cleavage by the endonucleases, a 30-pL solution containing 1 pmol of
the assembled device was supplemented with BSA (100 uygmL™") and
ATP (1 mm). 1 unit of T4 Ligase, 24 units of the endonuclease PfIM 1,
and 5 units of the endonuclease BstAP I were added to the solution,
followed by overnight incubation at 37°C. The endonucleases PfIM I
and BstAP I were purchased from New England Biolabs (www.neb.
com). T4 ligase was purchased from Invitrogen Inc. (www.invitro-
gen.com). The reaction solution was NEB 3 buffer supplemented with
BSA and ATP and containing NaCl (100 mm), Tris-HCI (50 mwm),
MgCl, (10 mm), dithiothreitol (1 mm, pH7.7 at 37°C), BSA
(100 ygmL™"), and ATP (1 mm). The enzymatic reactions were
carried out at 37°C. For denaturing gel electrophoresis, the mixture
was heated at 90°C for 10 min, and applied to denaturing polyacryl-
amide gel. The positions of the radioactively labeled strands were
detected by phosphor imaging. The relative concentrations of DNA
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present in the bands were measured by using ImageQuant from
Molecular Dynamics (www.mdyn.com).
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Single-Molecule Magnets

Unusual Magnetic Metal-Cyanide Cubes of Re"
with Alternating Octahedral and Tetrahedral
Corners**

Eric J. Schelter, Andrey V. Prosvirin, William M. Reliff,
and Kim R. Dunbar*

The design of cyanide-bridged transition-metal clusters is one
of the leading topics in the field of molecular magnetism.!
Two of the main reasons for this high interest are 1) cyanide
chemistry easily lends itself to a building-block approach and
2) the nature (ferromagnetic versus antiferromagnetic) of
magnetic exchange interactions through a linear cyanide
ligand is largely predictable.”* These attributes have inspired
numerous research groups to pursue the synthesis of high-
spin, magnetically anisotropic metal cyanide molecules with
the goal of engendering slow paramagnetic relaxation of the
magnetization, a phenomenon that has been likened to the
behavior of single-domain particles. This “superparamag-
netic-like” magnetic behavior of molecules, commonly refer-
red to as “single-molecule magnetism”,* ! has been observed
for paramagnetic clusters that exhibit a large spin ground
state combined with an appreciable degree of anisotropy (i.e.,
a negative zero-field splitting parameter D).5%!%11 Single-
molecule magnet (SMM) behavior was first noted over ten
years ago for an {Mn,,} cluster of the oxide family,'*!" and
many new examples of oxide-based SMMs have been
prepared in the ensuing years.""!? Progress in this area has
been only incremental, however, in terms of raising the
blocking temperature of the magnetization. One of the main
reasons for this situation is that it is difficult to control the sign
and magnitude of D. This limitation to realizing high-temper-
ature SMMs is one of the focal points of research in the field.

One approach to increasing the magnetic anisotropy of
paramagnetic clusters is to incorporate heavier transition
elements, such as 5d metal ions, which exhibit strong spin—
orbit coupling effects that can induce anisotropic magnetic-
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exchange interactions.”'>'7) In this vein, we have been
investigating the use of the paramagnetic Re" anion complex
[Re"(triphos)(CN);]~  (triphos = 1,1,1-tris(diphenylphospha-
nylmethyl)ethane) as a building block for high nuclearity
clusters with unusual magnetic properties."®! As a backdrop
for these studies, we undertook a full investigation of the
magnetic behavior and theoretical modeling of [Et,N][Re™-
(triphos)(CN);], which revealed that the compound exhibits
an unusually strong temperature-independent paramagnet-
ism due to spin—orbit coupling of the S = 1/2 ground state and
low-lying excited states.'>?!) Given these intriguing findings,
we proceeded to explore reactions of [Re'(triphos)(CN),]
with complementary building blocks including MCl, reagents
(M = 3d metal ion). The results of these studies with Fe"" and
Co" chlorides are reported herein.

Single-crystal X-ray studies revealed the products to be
distorted molecular cubes composed of both six- and four-
coordinate vertices (Figure 1).”2! The triphos ligands act as

Figure 1. Thermal ellipsoid plot of [{CoCl},{Re(triphos) (CN);},]. Ellip-
soids of the central core are drawn at the 50% probability level. The
remaining atoms are depicted in stick mode for the sake of clarity.

facial-capping ligands for the Re" centers, as expected, and a
single chloride ligand completes the coordination spheres of
the four 3d metal ions, which are in four-coordinate distorted
tetrahedral environments. The steric demand of the triphos
ligands, illustrated in the space filling diagrams in Figure 2, is
clearly responsible for the lower coordination number of the
Fe and Co centers in these compounds.”*>!

Relevant metal-ligand bond lengths and angles in
[{FeCl},{Re(triphos)(CN);},] (1) and [{CoCl},{Re(tri-
phos)(CN);}y] (2) reveal subtle differences in the two
molecular structures. The N-Fe-N angles in 1 range from
103.9(7)-108.2(8)° and the N-Fe-Cl angles range from
111.1(6)-113.9(7)°. The N-Co-N angles in 2 are slightly
more acute than those in 1, ranging from 101.9(3)-
105.8(3)°; the N-Co-Cl angles are in the range 112.3(2)-
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Figure 2. Space filling diagram for [{CoCl},{Re(triphos) (CN)5},] illus-
trating the high steric demand of the triphos ligands. Top: View along
Fe—Cl vector (pseudo-GCs-axis of cube). Bottom: Side view of cube face.

116.1(2)°. In both structures, the fact that the N-M-N angles
are >90° is compensated by deviations of the CN~ ligands
from linearity (Re-C=N angles range from 169.3(18)-177(2)°
and 175.0(8)-179.3(10)°; M-N=C angles range from
163.3(18)-174.3(16)° and 165.4(8)-174.1(8)° in 1 and 2
respectively).

Infrared spectroscopy performed on polycrystalline sam-
ples of 1 and 2 as Nujol mulls revealed the presence of two
sharp, intense vy, stretches located at 2011 and 1992 cm ™' in
1 and 2111 and 2096 cm™' in 2. The V(=) modes in 1 are
shifted by —49 and —78 cm™! from the starting material (2060,
2070 cm ™), whereas the vy, stretching bands in 2 are
shifted by +51 and +26 cm ™ respectively. Typically, CN
stretches shift to higher energies in going from a terminal to
bridging mode, so it was initially puzzling that compound 1
exhibited anomalous behavior. These differences can be
explained, however, on the basis of different oxidation states
for the Re ion in 1 and 2. Far-infrared spectroscopy performed
on 1 revealed a feature at 354 cm ' that is consistent with a
Vre—c Stretching mode for a ferric iron, and Mossbauer spectra
at 4, 77, and 298 K indicate the presence of a single iron
species, namely a high-spin Fe™ nucleus (6 =0.43 mms' and
AE =0.53 mms!, Figure 3). These data indicate that the Fe™
ions have become oxidized in the course of the reaction, and,
since there are no counterions in the crystals of 1, one must
assign the oxidation state of Re in the cluster as Re'. This
conclusion is substantiated by the electrochemical properties
of [Et,N][Re(triphos)(CN);] which reveal an accessible,
reversible Re" —Re' reduction process at E;,=—0.74V
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Figure 3. M&ssbauer spectrum of {[FeCl],[Re(triphos) (CN);],} at

77.5 K. The Quadrupole doublet indicates rapidly relaxing high-spin
Fe'" center with 6 =0.43 mms™' and AE=0.53 mms™; (Rel. A is the
relative absorbance; v is velocity).

(dissolved in acetonitrile, versus Ag/AgCl).'¥! Moreover,
there is a general contraction of Re—L bond lengths in 1 as
compared to 2, in accord with the presence of the Re' ion,
which can engage in stronger m-bonding interactions with the
cyanide and phosphine ligands. The assignment of an Re'-
Fe™ ground state is consistent with the shifted energies of the
V(c=~) modes in the infrared spectra of the compounds, as it is
well-known that these bands are sensitive to metal oxidation
states.

Magnetization measurements were performed on 1 and 2
from T=2-300 K. The ¥,,T versus T plot for 1 shows a room-
temperature value of 14.72 emuK mol ™' (10.85 pg) and a low-
temperature value of 1.45emuKmol™ (3.41 pg; Figure 4).

0.8

150 e
07" T ........
06 10t
T o xTi
% 05k emuKmol!
1S . L
5 04 5
£ H
% 03
N 0 e
02+t 0 50 100 150 200 250 300
TIK—>
0.1 LYY
0 . . )

0 50 100 150 200 250 300
TIK—

Figure 4. Temperature dependence of the magnetic susceptibility (x,,)
for [{FeCl},{Re(triphos) (CN);},] (1). Inset shows ,,T versus T.

The value of 14.72 emuKmol ™! is slightly low for four, non-
interacting S=5/2 Fe™ centers, (3.68 emuKmol™ (5.43 pg)
per Fe and low-spin, d® Re' ions, which contribute only
TIP).” The calculated moment per Fe'" center continues to
approach the spin-only value of 5.92 pp with increasing
temperature, attaining a value of 5.60 pg at the limit of the
experiment ~ 350 K. Attempts to apply a simple model to the
%I versus T data that involved a combination of a small zero-
field splitting parameter and weak next-nearest neighbor

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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interactions!”’ did not entirely reproduce the gradual slope of
%1, but the data are reproducible for pure batches of crystals,
thereby ruling out the presence of impurities. Further efforts
are underway to develop a model for this system that accounts
for the behavior of 1 over the entire temperature range.

In the case of compound 2, the y,,, T versus 7 plot exhibits a
high temperature product of 13.92 emu K mol ™' (10.55 pg) and
a low temperature product of 0.58 emuKmol™ (2.15 pg;
Figure 5). If the contribution of the Re™ centers at 300 K is

03 T
0.25 1 17!
A emu K mol™
T 02 %

x/emu mol™t 015

0 50 100 150 200 250 300

01} TIK—>
0.05 |-
0 ! ! ! ! |
0 50 100 150 200 250 300

TIK—>

Figure 5. Temperature dependence of the magnetic susceptibility of
{[CoCl],[Re(triphos) (CN);],} (2) and that of the model (solid line).
Inset shows y,,, T vs T with that of the model (solid line). The model
breaks down at higher temperatures due to the temperature depend-
ence of the g value of the Co" ions arising from zero-field splitting.

taken to be 0.63 emuKmol™' or 2.29 uy (the value of the
parent compound [Et,N][Re(triphos)(CN);]),"® one obtains
ay,,T value of 2.85 emuKmol ™' (4.77 pg) for each Co™ ion, in
accord with tetrahedral Co™ (S=3/2) and a typical orbital
contribution.® The y,, versus T plot increases as the temper-
ature is lowered until 21 K, after which temperature the value
decreases before rapidly increasing again at 12 K. The y,, T
versus 7T data for 2 descends over the whole temperature
range and approaches zero at low temperatures.

The magnetic data for 2 can be rationalized in terms of the
well-described behavior of the “A, ground state of the
tetrahedral Co" ion.”"! Zero-field splitting of this ion (= |7-
15| cm )" Jeads to an effective spin §'=1/2 for the Co"
ion at low temperatures. The fact that both Re™ and Co™ ions
in 2 are magnetically anisotropic poses a formidable challenge
for the simulation of the magnetic behavior. A model for the
magnetic susceptibility was developed by using MAGPACK
(ANIMAG?2),”! which accounts for the most influential
factors on the susceptibility of 2, namely, the zero-field
splitting of the Co" ions, the anisotropic g factors of the Co"
ions, and their anisotropic magnetic exchange. The data were
reproduced by using an Ising exchange model and assump-
tions were made to limit the number of fitting parameters.
The g values for the Re' ion were set at gy=2.4 and g, =0.7,
values previously established by the j—j coupling scheme
developed for [Re(triphos)(CN);]~.*) The best fit to the low-
temperature data (<~40 K)*” was obtained for Co" ion g
values of g|=2.7 and g, =12,F"* D¢, =—-15cm™" and J, =
—5.5 cm™! (Figure 5).5°l Most importantly, the model predicts

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the maximum in %, vs T reasonably well. Additional work is
currently underway to experimentally establish g and D
values from EPR studies to further refine the model.

The results of this study demonstrate that the anion
[Re(triphos)(CN);]~ is a useful precursor for the high-yield
self-assembly of unusual metal cyanide cubes in which four-
coordinate pseudotetrahedral metal ions occupy four of the
vertices of the cube along with the six-coordinate Re" corners.
The reaction with FeCl, led to a redox reaction to produce a
cluster consisting of Re' and high-spin Fe™ ions, a result that
underscores the fact that choices of metal ions to combine
with [Re(triphos)(CN);]~ will need to be guided by a knowl-
edge of their oxidation potentials. The combination of Re"
(S=1/2) and Co" (§=3/2) in 2 leads to complex magnetic
behavior dominated by the anisotropy of the ions as expected.
In an effort to generalize this chemistry, we have also
explored reactions of the divalent chlorides of Mn, Ni, Cu,
Zn and crystallized analogous cubes in all cases. These
preliminary results combined with the present studies con-
stitute a family of homologous clusters whose comparative
magnetic properties is expected to lend valuable insight into
the parameters that affect the behavior, especially the large
magnetic anisotropy of the Re ion.

Experimental Section

Synthesis of [FeCl],[Re(triphos)(CN);] (1): [Et,N][Re(triphos)(CN);]
(0.080 g, 0.078 mmol) was dissolved in 5mL of dry CH;CN and
treated with Fe,Clg(thf)>? (0.032 g, 0.034 mmol in 4 mL of CH,CN
and 1 mL of Et,0) which produced a change from yellow to an
intense blue. A crystalline blue sample was harvested after 18 h and
washed with CH;CN followed by Et,O and air-dried. Yield: 0.053 g
(63%). The synthesis of 2 (intense green) is identical to that of 1
except that the CH;CN washings were minimized due to the higher
solubility of 2 in CH;CN. X-ray quality single crystals of 1 and 2 were
obtained by layering CH;CN solutions of the Re"' compound with
CH;CN/E,0 (9:1 v/v) solutions of MCL,. Elemental analysis calcd for
1, C,;6H,5¢N,,CLP,Fe,Re,: C 53.91, H 4.01, N 4.23, C1 3.62; found: C
53.52, H 4.12, N 4.19, Cl 3.52. Elemental analysis calcd for 2,
C,76H,5¢N,Cl,P,CosRe,: C 53.74, H 4.00, N 4.27, CI 3.61; found: C
53.89, H 4.16, N 4.12, ClI 3.58. IR (Nujol) for 1: #=2011, 1992 cm™"
(C=N); 2: $=2111, 2096 cm~! (C=N). Méssbauer (77.5K): 1: 6=
043 mms~' (relative to RT Fe), AE=0.53mms'. DC magnetic
susceptibility measurements were performed on microcrystalline
samples of 1 and 2 with the use of a Quantum Design MPMS-2
SQUID magnetometer operating in the temperature range of 2—
300 K at 0.1 T. Diamagnetic corrections were made with the use of
Pascal’s constants.
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Molecular recognition through helix-helix interactions is an
interesting subject in relation to biologically important
peptide bundling.!"! Although the design of peptide bundling
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(coiled-coil) based on natural peptide motifs has been studied
extensively,”™ secondary structure recognition between heli-
cal macromolecules has never been utilized in artificial host—
guest chemistry for the one-pot separation of right- and left-
handed helices in solution.’*® Herein, we report the first
example of one-pot optical resolution of helical oligopeptides
(rac-2 and rac-3) through stereoselective helix bundling by
using a cyclodimeric zinc porphyrin host 1 bearing a guest-
binding chiral cavity with two helical peptidic units (Figure 1).

Figure 1. Schematic representation of helix-sense-selective host—guest
complexation.

The oligopeptide parts in compounds 1-3 contain a-
aminoisobutyric acid (Aib) units (Scheme 1). Poly(Aib) is
known to adopt a dynamic helical structure, which switches
back and forth between right- and left-handed conforma-
tions.’) Recently, we have found that a cyclodimeric zinc
porphyrin with dynamic oligo(Aib) units can detect the
helical sense of oligopeptides.”) Although this chiroptical
sensor lacks a stereogenic center, it becomes optically active
through stereochemical interactions with helical guests upon
inclusion in its cavity. In contrast, host 1 and guests 2 and 3
(Scheme 1) possess leucine residues (Leu) as a chiral source,
which can induce, depending on their configurations, either a
right- or left-handed helicity in the oligopeptide chains.
Therefore, the stabilities of the host—guest complexes may be
affected by the conformational matching among the three
single-handed oligopeptide helices. Compounds 1 and 2 also
contain two dehydrophenylalanine (APhe)!" units adjacent
to the Leu residue whose benzylidene groups would have a
steric influence on the host—guest interaction.

Scheme 1. Structures of helical oligopeptide host 1 and guests 2-5, as well as molecular models of -1, L-2, and p-2.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Cyclic host 1 was obtained by metalation with Zn(OAc),
of a precursor free-base porphyrin cyclic dimer, synthesized
by coupling of 5,15-bis(3-aminophenyl)-10,20-dimesitylpor-
phyrin with a nonapeptide containing Leu and APhe residues,
followed by macrocyclization with 5,15-bis(3-carboxyphenyl)-
10,20-dimesitylporphyrin.”! The CD spectrum (Figure 2a,

Figure 2. Complexation of 1 with 2 at [2]/[1]=10:1 in CHCl; at 25°C.
a) CD spectra of L-1 in the absence (black curve) and presence of L-2
(blue curve), p-2 (green curve), and rac-2 (red curve). b) CD spectra of
D-1 in the absence (black curve) and presence of b-2 (blue curve), L-2
(green curve), and rac-2 (red curve).

black curve) of the L-leucine-con-
taining host (L-1) in CHCl, displays

an exciton-coupled CD band cen- decomplexation.

Angewandte

right-handed L-2 is favored over left-handed D-2 in the
complexation with L-1. Accordingly, host D-1 (which has left-
handed helical units) shows a much larger affinity toward left-
handed p-2 than right-handed L-2 (Table 1, entry 5), and the
observed K, (DDOD)/K ..(DDL) ratio of 4.9:1 is identical to
that observed for L-1D2 (Table 1, entry 1).

Inclusion complexes L-1DL-2 and L-1DD-2 also display
different CD spectral profiles (Figure 2a). Mixing L-1 with
the favorable guest L-2 (10 equiv) results in the exciton-
couplet at the Soret absorption band of the zinc porphyrin
moieties being red-shifted from 424 to 431 nm (because of the
coodination with the pyridyl terminus of L-2!) and signifi-
cantly enhanced (Figure 2a, black—blue curves), whereas
mixing of L-1 with the unfavorable left-handed D-2 (10 equiv)
results in a red-shifted but much less enhanced CD band
(Figure 2a, black—green curves). When D-1 is used as the
host, an analogous CD enhancement is observed upon
complexation with p-2 (Figure 2b, blue curve) rather than
with L-2 (green curve). These observations indicate that the
twisted geometry of the zinc porphyrin units in the host is
likely stabilized by the inclusion of a favorable guest in its
cavity to form a peptide bundle. Interestingly, mixing of L-1 or
D-1 with racemic guest rac-2 (10 equiv) also results in a large
enhancement of the CD signal (Figure 2, black —red curves),
the extent of which is 87 % of those observed for the favorable
host-guest combinations (Figure 2, blue curves). This result
suggests the occurrence of optical resolution of rac-2 in
solution by selective binding with 1 under competitive
conditions (Figure 1). To prove this"”! inclusion complex L-
102, formed upon mixing L-1 with rac-2 (10 equiv) in CHCl,,
was isolated by size-exclusion chromatography (SEC) with

Table 1: Association constants (K,...) for the complexation of helical host 1 with guests 2-5 in CHCl; at
25°C, upon spectroscopic titration, and enantiomer ratios of 2 extracted from 122, upon

tered at 280 nm, as a result of the Entry Host Guest K, (LDL)[M7] Kissoc(LDD) [M7] Kiarge/ ~ L-2/D-2 extracted
APhe units. The oligopeptide units Kimar~ from 152
in L-1 adopt a right-handed helical 4 L1002 14.2x10° 2.9%10° 49  86:14
conformation, as evident by the sign 2 13 4.0x10° 1.2x10° 3.3 -
of the split Cotton effect.! A 3 L1 4 2.1x10° 2.7x10° 13 -
characteristic ~exciton-couplet is 4 o1 5 3.2x10° 3.6x10° 1.1 -

5 o1 2 2.7%10° [=Kyesoc(DDL)] 13.3%10° [= K, ioc(DDD)] 4.9 10:90

also observed at the Soret absorp-
tion band of the zinc porphyrin
moieties (400-440 nm), which indi-
cates a clockwise-twisted geometry
of the two facing zinc porphyrin units.”"'!! As expected, the
CD spectrum of D-1 bearing left-handed helical units
(Figure 2b, black curve) is a perfect mirror-image of that of
L-1.

Spectroscopic titration in CHCl; and Job plots”! suggest
that L-1 forms a stable 1:1 inclusion complex with L-2, a
pyridine-anchored right-handed helical pentapeptide con-
taining L-Leu, with an association constant K, (LDL) of
14.2x10°m™! (Table 1, entry 1). In contrast, the association
constant for the complexation of left-handed helical guest p-2
with L-1, is much smaller (K, (LDD)=2.9x 10°m~", Table 1,
entry 1). The large difference between these association
constants (KoL DL)/ KoL DD) =4.9:1) demonstrates that

Angew. Chem. Int. Ed. 2004, 43, 4915-4918
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[a] Determined by HPLC on a Daicel Chiralpak AD-H column.

CHCI; as eluent. Decomplexation of L-122 in THF!
followed by SEC with THF as eluent allowed isolation of
guest 2 in 78 % yield based on L-1. HPLC analysis on a chiral
stationary phase (Daicel ChiralPak AD-H, Figure 3b) with
rac-2 as reference (Figure 3a) demonstrated that the 2 thus
isolated was considerably enriched in the L isomer, with a L-2/
D-2 ratio of 86:14 (72 % ee; Table 1, entry 1). However, the
use of D-1 in place of L-1 for the competitive complexation
with rac-2, followed by an analogous chromatographic
analysis (Figure 3¢), resulted in a L-2b-2 ratio of 10:90
(80% ee; Table 1, entry 5).

To explore the origin of stereochemical guest selection we
investigated the complexation of L-1 with leucine-containing

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. HPLC traces obtained on a chiral stationary phase of a) rac-2
(reference) and b), c) 2 extracted from inclusion complexes with L-1
and p-1, respectively (column: Daicel Chiralpak AD-H, eluent: hexane/
2-propanol /Et,NH =75:25:0.1).

guests 4 and shorter-chain 5 as nonhelical reference com-
pounds (Scheme 1). Although the number of atoms along the
main chain of 4 is identical to that of 2, the molecular length of
5 is more likely to be similar to that of 2 adopting a helical
conformation. Spectroscopic titration experiments showed
that the association constants of these nonhelical guests with
L-1 are one order of magnitude smaller than those observed
for helical 2, and more importantly, their enantiomers were
not discriminated stereochemically (Table 1, entries 3 and
4)." From these observations we can conclude that a helix—
helix (host—guest) interaction is responsible for the stereo-
chemical guest selection in the complexation between 1 and 2.
Moreover, substituents on the helical chains play a role in the
helix-helix interaction upon bundling.”*" For example,
smaller association constants are found for the complexation
of L-1 with the enantiomers of helical guest 3, which does not
contain benzylidene units, than those with 2 (Table 1, entry 2).
In particular, the L enantiomer of 3 is preferentially selected
by L-1, but the observed K, (LDL)/K 0.(LDD) ratio of 3.3:1
is clearly smaller than that of L-1D2.

In conclusion, we have demonstrated one-pot optical
resolution of helical peptidic guests in solution by using a
cyclodimeric zinc porphyrin host bearing single-handed
oligopeptide units. In conjunction with control experiments
on nonhelical chiral guests, the results clearly show that the
host and guest molecules stereochemically recognize their
helical structures, rather than the point chiralities (Leu) in
their chains, upon bundling of the host molecule in the
confined cavity. We believe that exploration of asymmetric
transformations through artificial peptide bundling is worthy
of further investigation.
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Polynitrogen Chemistry

High-Energy-Density Materials: Synthesis and
Characterization of N.1[P(N;)¢] , NsT[B(N3),4]
Ns"[HF,] -nHF, N5"[BF,]", Ns"[PF,] ", and
Ns"[SO,F] **

Ralf Haiges,* Stefan Schneider, Thorsten Schroer, and
Karl O. Christe*

Dedicated to Professor Herbert Roesky
on the occasion of his 70th birthday

During the past two decades, polynitrogen containing com-
pounds have received increasing attention as promising
candidates for high energy-density materials (HEDM).['""!
While most of the efforts were devoted to theoretical studies,
the long-known existence of the stable azide anion (N;7)!'®!
and the recent syntheses of stable salts of the pentanitrogen
cation (N5*)[*l have demonstrated the feasibility of exper-
imentally pursuing polynitrogen-containing materials. The
only known direct method for preparing N5t compounds is
their synthesis from an [N,F]* salt with HN; in HF solution
according to Equation (1).1?

[NLE]* [MFg]~ + HN,Z5N? [MF,]~ + HF 1)

This direct synthesis route is restricted by the small
number of [N,F]* salts available. Except for N,FAsF, and
N,FSbF, and reports on unstable N,FBF,! and N,FPF "
salts, no other [N,F[* compounds have been reported.

Other Ni* salts can be prepared by an indirect method
using metathetical reactions® [Eq. (2)].

NI [SbFg]™ + MY~ — MI Y~ + M* [SbF]™ | 2)

For a successful metathetical reaction, each ion must be
compatible with the solvent, and both starting materials and
one of the products must be highly soluble, while the second
reaction product must have low solubility. Because of its
highly oxidizing nature, N;SbFy is compatible with only a
limited number of solvents, for example, HF, SO, and CHF;,
thus severely restricting the general usefulness of the
metathetical approach. Because SbF; is among the strongest
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known Lewis acids,”! the displacement of SbFs in Ns*[SbF,]~
by a stronger Lewis acid is also rarely feasible. Therefore, the
development of a more general method for the syntheses of
N;* compounds is desirable. Furthermore, in the interest of
preparing Ns* salts of higher energy content, the combination
of N;* with highly energetic counterions was pursued.
Previous attempts to combine N5t with either N3, [CIO,] ™,
[NO;]~, or [N(NO,),]” had been unsuccessful.l?!

While in theory, F~ abstraction from FNs by a strong
Lewis acid, such as SbFs, could provide a general synthesis for
N;* salts [Eq. (3)], the required FN; precursor is unknown.

FN; + SbF; — N{ [SbFy]- 3)
Theoretical studies™? identified at least six vibrationally
stable isomers of FNs but, in accordance with experimental
results, the predicted lifetimes of these species are only in the
nanosecond range.”

During attempts to prepare N5t [N(CF;),]” by metathesis
from N5+ [SbF,]~ and Cs* [N(CFs;),]” in HF solution at —78°C
[Eq. (4)], the expected CsSbF, precipitate was formed and
removed by filtration.

Nj [SbFs]~ + Cs* [N(CF5),]” — Ny [N(CF;),]” + CsSbF; | 4)

However, after pumping off all volatile material from the
filtrate at —64°C, the low-temperature Raman spectrum of
the resulting clear liquid residue exhibited only bands
attributable to N* (Figure 1). This finding reminded us of a
situation encountered 24 years ago with the metathetical
reaction of NF,SbF, and CsF in HF [Eq. (5)].

NF; [SbFy]~ + CsF + (n+ 1) HF — NF,HF, - n HF + CsSbF; |
(5)

0.020
T 0.015
0.010

0.005

3000 2500 2000 1500

- Jfem™

1000 500

Figure 1. Low-temperature Raman spectrum of NsHF,-n HF. The bands
marked by an asterisk (x) are due to the Teflon—FEP sample tube.
Bands marked by e arise from a trace of [SbF¢|™ from the starting
material. The intense, unlabeled bands are from N,*.

This reaction resulted in the formation of thermally
unstable, liquid NF,HF,-n HF,*! which exhibited character-
istics very similar to those observed in the above Ns* reaction,
that is, a failure to observe anion bands because a polybi-
fluoride anion is an extremely weak Raman scatterer. The
additional formation of NsHF,-nHF in the reaction in

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Equation (4) can be explained if liquid HF is capable of
displacing HN(CF;), from its [N(CF;),]” salts according to
Equation (6).

Cs* [N(CF;),]” + 2HF — Cs* [HF,|” + HN(CF;), (6)

The above assumptions were confirmed by carrying out a
reaction of NsSbF with CsF in anhydrous HF at —64 °C which
resulted in the expected precipitation of CsSbF, and the
formation of a polybifluoride of N5+ [Eq. (7)].

N;SbF, + [CsHF,]~ + nHF— _[N;HF,] - nHF + CsSbF, | (7)

N;s;HF,-n HF was isolated as a clear, colorless liquid after
filtering off the CsSbF, precipitate and removing all volatiles
at —64°C from the filtrate. The observed low-temperature
Raman spectrum was identical to that shown in Figure 1. It
exhibits, in addition to some weak bands due to the Teflon-
FEP sample container and a trace of [SbF,]™ from the starting
material, only bands due to Ns*. The experimental Raman
frequencies and assignments are listed in Table 1. On warm-
ing to room temperature, the NsHF,-n HF salt decomposed
under formation of trans-N,F,, NF;, and N,, which were
identified by checking for noncondensible gas at —196°C and
FT-IR spectroscopy.

The usefulness of the NsHF,-n HF salt as a reagent for the
synthesis of other Ns* salts by displacement reactions with
Lewis acids stronger than HF was explored by treating it with
PF;, BF;, and HSO;F,”*? resulting in the formation of NsPF,
N;BF,, and N5sSO;F, respectively, according to Equations (8)—
(10).

N;HF, - nHF + PF;—NPF; + (n+1)HF (8)
N;HF, - nHF + BF,— _N;BF, + (n+1)HF (9)
N;HF, - nHF + HSO;F—_oN;SO,F + (n +2) HF (10)

All these new salts are white, marginally stable solids that
were characterized by NMR and vibrational spectroscopy.
The “N NMR spectrum of NsPF; was recorded in HF at
—40°C. It showed a strong resonance at 6 =—165.1 ppm for
the Ny atoms and a very broad line at about 6 = —101 ppm for
the terminal N, atoms, and is in good agreement with
previously published values for Ns* salts!™ In the
“N'NMR spectra of NsBF, and Ns;SO;F in HF at —40°C,
the resonances for the Nj atoms were observed at 6=
—164.3 ppm and 6 =—164.7 ppm, respectively. The experi-
mental vibrational frequencies and assignments of the three
salts and, for comparison, of NsSbFg are listed in Table 1. The
observed Raman and IR spectra of NsPF, are shown in
Figure 2, and the Raman spectra of N;BF, and N;SO;F are
shown in Figure 3 and Figure 4, respectively. They establish
beyond any doubt the composition of these salts!'>%3% and
their ionic nature.

Whereas the Nst ion is a highly energetic ion with a
calculated endothermicity of 351.6 kcalmol™,*? all of its
known salts contained non-energetic counterions.'”!
Although a significant advance in potential performance
was achieved by successfully doubling the number of poly-
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Figure 2. IR (upper trace) and Raman (lower trace) spectra of N;PFg.
The bands marked by an asterisk (x) are due to the Teflon—-FEP sample
tube.
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Figure 3. Low-temperature Raman spectrum of NsBF,. The bands
marked by an asterisk (*) are due to the Teflon—FEP sample tube.
Bands marked by e arise from a trace of [SbF¢]~ from the starting
material.
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Figure 4. Low-temperature Raman spectrum of N;SO;F. The bands
marked by an asterisk (x) are due to the Teflon—FEP sample tube.
Bands marked by e arise from a trace of [SbF¢]~ from the starting
material.
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Table 1: Observed vibrational frequencies of NsHF,-nHF, NsSbFg, NsPF,, NsBF,, and N;SO;F and their assignments

Angewandte
Chemie

Observed frequency (cm™') and relative intensity

Assignments

NsHF,-nHF N;sSbF¢? N;PFg N;BF, N;SO;F *(Cy) MF¢~ (O,) [BFJ]™ [SO;F]”
Raman IR Raman IR Raman Raman Raman (Tq) (Tq)
3357 vw 3364w (V1 + v3 + vg) (B,) =3358
3334 vw 3337w (vi + vg)(B,) =3323
3079 vw 3082 mw (v, + v;) (By) =3077
2681 vw 2685 w (v1 + vg) (B,) =2682
2279 (10) 2270 m 2268 2273 ms 2269 2283 2271 (10) v (A)
(9.4) (10) (10)
2218 (2.2) 2205 s 2205 2219s 2209 2221 2210 (2.2)  v4(By)
(2.0) (1.3) (3.0)
1921 vw 1926 w (vs + 3v,)(B,) =1914
1891 vw 1891 w (vs +2v) (B,) =1883
1303 (1.7) v4(E)
1240 vw comb.
bands
1092 ms 1099 s (vs + v5) (B,) =1086"
1084 (5.3) v, (A))
1064 s 1072 s vg(By)
902 vww (vs + v6) (B,) =903
877 (1.3) 871 w 872 869 880 871 (2.3) v,(Ay)
(0.6) (0.6) (1.5)
840 (0.9) 835 vw 837 826 837 829 (1.7) (2vs) (A;) = 828"
0+) (0+) 0.7)
785 (2.1) v,(A)
771 v, (A)
(2.9)
672 (2.7) 672 (1) 672 s 668 674 669 (3.2) v3(A)
(2.2) (2.7)
655 vs 881 s, v3(Fiu)
839 vs }
652 (10) 750 m 747 V1 (Arg)
(3-8)
574 (2.4), v3(A))
564 (2.4) }
582w 571 563 vs 578 V5(Eg)
(08) (03)
525 v,(F,)
0.7)
481 (0.7) 478 473 w 476 477 (1.4) vs(A;)
0+) 0.7)
447 w 447 w ?
422 (0.6) 425 ms 426 420 (1.9) vg(B1)
(0.4)
413 (0.6) 412 mw 416 416 412 407 (2.0) vo(By)
0+) (0+) (0.5)
284 vs 563 vs AGH)
282 473 w 474 5 (Fag)
(2.8) (0.6)
350 v,(E)
(0.6)
202 (5.8) 204 211 202 203 (5.7) v4(A)
(5.0) (2.5) (4.8)
107 120 113 111 (4.5) lattice vibrations
(5.0) (1.6) (2.0)

[a] In Fermi resonance with v¢(B,). [b] In Fermi resonance with v,(A,).

nitrogen ions in a salt by formation of a 2:1

salt

[N5*],[SnFg)*~,! salts containing energetic counterions were
still missing. Attempts to combine the N;* ion with the
energetic anions, [ClO,]”, [NO;]~ and N;~ by metathetical
reactions failed, and a recent theoretical analysis showed that,
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after inclusion of entropy corrections, Ns*N;™ is unstable by
76 kcalmol ™! with respect to spontaneous decomposition to
N; and N,.”?! In spite of these challenges, we have now
successfully synthesized two highly energetic Ns* salts.
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The metathetical reaction between NsSbF,; and NaP(N;),
in SO, proceeded with the expected precipitation of NaSbF,
and the combination of the N5 ion with the energetic ion
P(N;)s ™" to form NsP(N;)s [Eq. (11)].

N5SDF + NaP(N;)s—oNsP(N;); + NaSbF, | (11)

However, the compound is extremely shock sensitive and
violently explodes upon the slightest provocation or warming
towards room temperature (see Figure 5). In addition to its
very high energy content, this salt is remarkable for its high
nitrogen content of 91.2 wt %.

Figure 5. Single-ended 9-mm o.d. Teflon-FEP ampule, used for record-
ing the Raman spectrum, after explosion of less than 500 mg of
NS*[P(Ns)]

In a similar fashion, NsB(N;), was prepared from NsSbF,
and NaB(N;),* [Eq. (12)].

N,SbF, + NaB(N3)4%>N5B(N3)4 + NaSbF, | (12)

Again, the salt is extremely shock-sensitive and explodes
on warming towards room temperature. Its nitrogen content
of 95.7 wt % significantly exceeds even that of NsP(N;)s and
any other known, solid high-nitrogen compound. There are
only five other compounds whose nitrogen content exceeds
90 wt%. These are: [NH,]'N;~ (93.3%), [N,Hs]"N;~
(93.3%), [N,Hs]"N;-N,H, (91.6 %), 2H-tetrazolylpentazole
(90.6%), and Li*[B(N;),]™ (90.4 % ). Attempts to carry out
the above metathetical reactions with CsP(N;)s and CsB(Nj3),
in HF solution were unsuccessful because HF reacts with the
polyazido anions to give [PF,]” and [BF,]”, and lead to the
isolation of NsPF, and NsBF,, respectively. Both polyazido
salts were identified and characterized by low-temperature
Raman spectroscopy.

The experimental vibrational frequencies and tentative
assignments for NsP(N;)s and NsB(Nj), are given in the
Experimental Section. The observed Raman spectra of
NsP(N;)s and NsB(N3), are shown in Figure 6 and Figure 7,
respectively. In addition to high energy densities of about
2 kcalgram™ and extremely high sensitivities, these com-
pounds exhibit the typical high detonation velocities of

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Low-temperature Raman spectrum of NsP(N;)e. The bands

marked by an asterisk (x) are due to the Teflon—FEP sample tube. The
two bands marked with & arise from the SO, solvent.

3000 2500 2000 1500 1000 500

-~ V/em™

Figure 7. Low-temperature Raman spectrum of NsB(N;),. The bands
marked by an asterisk (x) are due to the Teflon—FEP sample tube.
Bands marked by e arise from a trace of [SbF¢]~ from the starting
material.

covalent azides which render the handling and further
characterization of these compounds particularly difficult.

Experimental Section

Caution! Azides and N5t compounds are highly endothermic and can
decompose explosively under various conditions! N5t compounds are
highly energetic oxidizers!'™ Contact with potential fuels must be
avoided. These materials should be handled only on a scale of less than
2 mmol. The polyazides in this work are extremely shock-sensitive.
Because of the high energy content and high detonation velocities of
these azides, their explosions are particularly violent and can cause,
even on a one mmol scale, significant damage. The use of appropriate
safety precautions, such as face shields, heavy leather welding suits,
leather gloves, and ear plugs is mandatory.*¥ Teflon containers should
be used, whenever possible, to avoid hazardous fragmentation.
Ignoring safety precautions can lead to serious injuries!

All reactions were carried out in Teflon-FEP (FEP = perfluoro-
ethylenepropylene polymer) ampules that were closed by stainless
steel valves. Volatile materials were handled in stainless steel/Teflon-
FEP or grease-free Pyrex-glass vacuum lines.”” Nonvolatile solids
were handled in the dry argon atmosphere of a glove box. All reaction
vessels and the stainless steel line were passivated with CIF; prior to
use.

Angew. Chem. Int. Ed. 2004, 43, 4919-4924
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Infrared spectra were recorded in the range 4000—400 cm™' on a
Midac FT-IR model 1720 at a resolution of 1 cm™'. Spectra of solids
were obtained by using dry powders pressed between AgCl windows
in an Econo press (Barnes Engineering Co.). Raman spectra were
recorded in the range 4000-80 cm ™' on a Bruker Equinox 55 FT-RA
spectrophotometer using a Nd:YAG laser at 1064 nm with power
levels of 200 mW or less. Pyrex melting point tubes that were baked
out at 300°C for 48 h at 10 mTorr vacuum or 9-mm o.d. Teflon-FEP
tubes with stainless steel valves that were passivated with CIF; were
used as sample containers. N NMR spectra were recorded unlocked
at 36.13 MHz on a Bruker AMX 500 spectrometer using solutions of
the compounds in DMSO in sealed standard glass tubes. Neat
CH;NO, (0.00 ppm) was used as the external reference.

The N,FSbF; starting material was prepared from cis-N,F, and
SbF; in anhydrous HF solution.!"”?*3-31 N.SbF, was prepared from
N,FSbF,; and HN; in HF”! NaP(N;); was prepared from PCl; and
NaN;,*! and NaB(N;), from NaBH, and HN,."”! The HF (Matheson
Co.) was dried by storage over BiFs (Ozark Mahoning).*” PCl,
(Aldrich) was purified by sublimation in a dynamic vacuum. The
CsF (KBI) was fused in a platinum crucible, transferred while hot to
the dry box, and finely powdered. BF; (Matheson), PF; (Ozark
Mahoning), NaN; (Aldrich), NaBH, (Aldrich), and HSO;F (Aldrich)
were used without further purification.

Ns;HFE,-nHF: A solution of CsF (1.00 mmol) in HF (2 mL) was
siphoned through a Teflon-FEP tube into a Teflon-FEP ampule
containing a solution of NsSbF; (1.00 mmol) in HF (3 mL) at —64°C.
Immediately, a white precipitate was formed. The reaction mixture
was stirred for 10 min to ensure complete reaction. The mixture was
allowed to settle, and the supernatant liquid was siphoned into a
second Teflon-FEP ampule kept at —64 °C. The CsSbF; residue was
washed twice with HF (about 1 mL each time). The HF was pumped
off from the combined liquids at —64°C, leaving behind a colorless
liquid (0.156 g; weight calculated for 1.00 mmol of NsHF,-2.5HF:
0.159 g).

N,PF, and NsBF,: Excess PF; or BF; (2.0 mmol) was condensed
at —196°C into an ampule containing a frozen solution of NsHF,-n HF
(1.00 mmol) in HF (1 mL). The temperature was raised to —64 °C and
the reaction mixture kept at this temperature for 1h to ensure
complete reaction. All volatile material was pumped off at —64°C,
leaving behind a white solid (NsPFy: 0.220 g, weight calculated for
1.00 mmol of NsPF: 0.215 g; NsBF,: 0.167 g; weight calculated for
1.00 mmol of NsBF,: 0.157 g).

N;SO;F: At —64°C, a solution of HSO5F (1.00 mmol) in HF
(2mL) was added to a solution of NsHF,-» HF (1.00 mmol) in HF
(1 mL). The reaction mixture was stirred for 30 min at this temper-
ature to ensure complete reaction. All volatiles were pumped off at
—64°C leaving behind a white solid (0.175 g; weight calculated for
1.00 mmol of NsSOsF: 0.169 g).

NsP(N;)¢ and N;B(N;),: At —64°C, a solution of N;SbFg
(0.50 mmol) in SO, (3 mL) was added to a solution of NaB(Nj3), or
NaP(N;), (0.50 mmol) in SO, (3 mL), respectively. After the mixture
had settled, the liquid phase was transferred into another Teflon-FEP
ampule that had been cooled to —64°C, and the remaining NaSbF,
was washed twice with about SO, (1 mL). Pumping on the collected
liquid phase at —64 °C gave a white solid. NsP(N3)s: 0.184 g, expected
for 0.50 mmol: 0.177 g; Raman (50 mW, —80°C): # =2266(10.0) (Ns*
vy), 2203(7.5) (N5t v,), 2182(5.4)/2074(2.9) (P(N3)s~ v,N3), 1302(4.7)
(P(N3)s~ v,N3), 873(3.9) (N5t v,), 730(7.4) (P(N;),~ vPN), 666(8.0)
(N5* v3), 522(5.0) ((P(N3)s~ ONj), 483(4.6) (Ns* vs), 419(4.7) (Ns* vy),
458(4.7) (P(N3)s~ OPNN), 327(4.9) ((P(N;),~ 0PNN), 203(9.1) (Ns*
V)

Ns;B(N;),: 0.137 g; expected for 0.50 mmol: 0.124 g; Raman
(50 mW, —80°C): 7=2269(1.9) (Ns* w»,), 2207(1.2) (N5* wvy),
2172(5.4)/2148(2.0) (B(N3),~ v, N3), 1334(2.9)/1292(3.7) (B(N;),~
v N;), 875(3.1) (N5t ), 664(3.6) (Ns* wv;), 581(3.0)/532(4.7)

Angew. Chem. Int. Ed. 2004, 43, 4919—4924

www.angewandte.org

Angewandte

(B(N3)y), 483(2.3) (Ns5* ws), 421(2.1) (N5* wy), 293(2.4) (B(N3),7),
203(2.6) (N5* v,), 189(5.0)/165(6.8)/123(10.0) (B(N3),").
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sure (P (kbar)). These parameters are determined by the
oxygen balance (OB),'* density (o), and heat of formation
(AH;),™! the higher the oxygen balance, density, and heat of
formation, the better the performance. The energy of tradi-
tional polynitro compounds (Scheme 1) is primarily derived
from the combustion of the carbon backbone using the
oxygen carried by the nitro group.”

For modern polynitro compounds (Scheme 2), the per-
formance is enhanced not only by an excellent oxygen
balance but also by a ring/cage strain which improves both
the heat of formation and density."

Recently, a new class of energetic compounds containing a
large fraction of nitrogen has been investigated.’® These
“high-nitrogen” compounds form a unique class of energetic
materials®™’ whose energy is derived from their very high
positive heat of formation rather than from the combustion of
the carbon backbone or the ring/cage strain (Scheme 3). The
high heat of formation is directly attributable to the large
number of inherently energetic N-N and C—N bonds.

High-nitrogen compounds containing polyazides possess
even higher heats of formation because their energy content
rapidly increases with the number of energetic azido groups in
the molecule. However, they are notorious for their extreme
sensitivity!"! to spark, friction, and impact (Hs,)'® as well as
poor thermal stability,'®*!12 5o their applications are very
limited. Examples include 3,6-diazido-1,2,4,5-tetrazine!™” and
cyanuric azide (2,4,6-triazido-1,3,5-triazine ;! Scheme 4).

There is no literature precedence for high-nitrogen
energetic materials containing hydrazo- and azo-1,3,5-triazine
backbones. Although Loew and Weis reported the prepara-
tions of three inert compounds (4,4'-di(chloro)-6,6'-di(isopro-
pylamino)azo-1,3,5-triazine, 4.4' 6,6'-tetra(dimethylami-
no)azo-1,3,5-triazine, and 4,4',6,6'-tetra(chloro)azo-1,3,5-tri-
azine) in 1976, few physical properties and no crystal
structures were available.””

We report herein the synthesis and properties of novel
4,4'6,6'-tetra(azido)hydrazo-1,3,5-triazine (3) and 4,4,6,6-
tetra(azido)azo-1,3,5-triazine (4), see Scheme 5. The hydrazo
and azo linkages not only desensitize but also dramatically
increase the melting point of the polyazido products.
Remarkably, the heats of formation of these polyazido
compounds (Scheme 5) are much higher than those of
polynitro and high-nitrogen compounds (Scheme 1-3).

Rapid reaction occurs between 4,4',6,6'-tetra(chloro)hy-
drazo-1,3,5-triazine (1) and an excess of hydrazine mono-
hydrate (H,NNH,-H,0) in CH;CN to give 4,4',6,6'-tetra(hy-
drazino)hydrazo-1,3,5-triazine (2) which underwent diazoti-
zation to yield 3 (Scheme 5). A suspension of 3 in 1:2 (v/v)
H,0O:CHCI; solution was oxidized by chlorine gas at room
temperature to 4.

All products, 2—4, were isolated and fully characterized by
elemental analysis, differential scanning calorimetry (DSC),
heat of formation, and IR and 'H/**C NMR spectroscopies.'®!
Compounds 3 and 4 were also characterized by X-ray
crystallography, Figure 1-3.'"”7 Compound 3 has only one
polymorph (o = 1.649 gcm ) in which two 1,3,5-triazine rings
are not co-planar but have a central torsion angle of 105°
(Figure 1). Compound 4 crystallized in o and f§ polymorphs,
p=1724gcm™? and p=1.674 gcm™ (Figure 2). The f poly-
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Scheme 3. High-nitrogen compounds.?d
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morph has two conformers whose azido substituents orient in
different directions (Figure 3).

Reminiscent of 3,6-di(azido)1,2,4,5-tetrazine and cyanuric
azide, none of the azido substituents of 3 and 4 tautomerize to

form fused tetrazolo rings even though they were heated in
polar solvents.

Angew. Chem. Int. Ed. 2004, 43, 4924—4928
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The hydrazo linkage in 3 and azo linkage in 4 result in a
non-observable melting point up to their fast decomposition
at 200 and 202°C (DSC), respectively. Consequently, the azo
and hydrazo linkages have significantly decreased volatility
and increased melting point relative to cyanuric azide.
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Scheme 4. Energetic materials containing azido groups. DSC Exo.=
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C3Ny,
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differential scanning calorimetry exotherm

(cyanuric azide)

Remarkably, the experimentally measured heat of for-
mation for 4 (Scheme 5) is the highest reported for energetic
materials."® As shown by the AH; data in ref.[16] and
Scheme 5, the replacement of four hydrazino by four azido
substituents in the hydrazo-1,3,5-triazine compound (2—3)
increases the energy by 1347 kImol~', and 418 kJmol ™' is
gained in the transformation from 3 into 4 (Scheme 6).

For comparison, the explosive properties and sensitivity of
reference PETN, (Figure 1), cyanuric azide, 3, and 4 are given
in Table 1.1

Cyanuric azide is extremely sensitive to friction and spark,
and its impact is a half less than that of PETN. Compound 3 is
spark sensitive, but its impact and friction are three and six
times less sensitive than those of cyanuric azide, respectively
(Table 1). The impact and spark sensitivity of 4 are compa-
rable to cyanuric azide, but its friction sensitivity is at least
five times less than that of cyanuric azide (Table 1).

The compounds in this study are novel and important in
demonstrating that the hydrazo and azo linkages can be

cl cl H,NHN NHNH,
>=N Iil N=< excess HZNNH2 L] H2O =N Iil N=
N >—N—N4< N >—N—N4<
>\__N/ }II \N_/< A, CH,CN \_/ }II \N {
cl cl H,NHN NHNH,
1 2
NaNO,
H,0:HC1
N, Ny - Ny q N3
)/—N\ N=< 2 =N N=<
N >—N=N—<\ /N B N\ />7N—N4<\ /N
>=N N—< H,0:CHCI, >—N Il{ N—<
Ny N N, N,
4 3
CeN2o CeHoNog
m.p. = Not Cbservable m.p. = Not Observable
DSC Exo. = 200 °C DSC Exo. = 202 °C
OBpy = -27.26 % OBeo = -31.62 %
p=1.72 g cm™? p =1.65 g cm™3
AH, =+2171 kJ mol™} AH = +1753 kJ mol™!
N(AH;) = +83.50 kJ atom™! N(AH) = +62.61 kJ atom™*

Scheme 5. Preparation and properties of 3 and 4.

Figure 1. A) ORTEP diagram (thermal ellipsoids set at 25% probabil-
ity) for 3, B) end-on view: the central torsion angle C6-N7-N8-C9 is
105°, and the two halves of the molecule are fairly planar.

4926  © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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B)
. N7B )
S ot o)
C6A N7A

Figure 2. The a-polymorph of 4: A) ORTEP diagram (thermal ellipsoids
set at 25% probability) of 4, B) an edge-on view of the molecule, show-
ing the “step” in the azo chain that connects the two separate, essen-
tially planar halves of the molecule.
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Figure 3. ORTEP diagrams (thermal ellipsoids set at 25% probability)
and labeling scheme of the 3 polymorph crystallized in two conformers
for 4. Both molecules sit on a center of symmetry, and neither mole-
cule is completely planar.

A(AHg) = 1347 kJ mol™?
A 2 3

AAH;) = 418 kJ mol™!
B) 3 4

Scheme 6. A) AE,qiwiion from the hydrazino to azido substituent and
B) AE, anstormation from the hydrazo to azo linkage.

Table 1: Explosive properties and sensitivity.

Compound DSC fast Impact Hs, Friction Spark
decomp [°C]  (Type 12) [cm] (BAM)[Kg]  []]

PETN 178 14.5 5.4 >0.36

cyanuric 187 6.2 <0.5 <0.36

azide

3 202 18.3 29 <0.36

4 200 6.2 2.4 <0.36

utilized to desensitize and to decrease volatility of polyazido
compounds. The compound 4,4,6'6,-tetra(azido)azo-1,3,5-
triazine (4) has the highest measured heat of formation.

Received: April 19, 2004

Keywords: azides - explosives - heat of formation - high energy-
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Characterization: 2: Elemental analysis (% ) calcd for C;H,Ny4:
C 23.23, H 4.55, N 72.23; found: C 23.47, H 4.65, N 70.36, AH,:
406(£5) kJmol ™!, IR (cm™): #(N-H) 3312 (s), 3269 (s); (tri-
azine) 1571 (vs), 1523 (vs), 1073 (vs), 941 (vs), 801 (vs), ®*C NMR
(75 MHz, [D¢]DMSO/DCI/D,0O, 25°C): 0=164.9, 1654,
167.7 ppm. 3: Elemental analysis (%) calcd for C;H,N,: C

]

14] E. Ott, E. Ohse, Ber. Dtsch. Chem. Ges. 1921, 54, 179-186.
]
]
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20.34, H 0.57, N 79.09; found: C 20.04, H 0.75, N 79.44, AH;:
1753(%+3) kImol ', IR (cm™"): #(N3) 2172 (vs), 2129 (vs), #(N-H)
3221 (s), 3091 (s); #(triazine) 1541 (vs), 1352 (vs), 1252 (vs), 972
(vs), 806 (vs), '"HNMR (300 MHz, [Dg]DMSO, 25°C): 6=
10.59 ppm, BCNMR (75 MHz, [D¢]DMSO, 25°C): 6 =168.3,
169.6, 170.2 ppm. 4: Elemental analysis (%) calcd for CgNy,: C
20.46, H 0.00, N 79.54; found: C 20.82, H 0.07, N 79.18, AH;:
2171(£10) kI mol ', IR (cm™): #(Nj) 2208 (vs), 2155 (vs), 2132
(vs); #(triazine) 1549 (vs), 1521 (vs), 1435 (vs), 1161 (vs), 1011
(vs), 823 (vs), ®*C NMR (75 MHz, [D¢]DMSO, 25°C): 6 =173.7,
176.4 ppm.

CCDC(C-235587 (3) and CCDC-235586 and CCDC-235588 (o and
B polymorphs of 4) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB21EZ, UK; fax: (+444)1223-336-033; or deposit@
ccde.cam.ac.uk).

a) Cyanuric azide: AH;=+1053 kJmol™ (N(AH)) =
70.20 kJatom™') obtained from E.G. Gillan, Chem. Mater.
2000, 72, 3906-3912; b) Although the heat of formation for
3,6-di(azido)-1,2,4,5-tetrazine is the only one that is predicted to
be higher than that for 4, the material is too sensitive to work
with. A detonation occurred even when 70%:30% (wt/wt)
benzoic acid:3,6-di(azido)-1,2,4,5-tetrazine was gently mixed in
water.
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Protein-Inorganic Conjugates

Synthesis and Self-Assembly of Organoclay-
Wrapped Biomolecules**

Avinash J. Patil, Eswaramoorthy Muthusamy, and
Stephen Mann*

Protein-based nanostructures are expected to play a key role
in the development of multifunctional materials and devices
for bio-nanotechnological applications."~! Although proteins
excel in functional specificity, their structural and chemical
sensitivity to ambient conditions can seriously compromise
the use and integration of such macromolecules in diverse
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applications. Although there are numerous reports on the
enhanced thermal and chemical stability of proteins by
immobilization on surfaces*® or within matrices such as
amorphous gels” ' and layered solids,">'¥ the wrapping of
individual protein/enzyme molecules with inorganic materials
to produce functionally isolated hybrid nanoparticles has not
been reported. Herein we describe investigations that
strongly suggest that individual molecules of met-myoglobin
(Mb), haemoglobin (Hb) or glucose oxidase (GOx) can be
wrapped with an ultrathin shell of an aminopropyl-function-
alized magnesium (organo)phyllosilicate to produce aqueous
dispersions of discrete protein-inorganic nanoparticles. Sim-
ilar procedures but with organoclay oligomers that have
pendent long-chain hydrophobic moieties result in self-
assembly of the protein—inorganic nanoparticles into higher-
order superstructures. In each case, the encapsulated proteins
are structurally and functionally intact and show enhanced
thermal stability up to temperatures of 85°C.

In general, “armour-plated” protein/enzyme molecules
were prepared by mixing solutions of Mb, Hb, or GOx with
aqueous solutions containing oligomers of a positively
charged exfoliated organoclay (Figure 1). The organoclay
was prepared by chemical synthesis!'*!! (see Experimental
Section) and consisted of a highly disordered talclike 2:1
trioctahedral smectite structure with a central brucite sheet of
octahedrally coordinated MgO/OH chains overlaid on both
sides with an aminopropyl-functionalized silicate network to
give an approximate unit cell composition of
[H,N(CH,);]sSisMgsO,c(OH),. Protonation of the amino
groups by dispersion of the clay in water resulted in
exfoliation and partial disintegration of the organoclay
layers into cationic oligomers that were fractionated by gel
chromatography to produce stable transparent sols that were
subsequently added to protein/enzyme solutions.

For each protein/enzyme investigated, TEM studies
showed the presence of discrete electron-dense nanoparticles
randomly arranged across the support film of the grid
(Figure 2a—c). EDX analysis for samples prepared in the
presence of Mb or Hb, confirmed that the nanoparticles
comprised both protein (Fe, S) and organoclay (Si, Mg, Cl)
species (Figure 2d). In general, the nanoparticles were
spheroidal and monodisperse in size with mean dimensions
of 40 nm (0=0.6 nm), 7.8 nm (0 =0.8) and 6.4 (¢=0.9 nm)
for Mb, Hb and GOx samples, respectively. The variation in
nanoparticle size showed a direct correlation with the
respective molecular dimensions of the different proteins/
enzyme (Mb, 4.5x3.5%x2.5 nm; Hb, 6.5%x5.4x5.3 nm; GOx,
6.0x5.2x3.7nm), which suggests that each nanoparticle
consisted of a single biomolecule wrapped by a continuous
sheet of condensed organoclay oligomers. Significantly, no
organoclay nanoparticles were observed in the absence of the
proteins or enzyme, suggesting that condensation of the
magnesium (aminopropyl)phyllosilicate oligomers was spe-
cifically promoted by interactions with the biomolecule
surface.

Analytical ultracentrifugation of the Mb-organoclay
nanoparticles showed a single peak with a sedimentation
coefficient (s*) value of 1.5S, thus indicating a narrow
distribution in size and shape of the hybrid structures. The
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Figure 1. Scheme showing proposed molecular wrapping of Mb molecules by cationic orga-
noclay oligomers with an about 1.6-nm-thick layer structure. Tessellation of the entire pro-
tein by binding of the organoclay sheet surface (ab face, a=0.53 nm, b=0.91 nm, y =90°)
requires approximately 30 unit cells. Wrapping with aminopropyl-functionalized organoclay
oligomers produces dispersed protein—organoclay nanoparticles, whereas hydrophobic inter-
actions between the exposed Cy4 chains of the aminopropyl/hexadecyl-functionalized oligo-
mers result in nanoparticle self-assembly into partially ordered superstructures.

sedimentation coefficient was reduced compared with native
Mb (s*=2.5S), which suggests a larger friction coefficient
(viscous drag) due to an increase in surface roughness. This
was consistent with the proposed core—shell structural model
for the organoclay—protein nanoparticles. MALDI-TOF mass
spectrometry showed primary peaks for intact Mb (16.9 k) as
well as a distribution of organoclay oligomers principally in
the mass/charge range of 400 to 700. Studies by using circular
dichroism (CD) and FTIR spectroscopies indicated that the
secondary structures of Mb, Hb, or GOx molecules were
preserved within the organoclay—protein conjugates. For
example, CD spectra of solutions of native met-Mb and
Mb-organoclay nanoparticles showed characteristic bands'”
for the m—mt* amide transitions at 192 nm and 209 nm, as well
as an o-helical n—mt* amide transition at 220 nm (Figure 3a).
Similarly, FTIR spectra of the nanoparticles obtained by
solvent evaporation showed no changes in the protein amide I
(C=0 str) and amide I (N—H def, C—N str) bands at
1653 cm™" and at 1554 cm™!, respectively. The spectra also
showed absorption bands for CH, (2800cm™), Si—C
(1150 cm ™), Si—O-Si (1025 cm ™), and Mg—0, Si—O, Si—O—
Mg (564-482 cm™") vibrations, confirming that condensed
magnesium (aminopropyl)phyllosilicate moieties were asso-
ciated with the protein/enzyme molecules.

The functional integrity and accessibility of the nano-
particle conjugates to small molecules and ions were assessed
by UV/Vis spectroscopy. Solutions of the Mb- or Hb-
organoclay nanoparticles showed a distinct m—m* soret
band at 408 nm associated with an intact haem prosthetic
group, which showed a characteristic shift to 433 nm on
formation, for example, of deoxy-Mb by dithionite reduction
(Figure 3b and Supporting Information). Reversible binding
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of carbon monoxide under argon to the
dexoy-Mb(Hb)-organoclay conjugate
resulted in a shift in the soret band from
433 nm to 422 nm, which was further shifted
after exposure to dioxygen to a value of
416 nm (Figure 3¢ and Supporting Infor-
mation), consistent with the formation of
oxy-Mb or oxy-Hb.'"l Characteristic
changes in the o and [ absorption bands
at around 580 and 545nm were also
observed. The enzymatic activities of
native GOx and GOx-organoclay nano-
particles were monitored spectrophotomet-
rically at 414 nm to determine the initial
rates (V) for a range of substrate (S)
concentrations (see Experimental Section).
In both cases, plots of 1/V against 1/[S]
showed characteristic linear plots consistent
with Michaelis-Menton kinetics (Support-
ing Information). The corresponding values
for V.« were similar (free GOx, 2.7 pmol -
min~'; conjugated GOx, 2.95 ymolmin™),
thus indicating that the turnover rate at
substrate saturation was not significantly
affected by interactions with the organo-
clay. In contrast, the K, constant associated
with the activity of the GOx-organoclay
nanoparticles was higher (500 um) compared with free
enzyme (370 um), which suggests that glucose binding was
partially inhibited at intermediate substrate concentrations
possibly by restricted diffusion through the organoclay shell
of the hybrid conjugate. Measurements of relative enzyme
activities at different pH values showed a nonlinear depend-
ence with a small (5-10%) enhancement for the GOx
nanoparticles in acid or alkaline conditions compared with
the free enzyme in solution (Figure 3d).

The thermal stabilities of organoclay-conjugated met-Mb
or Hb molecules were assessed by temperature-dependent
UV/Vis spectroscopy measurements of the intensity of the
soret band."! Compared with room-temperature values,
native Mb and Hb showed, respectively, a 49% or 25%
reduction in the intensity of the band at 408 nm after 5 min at
85°C, which is consistent with significant unfolding of the
polypeptide chains.!"®! In contrast, a decrease of only 10% or
5% in the intensity of the soret band were observed over this
temperature range for the met-Mb- or Hb-organoclay nano-
particles, respectively, (Figure 3¢), thus indicating a marked
increase in thermal stability of the encapsulated protein
molecules. Similarly, an increased retention in the activity of
GOx-organoclay nanoparticles compared with the native
enzyme in solution was observed at elevated temperatures
(Figure 3 f). Although in both cases, the relative activities
were compromised at temperatures above 60°C, the relative
activity of the GOx nanoparticles was at least 10% higher
even at 85°C.

The above results indicate that individual protein/enzyme
molecules interact in solution with magnesium (aminopro-
pyl)phyllosilicate oligomers to produce hybrid nanoparticles
with preserved protein structure and function, and enhanced
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Figure 2. TEM images showing discrete protein-organoclay nanoparti-
cles. a) Mb, b) Hb, and c) GOx.; scale bars =50, 100, and 100 nm,
respectively. d) corresponding EDX analysis for Mb-organoclay nano-
particles. Peaks for Cu and Cr in the EDX spectrum are from the
sample holder.

thermal stability. Although further work is required to
confirm the proposed structural model and putative wrapping
mechanism, electrostatic interactions appear to be in part
responsible for conjugation as hybrid nanoparticles were only
produced when negatively charged native biomolecules [zeta
potential measurements; Mb, —25 mV (pH 8.5); Hb, =26 mV
(pH 8.5); GOx, —20 mV (pH 6)] were used in the presence of

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the positively charged organoclay oligomers (+12mV
(pH 8.5). This mechanism was consistent with the observed
absence of hybrid nanoparticles in the presence of cyto-
chrome ¢ (zeta potential=+4 mV at pH 8.5), as well as a
reduction in the zeta potentials for Mb, Hb, and GOx-
containing nanoparticles to values of —18, —0.5 and
+1.8mV, respectively. A similar electrostatic model has
recently been proposed to account for the wrapping of
viologen polymer molecules within a sheath of partially
condensed sodium silicate.!"”¥!

Finally, self-assembled superstructures of the Mb—organo-
clay nanoparticles were produced by replacing about 50 % of
the aminopropyl groups in the clay structure with covalently
attached hydrophobic hexadecyl groups (see Experimental
Section). Although the extent of exfoliation was reduced
compared with the 100% aminopropyl-functionalized clay,
TEM and EDX analysis showed the presence of self-
organized protein—organoclay superstructures that consisted
of close packed layers of discrete 4.5 nm-sized nanoparticles
separated by an interparticle spacing of 4 to 5 nm (Figure 4).
This spacing is commensurate with a bilayer of hexadecyl
chains as shown from XRD studies of the aminopropyl/
hexadecyl magnesium (organo)phyllosilicate clay that
revealed an interlayer dy, spacing of 4.6nm (data not
shown). The results are consistent with the above structural
model in which individual biomolecules are encapsulated by
an organoclay shell with pendent organic functionalities, and
indicate that macroscopic assemblies of protein—organoclay
nanoparticles can be prepared by using interparticle hydro-
phobic interactions to drive the self-assembly process. Pres-
ervation of protein structure and function in these organized
hybrid materials was confirmed by using the above exper-
imental procedures (see the Supporting Information).

In conclusion, we have demonstrated that novel organo-
clay-protein conjugates can be prepared in the form of
discrete electron-dense nanoparticles. On the basis of our
results, we propose a core—shell structural model in which
individual biomolecules are wrapped by an inorganic shell of
condensed organoclay oligomers. The procedure is facile and
could lead to new types of stabilized biomolecules that can be
functionally isolated as discrete soluble units, or assembled
and integrated into nanostructured materials. In particular,
the use of “armour-plated” proteins should circumvent
problems arising from the loss of functional isolation asso-
ciated with adverse intermolecular interactions within inter-
connected networks of biomolecules. In addition, the
enhanced thermal and chemical stability of inorganically
wrapped proteins should markedly increase the scope for
using protein-based nanostructures in areas such as tissue
engineering and biomolecular sensing.

Experimental Section

Organoclay synthesis and exfoliation: Typically, an aminopropyl-
functionalized magnesium (organo)phyllosilicate clay was prepared
at room temperature by dropwise addition of 3-aminopropyltriethoxy-
silane (1.3 mL, 5.85 mmol) to an ethanolic solution of magnesium
chloride (0.84 g, 3.62 mmol) in ethanol (20g). The white slurry
obtained after 5 min was stirred overnight and the precipitate isolated
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Figure 3. a) CD spectra of solutions of native Mb and Mb—organoclay nanoparticles that show m—mt* amide a-helical n—t* amide transitions corre-
sponding to intact secondary structures. b) UV/Vis spectra of met-Mb—organoclay conjugates that show soret band absorptions for as-prepared
nanoparticles and after dithioinite reduction and formation of deoxy-Mb. c) UV/Vis spectra of Mb—organoclay nanoparticles after CO binding to
the deoxy-protein and subsequent O, binding and formation of oxy-Mb. d) Plot of relative activity (RA, %) against pH for native GOx (m) and
GOx-organoclay nanoparticles (®). e) Plots of absorbance intensity at 408 nm (A,q5) with temperature for solutions of native Hb (e) and Hb—
organoclay nanoparticles (m), showing increased thermal stability of the wrapped protein molecules. Samples were allowed to stand for 5 min at
each temperature prior to analysis. f) Plot of relative activity (%) against temperature for native GOx (m) and GOx—organoclay nanoparticles.

by centrifugation, washed with ethanol (50 mL) and dried at 40°C.  sephadex G-25/75 column (Aldrich), and the clear eluate collected
Exfoliation of the clay was undertaken by dispersing 10 mg of the  and used for experiments with a range of biomolecules.

dried clay in distilled water (10 mL) followed by ultrasonication for Organoclays consisting of covalently linked aminopropyl and
Smins. The resulting cloudy dispersion was passed through a  long-chain hexadecyl groups were prepared by addition with constant
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Figure 4. a) TEM image showing self-organized layers of Mb molecules
wrapped by magnesium (aminopropyl/hexadecyl)phyllosilicate oligo-
mers. The lamellar structure is viewed side-on such that the interlayer
spacing of the superstructure is clearly revealed (arrow); scale
bar=100 nm. b) Corresponding image of a single layer viewed from
above showing the presence of superstructural ordering of the pro-
tein—organoclay hydrophobic nanoparticles; scale bar=50 nm.

stirring of a 1:1 molar ratio mixture of hexadecyltrimethoxysilane
(1.80 mmol) and 3-aminopropyltriethoxysilane (1.80 mmol) in etha-
nol (10 g) to magnesium chloride (0.25 g, 1.08 mmol) dissolved in
ethanol (10 g), followed by addition of aqueous sodium hydroxide
(0.5M, 20 mL). The reaction mixture was stirred for 24 h at room
temperature, after which a finely divided white precipitate was
collected by vacuum filtration and washed repeatedly with water and
ethanol then dried at 40°C in air for 24 h. Exfoliation of the
bifunctional clay was undertaken by dispersion of 10 mg of a finely
ground sample in a water/ethanol (15 mL/5 mL) mixture by ultra-
sonication for 2 min. (Exfoliation was not successful in pure water due
to the highly hydrophobic character of the organoclay particles).

Protein-organoclay nanoparticles: A purified met-Mb aqueous
solution (1 mL, 12.4 um, horse skeletal muscle (sigma), M,=16.9k,
sephadex G-25/75) was added dropwise to the amino-functionalized
organoclay eluate (2 mL) to give a clear reddish-brown solution of
pH=~8.5 of the clay-wrapped protein molecules, which became
slightly turbid when left at room temperature for up to 24 h. Similar
procedures were also undertaken with purified Hb (1 mL, 47 um,
bovine (sigma), M, = 64k, sephadex G-25/75) and GOx (1 mL, 10 pm,
Aspergillus niger, type X-S, EC1.1.3.4, M,=140k, pH 6) aqueous
solutions.

Alternatively, an Mb aqueous solution (1 mL, 10 mgmL™) was
added to the exfoliated dispersion of an aminopropyl/hexadecyl-
functionalized organoclay and stirred at room temperature for 5 days
at pH~8.5. The precipitate obtained was centrifuged, washed with
water and dried at room temperature for two days.

Reduction of met-Mb (or met-Hb) to the deoxy form was
undertaken by treating native Mb (10 mL, 0.10 mgmL ") or Mb-
organoclay nanoparticles with sodium dithionite (1 mg) under an
argon atmosphere. Binding of carbon monoxide to dexoxy-Mb or
deoxy-Mb-organoclay conjugate solutions prepared by dithionite
reduction was undertaken by purging CO gas through the sample
solutions for one hour at room temperature. Subsequent exchange of
bound CO by dioxygen was undertaken by passing solutions of the
carbonyl-Mb through a sephradex gel column in air.

The rates of oxidation of f-D-glucose to D-gluconolactone and
H,0, by native and organoclay-wrapped GOx were determined
spectrophotometrically.'”’ Decomposition of H,O, in the presence of
horse radish peroxidase (HRP, type II, sigma) and an electron donar
dye, 2,2'-azino-bis(3-ethylbenzethiazoline-6-sulfonic acid (ABTS,
sigma) was monitored by increases in absorption at 414 nm (Ay)
associated with formation of oxidized ABTS. Typically, reactions
were carried out at 25°C in 3 mL glass cuvettes at pH 6 by addition of
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native GOx oxidase or GOx-organoclay nanoparticles (100 pL,
[GOx]=10 um] to sodium phosphate buffered solutions (1.6 mL,
0.1m) containing 100 uL of ABTS (50 mm)/HRP (2.6 uMm,
25 unitsmL™") and P-p-Glucose (concentration range, 3.5um to
50 um). Changes in Ay, with time were converted to units of
enzyme specific activity (umolmin'mg™") by using an extinction
coefficient of 3.6 x 10*Mm~'ecm™!. Double reciprocal plots of 1/V (V=
initial rate) against 1/[glucose] showed linear behavior consistent with
Michaelis—-Menton kinetics, and the Michaelis constant (Ky;) and
maximal rate (V,,) were determined directly from the plots. The
above procedure was also carried out with native and organoclay-
wrapped GOx under a range of pH values (3 to 10) and temperatures
(25 and 85°C). In each case, the specific activities of free GOx or
GOx-organoclay nanoparticles were converted into percentage
relative activities based on corresponding values obtained at pH 6
and 25°C.

The thermal stabilities of native Mb/Hb and Mb/Hb-organoclay
nanoparticles were determined by temperature-dependent UV/Vis
spectroscopy (Perkin Elmer Lambda IT) by using an attached Peltier
temperature-control system and monitoring changes in the absorb-
ance intensity of the 408 nm soret band of samples allowed to stand
for 5 mins at temperatures between 35 and 85°C. Temperature-
dependent enzyme activities of free GOx and GOx-organoclay
conjugates were also determined by using the Peltier control system.
Samples were incubated for 5 mins at temperatures between 25 to
85°C before measuring changes in absorbance changes at 414 nm.

Samples were characterized by TEM (JEOL 1200EX), EDX
analysis (Oxford Instruments, ISIS300), and XRD (Bruker-Nonius
D8 diffractometer, Cuy, radiation, 4 =0.15405 nm). FTIR spectros-
copy (Perkin Elmer Spectrum 1) was carried out by using KBr discs.
CD spectra were measured at 298 K by using a JASCO model 725
spectrometer with a quartz cell and path length of 10 mm at a scan
speed of 50 nmmin~'. Zeta potential measurements were undertaken
by using a Zetaplus analyser. Analytical ultracentrifugation was
carried out by using a Beckman Analytical Centrifuge at 40000 rpm.
MALDI-TOF mass spectrometry (PE Biosystems Voyager-DE STR)
was undertaken using a nitrogen laser operating at 337 nm. Samples
and matrix (0.5 uL each) were spotted onto a sample plate and
calibrated against “Calmix 3” (PE, Biosystems) as external standard.
The matrix solution was freshly prepared sinapinic acid (Fluka) at a
concentration of 1 mg/100uL in a 50:50 mixture of acetonitrile/0.1 %
TFA.
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Crystal Structure Determination of Zeolite
Nu-6(2) and Its Layered Precursor Nu-6(1)**

Stefano Zanardi,* Alberto Alberti, Giuseppe Cruciani,
Avelino Corma, Vicente Fornés, and Michela Brunelli

It is widely known that the properties of a zeolite in catalytic
or ion-exchange applications depend largely on the crystal
structure of the zeolite. When a catalytic process takes place
in a porous system with dimensions in the range 3-12 A, the
reaction pathway is strongly influenced by framework geom-
etry and the steric constraints are fundamental for driving the
reaction towards the desired products.?!

Even though a few extra-large pore zeolites (with channel
delimited by more than twelve tetrahedra) have recently been
reported, such as CIT-5,"1 UTD-1,/! or ECR-34"! (charac-
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terized by apertures of 18-membered rings), there are several
possible applications that involve molecules larger than the
pore dimensions of the available zeolites. To overcome this
limitation, mesoporous molecular sieves MCM-41, MCM-48,
and MCM-50, with pore dimensions larger (about 30-100 A)
than those of conventional zeolites have been developed.®
The alluminosilicates that belong to the mesoporous family
M41S have a periodic pore structure (i.e., giving rise to
coherent X-ray diffraction), whereas the silica walls are
disordered and resemble more the structure of a glass. Unlike
conventional zeolites, these materials are not strongly
acidic,” but they do show promise as supports in other
types of catalysts, such as olefin polymerization.®

Layered zeolitic materials represent another option for
treating large molecules. These materials have an advantage
in that they combine the good thermal stability of zeolites
with active sites of zeolitic nature easily accessible to
reactants. In fact, layered zeolitic materials can be pillared
or delaminated to produce high-surface-area materials with a
majority of their active sites exposed at the crystal surface.’ !
Nevertheless, so far, only a few structures of synthetic layered
silicates have been reported, mainly for two reasons: 1) so-
lution of the crystal structure by powder diffraction is a very
challenging task and the small crystal size typically do not
allow single-crystal X-ray diffraction experiments, piperazine
silicate EU 19 being the only excellent exception;!'? 2) as a
consequence of the stacking disorder, which occurs between
the layers, the powder-diffraction patterns of a layered
material often suffer from severe peak broadening that
precludes structure solution.

Notwithstanding the above difficulties, there has recently
been an increased activity in the structure elucidation of
layered materials.’*™® Among these materials, those com-
posed by single zeolite sheets like PREFER are particularly
interesting,'! which after calcination leads to the ordered 3D
net of the FER-type zeolite. A very similar behavior was
reported for the borosilicate named ERB-1, isostructural to
MCM-22, the precursor of which is layered in 2D, and the 3D
network is formed upon calcination through the condensation
of the silanol groups located on the layer surface. Other
examples of layered zeolite precursors are EU 19,1 precur-
sor of the structurally unknown EU 20,* its recently
reported analogue MCM-69,!'"”! and the hydrous layer silicate
kanemite, a precursor of the industrial ion exchanger SKS-
6.[18]

In the early 1980s, Whittam reported the synthesis of new
zeolite materials designated Nu-6(1) and Nu-6(2) by using
4.4-bipyridyne as a structure-directing agent,”! at the tem-
peratures of 200°C Nu-6(1) can be converted to Nu-6(2). A
wide range of hydrocarbon-conversion catalysts can be
prepared from zeolite Nu-6(1) or Nu-6(2) by ion exchange
or impregnation with cations.”!! Such catalysts can find
application in different process (e.g., catalytic dewaxing,
disproportionation, isomerisation of alkanes and alkyl ben-
zenes) in particular Nu-6(2) showed superior activity as
catalyst for xylenes isomerization and the like.”""?? According
to Corma et al., a new delaminated stable zeolite, referred to
as ITQ-18, can be obtained after expansion and exfoliation of
Nu-6(1).*) ITQ-18 shows a very-large external surface area,
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which is confirmed by its absorption of pyridine. This property
of ITQ-18 is in contrast to that of Nu-6(2), which has a
negligible amount of OH groups that can interact with the
probe molecule. In the case of ITQ-18, all bridging OH
groups are accessible to pyridine.”

Although the catalytic performance of these materials has
been intensively investigated, no crystal structures elucida-
tions were reported so far.

Herein, we describe the crystal structure determination by
using X-ray powder diffraction data and synchrotron radia-
tion source of the layered 4,4'-bipyridyl silicate named Nu-
6(1) and its calcined form Nu-6(2), which exhibits a new 3D
framework topology.

Synchrotron X-ray powder pattern of the Nu-6(1) mate-
rial was fully indexed by using the program ITOP* according
to a monoclinc symmetry with the following unit cell
parameters: a=27.741, b=4.973, ¢=13.936 A and p=
103.72° (see Table 1). A careful inspection of the systematic
absences revealed that the possible space group was P2,/a
(no. 14 International Tables of Crystallography). The inte-
grated intensities of the as-synthesized compound were
extracted by using the method of Le Bail et al.”’® with the
GSASPY Rietveld program and then introduced in the direct
methods program SIR97.””" Although relabeling of some
atoms were necessary, a structural model, in which layers
were formed by [SiO,] and [SiO;OH] tetrahedra, was readily
found. Moreover, a careful examination of the interlayer
atoms allowed us to localize fragments of the two crystallo-
graphically independent 4,4'-bipyridine molecules (44BPY-1
and 44BPY-2 in Figure 1). Analysis of the Fourier maps and
extensive model building were necessary to complete the
structural model. The Rietveld refinement was successfully
completed in the P2,/a space group. Figure 2 shows the good
agreement between calculated and observed X-ray diffraction

Table 1: Crystallographic data and experimental conditions for the
Rietveld refinement of Nu-6(1) and Nu-6(2).

Sample Nu-6(1) Nu-6(2)
chemical formula/unit cell C40 N8 Si24 052 Si24 048
crystal system monoclinic

space group P2,/a P2,/a
alA] 27.7287(6) 17.257(2)
b [A] 4.9731(1) 4.9881(4)
c[A] 13.9350(2) 13.848(1)
B°] 103.73(1) 106.09(1)
VIAY 1866.6(1) 1145.3(2)
X-ray source synchrotron—BM1B/ESRF
A [A] 0.79982

refined pattern 26 range [°] 2.5-55 3.5-40
step size (°26) 0.005

no. of data points 10522 7361

no. of reflections 3714 1375

no. of parameters 137 62

R [%] 1.9 7.1

R, [%] 6.4 49

Ry [%] 8.5 6.4
reduced y* 9.4 9.7
residual electron density —0.682/0.915 —0.401/0.438
(min/max eA~?)

Durbin—Watson statistics 2.2 2.5
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Figure 1. Ball and stick representation of the Nu-6(1) structure along
the [010] direction.

Figure 2. Observed (dotted upper line), calculated (solid upper line),
and difference (solid lower line) synchrotron X-ray diffraction patterns
of Nu-6(1) in P2,/a.

patterns. Details and parameters used during the X-ray
powder-diffraction refinement are reported in the experi-
mental section and in Table 1. Crystal structure of Nu-6(1)
can be described by layers of (SigOy3)>"~ parallel to the (100)
plane (see Figure 1), held together by hydrogen bonds to the
organic molecule. The unit-cell content of the organic
molecules from crystal structure refinement (4 per unit cell)
is in satisfactory agreement with that inferred from thermo-
gravimetric determination (about 22.8 % wt) and elemental
analysis (C 17.84%, H 1.59%, N 4.02%), which accounted
for 3.5 organic molecules per unit cell.

Si—O bond lengths lie between 1.557(8) and 1.677(9) A;
06 and O13 are the terminal oxygen ions, but their bond
lengths do not differ significantly from the other Si—O bond
lengths. Concerning the interaction between the silicate layer
and the organic molecules, the distances calculated for
44BPY-2 (N1b-O13=2.56 A) indicate a strong hydrogen
bond, whereas distances refined for 44BPY-1 (N1-O6=
2.85 A) suggest a weaker interaction.

The structure of the silicate layer appears to be very
similar to those of the layers previously reported for EU 19

Angew. Chem. Int. Ed. 2004, 43, 4933 -4937
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and MCM-69."*7I Two out of three cell parameters for Nu-
6(1), EU 19, and MCM-69 have the same values (i.e., those of
the base dimensions of the sheet); the larger size of the
molecules with respect to those hosted in EU 19 and MCM-69
leads to a different stacking parameter, which explains the
greater value of a found in Nu-6(1). Moreover the different
shape of 4,4'bipyridine is likely to induce a relative shift
between the layers, which involves a different symmetry in
Nu-6(1) with respect to EU 19 and MCM-69 (P2,/a instead of
C2/c).

In the case of Nu-6(2), the quality of the XRD pattern is
lower compared with that of the as-synthesized sample
because of the concurrent presence of sharp and broad
reflections, indicative of a partially disordered structure.
Moreover, a pronounced background testifies that, to a
certain extent, some layers undergo amorphization upon
calcination (Figure 3). To obtain a structural model for Nu-

Figure 3. Observed (dotted upper line), calculated (solid upper line),
and difference (solid lower line) synchrotron X-ray diffraction patterns
of Nu-6(2) in P2,/a.

6(2), an approach based on extensive model building was
adopted: 1) the crystal structure of the as-synthesized form of
Nu-6 was first transformed into a more flexible P1 structure;
2) the layers were condensed to form a fully connected 3D
framework structure with cell parameters a~17.25, b ~4.98,
¢~13.84 A and 8~ 106°; 3) the atomic coordinates in P1 space
group were introduced in the programme PLATON,®! which
recognized a monoclinic symmetry with standard space group
P2i/a. The atomic coordinates were then successfully refined
by the Rietveld method (see Figure 3).

Figure 4 shows that the framework structure of Nu-6(2) is
characterized by the existence of 1D straight eight-mem-
bered-ring channels developing along the [010] direction; this
feature places Nu-6(2) among the “small pore” zeolites. It
must be noted that two non-equivalent sets of eight-ring
channels, alternating along the crystallographic ¢ direction,
were found in the structure of Nu-6(2); these two sets of
channels are referred to as A and B in Table 2, Figure 4 and
Figure 5.

It is worth noting the close relationships between the cell
parameters refined for Nu-6(2), given in Table 1, and those
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Table 2: Selected distances (A) across eight-ring channels (see also
Figure 5).

Channel A
010-010 06-06 03-03 02-02
3.6 43 4.0 3.2
Channel B
05-05 06-06 01-01 07-07
2.4 4.8 3.5 3.0

Figure 4. a) Stick representation of the framework structure of Nu-
6(2); b) cesium aluminosilicate (IZA code CAS). The two nonequiva-
lent channels, found in Nu-6(2), are labeled A and B.

reported for the orthorhombic cesium aluminosilicate®
(IZA code CAS) (a=13.828(5), b=16,776(5) c=
5.021(1) A). In fact, Nu-6(2) and CAS can be built by
applying different symmetry operations to the same pentasil
periodic building unit (the layer described above): inversion
(i) in the case of Nu-6(2) and reflection (/) in the case of CAS
(see Figure 4). However, the different crystal system and the
significantly different XRD pattern confirm that the 3D
framework topology found in Nu-6(2) has never been
reported until now. By considering that the silicate layers
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Figure 5. Sphere packing of oxygen atoms defining the A and B eight-
ring channels of zeolite Nu-6(2). Please note that channel A and B are
alternating along the ¢ direction, as evidenced in Figure 4.

comprising EU 19 and Nu-6(1) are isostructural, we can
suppose by extension that the structurally unknown EU 20
could have the same topology reported here for the Nu-6(2)
structure.

The results of our catalytic tests on hydrocracking of n-
decane show that Nu-6(2) is an active and selective dewaxing
catalyst (see Table 3).

Table 3: Hydrocracking of n-decane of a Nu-6(2) zeolite with a Si/Al ratio of 45.

on experiments and model building. We showed that the
structure of precursor 4,4’ bipyridyl silicate is based on a
pentasil layer previously recognized in EU 19 and MCM-69;
however, the different structure-directing agent used in the
synthesis gives rise to a different symmetry and stacking
parameter. Moreover, we have demonstrated that upon
calcination, silicate layers condense to form a 3D framework
structure. The pore topology of this zeolite is unique, with
straight eight-membered ring-channel systems along the b
direction. Finally, n-decane hydrocracking catalytic test
showed that Nu-6(2) is an active and selective dewaxing
catalyst.

Experimental Section

The layered precursor Nu-6(1) was synthesized as follows: 4,4'-
bipyridine (1.82 g, 12.3 mmol; Fluka, 98 % ) were dissolved in ethanol
(10.08 g; solution A) while sodium silicate (20.06 g, 0.18 mol; Merck,
24.92% SiO,) were diluted with water (13.38 g; solution B). Finally,
aluminum sulfate (0.62 g, 1.8 mmol; Merck, 51.34%) and of sulfuric
acid (1.52 g, 98 %) were dissolved in water (22.78 g; solution C) The
crystallization was carried out in tumbling teflon-lined autoclaves.
After 3 days at 135°C, the solids were isolated by filtration, washed
with distilled water until the pH reached 7, then dried at 60°C to
produce the final Nu-6(1). The 3D Nu-6(2) zeolite was obtained from
Nu-6(1) by calcination in air at 550°C for 6 h.

Catalytic tests on hydrocracking of n-decane were performed
with Nu-6(2) at atmosphere pressure, contact time of 0.52h, and
molar ration H,/n-decane =100. Reaction temperature was varied
between 190 and 270°C and the results are given in Table 3.

The high-resolution synchrotron X-ray powder diffraction pat-
terns were collected on the as-synthesized and calcined Nu-6 samples
at the beam line BM1B (the Swiss Norwegian Beam Lines), at the
synchrotron radiation source ESRF in Grenoble. The beamline
provides a robust diffractometer currently equipped with six counting
chains, which allows six complete patterns to be collected simulta-
neously. An Si-111 analyzer crystal is mounted in front of each
detector (Na-I scintillation counter). The beam line was set to deliver
a wavelength of 0.79982 A. The samples, placed in a borosilicate
capillary 1.0 mm in diameter, were spun during data collection to
minimize the preferred orientation.
Data were collected, at room temper-
ature, in continuous mode over the

T[°C Conv. [% Isomerization [% Cracking [% MB [%]® DB [%]? NI[9%]® range 1<260<55° with accumulation
g

times increasing with the scattering

;gg 133 éi 1(5) .3H53 gg gi angle, and rebinned with a step size of
’ ’ ' ’ ’ ’ 0.005° 26.

221 25:5 92 16.3 30 34 0.8 X-ray powder-diffraction refine-
i:g ‘7‘(7)§ 481: zgi ;i ;2 g? ment was carried out by using the
270 79'2 3'] 7 6.1 ]' 6 ]' 4 0'1 program GSAS;®! geometric soft con-

strain were applied to the Si—O, O—0,

[a] MB and DB =monobranched and dibranched isomers respectively. [b] NI =non-identified products.

In light of this structural elucidation, we can fully explain
the absorption data concerning the pyridine molecule on Nu-
6(2);*! in fact the dimensions of the eight-ring channels are
smaller than the pyridine molecule, thus access to the catalytic
sites inside the channel is negligible, and the probe molecule
can interact only with the bridging OH groups located on the
crystal surface.

In conclusion the crystal structure of Nu-6(1) and Nu-6(2)
has been determined by using an integrated approach based
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C—N and C—C bond length (1.62 +0.04,
2.65+0.1, 1.40+0.02, 1.40+0.02A,
respectively). The weighting factor was
gradually reduced as the refinement
proceeded and reasonable bond lengths were finally obtained.
Atoms of the same element type were constrained to have the same
isotropic thermal displacement parameter and refined; only the
displacement parameters of the atoms comprising the organic
molecules were kept fixed. The occupancies of the organic molecules
were refined during the early stage of the refinement; because they
did not differ significantly from the unit, they were kept fixed to this
value in the final stage of the refinement. Anisotropic broadening
phenomena of the reflections were observed in the synchotron X-ray
powder diffraction (SXPD) patterns, this phenomenon was accounted

Angew. Chem. Int. Ed. 2004, 43, 4933 -4937
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for by including different terms in the pseudo-Voigt peak shape
function during the refinements. Further details on the investigation
of the crystal structure may be obtained from the Fachinformations-
zentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(449)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on quoting
the depository numbers CSD-413852 and -413853.
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Polynuclear Olefin Polymerization Catalysis:
Proximity and Cocatalyst Effects Lead to
Significantly Increased Polyethylene Molecular
Weight and Comonomer Enchainment Levels**

Hongbo Li, Liting Li, and Tobin J. Marks*

Abiotic attempts to mimic certain advantageous enzyme
characteristics have recently focused on construction of
multimetallic catalytic centers capable of achieving coopera-
tive recognition/activation/reactivity effects between proxi-
mate transition-metal ions."! Regarding such effects in single-
site polymerization catalysis,>* we recently reported that a
constrained geometry binuclear catalyst and binuclear co-
catalyst combination (C2-Zr, + B,) affords, through the
modification of chain-transfer pathways, significantly
enhanced branching in ethylene homopolymerization and
enhanced comonomer incorporation in ethylene and 1-
hexene copolymerization versus a mononuclear combination
of Zr; + B,.F

Nevertheless, constrained-geometry catalysts (CGC) of
Zr typically produce unacceptably low-M,, polyolefins,*]
(M,, is the weight-average molar mass) raising the intriguing
question of what effects closer metal-metal proximity and
alternative cocatalysts might have. Here we communicate
that in ethylene homopolymerizations under identical reac-
tion conditions, methylene-bridged C1-Zr, affords signifi-
cantly higher molecular weight products than -CH,CH,-
bridged C2-Zr, (~70x M, increase) and mononuclear Zr,
(=130 x M, increase). Furthermore, with MAO (methylalu-
minoxane) as cocatalyst, very large increases in polyethylene
molecular weight are achieved with both C2-Zr,Cl, and C1-

[*] H.Li, L. Li, Prof. T. J. Marks

Department of Chemistry
Northwestern University
2145 Sheridan Road, Evanston, IL 60208-3113 (USA)
Fax: (+1) 847-491-2990
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Dow Chemical for GPC measurements.
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1
-CHyCH ) ~CH, K§ CH; CH; QJ; CH2 S . 4
; 4@ = —{@ e @ e @ PhsC*B(CeFs)a
MeQS| /ZerIez Mezsl\ /erez = |\ /ZrCI2 N /ZrCI2
N N N N
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c2-zr, c1-Zr, C2-ZrCl, c1-zrCl, B,
@) % O < PhC™
\@ CH;CH, -CH; CH, 7 O @
/A /0 M s/ 9, /] (CaFsl \ /
MeS{  zve Me,S{_ zrcl, [ ZrCI Me,S{  ZrMe,
N N Y N PhcCt F
¥ + + I
Zr, Zr,Cl, N-Zr,Cl, N-Zr, B,

Zr,Cl, versus mononuclear Zr,Cl, (=600x M, increase),
while for ethylene + 1-hexene copolymerization, the shorter
bridge enhances both product M, (~40x increase) and
selectivity for a-olefin enchainment (=3 x increase). Results
from ligand-substituent and solvent experiments support the
argument that the role of the proximate metal centers is not

to monomer” is therefore the most probable source of
branching in these polymerizations,™ with the ~8 x greater
ethyl branching per 1000 C atoms for C2-Zr, versus C1-Zr,,
which correlates with the lower product M, arising from the
former. For single-site polymerization, M,, (M, is the
number-average molar mass) are typically proportional to

the net rate of chain prop-

+ + agation divided by the net
/N\ rate of chain termination.
CH (Me,N),Zr  SiMe, Me,2  SiMe, Since C1-Zr, polymeriza-

2 . .o . .
M 8 2[Zr NMe,),] CHZ AlMe; %—CH tion activity is ~20%
e S"V'ez ve.s{ /A ? that of C2-Zr, (Table 1),
NHtBu NHtBu 2 AV F(NMe), Me28|\N Ve, reasonably assuming
+ + comparable percentages
+ We Cl-zr, 4 of active catalytic cen-
/N\ Sy M ters®® (in situ 'H NMR
(Me;NyZ( SiMe, chzr SMe:indicates rapid, quantita-
% o Kg—CH; tive Ph;CCH; formation
‘CHZ 0 Me,S{_ \ZrC|2 upon catalyst activation)
N N/ infers that the net rate of
:l_ + c1.2r.Cl C1-Zr, propagation is =~

-2rlly

Scheme 1. Synthetic routes to complexes C1-Zr, and C1-Zr,Cl,.

merely steric.

C1-Zr, was synthesized as shown in Scheme 1, while
sterically encumbered naphthyl derivative N-Zr,/*! was pre-
pared to probe ligand steric effects. New compounds were
characterized by conventional methodologies, and polymer-
izations were carried out under rigorously anhydrous, anae-
robic conditions with attention to exotherm and mass-transfer
effects.’*®! Ethylene homopolymerization results are sum-
marized in Table 1. Entries 1-3 show that 70 x and 130 x
increases in M, are achieved with
C1-Zr, verus C2-Zr, and Zr,,
respectively, under identical poly-
merization conditions (B, cocata- . /Pz
lyst). As in the case of C2-Zr,* a zr
combination of C1-Zr, with B, pro-
duces polyethylene with ethyl
branching as a distinctive micro-
structural feature, and the M, is
found to be essentially independent
of ethylene pressure. Chain transfer 1
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20% that of C2-Zr,,
hence, the C1-Zr, termi-
nation rate must be dra-
matically depressed to obtain the large observed M,, enhance-
ment. These effects are likely to reflect differences in
achievable Zr-Zr proximity”! and possible access to bridged
structures (e.g., 1). Note that the results with more sterically
congested mononuclear N-Zr, (Table 1, compare entries 1, 2,
4) support the argument that the effect of the proximate metal
center is not simply steric in origin, while polymerization
experiments in more polar, ion-pairing-weakening!'” C¢H;Cl

IX /P1
o —~CH
Lozr—CHz /2(;|-|3
Hwn—CH2
‘ CHz’ "
CHa
MeZS| Z Me Zr S|Me2 d
Smd N s A
bl i ZZr\CC:_{Hz
- Z‘CH;PZ
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Table 1: Ethylene and ethylene + 1-hexene polymerization data for CGCZr catalysts with various nuclearities and cocatalysts.”!

Entry no  Catalyst Monomer  umol of  Reaction
catalyst  time [h]

1 Zr, + B, E 10 1.16

2 Cl1-Zr, +B, E 5.0 1.50

3 C2-Zr, + B, E 5.0 1.50

4 N-Zr, 4+ B, E 10 1.50

5 Zr, + BM E 10 0.025

6 C1-Zr, +B,9 E 5.0 0.025

7 Zr,Cl, + MAO!! E 10 1.50

8 C1-ZrCl, + MAO!  E 5.0 1.50

9 C2:ZrCl, + MAO"  E 5.0 1.50

10 N-Zr,Cl, + MAO  E 10 1.50

11 Zr, + B, E/H 10 0.75

12 Cl-Zr, +B, E/H 5.0 1.50

13 C2-Zr, + B,{ E/H 5.0 1.25

14 Zr,Cl, + MAO!" E/H 10 1.50

15 C1-zrCl, + MAOT  E/H 5.0 1.50

16 C2-zr,Cl, + MAOT  E/H 5.0 3.00

Polymer  Activity Ethyl n-Butyl M, M, /Mt
yield[g]  [x10°® branches branches [x10%H
per 1000C  per 1000 C

1.08 93 (11) 6.5 0.6 6.3 1.1
0.19 13 (3) 1.6 ~0 326 2.7
0.94 63 (7) 12 1.0 1 12
0.51 34(7)  ~0 ~0 25 2.3
017 680 (20) 1.7 1.1 17 14
0.16 640 (20) 2.8 1.4 15 15
037 25(5)  ~0 ~0 95 13
0.38 2503)  ~0 ~0 2440 2.7
0.35 23 (5) ~0 ~0 2680 2.8
0.35 236 ~0 ~0 56 22
1.00 133 (13) 6.0 3.2 7.3 1.1
0.13 8.6(5) 1.3 17.2 221 2.3
1.09 87 (9) 10 5.5 1 12
0.46 15 (3) ~0 5.4 34 1.3
0.33 11 (2) ~0 22.8 1130 2.9
0.27 89(6) ~0O 19.4 872 2.9

[a] Polymerizations carried out on high vacuum line at 24°C in 100 mL of toluene under 1.0 atm ethylene pressure, [hexene] =0.8 m. [b] (g polymer)

(mol cationic metallocene)™

(atm)~"h™". [c] From GPC versus polystyrene standards.[d] from reference [3c] (other low-M,, samples have a similarly

low polydispersity pattern, reflecting imprecision in calibration). [e] Polymerizations carried out in chlorobenzene. [f] Al:Zr=1000:1. MAO dried in

vacuo for 48 h to remove excess Al,Me;.

In regard to cocatalyst effects, note that while the
homopolymerization behavior of the combination of Zr,Cl,
or N-Zr,Cl, + MAO approximately parallels that of Zr, +
B, (Table 1, entries 1,7,10), the combinations of C1-Zr,Cl, +
MAO and C2-Zr,Cl; + MAO both afford comparable
polyethylenes of very high M,, with M, increased up to =
600 x versus Zr,Cl, + MAO (entries 8,9 versus 7)."" From
Table 1, note that the activities C1-Zr,Cl, and C2-Zr,Cl, +
MAQO are similar to that of Zr,Cl, + MAO, so by using the
arguments outlined above, chain-transfer rates must be
dramatically depressed in the binuclear catalysts. Comparing
entries 8,9, and 2, we note that the MAO-activated species
produce polyethylene witj even higher molecular weight than
C1-Zr, + B,; the lower ethyl-branch content suggests a
scenario in which the relative chain-termination rate is even
slower for Zr,Cl; + MAO than for C1-Zr, + B, (assuming
that ethyl branch formation requires chain transfer to
monomer and subsequent a-olefin/polyolefin reinsertion?).
For the MAO with C1-Zr,Cl; and C2-Zr,Cl, catalysts, we
observe Zr(u-CH;)Zr species by in situ NMR, which confirms
that the two Zr centers can approach closely,'>"! and the
bulky™ MAO cocatalyst/counteranion may stabilize this
structure, (for example, 2; as encumbered H;CB(perfluoro-
biphenyl),™ stabilizes cationic M(u-CH;)M™ species).!** Note
that bridge length plays, at most, a minor role when MAO is
the cocatalyst (entries 8, 9).

Regarding cooperativity effects in copolymerization,
experiments that involve a mixture of ethylene and 1-
hexene indicate that a combination of C1-Zr, + B, incorpo-
rates ~3 x more 1-hexene than does C2-Zr, + B, (Table 1
entries 11-13). The homopolymerization results are paral-
leled; the copolymer M,, is ~40x greater for C1-Zr, + B,
than for C2-Zr, + B,. Interestingly, *C NMR data also reveal
that the copolymer derived from C1-Zr, + B, contains
similar quantities of ethyl branches to those obtained in the
above ethylene homopolymerizations, which suggests that the
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same chain-transfer mechanism is again operative. With
MAO as the copolymerization cocatalyst, C1-Zr,Cl, incorpo-
rates 4.2x more, and C2-Zr,Cl, 3.5 x more, 1-hexene than
does Zr,Cl, and with comparable polymerization activities.
Paralleling the homopolymerizations, the copolymer M,, from
the C1-Zr,Cl- and C2-Zr,Cly-mediated polymerizations is
again significantly greater (~600x) than in the Zr,Cl,-
catalyzed process. These comonomer-enchainment-selectivity
data implicate differences in achievable Zr—Zr proximity and
structures likely to facilitate comonomer enchainment (e.g.,
3).

The present results significantly expand what is known
about metal-metal proximity and cocatalyst/counteranion
effects in binuclear CGC olefin polymerization catalysis. In
ethylene homopolymerization, a large increase in product M,
is achieved with C1-Zr, + B, versus C2-Zr, + B, and Zr; +
B,. In ethylene + 1-hexene copolymerizations, a combination
of C1-Zr, + B, incorporates significantly more 1-hexene than
does C2-Zr, + B,. When MAO is the cocatalyst, very large
increases in M,, occur with both C1-Zr,Cl, and C2-Zr,Cl,
compared with Zr;Cl,, and in ethylene + 1-hexene copoly-
merization, both C2-Zr,Cl, and C1-Zr,Cl, enchain more 1-
hexene than does Zr,Cl, to yield products with far higher
molecular weights. These results support the argument that
Zr—Zr cooperativity effects can decrease chain-transfer rates
as well as increase selectivity for comonomer enchainment,
and that such effects are highly sensitive to ion pairing.
Ligand-substituent and solvent-control experiments reveal
that the role of proximate metal centers is not merely steric.

Experimental Section

All manipulations were performed as described elsewhere with
rigorous exclusion of O, and H,0.”! Ethylene polymerizations™!
were carried out on a high vacuum line in round-bottom three-neck
Morton flasks. In typical experiments, dry toluene was vacuum-

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

4939


http://www.angewandte.org

4940  © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Communications

were carried out on a high vacuum line in round-bottom three-neck
Morton flasks. In typical experiments, dry toluene was vacuum-
transferred into the reaction flask from Na/K and presaturated with
1.0 atm of ethylene. Catalytically active species were freshly gener-
ated by mixing measured amounts of precatalyst and cocatalyst in 1,2-
difluorobezene in septum-capped vials in the glove box (with MAO,
the mixture was stirred vigorously for 30 min before use). The catalyst
solution was then quickly injected into the rapidly stirred reaction
flask. After a measured time interval, polymerization was quenched
by the addition of 2% acidified methanol.
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homogeneous catalysis - zirconium

[1] a) O. Iranzo, A.Y. Kovalevsky, J. R. Morrow, J. P. Richard, J.

Am. Chem. Soc. 2003, 125,1988-1993; b) B. M. Trost, T. Mino, J.

Am. Chem. Soc. 2003, 125, 2410-2411; c) E. N. Jacobsen, Acc.

Chem. Res. 2000, 33, 421-431; d) P. Molenveld, J. F. Engbersen,

D. N. Reinhoudt, Chem. Soc. Rev. 2000, 29, 75— 86.

For recent reviews of single site olefin polymerization, see:

a) V. C. Gibson, S. K. Spitzmesser, Chem. Rev. 2003, 103, 283 —

316; b) J-N. Pedeutour, K. Radhakrishnan, H. Cramail, A.

Deffieux, Macromol. Rapid Commun. 2001, 22, 1095-1123;

c) special issue on “Frontiers in Metal-Catalyzed Polymeriza-

tion” (Ed.: J. A. Gladysz): Chem. Rev. 2000, 100.

For studies of binuclear polymerization catalysis, see: a) H. Li, L.

Li, T. J. Marks, L. Liable-Sands, A. L. Rheingold, J. Am. Chem.

Soc. 2003, 125, 10788-10789; b) S. K. Noh, J. Lee, D. Lee, J.

Organomet. Chem. 2003, 667, 53-60; c) L. Li, M. V. Metz, H. Li,

M.-C. Chen, T.J. Marks, L. Liable-Sands, A. L. Rheingold, J.

Am. Chem. Soc. 2002, 124, 12725-12741; d) M. L. H. Green,

N. H. Popham, J. Chem. Soc. Dalton Trans. 1999, 10491059,

and references therein; e) W. Spaleck, F. Kuber, B. Bachmann,

C. Fritze, A. Winter, J. Mol. Catal. A 1998, 128, 279-287; f) S.

Jungling, R. Miilhaupt, H. Plenio, J. Organomet. Chem. 1993,

460, 191-195.

a) S. Arndt, J. Okuda, Chem. Rev. 2002, 102,1953-1976; b) P. S.

Chum, W.J. Kruper, M. J. Guest, Adv. Mater. 2000, 12, 1759—

1767; c) A. L. McKnight, R. M. Waymouth, Chem. Rev. 1998, 98,

2587.

[5] L. Jia, X. Yang, C. L. Stern, T.J. Marks, Organometallics 1997,
16, 842-857.

[6] The syntheses of C2-Zr,Cl, and Zr,Cl, can be found in
reference [3c|; syntheses of C1-Zr,, C1-Zr,Cl,, N-Zr,Cl,, and
N-Zr, can be found in the Supporting Information.

[7] a) L. Izzo, F. D. Riccardis, C. Alfano, L. Caporaso, L. Oliva,
Macromolecules 2001, 34,2—4;b) L. Wang, Y. Yuan, L. Feng, Y.
Wang, J. Pan, C. Ge, B. Ji, Eur. Polym. J. 2000, 36,851 -855;¢c) L.
1zzo, L. Caporaso, G. Senatore, L. Oliva, Macromolecules 1999,
32, 6913 -6916.

[8] a) Z. Liu, E. Somsook, C. R. Landis, J. Am. Chem. Soc. 2001,
123, 2915-2916; b) Z. Liu, E. Somsook, C.B. White, C.R.
Landis, J. Am. Chem. Soc. 2001, 123, 11193 -11207.

[9] Approximate modeling at the Spartan level reveals that the
minimum Zr-Zr approach distance in C1-Zr, with B, is
~0.25 A shorter than in C2-Zr, with B,.

[10] a) M.-C. Chen, J. A. S. Roberts, T. J. Marks, J. Am. Chem. Soc.
2004, 126, 4605-4625; b) M.-C. Chen, T. J. Marks, J. Am. Chem.
Soc. 2001, 123, 11803 -11804.

[11] A combination of C1-Zr, + MAO exhibits polymerization
behavior indistinguishable from that of C1-Zr,Cl, + MAO,
excluding artifacts due to Zr—Cl linkages.

[12] Insitu"H NMR of the reactions of C2-Zr,Cl, with MAO and C1-
Zr,Cl; + MAO reveals a 6 = —2.13 ppm resonance, assignable

2

—

3

[

[4

[}

[13]

(14]

www.angewandte.org

to a Zr(u-methyl)Zr moiety.'¥ Such a feature is not detectable in
either Zr,Cl, + MAO, C1-Zr, + B,, or C2-Zr, + B, reaction
mixtures, but can also be detected in C2-Zr, + tris(perfluoro-
biphenyl)borane (PBB) reaction mixtures, a system known to
readily form Zr(pu-methyl)Zr moieties.* After the introduction
of ethylene into the C2-Zr,Cl, with MAO mixture, the intensity
of the 0 =—2.13 ppm peak decreases dramatically, consistent
with p-methyl dissociation and subsequent activation of the Zr
centers, analogous to previous observations on other MAO-
activated p-methyl systems.!'*!

a) Y.-X. Chen, M. V. Metz, L. Li, C. L. Stern, T. J. Marks, J. Am.
Chem. Soc. 1998, 120, 6287 -6305; b) S. Beck, M.-H. Prosenc, H.-
H. Brintzinger, R. Goretzki, N. Herfert, G. Fink, J. Mol. Catal.
1996, 711, 67-79; c) 1. Tritto, R. Donetti, M. C. Sacchi, P.
Locatelli, G. Zannoni, Macromolecules 1999, 32, 264 —269.

D. E. Babushkin, H.-H. Brintzinger, J. Am. Chem. Soc. 2002,
124,12869-12873.

Angew. Chem. Int. Ed. 2004, 43, 4937 —4940


http://www.angewandte.org

Communications

4940  © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Al and Ga Compounds

Tetranuclear Homo- and Heteroalumoxanes
Containing Reactive Functional Groups:
Syntheses and X-ray Crystal Structures of
[{[LAI(Me)](u-0)(MH,)},]**

Sanjay Singh, S. Shravan Kumar,

Vadapalli Chandrasekhar, Hans-Jiirgen Ahn,
Marianna Biadene, Herbert W. Roesky,*
Narayan S. Hosmane, Mathias Noltemeyer, and
Hans-Georg Schmidt

There is considerable interest in organoaluminum compounds
containing Al—O bonds. This is primarily due to the discovery
of methylalumoxane (MAOQO) as an extremely potent cocata-

[*] Dipl.-Chem. S. Singh, Dipl.-Chem. S. S. Kumar,
Dipl.-Chem. H.-J. Ahn, Dipl.-Chem. M. Biadene,
Prof. Dr. H. W. Roesky, Dr. M. Noltemeyer, H.-G. Schmidt
Institut fiir Anorganische Chemie
Georg-August-Universitat Gottingen
Tammannstrasse 4, 37077 Géttingen (Germany)
Fax: (+49) 551-393-373
E-mail: hroesky@gwdg.de
Prof. Dr. V. Chandrasekhar
Department of Chemistry
Indian Institute of Technology Kanpur
Kanpur-208016 (India)

Prof. Dr. N. S. Hosmane
Department of Chemistry and Biochemistry
Northern Illinois University, Dekalb, IL 60115-2862 (USA)

*] This work was supported by the Deutsche Forschungsgemeinschaft
and the Gattinger Akademie der Wissenschaften. S.S. thanks the
Graduiertenkolleg 782 for a fellowship. V.C. thanks the Alexander
von Humboldt foundation for the Friedrich Wilhelm Bessel
Research Award. We thank the National Science Foundation for
supporting this work and N.S.H acknowledges the senior award of
the Alexander von Humboldt foundation. M=Al, Ga, L=2,6-
iPr,CeH;NC(CH;) CHC (CH3) NCgH,-2,6-iPr, = HC{(CMe) (2,6-
iPr,CeH;N) b,

3

DOI: 1o.1ooz/anie.2oo460395 Angew. Chem. Int. Ed. 2004, 43, 4940 —4943



lyst in the polymerization of ethylene and propylene by
Group 4 metallocenes."! There have been several attempts to
prepare discrete molecular organoalumoxanes with well
defined structures because the active site structure in MAO
is not known. These efforts focussed on the controlled
hydrolysis of aluminumtrialkyls or -triaryls where the sub-
stituent groups on aluminum are sterically encumbered.”!
Although several interesting compounds have been isolated
by the above approach and structurally characterized, none of
these was as effective as MAO as a cocatalyst. The second
problem of using controlled hydrolysis as a synthetic tool is
the lack of predictability of the reaction in being able to assess
the nature of the product. The task of assembling compounds
with Ga—O—Ga bonds is similarly fraught with synthetic
challenges although some trinuclear® and a tetranuclear!
derivatives are known. To assemble soluble lipophilic organo-
alumoxanes in a predictable and rational manner a change in
the synthetic approach is required. Thus, instead of taking the
Al—C or Al-H bonds as the starting point for making Al-O—
Al bonds it would be more convenient to use organoalumi-
num hydroxides containing Al—O linkages as the precursors.
The recent isolation of a discrete aluminum dihydroxide
[LAI(OH),],” prompted us to look for a suitable synthon that
would allow a rational and facile assembly of structural units
of alumoxanes as well as heteroalumoxanes. A second goal
was to retain reactive groups on the metal centers in such
compounds. This arrangement would allow a stepwise syn-
thesis of cage structures. Herein, we describe the synthesis
and structural characterization of [{{[LAl(Me)](p-O)(AlH,)},]
(2) and [{[LAI(Me)](w-0)(GaHy)}] (3; L=HC{(CMe)(2,6-
iPr,CsH;N)},). The synthesis of 2 and 3 were possible by
preparing an unprecedented terminal aluminum mono-
hydroxide [LAIMe(OH)] (1).”! Compounds 2 and 3 are the
first examples of a tetranuclear alumoxane!” and a gallium
congener, respectively. Apart from being examples of simple
building blocks (AL,O, and Ga,0,) these compounds also
contain a pair of reactive MH, (M = Al, Ga) groups in the
central core and Al-Me groups as the terminal end groups,
which should allow their rapid elaboration.

The reaction of [LAI(OH)Me] with a stoichiometric
amount of MH;-NMe; (M = Al, Ga) in toluene at 0°C results
in a vigorous evolution of hydrogen and the formation of 2
and 3 in good yields (Scheme 1). Thus, this synthetic method
represents a viable and rational route for the preparation of
novel compounds. While compound 2 is the first example of
an alumoxane with an Al,O, moiety which also carries
reactive hydride groups on the aluminum centers, compound
3 is the first example of a Al-O-Ga unit bearing reactive
hydride groups.

Compounds 2 and 3 have been unambiguously charac-
terized by means of spectroscopic, spectrometric, and crys-
tallographic techniques. Both 2 and 3 are colorless crystalline
solids and are thermally quite stable. They decompose with
melting at 260 and 234 °C, respectively. The EI mass spectrum
of 2 revealed that the most intense peak appears at m/z 1007
and corresponds to the loss of one hydrogen atom from the
molecular ion. Similarly a peak at m/z 1079 in 3 is due to
[M*—CH;]. The IR spectrum of 2 shows a sharp doublet (1833
and 1850 cm™') corresponding to the symmetric and antisym-
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Scheme 1. Preparation of the tetranuclear alumoxane 2 (M =Al) and
the gallium congener 3 (M=Ga); Ar=2,6-iPr,CsH,.

metric stretch of the AIH, fragment. The corresponding
stretching modes for 3 appear at 1901 and 1929 cm™'. The
"H NMR resonance signals for 2 and 3 are broad at room
temperature. However, a variable temperature 'H NMR
spectroscopy study revealed that the room-temperature
spectra of 2 and 3 are simplified by a dynamic process and
upon cooling the broad signals become sharp and eventually
resolve into different resonances for the two halves of the
molecules as expected based on the solid-state structures for 2
and 3. For 2 (—60°C) and 3 (—70°C) two sharp singlets were
observed for the methyl groups which are located on the
terminal aluminum atoms. This observation suggests that the
local environment around the two aluminum centers is
slightly different at least at lower temperatures. This feature
is also reflected in the hydride resonances of the central
Al,O,H, and Ga,O,H, units. Although the exact nature of the
dynamic process involved has not been clearly established it is
possible that this may be due to the restricted rotation of Al—
O—AIl(Ga) bond at lower temperatures.

Single crystals of 2 and 3 suitable for X-ray structural
analysis were obtained from their n-hexane solutions
(Figure 1 and Figure 2). Both the compounds crystallize
with a molecule of n-hexane, compound 2 in the monoclinic
space group P2,/c and 3 in P2,/m.I"

The X-ray crystal structure of 2 reveals that it is a dimer of
the [LAI(Me)OAI(H),] unit. The structure contains two
terminal LAIMe units that are linked to a central
{(H),AlO}, core. The terminal aluminum centers are part of
the six-membered C;N,Al rings. Each aluminum center of the
central {(H),AlO}, four-membered ring contains two reactive
hydride groups. These are located above and below the plane
of the Al,O, ring. The two methyl groups on the terminal Al
atoms are cis with respect to each other. The central four-
membered ring is nearly planar. The terminal six-membered
rings are displaced in an approximately perpendicular manner
with respect to the central {(H),AlO}, ring. The metric
parameters observed in 2 are not unusual. Thus, the AI-O
bonds in the Al,O, ring (1.824(14)-1.842(14), av 1.833 A) are
longer than the terminal Al-O bonds (1.748(14) A and
1.772(13) A, av 1.760 A) and are similar to those found in
aluminum alkoxides for example [{(rBu),(Me)COAIH,}]
(A1-O 1.841 A)® and [{fBuOAIH,},] (AlI-O 1.815 A).”) The
average O-Al-O and Al-O-Al angles in the Al,O, ring are
86.10 and 93.43°, respectively, while the average exocyclic Al-
O-Al angles are 122.02 and 144.08°.

The molecular structure of 3 is analogous to that of 2.
Thus, compound 3 also exists as a dimer and contains reactive
hydride groups on the central gallium atoms of the planar
Ga,0, ring. The terminal C;N,Al rings are arranged in an
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Figure 1. Molecular structure of 2. The hydrogen atoms of the C—H
bonds and hexane molecule are omitted for clarity. Selected inter-
atomic distances [A] and bond angles [°]: Al(1)-O(1) 1.748(14), Al(2)-
O(1) 1.838(14), Al(2)-O(2) 1.828(14), Al(4)-O(2) 1.824(14), Al(4)-O(1)
1.842(14), Al(2)--Al(4) 2.679, Al(3)-O0(2) 1.772(13), Al(1)-N(1)
1.913(16), Al(1)-C(1) 1 965(2); Al(1)-0(1)-Al(2) 145.44(8), Al(1)-O(1)-
Al(4) 121.13(8), O(1)-Al(2)-O(2) 86.10(6), Al(2)-O(2)-Al(4) 94.36(6),
Al(3)-0(2)-Al(2) 142.73(8), Al(3)-O(2)-Al(4) 122.91(8), N(1)-Al(1)-N(2)
1

8
@
96.51(7), N(1)-Al(1)-O(1) 113.52(7).

Figure 2. Molecular structure of 3. The hydrogen atoms of the C—H
bonds and hexane molecule are omitted for clarity. Selected inter-
atomic distances [A] and bond angles [°]: Al(1)-O(1) 1.733(2), Ga(1)-
O(1) 1.933(2), Ga(1)-O(2) 1.924(2), Ga(2)-O(2) 1.917(2), Ga(2)-O(1)

1.939(2), Ga(1)-H(1) 1.516, Ga(1)--Ga(2) 2.849(7 ), 12)-0(2)
1.755(2), Al(1)-N(1) 1.920(19), Al(1)-C(1) 1.967(4); Al(1)-O(1)-Ga(1)
145.00(14), Al(1)-0(1)-Ga(2) 120.25(13), O(1)-Ga(1)-O(2) 84.73(9),
Ga(1)-0(2)-Ga(2) 95.78(9), Ga(1)-O(2)-Al(2) 141.57(13), Ga(2)-O(2)-
Al(2) 122.65(12), N(1)-Al(1)-N(2) 96.19(12), N(1)-Al(1)-O(1)

114.44(8).

approximately perpendicular manner with respect to the
central Ga,O, ring. Also, the methyl groups on the terminal
aluminum centers are cis with respect to each other. The
average O-Ga-O and Ga-O-Ga angles within the Ga,0, ring
are 84.73 and 95.27°, respectively. This may be compared with
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those observed in [{BuOGaH,},] (101.4°).) The slightly
wider angle in the latter is perhaps due to the bulky rBu group
that elongates the O--O diagonal in the four-membered ring.
The average exocyclic Al-O-Ga angles in 3 are 121.44 and
143.28°. The average terminal Al-O bond in 3 (1.744 A) is
similar to that found in 2. The Ga—O bond within the Ga,0O,
ring (1.917(2)-1.939(2) A, av 1.928 A) are similar to those
found in gallium alkoxides for example [{fBuOGaH,},] (Ga—
O 1908 A)® and in [{Me,NCH,CH,0GaH,},] (Ga—O
1.911 A).l0)

In conclusion we have demonstrated a new synthetic
strategy for the preparation of an alumoxane and a corre-
sponding gallium derivative. This procedure utilizes the
reaction of an AI-OH motif and is a change in the standard
synthetic protocols which rely on the use of Al-C or AI-H
motifs. The resulting compounds [{{LAl(Me)](u-O)(AlH,)},]
and[{[LAl(Me)](u-O)(GaH,)},] are novel tetranuclear build-
ing blocks. The reactive hydride and methyl groups present on
the central and terminal metal atoms in these compounds
should allow a further elaboration of these tetranuclear
structures.

Experimental Section
All manipulations were performed under a dry and oxygen-free
atmosphere (N, or Ar) using Schlenk line and glove box techniques.
[LAI(Me)OH] (0.95g, 2.00 mmol) dissolved in toluene
(20 mL) was added dropwise at 0°C to a stirred (1.0M) solution of
AlH;NMe; (2.10 mL, 2.10 mmol) in toluene (15 mL). The solution
was allowed to warm to room temperature and stirred for 15 h. After
removal of all the volatiles the residue was extracted with n-hexane
(40 mL). Partial removal of the solvent and storage of the remaining
solution at room temperature for 2 days afforded colorless crystals of
2. Yield (0.75 g, 74 % with respect to 1). M.p. 258-260°C (decomp);
elemental analysis (%) calcd for C¢,Ho, ALLN,O, (1008.65): C 71.40, H
9.19, N 5.55; found: C 71.75, H 9.55, N 5.14; EI-MS: m/z (%): 1007
(92) [MT—H], 993 (72) [M*—Me], 979 (60) [M*—Al-2H], 965 (100)
[M*—Al-Me—-3H], 951 (20) [M*-2Al-3H]; IR (Nujol): 7#=1850,
1833, 1552, 1527, 1318, 1260, 1177, 1101, 1055, 1023, 936, 874, 803, 726,
724, 656, 634 cm™', "TH NMR (500 MHz, C;Dg, —60°C): 6 =7.26-6.89
(m; Ar), 4.80 (s, 1H; y-CH), 4.79 (s, 1H; y-CH), 3.93 (br, 4H; AlH,),
3.54 (sept, *Jyn = 6.3 Hz, 2H; CHMe,), 3.40 (sept, *Jyy = 6.5 Hz, 2H;
CHMe,), 3.27 (sept, 3]y = 6.5 Hz, 2H; CHMe,), 2.97 (sept, Jyn=
6.5 Hz,2H; CHMe,), 1.70-1.66 (m, 12H; CHMe,), 1.46 (s, 6 H; CMe),
1.39 (s, 6H; CMe), 1.34 (d, *J;;; = 6.3 Hz, 6 H; CHMe,), 1.20 (m, 12 H;
CHMe,), 1.14 (d, *Jy11;=6.2 Hz, 6H; CHMe,), 1.04 (d, *Jy y = 6.4 Hz,
6H; CHMe,), 0.92 (d, *Jyy=6.4 Hz, 6H; CHMe,), 0.07 (s, 3H;
AlMe), —0.81 ppm (s,3H; AlMe); 'H NMR (500 MHz, C,D;, 100°C):
0=7.16-6.96 (m; Ar), 5.02 (s, 2H; y-CH), 3.65 (br, 4H; AlH,), 3.40
(sept, *Jyuy=6.7 Hz, 4H; CHMe,), 3.14 (br, 4H; CHMe,), 1.60 (s,
12H; CMe), 1.38-1.31 (br, 24H; CHMe, and CMe), 1.10 (m, 24H;,
CHMe,), —0.56 ppm (s, 6H; AlMe).

3: The preparation of 3 was carried out by using a similar
procedure as that for 2. The quantities of the reactants used were
[LAI(Me)OH] (1.43 g, 3.00 mmol), GaH;-NMe; (0.40 g, 3.00 mmol).
Yield (1.30g, 79% with respect to 1). M.p. 234°C (decomp);
elemental analysis (%) calcd for C4Hgp,AlLGa,N,0O, (1094.81): C
65.82, H 8.47,N 5.12; found: C 65.67, H 8.33, N 5.29; EI-MS: m/z (%):
1094 (24) [M*], 1079 (100) [M*—Me], 1052 (16) [M*—Al—Me], 1022
(20) [M*—Ga—-2H], 1007 (20) [M*—Me—Ga—2H]; IR (Nujol): 7=
1929, 1901, 1585, 1551, 1521, 1315, 1293, 1256, 1183, 1176, 1107, 1098,
938, 874,797,770, 755, 737,709, 659, 642, 616, 531,507 cm™'; "H NMR
(500 MHz, C,Dg, —70°C): 6 =7.22-6.88 (m, Ar), 5.20 (s, 2H; GaH,),
5.05 (s, 2H; GaH,), 4.70 (s, 1H; y-CH), 4.63 (s, 1H; y-CH), 3.77 (m,
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2H; CHMe,), 3.45 (m, 2H; CHMe,), 3.32 (m, 2H; CHMe,), 2.96 (m,
2H; CHMe,), 1.68 (d, Ty = 17.3 Hz, 12H; CHMe,), 1.49 (d, Ty =
5.8 Hz, 12H; CHMe,), 1.40 (s, 12H; CMe), 1.14 (dd, *J;;;=17.3 Hz,
18H; CHMe,), 0.92 (d, 3y =6.0 Hz, 6H; CHMe,), 0.04 (s, 3H;
AlMe), —0.95 ppm (s, 3H; AlMe); "H NMR (500 MHz, C,Dy, 70°C):
0=7.17-6.96 (m; Ar), 491 {s, 6H (2H, y-CH and 4H, GaH,)}, 3.48
(br,4H; CHMe,), 3.15 (br,4H; CHMe,), 1.56 (s, 12H; CMe), 1.43 (br,
12H; CHMe,), 1.32 (br, 12H; CHMe,), 1.17 (d, *Jyy;y=6.5 Hz, 12H;
CHMe,), 1.10 (d, *Jyy =8.7 Hz, 12H; CHMe,), —0.65 ppm (s, 6H;
AlMe).
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tal size=0.2x0.1x0.2mm? pgeq=1.093 Mgm™, 2.22<20<
58.93°, T=103(2) K, A=1.54178 A, u=0.973 mm™', F(000)=
2392, 61271 reflections collected, 9543 were independent and
were used in the structure refinement of 786, R1=0.0403 (/>
20(I)), wR2=0.1162 (all data), min./max. residual electron
density 0.411/—0.310 e A%, Crystallographic data for compound
3-C¢H,4 (CeeH0sALGa,N,O,): M,=1180.95, monoclinic, P2,/m,
a=9.4431(13), b=17.889(2), ¢ =20.491(5) A, $=103.117°(14),
V=3371.1(10) A>, Z=2, crystal size=0.3x0.2x0.2mm’
Oeatca=1.163Mgm™, 3.06<20<49.60°, T=1332)K, 1=
0.71073 A, x#=0.868 mm', F(000)=1268, 20878 reflections
collected, 5960 were independent and were used in the structure
refinement of 388, R1=0.0362 (I>20()), wR2=0.09995 (all
data), min./max. residual electron density 0.719/—0.536 ¢ A=,
CCDC-236234 (3) and CCDC-236235 (2) contain the supple-
mentary crystallographic data. These data can be obtained free
of charge via www.ccde.cam.ac.uk/conts/retrieving.html (or from
the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (4 44)1223-336-033 or deposit@
ccde.cam.ac.uk). The structures were solved by direct methods
using SHELXS-97 and refined against F* on all data by full-
matrix least squares; G. M. Sheldrick programs for crystal
structure refinement, Universitdt Gottingen, Gottingen (Ger-
many), 1997. Hydrogen atoms were included at geometrically
calculated positions and refined using a riding model.
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Binuclear Complexes diazene complexes have been reported so far. Herein we

Diazene Complexes of Copper: Synthesis,
Spectroscopic Analysis, and Electronic
Structure**

Kiyoshi Fujisawa,* Nicolai Lehnert,* Yoko Ishikawa,
and Ken-ichi Okamoto

In memory of Dieter Sellmann

Diazene is a very interesting molecule as a result of its ability
to stereoselectively reduce some unsaturated organic sub-
strates (probably via the cis isomer)™! as well as its relevance
in biological nitrogen fixation. Evidence from X-ray analy-
ses,”l  spectroscopic studies,”! and
density functional calculations sug-
gests that HN=NH (1,2-diazene) is a
metal-bound intermediate in nitroge-
nase turnover. Diazene is extremely
unstable in its free state and under-
goes a bimolecular decomposition

above —150°C to give N, and
N,H,.B! Tts stability is greatly 3N
enhanced, however, when its lone H- B/ /\\;}/ \”/

pairs are coordinated to transition
metals. The general importance of
nitrogen fixation has resulted in many
research groups having tried to make
model complexes with coordinated
diazene, dinitrogen, or hydrazine
ligands; the corresponding transi-
tion-metal-diazene complexes have
been synthesized by Sellmann®
amongst others."® However, in the
case of Cu, only three crystal struc-
tures—a complex of a 1,2-disubsti-
tuted diazene ([Cu,Cl,(MeN=NMe)],)"! and two hydrazine
complexes  ([CuCN(N,H,)],["™  and  [CuCI(N,H,)-
(NaCl)],['®)—have been published, and to the best of our
knowledge no structural and spectroscopic data for Cu'-
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report the crystal structures and UV/Vis absorption and
resonance-Raman spectra of two related Cu' complexes with
bridging trans-1,2-diazene and trans-1,2-dimethyldiazene
ligands. The coordination sphere of the Cu' centers is
completed by a hydrotris(pyrazolyl)borate-type tripod
ligand. The electronic structure of these systems has been
evaluated with the help of density functional (DFT) calcu-
lations.

Addition of an excess of hydrazine monohydrate
(2.5 equiv) to a solution of the precursor [(L'Cu),(u-OH),]
(L! = hydrotris(3,5-diisopropyl-1-pyrazolyl)borate anion)!!]
in CH,Cly/heptane (5:1) at —50°C caused a gradual color
change from blue to dark purple. Filtration, concentration,
and cooling of this solution afforded [L'Cu(HN=NH)CuL']
(1; yield: 60%) as a deep-purple, microcrystalline solid

WW

N—

H- B N N\'<' Ns \
Cu’ N"Cu -N B H
>/<N>N\< ﬁ

\ [L'Cu(HN=NH)CuL" (

A

AP~ et X
NzMeHz )\/N/;_—\N’ <\ I N*N\

[L*Cu(MeN=NMe)CuL"] (2)

Scheme 1. Synthesis of complexes 1 and 2.

(Scheme 1).>' The oxidation of hydrazine to diazene is
mediated by the Cu" centers, which are reduced to Cu'-
centers (similar hydrazine oxidations have been applied
before to form diazene complexes®”"). The fact that a diazene
unit had formed from hydrazine was evident from: a) the
appearance of a strong absorption band at 573 nm (e=
3500 cm ' mol ' dm?), whereas monomeric and dimeric Cu'-
hydrazine complexes are colorless;!"”! b) the appearance of a
strong resonance-Raman band at 1358 cm™', which is the
typical N—N stretching frequency of dimeric diazene com-
plexes (see below); c) the observation of a small signal in the
"H NMR spectrum at ¢ =4.90 ppm which corresponds to the
diazene hydrogens; and d) the X-ray crystal structure shown
in Figure 1, where a planar trans-N,H, ligand bridges the two
Cu'ions." Together with the hydrotris(pyrazolyl)borate
ligand, this leads to a distorted tetrahedral geometry at the
Cu centers. Complex 1 has a crystallographic inversion center
in the middle of the N=N bond. The N41—N41" bond length
(1.13(1) A) is slightly shorter than those of the N—N bonds of
previously reported diazene complexes (1.16-1.30 A),[**! and
is clearly not in the range found for hydrazine complexes

Angew. Chem. Int. Ed. 2004, 43, 4944-4947



Figure 1. ORTEP view of [L'Cu(HN=NH)CuL'] (1) showing 50% ther-
mal ellipsoids and the atom-labeling scheme. Hydrogen atoms have
been omitted for clarity. Selected bond distances [A] and angles [°]:
Cu—N41 1.841(8), Cu—N11 2.035(7), Cu—N21 2.082(7), Cu—N31
2.043(6), N41—N41"1.13(1), Cu---Cu’ 4.709(1); N41—Cu—N11 127.5
N41—Cu—N21 119.9(4), N41—Cu—N31 126.2(4), N11—Cu—N21 90.8
N11-Cu—N31 91.1(3), N21-Cu—N31 90.8(3), Cu—N41-N41' 151.6(8).

),

(3
@),

(Anx ~ 1.45 A)."1 As can be seen in Figure 1, the nitrogen
atoms N41 and N41' both show thermal ellipsoids that are
distorted in a direction orthogonal to the Cu-N-N-Cu plane.
This result indicates a slight disorder in the crystal that might
lead to the observed shortening of the N—N bond from the
expected value for diazene complexes (ca.1.25 A). Corre-
spondingly, the Cu—N41-N41' angle (151.6(8)°) is more
obtuse than the values reported for other diazene complexes
(129-130°);® this is most probably a consequence of the small
amount of disorder in the crystal and not an intrinsic
structural property of 1.

To confirm the structural analysis and the obtained NMR
spectrum of 1, the dimethyldiazene derivative 2 was prepared
from the reaction between [(L'Cu),(w-OH),] and N,N'-
dimethylhydrazine dihydrochloride (neutralized by aqueous
NaOH or triethylamine) at —50°C."! Cooling of the reaction
mixture led to the precipitation of red crystals of
[L'Cu(MeN=NMe)CuL'] (2; yield: 64%; Scheme 1).34
Unfortunately, the structure determination of 2 is incomplete
because of the poor quality of the crystals obtained (see
Supporting Information).'! The N41-N41' bond length
(1.27(2) A) is in the normal range for rrans-diazene com-
plexes (1.16-1.30 A).* Moreover, the Cu—N41-N41' angle
(132(1)°) is only slightly more obtuse than in previously
reported diazene complexes because of steric interactions of
the methyl groups bound to the bridging nitrogen atoms. The
presence of an MeN=NMe bridge in 2 is also shown by
resonance-Raman (see below) and 'HNMR spectroscopy
(see Supporting Information). The repulsion of the methyl
substituents of the MeN=NMe group in 2 results in the copper
coordination sphere being distorted and, correspondingly, the
Cu--Cu’ distance in 2 (4.786(5) A) is longer than that in 1
(4.709(1) A). However, the Cu-Cu’ distances in both 1 and 2
are significantly longer than those of a previously reported p-
n’m’ peroxo complex (3.560(3) A)'Y and a p-n>m? disulfido
complex (4.028 (3) A).'®!
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Figure 2. Resonance-Raman spectra (excitation: 568 nm, CH,Cl,) of
[L'Cu(HN=NH)CuL'] (1; bottom) and the corresponding *N-labeled
complex (top). S denotes solvent peaks.

Figure 2 shows the resonance-Raman spectra of 1 and of
the corresponding '*N-labeled compound. These spectra can
be understood based on the previously reported peak assign-
ments!”  for the diazene-bridged Fe complexes
[(Fe‘NyS,)»(N,H,)] (‘NuSs-H, = 2,2’-bis(2-mercaptophe-
nylthio)diethylamine) and [{Fe‘S,’(PPr;)},(N,H,)] (‘S’-H, =
1,2-bis(2-mercaptophenylthio)ethane),” and a DFT calcula-
tion on a model of 1 (see Supporting Information). Table 1
summarizes the assignments. The most intense band at
1358 cm ™! is assigned to the N—N stretch #(N-N); it shifts to
about 1320 cm ! on isotope labeling, close to the weak band at
1316 cm™' in the unlabeled complex. Both vibrations sub-
sequently mix strongly and, hence, the 1316 cm ™' absorption
steals intensity from the N—N stretch and also shows a slight
shift to lower wavenumbers (1310 cm™' in the labeled com-
plex). In the case of the above-mentioned Fe"-diazene
complexes, #(N—N) appears at 1382 and 1365 cm™!, respec-
tively, which confirms this assignment.”! The symmetric
N—-N-H bend for 1 is found at 1547 cm ™' and the symmetric
Cu—N stretch is observed at 523 cm™'. In addition to these
fundamental absorptions, several overtones and combination
modes are also observed (Table 1). For comparison, the
Raman spectrum of 2 is shown in Figure 3. This spectrum is

1000 1200 1400 1600 1800 2000

7/em™ —

0 T T
400 600 800

Figure 3. Resonance-Raman spectrum (excitation: 514 nm, CH,Cl,) of
[L'Cu(MeN=NMe)CuL'] (2). S denotes solvent peaks.

assigned on the basis of the results for 1 and a DFT calculation
on a model of 2 (Table 2). In this case, mode-mixing of the
N—-N stretch with the modes of the methyl substituents
(namely, H-C—H bends, the symmetric C—N stretch, and

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1: Raman assignments of complex 1.

Mode Symbol Cu-N,H,-Cu (1) [(Fe'N,S.)5(NoH,)]
exp. (Figure 2)F1  caled exp. (ref. [19])
vs(Cu—N) A 523 (513) 512 not observed
Ys not observed 603  667/659
2xA 1043 (1025) - -
v(N—N) B 1358 (1326/1310) 1421 1382
8(N—N—H) 1547 (1536) 1573 1480
A+B 1887 (1835) - -

[a] Band positions in the '>N-labeled material are given in brackets.

Table 2: Raman assignments of complex 2.

Mode® Cu-N,Me,-Cu (2)
exp. (Figure 3) caled
vs(Cu—N) not observed 251/341

8s(N—C—H) + v5(C—N) + vs(Cu—N) 941 959

Vs(C—N) + 85(N—C—H) + vs(Cu—N) 1198 1214
V(N—N) + 85 (H—C—H) + v5(C—N) 1365 1416
8(H—C—H) + v(N—N) 1474 1491/1529

[a] The dominant contribution to a mode is given first in bold type.

N—C—H bends) complicates the interpretation. However,
since the N—N stretch should show the strongest resonance
enhancement in the Raman spectrum, its assignment to the
peak at 1365 cm ™ is straightforward, and is also in agreement
with the calculations.

Previous work has shown that diazene is a o-donor and x-
acceptor ligand."” However, the d'° electron configuration of
the Cu'ion means that no ¢ donation from the diazene into
the d orbitals of copper is possible in 1 and 2. Correspond-
ingly, the interaction between the Cu' center and the diazene
corresponds to a pure back-bond. This bonding description is
in agreement with the results of the DFT calculations for 1
and 2. Figure 4 shows a schematic molecular orbital (MO)
diagram for 1. The LUMO corresponds to the antibonding
combination of wt*—the st* orbital of the diazene perpendic-
ular to the Cu-N,H,-Cu plane—and the in-phase combination
of the d,, orbitals on the copper atoms. The corresponding
out-of-phase combination of the d,, orbitals is the HOMO,
which is essentially nonbonding to the ligands. The bonding
MO between d,, and m)" is found at lower energy. This
electronic structure is different from that obtained for the
Fe''-diazene complexes, where both a 0 and a w bond between
the metal and the diazene ligand are found.!"!

Figure 5 shows the absorption spectrum of 1 together with
resonance-Raman profiles of the peaks at 523, 1358, 1547, and
1887 cm™!, which all show resonance enhancement with
respect to the intense absorption of 1 at 573 nm. This band
is therefore assigned as a d,, —a (HOMO —LUMO) charge-
transfer (CT) transition, as shown in Figure 4. This is similar
to the Fe'-diazene systems, where the corresponding CT
transition is found at 580 and 620 nm for [(Fe‘NyS,’),(N,H,)]
and [{Fe‘S,’(PPr;)},(N,H,)], respectively.’! In the case of 2,
the corresponding CT transition is at 484 nm (see Supporting
Information).
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Figure 4. Schematic MO diagram of 1. The insert in the top left corner
shows the chosen coordinate system for the labeling of the orbitals.
The orbital 7t (v = vertical) corresponds to the 7t* function of diazene
orthogonal to the Cu-N(H)=N (H)-Cu plane. The inserts on the right
show important MO contours.
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Figure 5. Resonance-Raman profiles of important vibrations of 1 plot-
ted against the absorption spectrum.

We have described the preparation and characterization
of novel Cu'-diazene complexes. Spectroscopic results and
crystal structures have been presented and related to known
Fe''-diazene complexes, thus proving the identity of the
former compounds. In addition, the electronic structure of the
Cu'-diazene bond has been investigated with the help of
density functional calculations.
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Hydrocarbon Cations

Arylbis(9-anthryl)methyl Cations: Highly
Crowded, Near Infrared Light Absorbing
Hydrocarbon Cations**

Yuichi Nishimae, Hiroyuki Kurata, and Masaji Oda*

Triarylmethyl cations have been widely studied since the
discovery of the triphenylmethyl cation in 1901,"? and highly
crowded triarylmethyl cations in particular have been the
subject of recent interest. Tris(1-naphthyl)methyl and tris(2-
naphthyl)methyl cations (1a and 1b) were synthesized as
unstable species,”! whereas the tris(1-azulenyl)methyl cations
2 were reported to be stable.[! The arylbis(9-anthryl)methyl
cations 3 should be even more highly crowded than 1 and 2. In
particular, the symmetric tris(9-anthryl)methyl cation 3f
would be a most fascinating molecule. However, none of
the cations 3 have been reported.

The instability of 1a and 1b can be ascribed to their facile
Nazarov-type cyclizations,” that is, a kinetic instability rather
than a thermodynamic instability. Cations 3 may be less prone
to undergo this rearrangement because of the doubly benzo-
annelated structure of anthracene. Therefore, they would be
fairly stable once formed, though the conjugation between the
aryl groups might be considerably reduced due to steric
congestion.

The reason for the total absence of cations 3 may be the
difficulty of their synthesis. In principle, bis(9-anthryl) ketone
(4, Scheme 1)1 should be a suitable starting material.
However, we found that 4 is not reactive towards organo-

[*] Y. Nishimae, Dr. H. Kurata, Prof. M. Oda

Department of Chemistry
Graduate School of Science
Osaka University
Toyonaka, Osaka 560-0043 (Japan)
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c c

1a 1b

3a: Ar = phenyl
‘ O 3b: Ar = p-tolyl
O O 3c: Ar = p-anisyl
3d: Ar = 1-naphthyl

CrQ
Ar

3e: Ar = 2-naphthyl
3f. Ar = 9-anthryl

metallic reagents, probably due to steric hindrance or rapid
electron transfer from the reagents.[g] Thus, 4 does not afford
the arylbis(9-anthryl)methyl alcohols that would be promis-
ing precursors to 3.

C)
o a0
S o =

4 94

OH
O’ CF;COOH O’ Ar
‘ Ar RT ‘
6a-e 7a-e
SOV,
NaOH/EtOH
. e OMEOH (X Yoom

crooon (J T T

8: Ar = 1-naphthyl

Ar

Scheme 1. Synthesis of cations 3a—e and further reaction of 3d to 8.

We discovered, however, that the photochemical intra-
molecular [442] cycloadduct of 4, namely 5 (Scheme 1), is
susceptible to nucleophilic additions. The increased reactivity
of 5 comes from the following structural and electronic
features: 1) It has a rigid structure, 2) one face of the carbonyl
group is less hindered than the other face (according to the
PM3-optimized structure), 3)the carbonyl group is less
conjugated than that of 4, and 4) its electrochemical reduction
potential is about 0.35 V higher than that of 4 (—1.94 V (half-
wave potential) for 5/CH,Cl,/n-Bu,NCIO, vs. —1.60 V (peak
potential) for 4). Compound 5 can cyclorevert to 4 fairly

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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easily upon heating (E, =34.240.2 kcalmol ; #,,=12.0 h at
119°C in [Ds]-bromobenzene)."”! These findings have led to a
novel synthesis of 3, which we report here.

The reaction of ketone 5 with phenyllithium (3 equiv) in
THF at room temperature afforded alcohol 6a with high
stereoselectivity in 82 % yield. Compound 6 a was determined
to be an exo adduct by the observation of an NOE between
the aromatic protons of the phenyl group and proton on C7
(the closest aliphatic methine proton on the bicyclo[2.2.2]oc-
tane framework, see Scheme 1). This is in agreement with the
structural features of 5. The reaction of § with p-tolyllithium,
p-anisyllithium, 1-naphthyllithium, and 2-naphthyllithium
furnished the corresponding addition products 6b (80%),
6¢(93%), 6d (51%), and 6e (64 %), respectively.

However, 5 still suffers from steric hindrance and
attempted nucleophilic additions of the more bulky 9-
anthryllithium or its Grignard reagent have been unsuccess-
ful. The thermal cycloreversion also brought forth a problem
for alcohols 6a—e: Heating of 6a resulted mostly in fragmen-
tation rather than cycloreversion, probably initiated by
homolytic carbon—-carbon bond cleavage in the cyclopentanol
moiety. The EI mass spectrum of 6a agrees with this result,
showing the molecular ion (m/z 474; 1%) only weakly with
strong fragment peaks at m/z 296 (100 % ) and 178 (98 % ) that
correspond to the molecular weights of 9-anthryl p-tolyl
ketone and anthracene. The considerable thermodynamic
stability of the hydroxydiarylmethyl radical as well as the
strain in the cyclopentanol moiety may be responsible for the
preferential homolysis.

Despite the unsuccessful thermal cycloreversion of 6a, it
was found that addition of trifluoroacetic acid (TFA) to a
colorless solution of 6a in chloroform at room temperature
affords the desired cation 3a cleanly as a stable species in a
deep green solution. Similarly, the tolyl, anisyl, and naphthyl
compounds 6b-e afforded the corresponding cations 3b-e
(see Scheme 1). Thus, it follows that the intermediate cations
7a—e undergo a facile [4+2] cycloreversion at room temper-
ature to yield the thermodynamically more stable triaryl-
methyl cations 3a—e (stable for weeks in CDCL,/TFA). To our
knowledge, the 1-naphthyl compound 3d is the most highly
crowded triarylmethyl cation observed.

The 'H and “C NMR spectra of 3 are in agreement with
the cation structures'! For example, in the 'H NMR
spectrum of the p-tolyl compound 3b, the signal for the
proton on C10 (6 =9.15 ppm) of the anthryl groups is down-
shifted by 0.75 ppm compared to the protons on C9,10 of
anthracene, and the signal for the methyl protons (60 = 2.59) of
the p-tolyl group is down-shifted by 0.27 ppm compared to
that of 6b (6 =2.32). In the *C NMR spectrum, the central
cation center (Ca) of 3a is observed at 6 =190.97 (6 =191.84,
187.66, 184.55, and 178.55 for 3b—e, respectively). Thus, there
is a trend of high-field shifts compared with the signal for Ca
of the 9-anthryldiphenylmethyl cation 9 (0=204.11, see
below)!">'¥ and the triphenylmethyl cation (6 =211.56).1*"

When a solution of 3d in CHCIL/TFA is poured into
NaOH/EtOH at 0°C, the 10-ethoxy adduct 8 is formed in
52% yield (Scheme 1). A similar alkoxy adduct has been
described for 9.1”) When ether 8 is dissolved in CHCI,/TFA,
3d is cleanly regenerated.
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The most remarkable feature of cations 3a—e is a strong
absorption in the near-infrared region (A, =855-946 nm,
band 3) in TFA (Figure 1, Table 1). There are two other
absorptions in the visible region: 1,,,, = 440-470 nm (band 1)
and 666-748 nm (band 2). The appearance of two bands at
wavelengths longer than 500 nm contrasts with the single
band of 9 (. =786 nm (780 nm in liquid SO,!')) and the
bis(9-anthryl)methyl cation 10 (4, = 855 nm)."!

3.0 1

T
1000

T T
400 600 800
Alnm ——

Figure 1. Absorption spectra of 3a (solid line), 3¢ (short broken line),
3d (dotted line), and 3 e (long broken line) in CF;COOH (¢ in
mM~'cm™). The absorption spectrum of 3b is omitted for clarity (see
Table 1).

Table 1: Absorption spectral data of 3a—e, 9, and 10 in CF;COOH.

Compound A, [nm™"] (ex107%)

3a 936 (1.68), 666 (1.06), 498 sh (0.54), 472 (0.59), 441 (0.55)
3b 916 (1.37), 681 (1.20), 496 sh (0.43), 467 (0.51), 436 (0.50)
3c 855 (1.52), 704 (2,27), 461 (0.68), 390 (1.37), 343 (0.75)
3d 946 (1.59), 748 (1.37), 456 (0.66), 421 (0.51)
3e 926 (1.03), 713 (1.35), 478 (0.42), 443 sh (0.38), 395 (0.71)
9 786 (1.14), 443 (1.18), 400 (1.62)

(2.76)

10 855 (2.76), 539 sh (0.29), 473 (0.85)

In the case of cations 3, with the exception of 3¢, band 3 is
at longer wavelength than the absorption of 9, where band 2 is
at even shorter wavelength than the absorption of 8. We think
that bands 2 and 3 might be associated with orbital splitting by
homoconjugation between the two 9-anthryl groups. Accord-
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ing to a semi-empirical calculation (AM1), the optimized
structure of 3a (Figure 2) takes a deep propeller conforma-
tion and there are large coefficients for the HOMO orbitals at
the 9-positions of the anthryl groups with small coefficients at
Co. In this situation, it seems possible that there is some
interaction (homoconjugation) between the p orbitals at the
9-positions of the anthryl groups. The dianthrylmethyl cation

Figure 2. The HOMO orbitals of 3a as obtained by the AM1 method.
The orbital coefficients at Ca and the phenyl group are small.

10 does not adopt a propeller conformation (AM1): One
anthryl group is twisted against the plane of the 9-anthryl-
methyl cation and the HOMO coefficients on the twisted
anthryl group are small, disfavoring homoconjugation. The
idea of orbital splitting due to homoconjugation is in agree-
ment with the small difference in wavelength between bands 2
and 3 for the p-anisyl cation 3¢ (A4 =151 nm, compared with
AA =270 nm for 3a) and the unusual blue shift of the longest
wavelength absorption (855 nm for 3¢ vs. 936 nm for 3a). This
blue shift contrasts with the appreciable red shift of the p-
anisyldiphenylmethyl cation (476 nm) relative to the triphe-
nylmethyl cation (431, 404 nm).['! The larger chemical shifts
of the anthryl groups of 3¢ (H10: 6=9.03; C10: 6=
187.66 ppm) compared to those of 3a indicate a considerable
resonance contribution of the para-quinoid structure of the p-
anisyl group as usually observed. This results in a slightly
better coplanarity of the molecule (AM1), which is less
favorable for homoconjugation.

In view of the stability of 3a—e, the tris(9-anthryl)methyl
cation 3 f should also be a stable species when once formed.
Further studies on arylbis(9-anthryl)methyl cations including
attempts to synthesize 3f are under way. Transformation of
3a-e to the corresponding methanes, carbanions, and radicals
are also in progress.
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Alkene Oxidation

A Practical and Mild Method for the Highly
Selective Conversion of Terminal Alkenes into
Aldehydes through Epoxidation-Isomerization
with Ruthenium(v)-Porphyrin Catalysts**

Jian Chen and Chi-Ming Che*

The Wacker-type oxidation of alkenes to carbonyl compounds
is one of the most important oxidation reactions in synthetic
chemistry and the pharmaceutical industry."! The conversion
of alkenes RCH=CH, into acetaldehyde (R =H) or methyl
ketones (R #H) through the Wacker process [Eq. (1)] has

0]
[0]
R ——> R)J\ Q)

been well documented:;!"! however, the highly selective
formation of aldehydes through catalytic oxidation of
RCH=CH, (R#H) without C=C bond cleavage [Eq. (2)]

[O]
R —» g7 cro 2)

remains a challenge. Previous work by Feringa,* Murahashi,
and co-workers,? and Wenzel® showed that the oxidation of
aliphatic alkenes (such as oct-1-ene and dec-1-ene), N-allyl
amides/lactams, and allyl esters with O, or air in the presence
of certain palladium or palladium/copper catalysts affords a
mixture of aldehyde and methyl ketone products. Recently,
Ho et al. reported the palladium/copper-catalyzed oxidation
of several aliphatic 1,5-dienes with O, to form aldehydes in
60-99 % yield.*

During our efforts to develop new oxidation technology
based on ruthenium—porphyrin catalysts, we found that the
oxidation of a wide variety of terminal alkenes with 2,6-
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dichloropyridine N-oxide (CLpyNO) in the presence of
dichlororuthenium(iv)—porphyrin catalysts [Ru"(por)Cl,]
(por=tdcpp 1, tmp 2)P produced aldehydes in up to 99%
yield with 100% substrate conversion without C=C bond
cleavage. This unexpected ruthenium-catalyzed “Wacker-

induces subsequent isomerization of the epoxid

Angewandte

e to the B,y-

unsaturated aldehyde.”! We abbreviate the epoxidation of

terminal alkenes followed by isomerization of
products as E-I reactions.

the epoxide

To provide support for the above mechanism, we exam-

ined the effect of CLpyNO on the catalysis
(Table 1). With excess ClpyNO, the yield of
aldehyde 4 decreased significantly from 99 to
51%, and epoxide 5 was obtained in 49 % yield.
This result could be rationalized by considering
coordination of the epoxide to active ruthenium—
porphyrin species for the isomerization reactions.
Excess ClLLpyNO would compete with the epoxide
for coordination to ruthenium, thus decreasing the
yield of the aldehyde. We found that the use of
1.01-1.03 equivalents of CLpyNO gave the best
results in terms of reaction time (30 min) and
aldehyde yield (99 %). Changing the temperature
from room temperature to 10°C or 40°C did not
affect the reaction appreciably.

[Ru(tdcpp)Cly]

[Ru¥(tmp)Cl,]

type oxidation” of terminal alkenes™’ reported herein  Taple 1: Oxidation of 3 catalyzed by 1 with varying amounts of

apparently proceeds by a different mechanism to those
proposed for the palladium- or palladium/copper-catalyzed

Cl,pyNO.#

Entry Cl,pyNO [equiv] Conversion of 3 [%] Yield [96]®
reactions.’! We also report herein a direct one-pot diazoace- 5 4
tate olefination of aldehyde substrates generated in situ by ] 20 100 9 51
this ruthenium—porphyrin-catalyzed oxidation of alkenes. 1:03 100 0 99
When a solution of 1-phenyl-1,3-butadiene (3), CLpyNO 5 0.9 90 0 <99

(1.03 equiv), and catalyst 1 (0.5 mol %) in CDCI; was stirred
for 30 min at room temperature, the f3,y-unsaturated aldehyde
4-phenylbut-3-enal (4, styrylacetaldehyde) was formed in
99 % yield [Eq. (3)]. No ketone products were detected in the
reaction mixture. Similar results were obtained with CHCI; or

N >
X
©/\/\ ©MCHO @)

[a] Reaction conditions: 3: 0.1 mmol, 1: 0.5 mol %, CDCl;: 0.5 mL; 25°C,
open to air. [b] Determined by 'H NMR spectroscopy (based on
consumed substrate).

We also examined the effect of catalyst loading on the E-I
reaction. When a lower loading of 1 (0.3 mol %) was used,

1 (0.5 1%
(©5 mol%) with a molar ratio 3/CLpyNO/1 of 1:1.03:0.003, a mixture of 5,

—_—— P
ClopyNO (1.03 equiv),

3 oboL. RT 4 4, and 3 was detected after the reaction. Figure 1 shows the
31
100 —m—3 -~
[}
CH,Cl, as the solvent. Other solvents, such as benzene, u —0—5 /A
toluene, acetone, ether, and methanol, were inferior to CHCl, -\ —A—4 RS
and CH,CI, for this catalytic process. 80+ % ha e A—a—
. . . . ge L] A
We propose that the 1,3-diene 3 is first oxidized by ] LA
CLpyNO to form epoxide 5 in the presence of catalyst 1 T 604 \_
(Scheme 1). The same catalyst, or a derivative thereof, ; \
yield
! % 4
| §
o 40 n
AN 1 \ [Ru] ]
—_— — .\
ClLpyNO 20 \éb
: ’ |,
N m 3
[Ru] 0 e e .-Scb\
T T T T T T T T ' T
0.0 0.5 1.0 15 2.0 2.5

0o

AN X
CHO
MH > ©/\A Figure 1. Time-course plot for the Cl,pyNO oxidation of 3 catalyzed by

4 1. Reaction conditions: 3: 0.1 mmol, Cl,pyNO: 1.03 equiv, 1:

0.3 mol%, CDCl;: 0.5 mL; 17°C, open to air. The product yields were
determined by "H NMR spectroscopy. More 1 (0.3 mol %) was added
when the reaction had proceeded for about 2.2 h.

tlhh —

Scheme 1. Proposed mechanism for the formation of aldehyde 4 by
the Cl,pyNO oxidation of 3 catalyzed by 1.
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time course for this catalytic process. Evidently, after the
reaction had proceeded for 2h, 3 and 5 had not been
completely converted into 4. Analysis of the ruthenium-—
porphyrin species in the reaction mixture revealed that
catalyst 1 had been converted into [Ru'(tdcpp)(CO)]."
Upon subsequent addition of a new batch of 1, both 3 and §
were completely converted into 4 in excellent yields within
15 min.

The E-Ireaction of 3 with CL,pyNO was catalyzed equally
efficiently by 2, but less efficiently by [Ru"(tdcpp)O,]. The
oxidation of 3 with CL,pyNO catalyzed by [Ru“(tdcpp)O,]
under similar conditions to those used with catalyst 1
(CLpyNO: 1.03 equiv, catalyst loading: 1.7 mol%) afforded
4 in 41% yield within 5h. However, the complex
[Ru"(tdcpp)(CO)] was a relatively inactive catalyst in the
E-I reaction.

A series of other 1,3-dienes were treated with CL,pyNO
(1.01-1.03 equiv) and 1 (0.5-1.0 mol %) at room temperature
[Eq. (4), Table 2]. With dienes 6-10, the corresponding f3,y-
unsaturated aldehydes 13-17 were obtained in 81-99 % yield
and were stable enough to be purified by flash chromatog-
raphy on silica gel. However, the aldehyde product 18a,
formed in 90% yield from the oxidation of diene 11, was
converted into 18b upon flash chromatography on silica gel.
The nonterminal diene 12 was oxidized more slowly to afford
the f,y-unsaturated ketone 19 in 99 % yield after a reaction

time of 6 h at 60°C (Table 2, entry 7).

1 (0.5-1.0 mol%)

OM Cl,pyNO (=1.03 equiv),

CDCly, 25°C

Table 2: Oxidation of 1,3-dienes 6-12 with Cl,pyNO catalyzed by 1.9

R? R?
| RN 1 (1.0-2.0 mol%) | > CHO
R (5)
// Cl,pyNO (1.03 equiv), //

R! CDCl;, 25-60°C R

Table 3: Oxidation of terminal alkenes 20-26 with Cl,pyNO catalyzed by
1.1

Fsaliealieoneion

R= H:20,F: 21,
R = Me: 22, MeO: 24

fegPeadearions

R= H: 27 F: 28,
R = Me: 29, MeO: 31

Entry Substrate T[°C] t[h] Product Yield [%]!
1 20 60 12 27 99

2 21 60 12 28 99

3 22 60 2 29 96

4 22 25 60 29 99

5 23 25 0.5 30 91

6 24 25 0.5 31 99

7 25 25 0.5 32 92

8 26 60 24 33 ot

[a] Reaction conditions: alkene: 0.1 mmol, Cl,pyNO: 1.03 equiv, 1: 1.0
2.0 mol %, CDCl;: 0.5-2.0 mL; open to air. [b] Determined by GC or
"H NMR spectroscopy. [c] The corresponding epoxide was produced in
99% yield (determined by '"H NMR spectroscopy).

When styrene (20) was treated with CL,pyNO (1.03 equiv)
and 1 (1.0 mol %) in CH,Cl, at reflux for 5 h, styrene oxide
and phenylacetaldehyde (27) were obtained

as a mixture in 90 and 10% yield, respec-

tively.® To our surprise, when more of

SN R
/©/\/\ AN SN catalyst 1 was added, and the reaction time
A @\/O;e/\ o NQ/\/g W was increased, the styrene oxide was com-
?i gg‘:f ‘ : 1" 12 pletely converted into aldehyde 27. For
R= Me: 8 2; g'Mge: 10 example, the reaction of styrene with
/@/\)\ CLpyNO (1.03 equiv) in the presence of
CHO 2.0mol% of 1 in CHCIl; at 60°C for 12h
O/\/\CHO R N 18a w afforded 27 in 99 % yield; no benzaldehyde
R @(\/\CHO 0 was observed.’! Other styrene derivatives
R = OMe: 13 OMe _ 1’ 21-25 could also be converted into the
gz 32211;4 R=H 16 corresponding aryl acetaldehydes 28-32 in
’ R= OMe:17 excellent yields [Eq. (5) and Table 3]. How-
Entry Substrate TEq - Product Yield (%" ever, Wit.h the nonaromatic a¥kene 26, only

the epoxide product was obtained.

1 6 25 0.5 13 83 Recently, the research groups of Woo,"!
; ; ;g (]) s ]I: zz Aggarwal, ™™ and Zhang® reported that the
4 9 25 0:5 16 31 iron and ruthenium meso-tetraaryl porphyr-
56 10 25 05 17 91 ins [Fe(ttp)] (H,ttp = meso-tetrakis(p-tol-
6 n 25 0.5 18a 90 yl)porphyrin), [Fe"(tpp)ClI], and
7 12 60 6 19 99 [Ru”(tpp)(CO)] catalyze the olefination of
[a] Reaction conditions: diene: 0.1 mmol, Cl,pyNO: 1.03 equiv, 1: 0.5-1.0 mol %, CDCl;: 0.5-1.0 mL; certain classes of aldehydes with ethyl diaz-

open to air. [b] Determined by GC or "H NMR spectroscopy. [c] Reaction conditions: diene: 0.65 mmol,
Cl,pyNO: 1.03 equivalents, 1: 1.0 mol %, CHCl;: 10 mL; open to air. [d] Yield of isolated product.

4952

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

www.angewandte.org

oacetate (EDA) in the presence of triphe-
nylphosphane. We observed that both 1 and
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A N (1 0 mol%)
ClLpyNO (1.03 equw)
3 CHCI,, 25°C

Ph3P (1.2 equiv)
EDA (1.2 equiv)

o
W

yield ( H NMR): 99%

toluene, 80°C,
2 hin air

[Ru"(tdcpp)(CO)] also catalyze such olefination reactions.
We recognized that the aldehyde products of the 1-catalyzed
E-I reactions could be used in situ as the substrates for
olefination reactions and wanted to develop a practical one-
pot E-I-olefination reaction, that is, a one-pot diazoacetate
olefination starting directly from alkenes rather than from
aldehydes.

By using the “14+ClpyNO” protocol, 3 (0.1 mmol) was
converted into aldehyde 4 in CHCl; within 30 min. Remark-
ably, upon removal of the solvent, followed by the addition of
Ph;P (1.2 equiv), toluene (1 mL), and EDA (1.2 equiv) and
heating the reaction mixture at 80°C for 2 h, the olefination
product 34 was obtained in 99 % yield [Eq. (6)].

4-Oxo-4-aryl butanal derivatives are useful compounds in
organic synthesis. For example, the preparation and applica-
tion of 4-oxo-4-phenylbutanal (39) have been studied exten-
sively.'”! In this work, we found that 39 could be prepared in
52% vyield (by '"H NMR spectroscopy; isolated yield: 41 %)
through the E-I reaction of silyl enol ether 35 (Scheme 2).

Angewandte

S 1 (1.0 mol%)

ClLpyNO (1.03 equiv), OH
CHCly, RT, in air

PhsP (1.2 equiv) (e}

EDA (1.2 equiv) >
—_——

toluene, 80 °C, OH 0

2 hinair 40

yield (isolated product): 55%

ketones or aldehydes. The catalytic reactions reported herein
can be conducted in air at room temperature to afford a series
of isolable f3,y-unsaturated aldehydes in good to excellent
yields. The present work provides a new, practical, and
convenient method for preparing multifunctionalized com-
pounds. The application of this method to the synthesis of
natural products is in progress.

Received: May 4, 2004

Keywords: homogeneous catalysis - metalloporphyrins -
N ligands - oxidation - ruthenium

OTMS OTMS
ClopyNO (1.03 equiv)
CDCl3, RT X cho
—_—
1 (1.0 mol%)
(dropwise) 36
20 mg
[ |
&
0] 0 O
=
. CHO CHO
OH
38 39 37
20% 52%

Scheme 2. Oxidation of silyl enol ether 35 with Cl,pyNO catalyzed by 1. (The yields of 37-39 were

determined by '"H NMR spectroscopy).

The same reaction also afforded hydroxyketoaldehyde 37 in
23% yield. When 2.06 equivalents of CL,pyNO were used, 37
could be obtained in 88% yield (determined by 'H NMR
spectroscopy). From a one-pot E-I-olefination reaction of 35
similar to that of 3, we isolated the olefination product 40 in
55% vyield [Eq. (7)].

In summary, we have developed a mild and practical
method with [Ru™(tdcpp)Cl,] as a catalyst for the highly
regioselective formation of aldehydes from terminal alkenes
without C=C bond cleavage. This protocol supplements the
Wacker process for the oxidation of terminal alkenes to

Angew. Chem. Int. Ed. 2004, 43, 4950 —4954
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Supramolecular Assembly of Luminescent Gold ()
Alkynylcalix[4]crown-6 Complexes with Planar
n%n°-Coordinated Gold(1) Centers**

Sung-Kong Yip, Eddie Chung-Chin Cheng,
Li-Hua Yuan, Nianyong Zhu, and
Vivian Wing-Wah Yam*

During the last decade, supramolecular architecture in gold()
chemistry has attracted growing attention owing to the
aurophilic nature of gold and the rich luminescence proper-
ties that many gold() complexes exhibit."?) The majority of
the work in this area has been focused on systems that involve
phosphines as stabilizing ancillary ligands as well as carbon-,
nitrogen-, and sulfur-donor ligands.">¥ Examples without
phosphine ligands are limited."*+2%4 Gold(1) alkynyl systems
without phosphine ligands are usually polymeric or oligo-
meric in nature and their intractability usually prevents them
from further study and development.’! Molecular complexes
of this type are extremely scarce. Examples include the
mononuclear homoleptic dialkynylaurate(r), [RC=C—Au—C=
CR]™, and the novel molecular gold(r) alkynyl complex in the
form of two catenated hexanuclear rings recently reported by
Mingos et al.l’! As an extension of our recent interests on d"
metal-alkynyl complexes,”*" ') we believed that soluble
polynuclear gold(i) alkynyls with interesting bonding and
luminescence properties could be prepared through specially
designed alkynyl ligands. Calixarenes, apart from their well-
known ability as ion receptors, are one of the most important
building blocks in supramolecular chemistry owing to their
unique molecular structures, simple one-pot preparations,
possible modifications on the lower and upper rims, and their
“tunable” molecular shapes and conformations.'>"*! Alkynyl-
calixarenes in predefined conformations and preorganized
geometries may serve as versatile ligands for the construction
of novel luminescent gold(i) alkynyl supramolecular assem-
blies. Herein, we report the synthesis, structural character-
ization, and photophysical properties of a series of novel
tetranuclear gold(1)-alkynylcalix[4]crown-6 assemblies.
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The syntheses of the
alkynylcalix[4]crown-6
ligands and their tetranu-
clear gold(1) alkynylca-
lix[4]crown-6 complexes 1
and 2 are summarized in
Scheme 1. Iodination of
the dipropoxylcalixarene 3
gave the diiodocalixarene
411%5] which upon treat-
ment with HC=CSiMe;
under Sonogashira cross-
coupling reaction condi-
tions!'®! gave the bis(trim-
ethylsilylethynyl)-substi-
tuted calixarene 5. Subse-
quent reaction of 5 with the
appropriate  benzo- or
naphtho-substituted penta-
ethylene glycol di-p-tolue-
nesulfonate and Cs,CO; to
introduce the polyether
linkages at the lower rim
and to remove the trime-
thylsilyl (TMS) groups gave
H,L' and H,L?, both in 1,3-

alternate conformations, in H,L': X] =
moderate yields. Reaction X

of Au(tht)Cl (tht = tetrahy-

drothiophene) with H,L!

and H,L? in the presence H,L:

of Et;N in CH,Cl, afforded
the respective desired com-
plexes Auy(L'), (1) and
Au,(L?), (2) as pale yellow
crystals after subsequent
recrystallization from dichloromethane-n-hexane and chloro-
form-n-hexane, respectively. The complexes 1 and 2 were
characterized by elemental analysis, 'HNMR and IR
spectroscopy, and positive-ion FAB mass spectrometry. The
crystal structure of 1 was also determined by X-ray crystal-
lography.

The perspective drawing of 1 is depicted in Figure 1. It
shows a double-cage structure, with the four gold(i) centers
arranged in a rhomboidal array and capped by the two
diethynylcalixcrown ligands on the two ends. Two of the
gold(1) centers are each o coordi-
nated to two alkynyl units,
whereas the other two Au centers
are each mcoordinated to two
alkynyl units in a m’n’ bonding
fashion. The bridging gold atoms
Au(2) and Au(2*) are two-coordi-
nated with C-Au-C angles of
179.0(4)°: an almost ideal linear
geometry. The C=C bond lengths )
of 1.204(11) and 1.215(11) A are 0@
comparatively longer than for typ-
ical terminal gold(1) alkynyl com- probability level.

Angew. Chem. Int. Ed. 2004, 43, 4954—4957
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Scheme 1. Synthetic route to complexes 1 and 2: a) ICl, CH,Cl,; b) HC=CSiMe;, Et;N, [Pd(PPh;),Cl,], Cul,
THF; ¢) Ar{(OCH,CH,),0Ts},, Cs,CO;, MeCN; d) Et;N, Au(tht)Cl, CH,Cl,. Ar=C¢H, or C,oHg; tht =tetrahydro-
thiophene.

plexes,"7 in line with a weakening of the C=C bond as a
result of 7t coordination to Au(1) and Au(1*). The Au—C bond
lengths for Au(1) and Au(1*) are in the range of 2.150(9)-
2.359(8) A. The torsion angle between the two C=C units of
each calixcrown is 1.5(10)°, which indicates that the two
ethynyl groups are nearly parallel and are preorganized for
7t coordination to Au(l) and Au(1*) through an unusual
planar 2,1’ coordination mode, which is the first of its kind
for Au' despite reported examples for other d metal
centers.” %1l The two gold atoms Au(1) and Au(1*), sand-

Oy
z

Figure 1. Perspective drawing of 1 with atomic numbering; thermal ellipsoids are shown at the 30%
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wiched through g interactions Table 1: Photophysical data for 1 and 2.
between the alkynyl units, are also Complex  Absorption® A, [nM] (gpax [M~ cm™]) Emission
located on the same plane as the medium (T[K])  Aen [nm] (2 [ps)® @10
two C=C-Au~C=C bridging units 278 (48820), 314 (40900), 344 (83260)  CHCl, (298) 588 (7.1) 0.22
Fo forrp a rhomboidal array with an solid (298) 592 (0.8, 4.0)!
inversion center at the center of the solid (77) 591 (1.1, 5.3)
Au, unit. The Au-Au distances glass(77)®! 586 (8.0)
between adjacent gold atoms are
3.1344(8) and 3.2048(8) A, indica- 2 278 (48840), 312 (37950), 326 (40680), CHCl; (298) 587 (6.9) 0.21
. . i le
tive of the presence of significant 344 (69550) solid (298) 611 (04, 4'8)[51
Au-Au interactions solid (77) 616 (09, 5.7)

) glass (77)d 587 (7.7)

To have a better understanding
of the factors that govern the struc-
tures of these tetranuclear gold(r)
complexes, attempts have been
made to synthesize a related tetra-
nuclear gold() complex with 5,17-diethynyl-25,27-dipropoxy-
calix[4]crown-6 (H,L?, also in 1,3-alternate conformation)
under similar conditions. Upon treatment of a solution of
H,L? in CH,Cl, with Au(tht)Cl in the presence of Et;N, the
reaction mixture turned dark immediately, indicative of
decomposition. The stability of 1 and 2 is believed to be
associated with the crown ether unit. The presence of benzo-
and naphtho- groups in the crown ether unit increases the
rigidity of the calixcrown. Furthermore, the close proximity of
the two ethynyl groups in the calixcrown ligand promotes the
encapsulation of the two gold atoms through m coordination,
with protection provided by the propoxy chains of the
calixcrown ligands. All these factors would account for the
much better stability of 1 and 2 relative to “Au,(L?),”.

The electronic absorption spectra (not shown) of 1 and 2
as solutions in chloroform are dominated by very intense low-
energy absorption bands at 344 nm which tail off towards
~ 480 nm and a comparatively less intense high-energy band
at ~275-330 nm. With reference to previous spectroscopic
work on gold (1) ethynyl complexes®**'*!!l and the similarities
of the absorption bands of the complexes with the corre-
sponding free ligands, the high-energy absorption bands at
~275-330 nm are tentatively assigned to the intraligand
transitions of the ethynylcalixcrown ligands. On the other
hand, the low-energy absorption band, which is not observed
in the free ligands, is likely to originate from metal-perturbed
intraligand m—m*(C=C) transitions probably with some
mixing of metal-cluster-centered (ds/dp) states, characteristic
of the polynuclear gold(1) ethynyl system.[*4510:11]

Both 1 and 2 show rich luminescence properties (see
Table 1). Upon excitation at ~ 370 nm, the solid-state emis-
sion spectra of complexes 1 and 2 show low-energy emission
bands at ~590-620 nm at both 77 K and room temperature
that are red-shifted with respect to the emission bands
observed in solution (see Figure 2). In fact, the solid-state
emissions of 1 and 2 were found to occur at a much lower
energy than that for other dinuclear gold() calixcrown
complexes, such as [Au(PR;)],L (R = Aryl; H,L =5,17-dieth-
ynyl-25,27-dimethoxycalix[4]crown-5) for which emission was
observed at ~450-480 nm.['” Given the presence of short
Au--Au distances as observed in the crystal structure of 1 and
the likelihood of similarly short Au--Au distances in 2, the
relative red shift in the solid-state emission spectra is

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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[a] In CHCl, at 298 K. [b] In CHCl,~MeOH-EtOH (2:1:3 v/v). [c] In CHCl,-MeOH—EtOH (4:1:2 v/v).
[d] Emission lifetimes recorded with £10% uncertainty. [e] Biexponential decay. [f] Luminescence
quantum yield, measured at room temperature by using quinine sulfate in H,SO, (1.0N) as reference.

~
i PO

v T T T T g T T v 1
500 550 600 650 700 750 800

Alnm  —/—

Figure 2. Normalized emission spectra of 2 as a solution in CHCl,
(—— Aexe=350 nm) and in the solid state (-----, A,,,=370 nm) at
room temperature.

attributed to the presence of intramolecular Au--Au inter-
actions in 1 and 2 in the solid state. Such intramolecular
Au--Au interactions would give rise to a narrowing of the
HOMO-LUMO energy gap, most probably as a result of do—
do*, dn—dn*, do-do*, so—so*, and po—po* orbital splittings. It
is likely that the low-energy emission is derived from states of
metal-cluster-centered (ds/dp) character that are modified by
Au--Au interactions and mixed with metal-perturbed intra-
ligand m—mx*(C=C) states.

Upon excitation at =350 nm, the tetranuclear gold(i)
calixcrown complexes 1 and 2 both gave intense emission
bands at
~ 587 nm at room temperature as solutions in chloroform and
at 77 K as frozen matrices (glass). The luminescence quantum
yields @,,,, of complexes 1 and 2 in degassed chloroform are
0.22 and 0.21, respectively. Given the large Stokes shifts and
the observed lifetimes, which are in the microsecond range,
the emission is thought to have a triplet parentage. It is likely
that the emission is derived from triplet states of a metal-
cluster-centered (ds/dp) character with some mixing of metal-
perturbed intraligand character.

In summary, we have demonstrated the importance and
significance of strategic ligand designs on the structure and
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bonding of d'’ metal complexes. The successful isolation and
discovery of the planar w21’ bonding mode in the gold(t)
alkynyl systems should provide an understanding of the
intriguing and unique photophysical properties of this class of
compounds and should form the basis for the future design
and isolation of luminescent molecular materials and supra-
molecular assemblies.

Experimental Section

Auy(LY), (1): Au(tht)Cl (24 mg, 0.076 mmol) was added to a stirred
solution of H,L! (30 mg, 0.037 mmol) and Et;N (5mL) in CH,CI,
(15mL), and the reaction mixture was stirred under an inert
atmosphere (N,) for 30 mins. The solvent was then removed under
reduced pressure, and the residue was washed with MeOH and Et,0O.
Subsequent recrystallization by layering n-hexane onto a solution of
the product in CH,Cl, gave 1 as yellow crystals (22 mg, 50%).
"HNMR (300 MHz, CDCl;, Me,Si): 6=1.22 (t, 12H, J=7.5Hz;
CH;), 206 (m, 8H; OCH,CH,CH;), 3.40-3.77 (m, 24H;
OCH,CH,0), 3.98 (s, 8H; Ar-CH,-Ar), 4.02 (s, 8H; Ar-CH,-Ar),
417 (t, 8H, J=6.8 Hz; OCH,CH,CH;), 4.32 (t, 8H, J=7.0Hz;
ArOCH,CH,0), 6.62 (t,4H, J=7.5 Hz; Ar H para to OPr), 6.99 (m,
8H; 1,2-phenylene), 7.10 (d, 8H, J=7.5Hz; ArH meta to OPr),
7.31 ppm (s, 8H; Ar H meta to crown linkage); IR (KBr disk): 7=
2011em™" (w), »(C=C); FABMS (+ mode): m/z: 2435 [M+K]*;
elemental analysis: calcd for C;o,H;0,Au,0,,CHCly',CsHy,: C 50.67,
H 4.40; found: C 50.65, H 4.34 %.

Auy(L?), (2): As for 1 but by using H,L* (30 mg, 0.035 mmol). The
product was recrystallized from chloroform-n-hexane to give 2 as
yellow crystals (28 mg, 64 % ). "H NMR (300 Muz, CDCl;, Me,Si): 6 =
122 (t, 12H, J=7.5Hz; CH,), 2.05 (m, 8H; OCH,CH,CH,), 3.41-
3.77 (m, 24H; OCH,CH,0), 4.00 (s, 8H; ArCH,Ar), 4.04 (s, 8H;
ArCH,Ar), 4.25 (t, 8H, J=6.7 Hz; OCH,CH,CHs;), 4.46 (t, 8H, /=
6.5 Hz; ArOCH,CH,0), 6.62 (t,4H, J=7.5Hz; Ar H para to OPr),
7.10 (d, 8H, J=7.5Hz; ArH meta to OPr), 722 (s, 4H; 1,2-
naphthalene), 7.31 (s, 8 H; Ar H meta to crown chain), 7.36 (q,4H,J =
3.1 Hz; 1,2-naphthalene), 7.72 ppm (q, 4H, J=3.1 Hz; 1,2-naphtha-
lene); IR (KBr disk): # =2006 cm™! (w), »(C=C); FAB MS (4 mode):
miz: 2497 [M+H]*', 2535 [M+K]"; elemental analysis calcd for
CpH,3Au,0,5,CHCl;: C 51.86, H 4.20; found: C 51.65, H 4.49%.

Crystal data for 1: [C,,H,0sAu,O4]; M,=2397.74, crystal dimen-
sions 0.4x0.3x0.2mm? monoclinic, space group C2/c, a=
36.517(7) A, b=12.551(3) A, ¢=24.041(5) A, f=123.90(3)°, V=
9146(3) A3, z=a, Peatca=1.741 gecm™,  p(Mog,) = 6.464 mm !,
F(000) =4688, T=253 K; R, =0.0383, wR, = 0.0879 for 26699 reflec-
tions with [/>20(I)]. MAR diffractometer, Mok, radiation (1=
0.71073 A); collection range 26,,,, = 50.80° with 2°-oscillation step
of ¢, 480-seconds exposure time and scanner distance at 120 mm. 100
images were collected.

CCDC 238889 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB21EZ,
UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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Cover Picture

Lawrence T. Scott*

A high price in energy must be paid to impose curvature on the m system of a planar
polycyclic aromatic hydrocarbon. This step was essential for the first chemical
synthesis of Cy, in isolable quantities, which stands as dramatic testimony to the
power of the new synthetic methods devised for fullerene synthesis. In his Review on
page 4994 ff., L. T. Scott describes the numerous syntheses of geodesic polyarenes
reported, which serve to test the scope and limitations of the new methods.

Nanomaterials

Their preorganized structure makes ionic liquids are an ideal solvent for materials
synthesis. M. Antonietti et al. explore the concept and perspectives of this strategy in
their Minireview on page 4988 ff.

Luminescent Materials

Visible-light excitation of a europium complex leads to characteristic red emission as
reported by Y. Wang, J.-P. Zhang, W.-T. Wong et al. in their Communication on

page 5010 ff. Such excition at longer wavelengths is required for many applications.

Natural Product Synthesis

The total synthesis of thiostrepton, a highly active antibiotic from Streptomyces, was
completed by K. C. Nicolaou et al. The synthetic route can be followed in their
Communications on pages 5087 ff and 5092 ff.
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Manfred Baerns

Errol G. Lewars

In contrast to classic ZTE materials

(ZTE =zero thermal expansion), the ZTE
effect in YbGaGe (see crystal structure) is
caused by the change in the valency of the
ytterbium ion from +2.6 to +2 with
decreasing temperature. This change in
the valence state compensates for the
contraction of the net as the temperature
decreases.
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J. D. Smith

reviewed by X. Nijhuis,

B. Weckhuysen 4979

reviewed by R. Berger 4979

Shedding new light on the matter: Rather
than the conventional approach of utiliz-
ing the cascade effect, charge separation
can be stabilized in artificial photosyn-
thetic systems simply by the geometry. In
these latter systems, light-induced charge
separation (CS) in a closely spaced
molecular dyad is followed by exception-
ally slow charge recombination (CR, see
picture) to give a charge-separated state
with a lifetime of up to 120 s.
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Crystalline nanoparticles can be prepared
at ambient temperatures in ionic
liquids—highly polar organic solvents
with a preorganized solvent structure. The
pronounced self-organization of the sol-
vent is used in the synthesis of highly
organized hybrid nanostructures like the
lamellar silica shown in the picture.

From corannulene to Cg,: Geodesic poly-
arenes can be synthesized in the labora-
tory by bending flat molecules and stitch-
ing them up into molecular bowls, bas-
kets, and balls, using rational chemical
methods.

Red glow in daylight ... chemist’s delight!
An efficient transfer of excitation energy
from the ligand to the luminescent states
of the coordinated Eu'" ion in 1 occurs
from the singlet excited state of the ligand.
The complex shows characteristic bright
red Eu-centered emission with a quantum
yield of 0.52 when sensitized with visible
light.
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Color vision: The enantiomeric excess of
the products of an enantioselective
catalytic reaction can be determined by
a liquid-crystal-based color test. After a
simple workup, doping of the reaction

Magic rings: The trick of kinetically con-
trolled cross-catenation of two different
Pd"-linked coordination rings (see pic-
ture) lies in the large difference in the
catenation rate of the two rings as a result
of steric hindrance of the ligands.

product into a liquid crystal affords
brightly colored LC phases, with colors
depending on the enantiomeric excess of
the product (see picture).
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A question of concentration: The con-
densation of ethyleneurea and formalde-
hyde can be controlled perfectly by the
HCl concentration to provide either a

Angew. Chem. Int. Ed. 2004, 43, 4968 —4976

hemicucurbit[6]uril 1, which functions as a
host, or hemicucurbit[12]uril 2, which acts
as a gelating agent, in yields of 94 and
93 %, respectively.

Three reversible reductions are observed
for a new cyclic tricubane cluster. In the
solid state, the cluster displays a large,
electron-rich pocket containing an encap-
sulated Et,N* ion (see structure). These
characteristics might allow the use of this
cluster as a multielectron reducing agent.
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Self-Assembly

A. Hori, K. Yamashita,
M. Fujita* 5016-5019
Kinetic Self-Assembly: Selective Cross-
Catenation of Two Sterically Differentiated
Pd"-Coordination Rings

Inclusion Compounds

Y. Miyahara,* K. Goto, M. Oka,
T. Inazu 5019-5022

Remarkably Facile Ring-Size Control in
Macrocyclization: Synthesis of Hemi-
cucurbit[6]uril and Hemicucurbit[12]uril

Superclusters

M. Koutmos,

D. Coucouvanis* 5023 -5025
Superclusters: A Host-Guest Complex
with a Cyclic Array of Three Bridged
MoFe,S, Clusters
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S. Kunze, F. Zobi, P. Kurz, B. Spingler,
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Vitamin B12 as a Ligand for Technetium
and Rhenium Complexes

Cluster Compounds

E. Goto, R. A. Begum, S. Zhan, T. Tanase,*
K. Tanigaki, K. Sakai 5029 -5032

Linear, Redox-Active Pt; and Pt,Pd,Pt,
Clusters
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Rigid and Flexible: A Highly Porous
Metal-Organic Framework with Unusual
Guest-Dependent Dynamic Behavior

Self-assembly

X.-L. Wang, C. Qin, E.-B. Wang,* L. Xu,
Z.-M. Su,* C.-W. Hu 5036 -5040

Interlocked and Interdigitated Architec-
tures from Self-Assembly of Long Flexible
Ligands and Cadmium Salts
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Robust complexes with a central {Co-CN-
Re(Tc)} feature are formed when the
cyanide ligand in vitamin B12 acts as
bridging ligand between rhenium and
technetium carbonyl complexes (see pic-
ture). This concept paves the way for
radiolabeling of vitamin B12 or metal-
mediated coupling of bioactive molecules.

A piece of jewelry is the complex [Pt,M, (u-
H) (u-dpmp), (XyINC);] (PF¢); (M =Pt, see
structure), which contains the longest
platinum chain characterized so far. This
complex and the related compound with
M = Pd are redox-active and can be readily
oxidized to the electron-deficient clusters
[PtM;(u-dpmp)(XyINC),] (PFe), (M=Pt,
Pd) with dynamic structural changes in
the metal strings. Xyl=2,6-dimethylphe-
nyl, dpmp = bis(diphenylphosphanylme-
thyl) phenylphosphane.

A large H, sorption capacity and high
surface area are properties of the depicted
metal-organic porous material, which is
easily synthesized on a large scale from
readily available chemicals. The rigid
framework of [Zn,(1,4-bdc),(dabco)]

(1,4-H,bdc=1,4-benzenedicarboxylic
acid; dabco =diazabicyclo[2.2.2]octane)
is also flexible enough to exhibit unusual
guest-dependent dynamic behavior, as
shown (DMF = N, N-dimethylformamide).

Noninterpenetrating structures are
formed by self-assembly of cadmium salts
and long flexible ligands. In one case
exceptional ninefold interlocked homo-
chiral helices are built from achiral com-
ponents (see picture). The helices are
chemically independent but physically
interwoven. This represents the highest
degree of entanglement presently known
for a noninterpenetrating system.
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A couple of surprises: The reactions of
[(C3Hg),Yb(thf),] with diazadienes (2,6-
iPr,CsH3) N=CR—CR=N (2,6-iPr,CsHs)
(R=H, Me) result in unexpected Yb"
complexes, which arise either from the
coupling of the fluorene and the diaza-
diene ligands (when R=H, see picture) or
from C—H bond activation of the diaza-
diene ligand (when R=Me).

Oxidative addition of a distannane to a
palladium(o) complex occurs during the
distannylation of in situ generated arynes
with distannanes in the presence of a
catalytic amount of a palladium/tert-octyl
isocyanide ((OcNC) complex to give 1,2-
distannylarenes in moderate to high yields
(see scheme). Bisarynes and cyclohexynes
can also be used as substrates for the
reaction.

Angew. Chem. Int. Ed. 2004, 43, 4968 —4976

Specific monomer sequences in aromatic
copolyimides are recognized through their
ni-stacking and hydrogen-bonding inter-
actions with a sterically and electronically
complementary molecular tweezer. These
interactions enable the tweezer molecule
to “read” monomer sequences compris-
ing up to 27 aromatic rings by multiple
adjacent binding to neighboring sites on
the polymer chain (see picture).

Made-to-measure nanobelts: Metastable
vanadium dioxide single-crystal nanobelts
(see picture) were prepared by a hydro-
thermal reduction method by treating an
ammonium metavanadate solution with
formic acid. The morphology of the belts
could be adjusted by varying the reaction
parameters, such as temperature, pH, and
reaction time.

www.angewandte.org
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A combination of a chemical double-
mutant cycle and a linear free energy
relationship has demonstrated that a
weak attractive interaction (—0.8 to

—1.5 k) mol~") exists between an organic
fluorine substituent and the face of an
amide functional group (see picture). This
study supports recent results that have
suggested that such an attraction may be
operative in enzyme—inhibitor interac-
tions.

Stable inclusion complexes are formed
between a carbon nanoring and Cy, as well
as methano[70]fullerene derivatives. 'H
NMR spectroscopic studies show that at
low temperatures the guest molecules are
situated either above or below the center

Four molecules are coupled together by
the single treatment of aryl boronic acids
with alkynes in the absence or presence of
iodobenzene under palladium catalysis to
afford 1,4-diaryl-1,3-butadienes as the

M [L,RUBry]
CH3 OCH;  60-80°C CHs
H, (60 bar)

Efficient and stable chiral monodentate
phosphine ligands can be used in the
ruthenium-catalyzed enantioselective
hydrogenation of -ketoesters (see
scheme). The catalysts are remarkably

www.angewandte.org

OH O

)*\/U\OCH3

of the cavity. The presence of the bulky
ester groups results in the interconversion
between the complexes (see scheme, AG*
~ 11.0 kcal mol~") being faster than
decomplexation.

major product. Addition of a silver salt as
oxidant and/or base effectively enables
the selective catalytic production of the
ni-conjugated compounds.

temperature-tolerant, and enantioselec-
tivities of up to 95% ee are possible, even
at 100-120°C. R=CgHs, p-CH;0CH,,
p-CF,0C¢H,, iPr, Et, C,Ds.
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The variation of the activation enthalpy for
surface oxygen exchange

10,4 V5705 + 2 h with sample
composition in (Ln,Sr)(Mn,Fe,Co)O;_,
perovskites is rigidly coupled to the
variation of the overall reaction enthalpy
(see picture). This is the first mechanis-
tically well-established example of a
Hammett-like relationship for inorganic
gas-solid reactions.

pH-driven double Cu?* ion translocation
occurs inside an heteroditopic macro-
cycle. The movement opens and closes
the system allowing or preventing it to
function as receptor for bidentate anions.
When imidazole is added to a solution

A covalently linked N-fused porphyrin
dimer was synthesized by treatment of the
monomer with Ag(OCOCF;). Subsequent
reaction of this dimer with NaOMe led to
a porphyrin dimer with two a,3-bound
(“confused”) pyrrole rings (see scheme)
which adopt the inverted conformation.
The dimer exhibits aromaticity in spite of
its highly distorted structure.

The use of ancillary ligands resulted in the
formation of (trans-[PtCl;(OH,)-
{N=C(OCH,)CH,CH,CH,},]* (see struc-
ture), the first intermediate aqua species
in the oxidation of platinum(i1) to plati-
num(1v) to be isolated and characterized.
In chloroform this complex, but not the
corresponding chloro species, reacts with
excess CI~ with O-demethylation of the
ligands, indicating the importance of the
coordinated water molecule.

Angew. Chem. Int. Ed. 2004, 43, 4968 —4976

buffered at an appropriate pH value,
opening of the system and substrate
binding can be induced by the substrate
itself, which results in a sharp color
change (see picture).
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Secret chambers: Organic—inorganic
hybrid nanoparticles (see picture) with a
complex hollow structure were prepared
by the self-assembly of a reactive block
copolymer, poly(ethylene oxide)-block-
poly[3-(trimethoxysilyl) propyl methacry-
late], in DMF/water. Within these hybrid
large-compound vesicles, several cavities
are separated by crosslinked hybrid bilay-
ers of uniform thickness.

A cornerstone of the RNA-binding anti-
biotic thiostrepton, namely the dehydro-
piperidine—thiazoline macrocyclic domain
(see formula), was constructed through a
hetero-Diels—Alder-type dimerization of
an azadiene and selective elaboration of
the resulting dehydropiperidine system.

The flagship of the thiopeptide class of
antibiotics, thiostrepton (see formula),
was synthesized by fusion of the quinaldic
acid moiety onto the dehydropiperidine—
thiazoline macrocycle (see above) fol-
lowed by demasking of its sensitive
functionalities.
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Colin Eaborn (1923-2004): Orga-
nosilicon Compounds

Silicone waxes, seal-
ants, and post-it
slips are present in
every home in the
developed  world.
Millions of tonnes
of silicones are
manufactured each
year. Conferences
on  organosilicon
chemistry and
European Silicon Days are part of the
chemistry scene. Yet in 1960, Colin
Eaborn, who has died aged 80, was
able to write a 500-page book entitled
Organosilicon Compounds™ and cover
all aspects of the subject as it was then
known. Organosilicon chemistry devel-
oped so much during Eaborn’s research
career that it would be simply impossi-
ble for one person to undertake such a
task today.

Eaborn was born in Cheshire (UK)
in 1923 and completed his BSc degree
in 1944 and PhD in 1947 at the Univer-
sity of Wales, Bangor. His research
supervisor was the physical organic
chemist E. D. Hughes, who gave him
the task (which he thought would take
a couple of years) of demonstrating the
existence of the Syl, Sy2, El1, and E2
mechanisms for reactions at silicon cen-
ters analogous to those recently discov-
ered for reactions at carbon centers.
This was a wholly unrealistic assign-
ment, but it got Eaborn started on extra-
ordinarily fruitful research on organosi-
licon compounds, electrophilic aromatic
substitution (one of his first papers was
on the cleavage of the aryl-silicon
bond in p-MeOC¢H,SiMe;), and the
use of bulky groups to stabilize species
that would otherwise be too reactive to
study.™

He collaborated extensively with
colleagues both in his own department
and, more informally, throughout the
world, and covered an astonishing
range of topics in more than 550
research publications. Many of these
topics were developed further as his
co-workers became independent. Work
with David Walton on poly(alkynyl)tri-
methylsilanes led to investigations on
molecules in space and was one of the

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

factors that prompted Nobel Laureate
Harry Kroto to look for Cy,. Work with
Roger Taylor on aromatic compounds
led to a huge volume of further work
also extended to cover fullerenes.
Work with Richard Jackson, Andrew
Hudson, and Iain Davidson led to exten-
sive studies of radicals both in solution
and in the gas phase. Work with Joseph
Chatt and Alan Pidcock on compounds
of Group 14 elements as ligands in tran-
sition-metal chemistry was followed by
an extensive collaboration with David
Smith resulting in over 100 publications
on tris(trimethylsilyl)methyl (trisyl) and
related compounds covering every
group of the periodic table except the
noble gases.’! There were also signifi-
cant collaborations with colleagues in
Germany, Poland, Italy, and New Zea-
land.

Eaborn’s first appointment in 1947
was at University College Leicester
(now the University of Leicester). He
left there in 1961 to become the first
professor of chemistry at the then new
University of Sussex. As Head of
Department, Dean, and Pro-Vice-Chan-
cellor, Eaborn quickly built up a vibrant
and internationally recognized research
school, attracting other eminent chem-
ists as colleagues, including six Fellows
of the Royal Society and three Nobel
Prize winners. He persuaded inorganic,
organic, and physical chemists to talk
to each other rather than compete for
resources and urged his colleagues to
make daring innovations in university
teaching. The most notable of these
new methods was the so-called “degree
by thesis”, in which a thesis and an
oral presentation replaced the tradi-
tional written examinations of under-
graduates in the UK. This initiative
attracted original and highly motivated
students, but it had to be phased out
because of the legal implications of
allowing technically unqualified under-
graduates to work in research laborato-
ries.

Eaborn received numerous honors
and prizes. He was elected to the Fellow-
ship of the Royal Society in 1970. He
received the Frederick Stanley Kipping
Award of the American Chemical Soci-
ety in 1964: the first non-American to
receive this prestigious prize. He
received the Organometallic Award of
the Royal Society of Chemistry in

DOI: 10.1002/anie.200461290

1974, its Ingold Medal in 1976, and the
Main Group Award in 1988. Although
he was not a highly visible public
figure, he had considerable influence
on the development of chemistry at uni-
versity level in the second half of the
twentieth century. He chaired a commit-
tee (1966-1970) on the relationship
between chemistry courses and the
needs of industry, was honorary secre-
tary of the Chemical Society (now the
Royal Society of Chemistry) from 1965
to 1970, and served on the Council of
the Royal Society from 1978 to 1980
and 1988 to 1989. He was instrumental
in setting up regular meetings of the
heads of chemistry departments to con-
sider matters of mutual interest, and he
corresponded with hundreds of chem-
ists, especially in Europe, as a founding
editor of the Journal of Organometallic
Chemistry. Many are grateful for the
care he gave to presentation, clarity,
and good English in the manuscripts he
received. He was the UK representative
on the British-Italian Mixed Cultural
Commission.

Colin Eaborn is survived by his wife
Joyce, who provided support and com-
panionship for more than 50 years. He
leaves numerous students, co-workers,
and colleagues who have been encour-
aged by his enthusiasm and generosity
and cheered by his sense of humor.

J. David Smith
University of Sussex, Brighton (UK)

[1] C. Eaborn, Organosilicon Compounds,
Butterworth, London, 1960.

[2] C. Eaborn, J. Chem. Soc. Dalton Trans.
2001, 3397.

[3] C. Eaborn, J. D. Smith, J. Chem. Soc.
Dalton Trans. 2001, 1541.
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Expansion-Free Materials

YbGaGe: Zero Thermal Expansion as a Result of an
Electronic Valence Transition?
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Usually materials expand upon heat-
ing: They have a positive coefficient of
thermal expansion (PTE or positive
CTE). Some compounds, however, show
near-zero (NZTE), zero (ZTE) or even
negative thermal expansion (NTE). The
best-known NZTE material may be the
ceran glass ceramics of the company
Schott, from which main mirror sup-
ports for astronomical reflector tele-
scopes and stove taps are produced.
The oldest known NZTE material is
invar, which was described by Guil-
laume! as early as 1897 and can be
formulated chemically as FegNije. Its
expansion coefficient is about a tenth of
that of steel. The CTE of invar is at its
lowest when the alloy has been
quenched from high temperatures or if
it has been treated in a cold state. For
superinvar—cobalt-doped invar of the
composition Feg;Nij;Co,—even a nega-
tive thermal expansion coefficient
(NTE) can be achieved this way. Re-
cently it was also shown that invar can
be inserted into carbon nanotubes at
800°C by pyrolysis of aerosols from
Cp,Fe/Cp,Ni mixtures in benzene. In
this way flakes of filled and parallel-
oriented nanotubes of =200um in
length and =80 nm in diameter are
created.”) The magnetic and mechanic
properties of this material promise very
interesting applications in the produc-
tion of magnetic storage media and
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Technische Chemie
Universitit des Saarlandes
Postfach 151150
66041 Saarbriicken (Germany)
Fax: (+49) 681-302-2343
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nanoscale thermostates. Materials with-
out thermal expansion that are also
extremely light, thin, and very stable
would be ideal raw materials for the
thermal protection of reusable space
shuttles. ZTE materials are much in
demand as precision substrates for elec-
tronic components, as positioning devi-
ces that are ultraprecise on a nanometer
scale for semiconductors, and as other
highly precise machine components and
circuits. Therefore, there have been
numerous attempts to invent such ma-
terials or to develop them from systems
with well-known thermal properties.
Only a few compounds show intrin-
sic NZTE, ZTE, or NTE behavior.
These compounds include the minerals
akaganeite (the P form of iron oxide
hydroxide), p-cristobalite, and f-eu-
kryptite. Through temperature-resolved
X-ray powder-diffraction data the struc-
tural changes of akaganeite
(FegzNifzﬂos.ss(OH)%sCll.25'”Hzo) and
its transformation into hematite in the
temperature range of 26 to 800°C were
investigated.”) Between room temper-
ature and about 225°C, the unit cell of
akaganeite shows NZTE behavior,
above 225°C the cell volume slowly
decreases, and at about 290 °C the trans-
formation into hematite starts. The
structural mechanisms of the NZTE
behavior of tetragonal [-eukryptite
(LiAISiO,) were elucidated in detail
through a Rietveld refinement of com-
bined synchrotron and neutron diffrac-
tion data.! The unusual thermal behav-
ior of B-eukryptite can be explained as a
result of several processes, including
tetrahedral tilting, tetrahedral deforma-
tion, and shortening of the Si/Al-O
bond. Furthermore, the thermal expan-

DOI: 10.1002/anie.200401757

sion in ordered eukryptite differs from
that in disordered eukryptite. In this
context it is interesting that some sili-
cates show an auxetic effect. Auxetic
compounds have a negative Poisson
ratio (defined as the quotient of lateral
to longitudinal expansion) and differ
from other compounds in that, unlike a
rubber band, their diameter is not
decreased but increased upon elonga-
tion. Besides “molecular” auxetic mate-
rials, such as a-cristobalite, lanthanum
niobate, and some fcc (face-centered
cubic) metals, there are also composites,
polymers, and foams with a negative
Poisson ratio known. Subtle structural
differences can be decisive for the
properties of a compound: a-Quartz is
not auxetic, a-cristobalite is auxetic, and
p-eukryptite is an NZTE material. All
these phenomena depend on the exis-
tence of polyhedra with acute corners in
the crystal structures of the compounds.

As an alternative to the develop-
ment of materials with intrinsic ZTE
behavior, one approach is to combine
PTE and NTE substances to create ZTE
composites. For example, the pore-free
functional ceramic nexcera of the com-
pany Nippon Steel is a material with
practically zero thermal expansion at
room temperature.”’l The company Mat-
sushita Electric Industrial has applied
for a European patent for another
material.!”! This ZTE material contains
double oxides of the formula RQ,Oq
(R=Zr, Hf und Q=Mo, W) as an
NTE component and MQX, (M =Mg,
Ca, Sr, Ba and X=0, S) as a PTE
component. When the two components
are mixed in a 1:1 ratio, the material that
forms has a thermal expansion of nearly
zero over a wide temperature range. The

Angew. Chem. Int. Ed. 2004, 43, 49824984



NTE component ZrW,0O; has already
been used in mixtures with cement and
sand to decrease the thermal expansion
and to avoid cracks in paving stones.”)

Salvador et al. recently discovered a
novel intrinsic ZTE material,’® the com-
pound YbGaGe, which crystallizes like
YbGaSn, CaGaGe, and SrGaSn in the
YPtAs structure type with the space
group P6s/mmec. The YPtAs type can be
derived as described by Hoffmann and
Pottgen’ from the AIB, structure type.
It differs from the latter type in that the
planar 6° boron nets in YPtAs are
composed alternately of Pt and As
atoms, and the nets are wavy. Because
of the different atom types in the wavy
6° nets there are several possibilities for
stacking along the c axis; in the YPtAs
type the unit cell is quadrupled relative
to the AIB, unit cell. LiGaGe with a
doubled unit cell is also known. It
contains three dimensionally linked
units [GaGe] analogous to hexagonal
diamond. If two more electrons per
[GaGe] unit are formally added to this
partial structure, puckered hexagonal
layers 2[GaGe]’~ analogous to black
phosphorus are formed according to the
(8—N) rule. Thus, the two additional
electrons effectively neutralize one of
the four Ga—Ge bonds per atom by
occupying antibonding states, and a free
electron pair forms on each Ga and Ge
atom. The compounds MGaT (M =Ca,
Sr, Yb and T = Ge, Sn) therefore bridge
the two extremes mentioned above.
Their 2[GaT[*" units are interconnected
by Ga—Ga bonds to form double layers.
The Ga—Ga distance in these com-
pounds varies considerably: In CaGaGe
it is the longest at 358 pm, followed by

Figure 1. Crystal structure of YbGaGe.P!

330 pm in SrGaSn and 325 pm in Yb-
GaGe (Figure 1). This distance is short-
est in YbGaSn at 299 pm. These differ-
ences in the Ga—Ga bond lengths are
the most apparent in the electron local-
ization function (ELF) shown in Fig-
ure 2 for the compounds CaGaGe, Yb-
GaGe, and YbGaSn in a section through
the six-membered rings exactly in line
with the Ga atoms. In Figure 2, the bond
order decreases from right to left, and
two free-electron pairs develop from the
Ga—Ga bond. Furthermore, with a
lengthening of the Ga—Ga bond, a
shortening of the Ga—T bond within
the six-membered rings of 2-3 pm re-
sults. The atoms M bridge the voids
between the 6°rings, strung together
lengthwise [001] like pearls on a neck-
lace. Two different crystallographic po-
sitions are occupied in the space group
P6s/mmc. M(1) is surrounded by six Ga
atoms in a trigonal prism; M(2) is

Angewandte

surrounded octahedrally by six T atoms
(see Figure 1). As a result of the differ-
ent coordination surroundings two dif-
ferent valencies are possible for M,
which is exactly what the authors sug-
gest for the compounds YbGaGe and
YbGaSn. The fact that the Ga—Ga bond
is longer in YbGaGe than in YbGaSn
means that more antibonding states
must be occupied in the former com-
pound; that is, the charge of the [GaGe]
unit must formally be a little higher than
that of the [GaSn] unit. In YbGaGe, this
higher formal charge is balanced by the
presence of two cations with different
valencies, and the valencies of these
cations also change with temperature, as
shown by magnetic-susceptibility meas-
urements on YbGaGe. As the valency of
Yb changes with decreasing tempera-
ture from about + 2.6 towards +2, the
contraction of the whole lattice as a
result of the decreasing temperature is
compensated. Thus, two lattice parame-
ters, a; and a,, increase with decreasing
temperature, whereas the third parame-
ter, ¢, decreases to the extent that the
total volume remains constant. The
CTE of the a axis in YbGaGe varies a
little depending on the composition, as
the phase exhibits a certain phase width.
According to the authors, the CTE lies
between —1.3:10° and —1.810° K.
For comparison, the corresponding val-
ue for YbGaSn is +1.0-10* K%,

This result shows that the ZTE effect
in YbGaGe is based on a completely
new mechanism. In contrast to classic
ZTE materials, such as ZrW,0O; and
related oxides, the ZTE behavior in
YbGaGe is not of a geometric origin,
nor caused by a cooperative rotation of

Figure 2. Total electron localization function (ELF) for CaGaGe, YbGaGe, and YbGaSn, calculated with LMTO-ASA. Section through the M atoms
with the Ga—Ga bond, as indicated in the structural representation on the right.
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www.angewandte.org

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

4983


http://www.angewandte.org

Highlights

oxide tetrahedra. No rotations of the
polyhedra occur in YbGaGe, as the low-
temperature X-ray diffraction investiga-
tions showed. Instead, an internal elec-
tron transfer between the Yb atoms and
the anionic partial structure [GaGe]"”
occurs. YbGaGe has the additional
advantage over the oxides of being a
metallic conductor. YbGaGe thus unites
two interesting characteristics, which
makes it a promising material for new
applications.

Published Online: August 20, 2004

Note added after online publication on
August 20, 2004: An article entitled
"Thermal expansion in YbGaGe" (S.
Bobev, D. J. Williams, J. D. Thompson,
J. L. Sarrao, Solid State Communications

2004, 131, 431-433), has just appeared in
which another two recent publications
on this topic were cited. All three papers
report that YbGaGe has a distinctly
more positive thermal expansion coef-
ficient than that reported by Salvador et
al.®l The differences may be due to a
deviation in the composition, that is, a
variation in x in YbGa,,,Ge ;_). These
newest results prompted the author of
this Highlight to add a question mark to
the title.

[1] C.E. Guillaume, C. R. Acad. Sci. 1897,
125, 235-238.

[2] N. Grobert, M. Mayne, M. Terrones, J.
Sloan, R. E. Dunin-Borkowski, R. Ka-
malakaran, T. Seeger, H. Terrones, M.

Riihle, D. R. M. Walton, H. W. Kroto,
J. L. Hutchison, Chem. Commun. 2001,
471-472.

[3] J. Post, P.J. Heaney, R.B. von Dreele,
J. C. Hanson, Am. Mineral. 2003, 88, 782 —
788.

[4] H. Xu, P.J. Heaney, D. M. Yates, R. B.
von Dreele, M. A. Bourke, J. Mater. Res.
1999, 74, 3138-3151.

[5] J. Sugawara, K. Abe, T. Mukai, Tech. Dig.
SPIE 2003, 93-95.

[6] T. Suzuki, A. Omote, J. Kuwata, Eur.
Pat. 1277712 [Eur. Pat. Appl. 2002, 11,
15224].

[7] M. Kofteros, S. Rodriguez, V. Tandon,
L. E. Murr, Scr. Mater. 2001, 45,369 —374.

[8] J. R. Salvador, F. Guo, T. Hogan, M. G.
Kanatzidis, Nature 2003, 425, 702-705.

[9] R. D. Hoffmann, R. Pottgen, Z. Kristal-
logr. 2001, 216, 127 -145.

The definitive work in electrochemistry

Encyclopedia of Electrochemistry

Allen J. Bard, Department of Chemistry, University of Texas, USA
Martin Stratmann, Max Planck Institut fiir Eisenforschung, Diisseldorf, Germany
(Editors-in-Chief)

10 Volumes + Index

2004. Approx 6000 pages with 3000 figures
and 1000 tables. Hardcover. ISBN 3-527-30250-6
€ 299.00"/ £ 175.00 per volume.

*The €-Price is for Germany only

Available: Vols. 1, 11, 11, 1V, VI, IX

Forthcoming

Vol. VIl January 2004

Vol. V
Vol. X
Vol. VIl

October 2004
October 2004
December 2004

www.wiley-vch.de/bard/eoe

John Wiley & Sons, Ltd., 1 Oldlands Way, Bognor Regis,
West Sussex, PO22 9SA Engand - Fax: +44 (0) 1243-843-296
e-mail: cs-books@wiley.co.uk - www.wileyeurope.com

97704013_ba

4984  © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FWILEY

WILEY-VCH - P.O. Box 10 1 61

www.angewandte.org

69451 Weinheim, Germany - Fax: +49 (o) 62 01-60 6184
e-mail: service@wiley-vch.de - www.wiley-vch.de

%WILEY-VCH

Angew. Chem. Int. Ed. 2004, 43, 49824984


http://www.angewandte.org

Electron Transfer

Angewandte

Unusually Slow Charge Recombination in Molecular

Dyads

Anthony Harriman*

The photosynthetic reaction center
complex operates as an elaborate device
that uses visible light to separate elec-
tronic charge across a bilayer mem-
brane. An essential feature of the natu-
ral process is the stepwise transfer of an
electron over a series of redox-active
cofactors until the membrane is span-
ned. Each step loses a fraction of the
initial excitation energy and increases
the distance between the positive and
negative charges. The rates of successive
electron-transfer steps become progres-
sively slower as the need to compete
with exergonic charge recombination
become less important. By positioning
the cofactors in a protein environment,
where the total reorganization energy is
kept modest, the initial electron-transfer
events can be promoted at a high rate
with a small driving force. As such, the
activation energy for electron transfer is
negligible and the reaction proceeds
readily at low temperature. The ele-
gance and sophistication of natural pho-
tosynthesis, especially when the ancil-
lary light-harvesting features are taken
into account, ensure that this process
continues to receive intense investiga-
tion from biochemists, biophysicists, bi-
ologists, and chemists. A further moti-
vation for studying natural photosyn-
thesis stems from the urgent need to
duplicate the essential features with
laboratory models so that we might be
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able to collect and store sunlight in the
form of chemical potential. This latter
area of research is known loosely as
“artificial photosynthesis”."!

Many different approaches have
been taken in an effort to design molec-
ular systems capable of effecting photo-
induced charge separation under illumi-
nation with visible light. It is well known
that the chromophore must be held in
proximity to a redox-active partner so
that electron transfer can compete with
inherent deactivation of the initially
formed excited state. Usually, the redox
partners are assembled into a molecular
dyad by covalent bonding that assures a
constrained, if not rigid, geometry. Al-
ternative forms of assembly, such as
hydrogen bonding or electrostatic at-
traction, provide interesting diversions
but have yet to challenge the supremacy
of covalent bonding. Initially, these
dyads comprised a porphyrin as both
the chromophore and electron donor,
and with a quinone as an electron
acceptor.’l Other reagents have been
proposed, and there now exists a multi-
tude of light-active molecular dyads that
undergo fast charge separation upon
excitation. Until very recently, all such
dyads underwent rapid charge recombi-
nation, which severely restricted the
lifetime of the charge-separated state.
Indeed, typical lifetimes for the charge-
separated state in fluid solution are on
the order of some hundreds of pico-
seconds to a few nanoseconds. This
range is much too short to carry out
useful chemistry with the intermediate
radical ions.

Learning from nature, Gust et al.l”
were the first to develop an effective
strategy to overcome rapid charge re-
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combination. Their approach was to
attach secondary cofactors to the dyad
so as to set up a cascade of electron-
transfer steps leading to long-range
charge separation. Since the rate of
electron transfer decreases sharply with
increasing separation, the significance of
charge recombination is diminished with
each successive transfer. In this way,
molecular triads, tetrads, pentads, etc,
have been synthesized and used to pro-
long the lifetime of the charge-separated
species into the microsecond and even
millisecond range.”! This is a tremen-
dous achievement but it comes at a
considerable price. The synthesis is time
consuming, and therefore expensive,
while the fraction of incident light
“stored” upon charge separation is nec-
essarily small. For a long time, however,
it seemed that this cascade effect was the
only way forward, but new research has
confronted this conventional view and
sought to stabilize charge separation in
simple dyads by careful control of the
geometry.®

The molecular dyad introduced by
Fukuzumi and co-workers!”! (Figure 1a)
comprises a zinc chlorin, as the electron
donor (D), and a fullerene, as the
electron acceptor (A), separated by only
2.6 A. Despite the proximity, the two
subunits appear to be electronically
isolated. Illumination of the chlorin
results in charge separation occuring
with a rate constant of 1.0x10"s™,
although the yield of the charge-sepa-
rated state is only about 12 %. There is a
reasonable  driving force (AG'=
—0.5 eV) for charge separation and the
resultant radical ion pair can be detect-
ed by transient absorption spectroscopy.
A key feature of this system is that the

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Structural representations of the lowest-energy conformations of molecular dyads
described in this work. For details see references [7] (a) and [10] (b). Note, the hydrogen atoms

have been omitted for clarity.

energy of the radical ion pair (Egp=
ca. 1.26 eV) is notably lower than that
of the triplet excited states associated
with either chlorin (Er=ca.1.4eV) or
fullerene (Ep=ca.1.5eV). This situa-
tion ensures that decay of the charge-
separated state involves charge recom-
bination to reform the ground state.
Since the total reorganization energy
accompanying charge recombination is
significantly smaller than the thermody-
namic driving force, charge recombina-
tion occurs well within the Marcus
inverted region. The rate constant for
this step is only 4.2x10°s™!, thereby
corresponding to a lifetime of the
charge-separated state of 230 ps in ben-
zonitrile at 25°C. This is an exception-
ally long-lived intermediate for such a
simple molecular dyad. For example,
related dyads based on tetrapyrrolic
chromophores and characterized by
closely coupled redox partners tend to
form sub-nanosecond charge-separated
states.”!

The difference between the dyad
constructed by Fukuzumi and co-work-
ers and related systems can be explained
in terms of quantum mechanical tunnel-
ing from the charge-separated state.
Normally, the full impact of the Marcus
inverted region is not observed because
nuclear tunneling” lowers or removes
the activation energy for charge recom-
bination (Figure2). As such, charge
recombination is much faster than ex-
pected on the basis of classical Marcus
theory. For this dyad, however, a very
high activation energy for charge re-

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

combination (E,=ca.023¢eV) is ob-
served. This situation leads to the excep-
tional lifetime for the charge-separated
state of 120 s at —150°C! Nuclear tun-
neling usually becomes more apparent
at lower temperatures, where the acti-
vated rate is slow, but this seems not to
be the case here. The Marcus inverted
region is often characterized by a rela-
tively narrow barrier to electron transfer
and this realization greatly assists nu-
clear tunneling. The new dyads might
possess broader charge-recombination

NC —»

Figure 2. Potential energy diagram for charge
separation and subsequent charge recombina-
tion in a molecular dyad (D-A). Light activa-
tion leads to formation of the local excited
state (*D-A). Charge separation, in which the
radical pair (*D-A") is formed, is assumed to
be activated and takes place by step 1. Charge
recombination might involve nuclear tunnel-
ing (by step 2) or an activated process (by
step 3) that corresponds to classical Marcus
behavior in the inverted region.

www.angewandte.org

barriers, because of their constrained
geometries, which would be critical in
minimizing nuclear tunneling.

There is ample experimental evi-
dence to confirm the validity of the
Marcus inverted region, but there are
very few cases where quantum mechan-
ical tunneling does not promote charge
recombination. From the viewpoint of
designing effective artificial photosyn-
thetic systems it is important to inden-
tify if the above dyad is representative of
a new class of compound or merely an
isolated case. As such, it is interesting to
note that Fukuzumi et al.' have re-
ported a second example of a closely
coupled molecular dyad exhibiting very
fast charge separation (kog=2.4x%
10"s™') at modest driving force
(AG°=—-0.31¢eV), but with an unex-
pectedly slow rate of charge recombina-
tion at ambient temperature (Fig-
ure 1b). In this latter case, the charge-
separated state was formed in quantita-
tive yield, but intramolecular charge
recombination was much slower than
the corresponding bimolecular process
occurring in fluid solution. Charge re-
combination becomes intramolecular at
higher temperatures, thus indicating
that this process is strongly activated.
Electronic coupling between the subu-
nits is kept at a minimum by the
perpendicular orientation and it seems
likely that partial rotation around the
connecting bond contributes towards
the overall activation energy for charge
recombination. Again, the question is
raised as to why nuclear tunneling does
not play an important role in promoting
charge recombination in this system.

One advantage of having only a
single bond between the donor and
acceptor is that charge separation is
likely to be very fast. In several cases it
appears that charge separation proceeds
from high vibrational levels of the
excited state rather than from the ther-
mally relaxed excited state (Figure 2).
The unique linkage can also impose a
highly constrained geometry and, indi-
rectly, lead to a small solvent reorgan-
ization energy. However, related dy-
ads®™ display high rates of charge re-
combination and it is clear that the
factors controlling the electron-transfer
dynamics in such systems are not yet
fully understood. It seems likely that the
critical feature concerns the connecting
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bond, but exactly how this translates to
such a variable rate of charge recombi-
nation remains a mystery. In particular,
it is necessary to consider very carefully
the role of triplet states, either charge-
transfer states or localized m,7* triplets,
in these systems. The use of magnetic
field effects or an in-depth evaluation of
the spin state of any EPR-active inter-
mediates is essential if the detailed
mechanism is to be uncovered.

The design of simple molecular dy-
ads capable of fast charge separation but
relatively slow charge recombination
has clear advantages with regard to
synthetic feasibility. In attempting to
mimic natural photosynthesis with such
dyads, even allowing for the contempo-
rary preference to manufacture electric-
ity rather than a chemical fuel, it is
necessary to overcome at least two
major obstacles. First, we must learn
the design elements that will enable
efficient systems to be engineered with-
out too much of the tedious trial-and-
error protocol. The recent work emerg-
ing from Fukuzumi’s research group
suggests that this is a strong possibility.
The importance of this work lies with
the realization that small molecular

Angew. Chem. Int. Ed. 2004, 43, 4985-4987

dyads can replace the long multicompo-
nent molecular-scale wires that domi-
nate current thinking in the field of
molecular photonics. Freed from the
need to stabilize the charge-separated
state against charge recombination, it
might not be necessary to build long
molecules. This could lead to a marked
increase in charge density. Second, we
must develop a methodology whereby
individual dyads can be organized into a
cooperative network where logical func-
tions can be performed. The charge-
separated state is now sufficiently long-
lived and energetic to do something
useful. This situation requires many
thousands of molecules to align and
work together. The next step is far from
clear but the realization that light-acti-
vated charge separation in simple dyads
can lead to unusually long-lived radical
ion pairs compels us to think seriously
about devices.
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lonic liquids are a new class of organic solvents with high polarity and
a preorganized solvent structure. Very polar reactions can be carried
out in these liquid in the absence of or with a controlled amount of
water, and crystalline nanoparticles can be synthesized conveniently at
ambient temperatures. The pronounced self-organization of the
solvent is used in the synthesis of self-assembled, highly organized

hybrid nanostructures with unparalleled quality. The extraordinary
potential of ionic liquids in materials synthesis is described in this
minireview and a physicochemical explanation is given.

Introduction

Tonic liquids (ILs) are organic salts with low melting
points, sometimes as low as —96 °C.!! ILs have received much
attention in many areas of chemistry and industry due to their
potential as a “green” recyclable alternative to traditional
organic solvents.”) The ILs are liquid over a wide range of
temperatures, in some cases in excess of 400°C. Because of
their properties, such as high polarity, negligible vapor
pressure, high ionic conductivity, and thermal stability, ILs
can be used in catalysis,** as inert solvents in electrochem-
istry,’! for polymer synthesis®” and in the adaptation of
enzymatic reactions to organic media.””! ILs can also be used
to replace water in chemical or technical processes.

Although ionic liquids have found application only
recently in chemistry, they are an old class of substances:
the first description of an IL with a melting point of 12°C was
published in 1914.”) The most extensively studied ILs are the
1-alkyl-3-methylimidazolium salts. Newer systems include
species with additional functionality, for example, long-chain
amphiphilic ILs with both lyotropicl” and thermotropic
liquid crystallinity.""! Organic reactions can be conducted
with increased selectivity in these ILsI"™ Other liquid-
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Max Planck Institute of Colloids and Interfaces
Research Campus Golm
14424 Potsdam (Germany)
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crystalline species with wide phase
regions and a very high dipole moment
and polarizability are described in
ref. [13].

This review will not focus on the
use of ILs in catalysis and organic/
inorganic synthesis,' as there are al-
ready excellent reviews and books!™! available. Instead we
will describe recent developments in which the advantages of
ILs for materials chemistry and especially for the synthesis of
novel nanostructures have been gradually realized.

lonic Liquids for the Synthesis of Nanostructures

First, ILs were used in electrosynthesis: various metallic
nanoparticles, such as palladium," iridium,"” and semi-
conductor nanoparticles such as stable Ge nanoclusters!'*!
have been synthesized. The preparation of Ti nanowires onto
graphite by electroreduction as described by Freyland et al."!
is exciting but still requires final proof. In all of these
examples the large operation window for electrochemical
reactions and the high polarity of ILs are exploited.

Very fine and stable noble-metal nanoparticles (Ir” and
Ru’, 2.0-2.5 nm in diameter) can also be synthesized in ILs by
chemical reduction.”” The colloidal system metal-nanoparti-
cle/IL-stabilizer is extraordinarily stable and no ligands are
required; extraordinarily high turnover numbers are achieved
with this system in catalytic hydrogenation.

Besides the large electrochemical window, other advan-
tages of ILs can be considered:

e Although polar, ILs can have low interface tensions which
in addition seems to adapt to the other phase (e.g. for
1-butyl-3-methylimidazolium  tetrafluoroborate  the
y 38 mNm™' against air®"). Since low interface tensions
result in high nucleation rates, very small particles can be
generated which undergo Ostwald ripening only weakly.

Angew. Chem. Int. Ed. 2004, 43, 4988-4992
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e Low interface energies for larger objects can be translated
into good stabilization or solvatization of molecular
species. Obviously, the IL structures “adapts” to many
species, as it provides hydrophobic regions and a high
directional polarizability which be oriented parallel or
perpendicular to the dissolved species. Put simply:
reactions in ILs are like reactions in a pure “universal”
ligand.

o Owing to the high thermal stability of ILs, reactions can be
conducted at temperatures well beyond 100°C in non-
pressurized vessels.

o ILs facilitate inorganic synthesis from very polar starting
materials under ambient conditions and under anhydrous
or water-poor conditions. In this way, hydroxide or
oxihydrate formation and the coupled generation of
amorphous species can be suppressed, as low amounts of
water drive the mass balance to completely condensed
systems, which are usually directly crystalline.

e The most important advantage of ILs, however, is an
unconventional and very rare property that cannot be
emphasized sufficiently: ILs form extended hydrogen-
bond systems in the liquid state® and are therefore highly
structured.”?! ILs are therefore “supramolecular” sol-
vents. Solvent structuration is the molecular basis of most
molecular recognition and self-organization processes,
with water being the most prominent and pronounced
example.”™ This special quality can be used as the
“entropic driver” for spontaneous, well-defined, and
extended ordering of nanoscale structures.
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3. Sol-Gel Reactions in Water-Poor lonic Liquids

First work on inorganic sol-gel reactions focussed on the
formation of silica aerogels. It turned out that such aerogels
can be dried without a supercritical drying procedure.”! This
again speaks for a very low interface tension of the binary
system and coupled low capillary forces. It is, however, even
more interesting to make crystallizable species by sol-gel
reactions in water-poor reaction media. Zhou et al. hydro-
lyzed titanium tetrachloride in 1-butyl-3-methylimidazolium
tetrafluoroborate with some reaction water (water-poor
conditions) in a low-temperature synthesis (at 80°C).”
Anatase powders consisting of 2-3-nm-sized particles and
with surface areas of 554 m’g™' were obtained, which
assembled to larger, spherical spongelike superstructures.
These experiments look simple but they illustrate the multiple
advantages of ILs. First, sol-gel reactions in water usually
provide amorphous titania, which has to be calcined above
350°C to result in the desired crystalline anatase. This usually
prevents direct employment of anatase in organic/inorganic
hybrid systems. Also, the nucleation rate of titania in the bulk
is rather low (usually particles with diameters of ca. 20 nm are
obtained). The IL solvent therefore not only facilitates direct
synthesis of crystalline species under ambient conditions, it
also increases the nucleation rate by more than a factor of
1000, owing to its low interface energy and adaptability. Only
with this combination is the delicacy of the resulting
structures possible.

The anatase obtained has a spongelike structure with high
surface area and narrow pore-size distribution, and due to its
increased volume it is easy to handle. This material is
expected to have potential in solar energy conversion,
catalysis, and optoelectronic devices, for example, for the
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potential one-step synthesis of dye-sensitized titania solar
cells. IL-based quasi-solid-state electrolytes were just recently
employed for such regenerative photoelectrochemical cells
and yielded 7 % energy efficiency, but nanostructure synthesis
still took place by classical means.” In another synthetic
application Nakashima et al. reported the preparation of TiO,
hollow microspheres in ionic liquids by means of a so-called
interfacial sol-gel reaction.”’)

The strong surface binding of ILs onto various nano-
particles was employed by Itoh etal., who showed that
hydrophilic and hydrophobic properties of gold nanoparticles
can be tuned by exchange of anions in the IL moiety.’!
Backed by the same set of advantages of ILs as a reaction
medium, microwave-assisted synthesis of single-crystalline
tellurium nanorods and nanowires have been recently re-
ported.PV

Solvent self-structuration and supramolecular effects be-
come important when reactions are conducted with higher
concentrations of inorganic reactant. Even standard ILs such as
the 1-butyl-3-methylimidazolium tetrafluoroborate give nicely
nanostructured gels. The reaction of silica® gave a spongelike,
bicontinuous phase with a characteristic length of 5 nm. NMR
and Raman spectrometry indicated the IL molecules sponta-
neously form a double layer by binding to silica. This sounds
unusual for such a small molecule but just reflects the very
strong tendency of the ILs to form extended hydrogen-bonding
networks, in this case an undulating two-dimensional structure.
The liquid structure of ILs and their mixtures with other
solvents are probably organized in a similar fashion.

The self-organization of ILs can be supported by using
amphiphilic species with a longer hydrophobic tail. Again,
due to a combination of hydrogen-bonding networks and
polarity contrast (amphiphilicity), very well-organized lyo-
tropic phases are obtained for both the pure RTILs as well as
their mixtures with water, oils, and reactants. This tolerance of
self-organization against loading is again very unusual, and
even in water it is found only for some special surfactants that
form microemulsions.

Following the reasoning given above, those phases always
interact strongly with surfaces and usually align perpendicular
(homeotropic) to the substrate surface. This is opposite to
water systems where a parallel orientation is preferred, and
can be explained by the very strong polarizability of the
supramolecular IL structure along the aligned hydrogen-
bonding networks. It can be assumed that similar orientation
effects also exist in the nonamphiphilic ILs, which might be
the reason that they have extraordinary lubrication proper-
ties,** beyond that predicted from the molecular structure.

These oriented phases can be employed for material
synthesis by using sol-gel synthesis with 1-hexadecyl-3-
methylimidazolium chloride (1,5). Condensation products of
these oriented phases give almost perfect textures as shown in
Figure 1 for a silica made from a lamellar amphiphilic IL
mesophase.”" The lamellae or sheets are exactly parallel over
wide areas (see the Fourier transform inset), and even at the
surface a perfect homeotropic organization prevails (see
atomic force micrograph (AFM), Figure 1b). The real
structure is presumably more complex and must contain
pillars or bridges, as the described structure is stable

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) TEM image of 1,,-templated porous silica prepared in a
sol—gel reaction of 1 g of 1,¢ with effective 1 g of silica at a temperature
of 40°C. The scale bar is 50 nm. Inset: Corresponding 2D Fourier
transform of the picture. b) Corresponding AFM picture of a surface of
the same material.

throughout the removal of the IL and does not collapse.
Such silicas have essentially the structural characteristics of
clay minerals; however, the chemical composition can be
adjusted freely to meet the requirements of the application at
hand.

4. The Effect of Water
The role of extra water in ILs is complex and depends on
the supramolecular structure of the ionic liquid. It seems to be

safe to state that its structure and chemical reactivity is far

Angew. Chem. Int. Ed. 2004, 43, 4988-4992
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from that of bulk water, as it is tightly bound and activated in
the H-bonding system of the IL.'") As a result reactions with
water take place quite rapidly in these systems. On the other
hand, water cannot function here as a solvating ligand since it
is too involved in IL binding; this was dedused, for instance,
from the absence of so-called solvent pores.'” This is a quite
singular situation for colloid chemistry and material synthesis.

Water modifies the patterns of IL self-organization, and
this is why the structural outcome of such reactions depends
strongly on the water content. The peculiar self-aggregation
behavior of the IL/water system is evident by comparing two
sol-gel-derived IL-silica hybrid materials (with 1;4), prepared
with varying amounts of water (Figure 2), but the same ratio

10000 3

T 1000 3

1(s)
100 3

0.2 0.4 . 0.8 1.0
s/nm——s

Figure 2. X-ray diffractograms for two mesostructured IL (1,¢)/silica
materials prepared from precursors solutions with varying water con-
tent (s=2/Asin6); tha ratio of IL to silica is about 1:1. Sample 1: 2D
hexagonal mesostructure obtained with an excess of water. Sample 2:
Lamellar mesostructure obtained with only stoichiometric amounts of
water and keeping the natural H-bonding network intact. ATEM image
of this structure is shown in Figure 1. The inset shows the higher order
reflections of this species, which go up to the 23rd order.

of IL to silica. While sample 2 was obtained under water-poor
conditions, sample 1 was made with a tenfold excess of water.
The X-ray diffraction patterns indicate that this difference in
the water content affects the self-organization behavior.
Sample 1 represents a 2D hexagonal mesophase, while
sample 2 corresponds to a lamellar structure with a long
period of d =5.6 nm. The latter sample can be indexed up to
the 23rd interference order, an exceptional perfection for self-
organized mesostructures on the nanometer scale. Note that
the sample is liquid, as indicated by the typical halo in the
wide angle. This high order is also reflected in the reaction
products made from such phases (see Figure 1) or seen in
polarized optical microscopy image with textures spanning
several millimeters.

These results demonstrate that ILs can also be applied in
water-rich media. Here, they “only” play the role of a classical
surfactant, however, with a very strong tendency towards self-
organization with high order. The combination of polymer
latexes and amphiphilic ILs in water-rich media as templates
for porous silica indeed led to bimodal structures where both
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typical textures coexisted.”™ The resulting supermicroporous
opals were discussed as optical sensor elements where
reflection contrast depends critically on the absorption of
trace amounts of organic molecules.

5. Conclusions and Outlook

We expect that ILs will find, in addition to organometallic
synthesis, catalysis, and electrochemistry, a fourth area of
application—the synthesis of nanostructured solids, either to
make nanoobjects (e.g. particles and fibers) or for the design
of nanopores and nanochannels in solids. The unique
combination of adaptability towards other molecules and
phases plus the strong H-bond-driven solvent structure makes
ionic liquids potential key tools in the preparation of a new
generation of chemical nanostructures.
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Fullerene Synthesis

C60 has been synthesized by chemical methods in 12 steps.

Angewandte

From the Contents

Lessons learned in the author’s laboratory during a decade

devoted to the synthesis and study of open geodesic poly-
arenes strongly influenced the strategy and methodology

ultimately employed for preparing a suitable 60-carbon

precursor and for closing it up to the fullerene ball. This
review provides a personal account of how the new

synthetic tools were developed and put to use.

1. Why Synthesize Fullerenes?

Fullerenes have been widely touted for their potential to
fulfill dreams in the emerging realm of nanotechnology and
across the broad span of materials science.!! An intrinsic
scientific interest in their unusual curved networks of trigonal
carbon atoms has also stimulated considerable research on
the fundamental properties of other geodesic m systems.*?!
Despite intense scrutiny by scientists and engineers world-
wide for more than a decade, however, these fascinating
“Buckyballs” are still being made today by poorly understood
empirical methods.!"*

The vaporization of graphite by resistive heating under
carefully defined conditions, for example, produces a soot
from which fullerenes can be isolated by chromatography.!
Alternatively, the combustion of simple hydrocarbons in fuel-
rich flames can produce fullerenes with even greater effi-
ciency.’l A plant based on this latter technology was recently
opened in Japan and already boasts a capacity to produce 40
metric tons of Cg, per year!’! A second plant opening in the
U.S. advertises that their improved combustion process will
further drop the price of Cy, to only $200 per kg.[*?

Given such an abundant supply of Cy, made in one step
from cheap starting materials, one might legitimately wonder:
why would we ever need chemical methods to synthesize
fullerenes? The answer to this question lies with the other
fullerenes.

Cgo certainly exhibits some remarkable properties and
novel chemical behavior,"¥l but surely it cannot be the “best”
fullerene for every conceivable application. Most of the
higher fullerenes have lower lying LUMOs than that of Cg,
for instance, and most have higher lying HOMOSs.®®! Those
differences translate to smaller HOMO-LUMO gaps than
that of Cg, for most of the higher fullerenes, and some have
HOMO-LUMO gaps close to zero.

Furthermore, all are less strained than Cg, and are thereby
more stable thermodynamically. Will one of these higher
fullerenes be the key to room-temperature superconducting
materials or to some other great discovery?™” To find out,
scientists need pure fullerenes with which to run experiments.

How many different fullerenes are there? For Cg,, only
one isomer is stable (i.e., obeys the “isolated pentagon rule”).
The same is true for C;, but two stable isomers are possible
for C,, and larger fullerenes are calculated to have even more
stable isomers: 5 for Cg, 24 for Cy,, 450 for C,q, and so on.!
More than 1000 different fullerenes that obey the isolated
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pentagon rule can be assembled from 100 carbon atoms or
fewer,® and that number climbs into the millions rapidly as
progressively larger fullerenes are considered. There is no
limit, and each fullerene will have its own unique properties.

From fullerene soot, Cyy and C,, are plentiful, and another
dozen or so of the higher fullerenes can be isolated in small
amounts.*' This small handful of molecules accounts for
more than 99% of the fullerene material formed, yet it
provides access to no more than 1-2% of the potentially
valuable fullerenes in the range from Cg, to Cyq.

How will scientists ever get their hands on the rest of these
fullerenes to study their properties ? Chemical synthesis is the
logical long-range solution. This review describes work in our
laboratory that has led to the first chemical synthesis of Cg; in
isolable quantities.'!! A milestone has been passed, but only
the first stride has been taken in what likely will be a long
journey.

2. Retrosynthetic Analysis of Cg,

We chose Cq, as our first fullerene synthesis target for
several reasons. Most importantly, it was anticipated that a
successful synthesis would produce only small quantities of
the target material, at least initially, and it was clear that
success would be easiest to verify for a product whose
properties were already well known. This “comparison with
an authentic sample” has been the obligatory finale to
syntheses of natural products throughout the history of
organic chemistry, and the chemical synthesis of a fullerene

[*¥] Prof. Dr. L. T. Scott
Department of Chemistry
Merkert Chemistry Center
Boston College, Chestnut Hill, MA 02167-3860 (USA)
Fax: (4+1) 617-552-6454
E-mail: lawrence.scott@bc.edu
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should meet the same rigorous standards. Additionally, since
the strain energy of Cg exceeds that of all other stable
fullerenes, any methods that work to synthesize Cg, should be
universally applicable to syntheses of higher fullerenes as
well.

Before dissecting Cy, it is worth gauging the magnitude of
the problem. Not counting 7t bonds, Cg has 90 C—C bonds,
and that is more than one normally encounters in all but the
largest natural products (cf. Taxol, for example, which has 47
C—C bonds). The strain energy of Cy, is also enormous; heats
of combustion measurements put the value somewhere in
excess of 600 kcalmol~',” and any synthesis must build in
that strain. Finally, with only one exception other than
fullerenes,™ polycyclic networks of trigonal carbon atoms
pyramidalized all in the same direction were unknown when
we began our work, so no general methods existed for their
construction. The next few paragraphs weigh the pros and
cons of four distinctly different approaches to solving this
problem.!

One strategy for synthesizing Cq and higher fullerenes
that should work is to construct the complete carbon cage first
with saturated atoms (sp® CH units) at a large number of the
vertices and then dehydrogenate the ball in the last step. The
Birch reduction product of Cy (CeHse) is known to revert
easily to Cg,['" so the last step would surely succeed, and a
liberal sprinkling of tetrahedral carbon atoms throughout the
polycyclic network (maybe 30-60 %, but not 100 % ) would
greatly reduce the strain energy of the penultimate synthetic
intermediate. In fact, this strategy is precisely the one
employed by Barth and Lawton in their classic synthesis of
the first geodesic polyarene, corannulene (1, Scheme 1), a
landmark achievement that predated the discovery of Cg, by
two decades. Quite recently, the same strategy has been

Scheme 1. The 1966 Barth and Lawton synthesis of the first geodesic
polyarene."

Lawrence T. Scott was born in 1944 and
grew up in Urbana, Illinois. His lifelong pas-
sion for highly unsaturated polycyclic hydro-
carbons arose from his undergraduate thesis
project on bullvalene and related (CH);,
compounds in the laboratory of Professor M.
Jones Jr. at Princeton University (A.B. degree
1966) and intensified during his graduate
research on larger hydrocarbons of theoreti-
cal interest under the direction of Professor
R. B. Woodward at Harvard University. After
completing his Ph.D. degree in 1970, he
joined the chemistry faculty at UCLA as an
Assistant Professor. In 1975, he moved to the University of Nevada-Reno,
and in 1993 he moved to his present position as professor of chemistry at
Boston College.
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successfully applied also to the first synthesis of sumanene,!"”
another bowl-shaped polycyclic hydrocarbon whose ring
system maps onto that of Cg,.

Building a 60-carbon cage with 32 rings will be no trivial
task, of course, even with the strain problem reduced, and we
are unaware of anyone who has taken on the challenge. An
alternative strategy is to assemble a highly-unsaturated 60-
carbon cage with fewer than 32 rings and then collapse it to
Cq through a series of transannular bond-forming reactions
and dehydrogenations. Ten years ago, we tried to synthesize
the strain free CqHj, cage 2,1 but we ultimately abandoned
that approach in favor of another.

H H
H H
CH, HgC
HLC ™ H CH
ZH \\// " \‘I :
Il Il
HC_ H // \\ H CH
cH, H,C
H H
H _H
HC—=—=—CH,

More recently, Rubin et al.™ and Tobe etal.” have
independently generated the highly strained cyclophane 3 by
laser desorption of cleverly designed synthetic precursors,
which do actually collapse to C¢, under high energy conditions
in the gas phase. Unfortunately, the final step has been
achieved only in a mass spectrometer, and all attempts to
isolate synthetic Cq, generated from the same precursors have
been unsuccessful.

One particularly seductive strategy for assembling an all-
carbon ball is to join two identical hemispherical hydro-
carbons (e.g., 4 or 5, depicted schematically) and then stitch
their rims together.”!! We have actually synthesized hydro-
carbon 4 on a preparatively useful scale (see Section 6), but
methods for fusing two such molecules together do not
currently exist.

To us, the most appealing strategy was the one derived
from a retrosynthetic analysis that splits open the ball, peels
back the sides, and leads to the relatively strain-free, threefold
symmetric, polycyclic aromatic hydrocarbon 6. This poten-
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tial synthetic intermediate contains all 60 carbon atoms of the
final target, 75 of the 90 C—C bonds, and 13 of the 20 benzene
rings. Furthermore, the ring system of hydrocarbon 6 looks
like one that should be accessible in reasonable quantities by
classical synthetic methods.

The looming question with this strategy, of course, is how
to stitch up the seams between the arms to make the ball.
Fifteen more C(aryl)—C(aryl) bonds still need to be estab-
lished, and some provision must be made to bend the arms
and build in the strain energy of the final target. We
recognized early on that the solution to this aspect of the
problem would require some fundamentally new synthetic
methods. The “awesome power” of modern organic syn-
thesis™®! has made the laboratory preparation of complex
natural products commonplace, but new tools are often
required for the synthesis of new molecular targets that
display unprecedented structural features. The following
sections describe how we developed the methodology neces-
sary to complete our synthesis of Cg'!! from a simple
derivative of 6.

3. Bending Flat Molecules with Heat

To test new ideas on how planar polyarenes might be
transformed into more highly strained curved m surfaces, we
selected corannulene (1) as our initial practice target for
several reasons. First of all, corannulene (C,H;,) represents
the smallest subunit of Cg, that retains a curved s surface.
Second, corannulene was already known to be a stable
compound,’ and a foreknowledge of its spectroscopic,
chemical, and physical properties was anticipated to expedite
product identification. Finally, the only previous synthesis of
corannulene was so lengthy (Scheme 1) that for 25 years
nobody had ever repeated it on a scale sufficient to explore
the chemistry of this unique hydrocarbon. Thus, a new
synthesis of corannulene would serve not only to test new
synthetic methodology but also to make corannulene avail-
able for systematic chemical investigations.

A planar fluoranthene with two-carbon substitutents
attached at positions 7 and 10 (schematically represented by

Angew. Chem. Int. Ed. 2004, 43, 4994 —5007
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structure 7) contains all 20 carbon atoms and four of the six
rings that make up corannulene and looks like an attractive
synthetic precursor to corannulene (Scheme 2). Unfortu-
nately, owing to the splayed out nature of the fluoranthene

20

7 1

Scheme 2. Strategy to build the bowl-shaped corannulene (1) from the
planar 7,10-disubstituted fluoranthene 7.

bay regions, the distances between the atoms that must be
joined are too great to permit bond formation under ordinary
laboratory conditions. Indeed, an early attempt to synthesize
corannulene by exactly this strategy was thwarted by the
failure of intramolecular Friedel-Crafts acylations to form the
new six-membered rings.”*’!

Our plan was to bring together the carbon atoms that must
be joined by taking advantage of the normal out-of-plane
bending of the fluoranthene nucleus. Even at room temper-
ature, fluoranthene experiences molecular vibrations that
periodically distort it out-of-plane, like a closing book, with all
five carbon atoms of the central ring temporarily pyramidal-
ized in the same direction. We reasoned that the amplitude of
these vibrations (and, consequently, the degree of pyramid-
alization) could be increased at high temperatures to a point
at which bond formation would become feasible, and once the
two new bonds were formed, the rim of the molecule would
be too small to let the molecule relax back to a planar
geometry—it would be trapped as a bowl. This was the
thinking that prompted our first experiments.

Flash vacuum pyrolysis (FVP) represents an exceptionally
effective technique for introducing large amounts of thermal
energy into organic molecules,”® and we were confident that
the fluoranthene ring system would bend enough to permit
the desired ring closures at temperatures of 1000°C or more
in the gas phase. Bond formation, however, requires not only
that the requisite atoms approach each other but also that one
atom be sufficiently reactive to “attack” the other and create
the new bond. To fulfill this requirement, we exploited the
“Roger Brown rearrangement” (Scheme 3),””) a novel
method for generating carbenes reversibly at high temper-
atures that was already well known to those of us who used
FVP on a daily basis.

Incorporating this chemistry into our generalized strategy
(Scheme 2), we prepared 7,10-diethynylfluoranthene (8) in a
few simple steps from commercially available starting mate-
rials and sublimed it under vacuum through a hot quartz tube
(Scheme 4). Much to our delight, the crude product consisted
of essentially pure corannulene !

The success of this reaction provided the very first
validation of our hypothesis that heat can be used to bend
totally flat molecules temporarily into highly distorted con-
formations, which can then be trapped to make bowl-shaped
polyarenes by joining together formerly remote parts of the

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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minor
Scheme 3. The Roger Brown rearrangement: an endothermic 1,2-shift
of a hydrogen atom in a terminal alkyne at high temperatures.”’”®

C
FVP
OO =

H—C=C O C=c—H
FVP
. 1000 °C

8

() \
A = 50

Scheme 4. The second synthesis of corannulene (1).

molecule. This principle became the cornerstone for our later
synthesis of C4, and for syntheses of at least two dozen other
geodesic polyarenes along the way. Presumably, the same
principle operates also in the formation of fullerenes in fuel-
rich flames and from graphite vaporization, both of which
involve numerous intramolecular C—C bond-forming reac-
tions within species that are born at high temperatures in the
gas phase.

The failure of various transition-metal catalysts to effect
the cyclization of 8 to 1 in solution® underscores the
importance of providing sufficient heat to bend the molecule
out-of-plane.

It is also important to stress one trivial point that could
easily be overlooked. Isomerizations reactions, such as that of
diyne 8 to corannulene (1), will give the desired product only
if the overall reaction is exothermic. In the case at hand, the
formation of two new o bonds and two new benzene rings at
the expense of two acetylenic m bonds provides more than
enough thermodynamic driving force to favor the formation
of corannulene, despite the rather large strain energy in the
product.%

FVP of 7,10-dicyanofluoranthene (9) provides a good
counter example. We prepared this dinitrile and subjected it
to FVP at temperatures up to 1100°C but could never detect
even a trace of cyclization products [Eq. (1)].’" For this
isomerization, molecular orbital calculations predict a lower
heat of formation for the open dinitrile (9) than for the
desired diazacorannulene (10).5°! Such thermodynamic con-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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siderations have undoubtedly contributed to the fact that
azacorannulenes remain completely unknown, although they
ought to be stable if formed at ordinary temperatures.

FVP 7 \
1100 °C N N
[ o @
OO ref [31]

9 10

One shortcoming of the corannulene synthesis shown in
Scheme 4 stems from the low volatility of the 20-carbon
precursor (8). Even with a good vacuum, diyne 8 must be
heated to cause it to sublime, and the heat promotes
considerable polymerization of the starting material, thus
lowering the yield of the reaction.’®! We overcame this
technical problem by devising a robust two-carbon side chain
that shut down the polymerization, allowed clean sublima-
tion, and then blossomed into an ethynyl group when it
entered the high temperature zone of the FVP apparatus. As
a “masked acetylene” side chain, the 1-chlorovinyl group
performs magnificently,*” and this modification quickly
resulted in a convenient three-step synthesis of corannulene
(Scheme 5).7231 A twisting of the 1-chlorovinyl groups out of
conjugation with the aromatic ring in the crowded bay regions
of 7,10-bis(1-chlorovinyl)fluoranthene (11) undoubtedly con-
tributes to the resistance of this FVP precursor to polymer-
ization.

-~

S
- CO .
90

FVP ’\ /Q
A e, . O
ol <’

Scheme 5. A convenient three-step synthesis of corannulene (1): a) gly-
cine as catalyst, refluxing toluene, 72 h; b) PCls, CH,Cl,, 25°C, 24 h;
c) FVP, 1000°C (see Scheme 4). The flash vacuum pyrolysis (FVP) step
can be run routinely on a 1.0 g scale to produce 250-300 mg of 1.F*!

-
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:
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Cl Cl
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This strategy for synthesizing geodesic polyarenes by FVP,
using 1-chlorovinyl groups as “masked acetylenes,” was
adopted by Rabideau et al. for the first synthesis of a C;,H,,
semifullerene® and by Aso et al. for the first synthesis of a
geodesic polyarene that incorporates heterocyclic aromatic
rings®! [Eq. (2) and (3)]. Many additional applications have
also been reported.’"

[

FVP
1100 °C
L) e @
' ref [34]
HOHK
cl s
/ / a FVP
1000 °C
§ _— @)
= AN ref [35]

Cl

As an historical point, it is worth noting that the recent
quest for novel aromatic compounds has driven a dramatic
expansion in the role of the FVP method, which had served
since the 1800s primarily as a tool for mechanistic studies and
as a means for transforming complex structures into simpler
molecules through destructive reactions (e.g., retro-Diels—
Alder reactions, acetate pyrolyses to produce olefins, etc.).”!
Today, the FVP method also enjoys widespread use as a
powerful constructive tool for synthesizing complex molecules
from simpler structures.®”)

4. Intramolecular C(aryl)—C(aryl) Coupling
Reactions

Stitching up a Cy, precursor such as 6 to create a fullerene
ball requires the formation of many new C(aryl)—C(aryl)
bonds. As we began thinking more about this aspect of the
problem, our attention gradually shifted away from thermally
generated carbenes toward possible uses of carbon centered
radicals, the other major family of reactive intermediates at
carbon that carry no charge and, hence, are suitable for gas
phase reactions. Scheme 6 shows the first application of
radical cyclizations to construct a geodesic polyarene.*® This
transformation represents a free radical implementation of
the same original strategy outlined in Scheme 2.

Bromine substituents serve as excellent precursors to
radicals at the carbon atoms where new bonds are desired
under FVP conditions, because aromatic C—Br bonds are
weaker than all the C—C and C—H bonds in the molecule by at
least 25-30 kcalmol~.*") The same starting material bearing
chlorine atoms instead of bromine atoms also gives diben-
zo[a,g]corannulene (13), although the yield drops from 38 %
to only 17 %.5Y In contrast to these results, FVP of the parent
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Scheme 6. Building a geodesic polyarene by intramolecular trapping of
aryl radicals.’®
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hydrocarbon (7,10-diphenylfluoranthene), which lacks halo-
gen atoms completely, gives no dibenzo[a,g]corannulene (13)
at all at 1100 °C.*! This control experiment provides dramatic
testimony to the necessity for incorporating functionality that
will generate a reactive center to trap the temporarily
distorted molecule.

Radical generation alone, however, is not sufficient to
promote the desired cyclization reactions. The radical, once
formed, must be able to reach the m system of the ring across
the wide bay of the fluoranthene nucleus. In this connection,
we found that abstraction of the bromine atoms in 12 by
tributyltin radicals in solution fails to produce dibenzo[a,g]-
corannulene (13), even at 150°C in fert-butylbenzene.’!! At
250°C in para-di-tert-butylbenzene, abstraction of the bro-
mine atoms in 12 by tributyltin radicals leads to one ring
closure, but still no trace of dibenzo[a,g]corannulene (13)
could be found.?' Under FVP conditions at 1100°C, the much
greater thermal energy available undoubtedly increases the
rate of aryl radical attack on the m system across the bay
region; however, the low pressures in the gas phase must
surely play a significant role as well, by diminishing greatly
the frequency of bimolecular encounters between the tran-
sient radical and potential hydrogen atom donors.

Irradiation with ultraviolet light has the potential to inject
huge amounts of energy into an organic molecule, so it was
only natural that we should explore the possibility of
synthesizing dibenzo[a,g]corannulene (13) photochemically.
From UV absorption spectroscopy, it is clear that the FVP
precursor (12) and the parent hydrocarbon without the
bromine substituents can both absorb high energy UV
photons.P*) In solution, however, the excess internal
energy of the excited state species rapidly dissipates through
internal rotations of the aryl groups and intermolecular
collisions with the solvent. We were never able to promote
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even the first cyclization reaction photochemically in solu-
tion.314%

Many examples of intramolecular C(aryl)—C(aryl) cou-
plings to produce geodesic polyarenes by the high-temper-
ature FVP of halogen-substituted aromatic hydrocarbons
have now been recorded (Scheme 7).l Unlike the carbene

FVP
1100 °C
—_—

ref [41K]

16 17

Scheme 7. Representative examples of other geodesic polyarenes that
have been successfully synthesized by intramolecular C(aryl)—C(aryl)
coupling reactions (FVP yields typically 20-40%). Radical cyclizations
of the sort depicted in Scheme 6 are presumed to operate in every
case.

cyclizations in Section 3, these radical cyclizations are not
isomerizations; bromine atoms and hydrogen atoms are
permanently lost. The reactions are therefore effectively
irreversible and not subject to the same thermodynamic
constraints that limit the use of genuine isomerizations. At
temperatures in the range of 1000-1100°C, the entropic
benefits of losing small fragments (halogens and hydrogens)
from a molecule are enormous.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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5. Cyclodehydrogenations—What Makes Some
Work?

In our experience, intramolecular C(aryl)—C(aryl) cou-
pling reactions under FVP conditions always work best when
an aryl radical is deliberately generated at one of the two
carbon atoms to be joined. Purely thermal “cyclodehydroge-
nations” (i.e., the joining of two unfunctionalized aromatic
CH positions on proximal rings, with the expulsion of two
hydrogen atoms) rarely work well. Exceptions are known,
however, that may have valuable lessons to teach us.

We were lured into testing the potential utility of thermal
cyclodehydrogenations for synthetic purposes by the enticing
resemblance of decacyclene (18, Scheme 8), a nearly planar
polycyclic aromatic hydrocarbon, ! to circumtrindene (17), a
geodesic dome that represents */; of Cg. Decacyclene (18) has
been known since 1883*! and is commercially available,*"
whereas 17 was still unknown in the early 1990s, and the
prospect of making this spectacular hydrocarbon bowl in one
step by cyclodehydrogenation of 18 was simply too tempting
to pass up. We bought some 18, but our first experiments
failed completely.”!) Eventually, we acquired a new FVP oven
that allowed us to work at temperatures above 1100°C,* and,
after many further experiments, we finally found that
decacyclene (18) can indeed be stitched up to produce 17
under FVP conditions at 1200-1300°C!™! Not surprisingly,
the yield of 17 by this brute force method was abysmal (0.2 %
[4): however, it was good enough to provide 10 mg samples of
17 from FVP of 18 in single runs of 5.0 g each.

Further tweaking of this reaction over the last eight years
has raised the yield of circumtrindene (17) from FVP of
decacyclene (18) to 0.6 % ,*” but we no longer hold out hope
of raising it any higher. Obviously, thermal cyclodehydroge-
nation of the unfunctionalized hydrocarbon is a hideously
inefficient process in this case. By contrast, the incorporation
of radical precursors in each fjord region of decacyclene (16,
Scheme 7) allows the FVP to be run at lower temperature and
improves the yield of circumtrindene by more than 50-
fold!l!

Scheme 8 shows several other thermal cyclodehydroge-
nations of unfunctionalized planar or nearly planar hydro-
carbons that have been used to produce geodesic polyarenes.
Without exception, the yields are terrible (always <3 %),
and such reactions more often fail completely. Little is known
about the mechanistic details of these thermal cyclodehydro-
genations,” but they may be related to the primitive
synthesis of biphenyl from thermal dimerization of ben-
zene.” Good mechanistic studies are sorely needed.

As alternatives to purely thermal cyclodehydrogenations
for stitching up unfunctionalized aromatic hydrocarbons,
catalytic methods in the gas phase and oxidative methods in
solution have both proven effective for the synthesis of planar
polyarenes.“*>!l Unfortunately, no such methods have ever
been successfully extended to the solution phase synthesis of
geodesic polyarenes from unfunctionalized aromatic hydro-
carbons.””

In sharp contrast to the examples in Scheme 8, the
thermal cyclodehydrogenation of bifluorenylidene (20) to 19
proceeds relatively efficiently [Eq. (4)].15
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What makes this cyclization work so much better than the
others? A close look at this case reveals that the starting
material actually holds more strain than the product. Closing
up the new ring to make 19 completely relieves the severe
twisting at the central C—C double bond in bifluorenylidene
(20). DFT calculations indicate that this C(aryl)—C(aryl)
coupling is energetically more favorable by 19.0 kcalmol ™
than one in which unstrained starting materials give
unstrained products.”® A second ring closure, to convert
hydrocarbon 19 into the C,sH;, geodesic polyarene 15, on the
other hand, is calculated to introduce an increase in strain
energy of 36.1 kcalmol ™, and this thermal cyclodehydro-
genation occurs in only 0.6 % yield (Scheme 8).1% The lesson
here is that thermal cyclodehydrogenation may be useful as a
synthetic method when the C(aryl)—C(aryl) coupling leads to

Angew. Chem. Int. Ed. 2004, 43, 4994 —5007

www.angewandte.org

a decrease in strain energy but not when it leads to an increase
in strain energy.

To synthesize the alkene-centered geodesic polyarene 15
from unfunctionalized bifluorenylidene (20) requires two
successive FVP reactions, which give the product in an overall
yield of only 0.3% (51% and 0.6% for the two steps,
respectively).® As with the decacyclene pyrolysis,*! how-
ever, the strategic incorporation of halogen atoms (see 14)
facilitates the C(aryl)—C(aryl) couplings and improves the
overall yield by roughly two orders of magnitude.*!

Our first hint that cyclodehydrogenations might work
better for the synthesis of a fullerene than they do for
transforming flat molecules into geodesic polyarenes
(Scheme 8) came from the discovery of an unexpected
byproduct (22) in our synthesis of tribenzo[a,d,jJcorannu-
lene!*9 [21, Eq. (5)].

Clearly, the first two ring closures proceeded according to
plan, producing 21 by the same sequence of steps that earlier
had given us dibenzo[a,g]corannulene (Scheme 6). More
importantly, however, once curvature had been imposed on
the ring system through these initial cyclizations, some
fraction of the molecules suffered an additional, unantici-
pated, cyclodehydrogenation, producing 22 and further
curvature. Although the overall yield of 22 isolated from

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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21 (5)

spontaneous
cyclodehydrogenation

this FVP was no more than 4-5 %, it gave hope that a cascade
of cyclodehydrogenations might serve to stitch up the Cy, ball
from a molecular precursor such as 6, provided that curvature
were first introduced and locked in by aryl radical cyclizations
of the sort that give circumtrindene (17, Scheme 7).*" The
amazingly high yield of Cq that has been achieved in
hydrocarbon flames!® confirms the view that cyclodehydro-
genations can proceed efficiently under the right conditions.

6. Hydrogen Atom 1,2-Shifts Can Circumvent
Challenging Obstacles

Not long after we introduced the use of FVP as a method
to distort flat molecules and turn them into geodesic
polyarenes (Scheme 4), Faust and Vollhardt reported their
attempt to synthesize the tantalizing C;,H,;, hemifullerene 4
(see Section 2) by FVP of hydrocarbon 23.°4 In light of what
now is known about thermal cyclodehydrogenations, however
(Section 5), one should not be surprised that this 3-fold
cyclodehydrogenation failed, even when catalysts®™ were
used [Eq. (6)].

A straightforward solution to this problem, in principle,
would be to incorporate a halogen atom or some other radical
precursor at the mouth of each cove region in 23. The
challenge of synthesizing such a strained precursor for the
FVP reaction (24 or 25), however, presented a major obstacle
to the execution of this idea.

As predicted, direct bromination of 23 gives the less
hindered isomer 26. Optimization of the conditions even
brings the yield up to nearly quantitative, but the product is 26
and not 24 or 25.72 We were enticed to explore this chemistry
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by the prospect that FVP even of isomer 26 might yield 4, and
indeed it does (Scheme 9)!(22>]

How do bromine atoms at the “wrong” positions promote
these cyclizations? We speculated® that the only intra-
molecular reaction available to the aryl radical generated by

23 X=H
Brp
26 X=8Br

Scheme 9. A practical synthesis of the C;oH,, hemifullerene 4 that

involves three 1,2-shifts of hydrogen atoms.>>"!

homolytic loss of a bromine atom from 26 would be the 1,2-
shift of a hydrogen atom out of the crowded cove region over
to the radical center. This migration would create a new
radical center at the mouth of the cove region, just as if we had
started with isomer 25§, and cyclization of the new radical
followed by rearomatization would close up the desired five-
membered ring. Repeating the same sequence of steps on the
other two arms would lead to 4.

At the time when these experiments were run, nothing
was known about 1,2-shifts of hydrogen atoms in aryl radicals,
so we were gambling on the basis of our instincts. Subse-
quently, we devised and studied a simpler system that
provided the first solid documentation of hydrogen atom
1,2-shifts in aryl radicals (Scheme 10); deuterium labeling was
used to prove that the migrating hydrogen is not lost.>

Our DFT calculations indicate that 1,2-shift of a hydrogen
atom in phenyl radical has a barrier in the neighborhood of
60 kcalmol "%l which is high enough to protect typical aryl
radicals from such rearrangements in solution under ordinary
laboratory conditions. Temperatures high enough to cleave
C—Br bonds (BDE=82.7+1.1 kcalmol")®! under FVP
conditions, however, supply more than enough energy for
the hydrogen atoms to scramble.

As the example in Scheme 9 nicely illustrates, the mobility
of hydrogen atoms in aryl radicals under FVP conditions
provides opportunities to replace challenging synthetic inter-
mediates (e.g., 24 and 25) with others that are far easier to
prepare (e.g., 26). Other investigators have begun putting this
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Scheme 10. The first well-documented 1,2-shift of a hydrogen atom in
an aryl radical. Deuterium labeling confirms the non-dissociative, intra-
molecular pathway.®®

trick to good use,'*# and it was the final tool we needed to
complete our synthesis of C.

7. Applying these Methods to a Synthesis of Cg,

Building up the 60-carbon ring system of 6 proved to be
quite straightforward."”! The final acid-catalyzed aldol trime-
rization of ketone 27 gives the parent C4Hj, (6) in 85 % yield
on a gram scale (Scheme 11).1% The head-to-tail nature of

Scheme 11. Synthesis of the C;-symmetric C4H; polyarene 6 by head-
to-tail cyclotrimerization of 27 and laser-induced generation of Cg,."

this ancient but little-used method for assembling triply fused
benzene rings”™® guaranteed that the sickle-shaped arms of
the product would all be oriented in the same sense, as
required. Irradiation of 6 with a high intensity UV laser then
converts it to Cy), which can be detected by mass spectrome-

try.[11al
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We were gratified by the results of the laser irradiation
experiments, of course, but this did not qualify as the
completion of our synthesis. To a synthetic organic chemist,
the job is finished only when the final product has been
isolated, characterized, purified, and put in a bottle, at least in
those cases where the target compound is stable. We were
encouraged, however, by the results of further '*C-labeling
experiments, which verified that hydrocarbon 6 really does
“zip up” to make Cg, in the desired manner,!'"® rather than
decompose to smaller fragments that recombine randomly to
give Cg, by a process resembling that in the vaporization of
graphite.

Our extensive experience with the synthesis of geodesic
polyarenes (e.g., 13, 15, and 17) taught us that the unfunc-
tionalized hydrocarbon 6 probably would not perform well, if
at all, as a precursor for the preparative scale synthesis of Cg,
by FVP; the incorporation of halogen atoms or other
functionality that could generate radical intermediates at
high temperatures in the gas phase would be essential to get
curvature started in the it system. For the rest of the “zipping
up” to form Cq, we were banking on a cascade of pro-
gressively easier cyclodehydrogenations, analogous to the one
we had discovered earlier in a simpler system [Eq. (5)]. Thus,
our focus all along was on derivatives of 6 bearing a halogen
atom located deep in each fjord region (e.g., 28).

Toward this objective, we repeated the synthesis of ketone
27, starting from a compound that bore a chlorine atom in the
appropriate position to yield ketone 29.°” It was a dark day,
however, when the chlorine atom we deemed so critical for
the FVP step was found to ruin the aldol cyclotrimerization
[Eq. (7)]. From the 85% yield obtained in the unsubstituted
system (Scheme 11), the yield dropped to no more than 5-
10% of 28, despite extensive experimentation with other
catalysts, solvents, temperatures, and conditions.””

O Ticl,
_Ten
< 10%

29 28

Were it not for our previous encounters with 1,2-shifts of
hydrogen atoms in aryl radicals under FVP conditions (see
previous section), such a serious setback might well have
scuttled the entire campaign. To circumvent this obstacle,
however, we merely modified our target by moving the
chlorine atoms over to the unhindered neighboring positions
(cf. 26 versus 24 and 25), confident that the mobility of
hydrogen atoms in the derived aryl radicals would provide
viable pathways to ring closures, as in Scheme 9. Indeed,
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the synthesis of ketone 30 proved no more difficult than that
of 27 or 29.51 The yield in the aldol trimerization returned
to 85%, and FVP of the C4H,,Cl; intermediate 31 gave Cy,
which we isolated, characterized, purified, and put in a bottle
(Scheme 12).711

The first indicators that our FVP had worked came from
mass spectrometric and HPLC analysis of the crude product
mixture, both of which corroborated the presence of Cg,. For
the mass spectrometic analysis, we intentionally avoided high
energy methods, such as laser desorption-ionization and
MALDI, which could conceivably generate Cg, during the
analysis, even if it were not already present in the product
mixture.'¥ Instead, we stirred a solution of the crude product
with zinc metal to reduce any fullerenes in the mixture to their
radical anions™ and then gently vaporized the resulting
solution in an electrospray mass spectrometer. The spectrum
(recorded in anionic mode) consisted of a single large peak at
mlz 720, accompanied by the appropriate *C isotope peaks at
[M+1]" and [M+2]" and a few minor peaks of much lower
mass that we later traced to solvent impurities. No sign of any
higher fullerenes (e.g., C,, Cs, Cgy, etc.) could be seen.
Likewise, an HPLC of the crude product mixture gave a peak
at the same retention time as authentic C¢, and no peaks for
any other fullerenes. The UV spectrum of the peak from the
product mixture was recorded with a diode array detector and
matched that of authentic Cg, so there could be no doubt
about the success of our synthesis.

Finally, we collected the peak from the HPLC that
matched the retention time of authentic Cg, removed the
solvent, and isolated the synthetic Cy, in pure form. Electro-
spray mass spectrometry of the purified Cg, again confirmed
its structure and the absence of other fullerenes.

The specificity of this synthesis, giving C, to the exclusion
of all other fullerenes, is unprecedented and bodes well for the

L. T. Scott

adaptation of this strategy and methodology to the chemical
synthesis of other specific fullerenes by design, as discussed
below.

First, however, some comments are in order about the
yield of our Cy, synthesis. We chromatographed and purified
only a portion of our synthetic Cy,, but the yield in the final
step can be estimated to fall in the range of 0.1-1.0%. This
estimate is based on the total yield of soluble products
obtained (ca. 25%) and the integrated area of the C4, peak
(4%) in the HPLC of those products. Not knowing the
structures of all the other components in the mixture, one
cannot exclude the possibility that the UV detector on the
HPLC instrument might respond with abnormally high
sensitivity to Cy, so we conservatively include another
factor of 107" in our estimate. Even a yield in the range of
0.1-1.0%, however, means that the 15 new C—C bonds must
have been formed with an average yield of greater than 60 %
each [(0.60)"*=0.05%]. Apparently, the cyclodehydrogena-
tion cascade effect is real.

Four new principles made this synthesis possible:

1. Curvature can be temporarily induced in polyarenes by
flash vacuum pyrolysis (FVP).

2. Radical-initiated C(aryl)—C(aryl) coupling reactions can
be used to catch the distorted conformations.

3. Hydrogen atom 1,2-shifts can be exploited to circumvent
onerous synthetic challenges.

4. Cyclodehydrogenation cascades can be relied on to stitch
together adjacent arms of a m system, once curvature has
already been introduced.

None of these four principles was known when we began
working in this area. They all came to light during our work on
the synthesis of smaller fullerene fragments, and, in that sense,
the open geodesic polyarenes can all be viewed as having

Scheme 12. The first chemical synthesis of Cy; in isolable quantities: a) Mg, diethyl ether, then acetaldehyde; b) PBr;, benzene; c) P(CgHs);, tolu-
ene; d) LIOCH,CH;, 2-naphthaldehyde, ethanol, dichloromethane; e) UV irradiation (254 nm), |,, propylene oxide, cyclohexane; f) N-bromosuccini-
mide, dibenzoylperoxide, carbon tetrachloride; g) KCN, tetrabutylammonium hydrogen sulfate, water, dichloromethane; h) KOH, ethylene glycol;

i) SOCl,; j) AlCl,, dichloromethane; k) TiCl,, o-dichlorobenzene; I) FVP, 1100°C, 0.01 mmHg.l'"*"!
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served the role of “practice compounds” for the synthesis of
fullerenes.

8. Future Prospects

At the dawn of the 21st century, the branch of materials
science concerned with carbon-rich substances finds itself in a
position not unlike that of the pharmaceutical industry in the
middle of the last century. At that time, nearly all antibiotics,
antimalarial drugs, steroids, vitamins, and other pharmaceut-
ical agents were prepared either by fermentation or by
enrichment from natural sources (e.g., penicillin, quinine,
cortisone, vitamin A, etc.—notable exceptions being aspirin
and the sulfa drugs). The ensuing decades, however, totally
transformed the pharmaceutical industry into one that now
relies absolutely on chemical synthesis, and it is inconceivable
that organic chemists will be unable to develop increasingly
powerful and versatile methods of chemical synthesis to
transform the science of carbon-rich materials in a similar
way. Our 12-step synthesis of Cg, (Scheme 12)!'!! represents
only one stride in the long journey toward that goal.

From a long-range perspective, even Cg, must be viewed
as just another “practice compound,” synthesized as a test for
the new methodology. The ton quantities of Cg, available
today in one step from fuel-rich flames'®” make it pointless to
bother optimizing the FVP synthesis that is unlikely ever to
produce more than mg quantities of pure Cg,.

The real value of this work lies in the demonstration of
new principles that should be adaptable to syntheses of other
fullerenes and other carbon-rich targets. Moreover, we have
established a benchmark that will stimulate other synthetic
organic chemists to develop better strategies and more
effective methods for achieving the same goals; there is vast
room for improvement.

What other fullerenes are worth synthesizing? We see
little point in synthesizing C,, by the FVP method, except
perhaps as a means to determine whether or not the product
will suffer sequential losses of C, units under the conditions of
its formation and shrink down to Cg.*"! More interesting
would be the synthesis of higher fullerenes that have never
been isolated before (e.g., some of the unknown isomers of
Cgy) to determine whether or not the products will survive as
the intended isomers or rearrange to one (or more) of the
more stable isomers under the conditions of their forma-
tion.[!

More exotic targets include *C-labeled Cg, azafullerenes,
and other heterofullerenes. By synthesizing a multiply *C-
labeled Cg, one could determine whether the product
survives as a single isotopomer or if its carbon atoms
become scrambled under the FVP conditions®*®* or upon
subsequent irradiation.’®™ Azafullerenes with even numbers
of nitrogen atoms can be closed-shell even-electron species
(unlike C5,N™1), and the preference of amines for pyramidal
geometries at the nitrogen atoms could relax the “isolated
pentagon rule”, thus permitting the synthesis of polyazaful-
lerenes with even fewer than 60 atoms total (e.g., Cs,N,).
Many fullerenes with holes in them (atoms missing) might be
easier to make “from the ground up” rather than by
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degradation of an intact fullerenel® (e.g., Cs,Hs, Cq with
one hexagonal face missing).®® Trapping an atom or small
molecule inside a fullerene as it zips up under FVP conditions,
sadly, seems rather improbable, so the chemical synthesis of
endohedral fullerene complexes still stands as an unmet
challenge in this field.®"®! We are currently exploring
possible extensions of the methods described here to the
chemical synthesis of structurally uniform, single wall carbon
nanotubes and other carbon-rich materials.
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Visible-light excitation of the europium complex shown leads to
characteristic red emission from the Eu'"" center. A spectroscopic study
shows the nature of the sensitization process and accounts for why the
complex can be excited at these longer wavelengths. For more
information see the Communication by Y. Wang, ).-P. Zhang, W.-T.
Wong et al. on the following pages.
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A Highly Luminescent Europium Complex
Showing Visible-Light-Sensitized Red Emission:
Direct Observation of the Singlet Pathway**

Chi Yang, Li-Min Fu, Yuan Wang,* Jian-Ping Zhang,*
Wing-Tak Wong,* Xi-Cheng Ai, Yi-Fang Qiao,
Bing-Suo Zou, and Lin-Lin Gui

A challenge in the chemistry of the lanthanide ions is to
develop luminescent Eu complexes that can be sensitized by
visible light and to determine the energy-transfer mechanisms
in these systems. Recently, this field has become much more
important because of the demand for less-harmful labeling
reagents in the life sciences and low-voltage-driven pure-red
emitters in optoelectronic technology.! The commonly
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observed sensitization mechanism for luminescent europium
complexes involves a triplet pathway, in which the transfer of
the energy absorbed by the ligand to the Eu' ion takes place
from the ligand-centered triplet excited state (T;). In this case,
the optical excitation window for luminescent Eu complexes
appears to be limited to <385nm owing to the energetic
constraints highlighted by Reinhoudt and co-workers.”! With
the use of ‘antenna’ chromophoric groups, which have a
smaller energy gap between the lowest singlet excited state
(S,) and the T, state (e.g. acridone, diaryl ketones), it has been
demonstrated by several research groups that the excitation
wavelength for Eu complexes can be extended into the visible
region through the usual triplet pathway.**! Another promis-
ing means of longer-wavelength sensitization of Eu' emission
is through the singlet pathway, in which the excited-state
energy of a chromophore is directly transferred from its S,
state to the luminescent states of the Eu™ center. In this way
the energetic constraints from the T, state of the ligand can be
avoided.

The singlet pathway for the sensitization of lanthanide
luminescence was first proposed by Kleinerman in 1969.!
Horrocks and co-workers later examined the energy-transfer
processes in lanthanide-ion-binding proteins and assumed
that it was the singlet excited state of the chromophore that
sensitized the lanthanide emission.”! However, owing to the
lack of information regarding the emission from the excited
states of the coordinated ligand and the difficulties in the
determination of the ligand-localized triplet-triplet absorp-
tion spectra for lanthanide chelates, it has been very difficult
to prove for certain which state is responsible for the energy-
transfer process.”! All the experimental work conducted on
the sensitization of lanthanide—chelate luminescence seems to
support the triplet pathway, whereas the singlet pathway for
the sensitization of the Eu complex has not been observed
experimentally.”) Herein, we report the successful extension
of the excitation window to the visible region for a Eu
complex, which subsequently exhibits highly efficient Eu''-
centered luminescence. The sensitization mechanism is shown
to take place through the singlet pathway by means of time-
resolved luminescence spectroscopic studies.

We have previously demonstrated that dipyrazolyltriazine
derivatives are good chromophores for the efficient sensiti-
zation of lanthanide ion luminescence.! To achieve longer-
wavelength sensitization of the Eu™ emission, we explored
the effect of incorporating N,N-dialkyl aniline moieties into
the dipyrazolyltriazine systems. The new ligand 3 was
prepared by heating 2 and the potassium salt of 3,5-
dimethylpyrazole in dry THF at reflux for 12 h (Scheme 1).
The reaction of 3 and europium thenoyltrifluoroacetonate
[Eu(tta);3H,0] in THF yielded a yellow solution of the
complex 4, which showed a bright red emission under daylight
illumination. After evaporation of the solvent, the residue
was taken up in dry diethyl ether, and the solution was
triturated with n-hexane; the complex Eu(tta);L. (4) was
obtained as a bright orange powder (Scheme 1).

The photophysical properties of a solution of complex 4 in
toluene were investigated systematically. Upon the coordina-
tion of 3 to Eu'™, the ligand charge-transfer (CT) absorption
band is shifted from 387 nm (e=38000 cmMm ') to 406 nm
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Scheme 1. Synthesis of the complex 4. a) N,N-diethylaniline; b) potassium 3,5-dimethylpyrazolate;

¢) ([Eu(tta);]-3 H,0).

(¢ =55000 cm ™ ') owing to the stabilization of the very polar
excited states (Figure 1). The excitation spectrum of complex
4 (emission monitored at 614 nm) is in agreement with its
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Figure 1. The room temperature UV/Vis absorption spectra of the Eu
complex 4 (dashed line) and the ligand 3 (dotted line) as solutions in
toluene, and the fluorescence emission spectrum of complex 4 (solid
line, X,,=402 nm) at ~1.0x10~° M. Luminescence quantum yields (®)
for 4 are given in parentheses.

ground-state absorption spectrum. The excitation window for
complex 4 can be extended beyond 460 nm when the
concentration is increased up to 1x1072mM. Upon selective
excitation at the ligand CT band at room temperature, the
emission spectrum of complex 4 displays a broad band
centered at 430 nm, derived from the coordinated ligand, and
the characteristic sharp peaks associated with the D,—’F,
transitions of the Eu™ ion (Figure 1). The five expected
components of the D,—’F,, transitions are well resolved
and the hypersensitive *D,—F, transition is very intense,
which reflects a low symmetry of the Eu'™ site. The overall
luminescence quantum yields for the emissions from the Eu™
ion and the coordinated ligand in 4 in toluene are 0.52 and
0.27, respectively (1, =402 nm, room temperature). The
observed quantum yield for the Eu™ emission is the highest
reported value for such visible-light-sensitized Eu complexes.
When the temperature was reduced to 77 K, the ligand
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N emission band at 430 nm vanished
completely to leave only the intense

SDy—’F,, emission of Eu". This

indicates that the Ligand-to-Eu™

N7 energy transfer is more efficient at

s M lower temperatures.

/N N NN The kinetics and the time-
B resolved spectra of the lumines-

N cence from 4 were recorded on
different timescales as shown in

Figures 2a—d. On the nanosecond
3 timescale (Figure 2a) and immedi-
4 ately following the pulsed excitation
at 400 nm, broad spectra which
extend up to 620 nm were observed
(inset, 1-4 ns). These broad signals
arise from the red edge of the S;—S,
fluorescent emission of the coordi-
nated ligand that is centered at ~ 430 nm. Simultaneously, the
emission from the °D,—’F; transition of the Eu™ jon at
585 nm is also clearly seen. The intensities of these signals
vary upon increasing the delay time. The decay-time constant
of the ligand S;-state emission exhibits a weak wavelength
dependence, that is, 1.3 ns at 430 nm and 1.8 ns at 605 nm. On
the other hand, the rise-time constant of the *D, luminescence
at 585 nm is found to be 1.8 ns. This decay-to-rise correlation
strongly suggests direct energy transfer from the S, state of
the coordinated ligand 3 to the °D; state of Eu'.

On the sub-microsecond timescale (Figure 2b), a tight
correlation between the decay of the *D;—’F,_; luminescence
signals at 535, 555, and 585 nm (decay constant, 387 ns) and
the rise of the D, —F, luminescence at 614 nm (rise constant,
392 ns) can be established; this indicates the transfer of the
excited-state population from the °Dj state to the D, state of
the Eu™ ion. The kinetics of the D,—’F, luminescence of
Eu™ at 614 nm was examined on the millisecond timescale
(Figure 2¢). The lifetimes of the excited state are 0.48 and
0.65 ms at room temperature and 77 K, respectively.

To determine the energy of the T, state of the coordinated
ligand 3, we performed time-resolved phosphorescence
measurements at 77 K (Figure 2d). The emission spectrum
reveals an asymmetric broad phosphorescence band centered
at ~525nm (19048 cm™') with a weak reminiscent *D,—F,
emission band at 614 nm. Most importantly, the lifetime of the
T,-state of the coordinated ligand is determined to be 3.9,
which is significantly longer than the lifetime of the °Dj state
of the Eu™ metal center (0.65 ms). Therefore the excitation-
energy transfer from the triplet state of the coordinated ligand
3 to the emissive states of the Eu"" ion (°D; and °D,), if any,
would have a very low probability (< 107%).1% On the basis
of the above observations, we conclude that the sensitization
of the Eu™ emission in complex 4 proceeds through the
singlet pathway, whereas the triplet pathway is essentially
inactive (Figure 3).

In conclusion, we have demonstrated the first observable
case of excitation-energy transfer from the ligand to the
luminescent states of Eu' ion through the singlet pathway in
a visible-light-sensitized europium complex. The excitation
window for this complex has been extended up to 460 nm.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. The time-resolved luminescence spectra of complex 4 in tolu-

ene on different timescales recorded at room temperature (a, b) and
77 K (c, d). a) Kinetics curves at 430 (0) and 585 nm (e) with an exci-
tation pulse at 400 nm (130 fs); the inset shows the luminescence
spectra at different delay times (t,). b) Kinetics curves at 585 (o) and
614 nm (O) with an excitation pulse at 417 nm (5 ns); the inset shows
the luminescence spectra at different delay times. c) Kinetics curves at
614 nm with an excitation pulse at 417 nm (5 ns). d) Kinetics curves at
525 (0) and 614 nm (0); the inset shows the phosphorescence spec-
trum of complex 4 after a delay time of 1s.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Energy-level diagram showing the energy-transfer pathways in
complex 4; isc denotes intersystem crossing.

Experimental Section
3: Potassium (0.08 g, 2.07 mmol) was added to a stirred solution of
3,5-dimethylpyrazole (0.288 g, 3.0 mmol) in dry THF (30 mL) under
N, at 70°C. After the metal dissolved, the colorless solution was
cooled to ~10°C and 2 (0.297 g, 1.0 mmol) was added. The reaction
mixture was stirred at room temperature for 0.5 h and then heated at
reflux for 5 h. The solution was concentrated under reduced pressure,
and the residue was purified by column chromatography on silica gel
with a mixture of petroleum ether and benzene as eluent to afford 3
(0.36 g, 86%). M.p. 235-236°C; '"H NMR (CDCl,, 300 MHz, 25°C,
TMS): 6=8.39 (d, *J(H,H)=9.2 Hz, 2H; Ph-H), 6.72 (d, *J(H,H) =
9.1 Hz, 2H; Ph-H), 6.08 (s, 2H; Pz-H), 3.46 (q, *J(H,H) =7.0 Hz, 4 H;
NCH,CHs), 2.85 (s, 6 H; Pz-CH,), 2.35 (s, 6 H; Pz-CH3), 1.23 ppm (t,
*J(HH) =69 Hz, 6H; NCH,CH;); *CNMR (300 MHz, CDCl,,
25°C, TMS): 6=173.37, 163.98, 152.48, 151.59, 143.95, 131.57,
121.23, 111.35, 110.68, 44.64, 16.06, 14.06, 12.60 ppm; IR (KBr): 7=
2983, 2955, 2893, 2863 (C-H), 1587 (C=N), 1560 (C=N), 1537, 1509
(C=N), 1409 (C=N), 1389, 1355, 1338, 1268, 1184, 1067, 970, 803,
747 cm™'; FAB MS (nba): m/z : 417[M +1]; elemental analysis: calcd
for C,;HxNg: C 66.32, H 6.78, N 26.90; found: C 66.28, H 6.78, N
26.81%.

4: A solution of Eu(tta);3H,O (87 mg, 0.1 mmol) in THF
(10 mL) was added to a solution of 3 (41.6 mg, 0.1 mmol) in THF
(10 mL) to give instantaneously a yellow solution with very bright red
luminescence in daylight. After evaporation of the solvent, the
residue was redissolved in a small amount of diethyl ether. Addition
of n-hexane to the solution led to the precipitation of the ternary
complex of [Eu(tta);(3)] (4) as an orange powder (= 86 % ). M.p. 138—
139°C; '"HNMR (CDCl,, 300 MHz, 25°C, TMS): 0 =25.54 (s, 3H;
CH), 12.22 (s, 2H; Pz-H), 7.43 (d, *J(H,H) = 8.2 Hz, 2H; Ph-H), 6.91
(s, 3H; Th-H), 6.05 (s, 3H; Th-H), 5.90 (d, >J(H,H) = 8.2 Hz, 2H; Ph-
H), 5.03 (s, 3H; Th-H), 4.82 (s, 6H; Pz-CH,), 3.31 (q, *J(HH)=
6.9 Hz, 4H; NCH,CHj,), 0.95 (t, *J(H,H) = 6.6 Hz, 6H; NCH,CH,),
—0.06 ppm (s, 6H; Pz-CHj;); IR (KBr): 7=2978, 2931 (C-H), 1612,
1591, 1559 (C=N), 1538, 1502, 1415 (C=N), 1393, 1353, 1304, 1185,
1140, 1037, 808 (C=N), 783, 751, 716, 692, 641, 580 cm™'; FAB MS:
miz: 1232 [M*]; elemental analysis: calcd for EuC,H,NgFyO,S;: C
45.82,H3.27,N 9.10, S 7.81; found: C45.35, H3.28, N 9.03, S 7.59 %.

Steady-state UV/Vis absorption and photoluminescence (PL)
measurements were carried out on an absorption spectrometer (U-
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3310, Hitachi) and a fluorescence spectrophotometer (F-2500,
Hitachi), respectively. Luminescence quantum yields were deter-
mined by the method described by Demas and Grosby,'! with 4-
dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4 H-pyran

(@ =0.71) as the reference.'”

Time-resolved PL spectroscopy on the nanosecond timescale was
performed on a photon-counting type streak camera (C2909,
Hamamatsu) combined with a polychromator (Chromex 250is,
Chromex); the excitation pulses were provided by a regenerative
amplifier (Spitfire, Spectra Physics), whose output wavelength was
converted to 400 nm with the second-harmonic generation (~200 nj,
120 fs, 1 KHz). The time-resolution was 30 ps. For the sub-micro-
second PL measurements, a gated linear photodiode-array detector
(1420, EG&G; gate width 5ns) attached to a polychromator was
employed; the excitation pulses (417 nm, 1 mj, 5 ns) were obtained
with a hydrogen-charged Raman shifter (2 MPa) which was pumped
by the third harmonics of a Nd:YAG laser (355 nm, 1 Hz, 40 mJ/
pulse). The PL kinetics on a millisecond timescale were recorded on a
PMT (R298, Hamamatsu) detector attached to a monochromator.
The time-resolved phosphorescence measurements were carried out
at 77 K. Excitation was realized with the aforementioned 400 nm
laser beam, which was chopped by an electric shutter; phosphor-
escence emissions were sent to a polychromator (Spectropro 550i,
Acton) equipped with a liquid-nitrogen cooled CCD detector (SPEC-
10-400B/LN, Roper Scientific). A delay-pulse generator (DG535,
Stanford Research System) was used to trigger the CCD detection
(exposure time 0.1 s) at various delay times with intervals of 0.5s.

Received: February 28, 2004
Revised: May 25, 2004 [Z54141]

Keywords: energy-transfer mechanisms - europium -
luminescence - sensitizers - time-resolved spectroscopy

[1] a) V. Vicinelli, P. Ceroni, M. Maestri, V. Balzani, M. Gorka, F.
Vogtle, J. Am. Chem. Soc. 2002, 124, 6461 —6468;b) J. L. Bender,
P. S. Corbin, C. L. Fraser, D. H. Metcalf, F. S. Richardson, E. L.
Thomas, A. M. Urbas, J. Am. Chem. Soc. 2002, 124, 8526 —8527.

[2] a) F.J. Steemers, W. Verboom, D. N. Reinhoudt, E. B. van der
Tol, J. W. Verhoeven, J. Am. Chem. Soc. 1995, 117, 9408 -9414;
b) M. Latva, H. Takalo, V. M. Mukkala, C. Matachescu, J.-C.
Rodriguez-Ubis. J. Kankare, J. Lumin. 1997, 75, 149-169.

[3] M. H. V. Werts, M. A. Duin, J. W. Hofstraat, J. W. Verhoeven,
Chem. Commun. 1999, 799 —800.

[4] a) A. Dadabhoy, S. Faulkner, P. G. Sammes, J. Chem. Soc. Perkin
Trans. 2 2000, 2359-2360; b) A. Beeby, L. M. Bushby, D.
Maffeo, J. A. G. Williams, J. Chem. Soc. Perkin Trans. 2 2000,
1281-1283; ¢) Y. Bretonniere, M. J. Cann, D. Parker, R. Slater,
Chem. Commun. 2002, 1930-1931.

[5] M.J. Kleinerman, J. Chem. Phys. 1969, 51, 2370-2375.

[6] a) W. D. Horrocks, Jr., W. E. Collier, J. Am. Chem. Soc. 1981,
103, 2856-2862; b) J. Bruno, W. D. Horrocks, Jr., R. J. Zauhar,
Biochemistry 1992, 31, 7016 —7026.

[7] a) S. 1. Klink, G. A. Hebbink, L. Grave, P. G. B. Oude Alink,
F. C.J. M. van Veggel, M. H. V. Werts, J. Phys. Chem. A 2002,
106, 3681-3689; b) G. F. de S4, O. L. Malta, C. de Mello Do-
negd, A. M. Simas, R. L. Longo, P. A. Santa-Cruz, E. F. da Sil-
va, Jr., Coord. Chem. Rev. 2000, 196, 165—-195.

[8] a) C. Yang, W. T. Wong, J. Mater. Chem. 2001, 11, 1298 -1300;

b) C. Yang, X. M. Chen, Y. S. Yang, J. Chem. Soc. Dalton Trans.

1996, 1767 -1768.

Nonparticipation of the first triplet state of the ligand in

intramolecular energy transfer in Eu'"™ complexes with Ruhe-

mann’s purple has been observed: I. M. Alaoui, J. Phys. Chem.

1995, 99, 13280-13282.

[9

—

Angew. Chem. Int. Ed. 2004, 43, 50105013

www.angewandte.org

Angewandte

[10] As the T, level of the coordinated 3 (19048 cm™) in 1 seems
suitably located for energy transfer to the *D; (19000 cm™") and
the "D, (17500 cm ™) states of the Eu'™ ion, the unusually low
probability of the ligand(T,)-to-Eu(°D,_,) energy transfer is
interesting and the reasons behind this are under current
investigation.

[11] J.N. Demas, G. A. Crosby, J. Phys. Chem. 1971, 75, 991 -1024.

[12] P. R. Hammond, Opt. Commun. 1979, 29, 331-334.

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

Chemie

5013


http://www.angewandte.org

Angew. Chem. Int. Ed. 2004, 43, 5013 -5016

Angewandte

Enantioselectivity Determination

Direct Visual Detection of the Stereoselectivity of
a Catalytic Reaction**

Rienk Eelkema, Richard A. van Delden, and
Ben L. Feringa*

The unique handedness of the essential molecules of life and
the key role of homochirality in the development of new
drugs'V is a source of inspiration for numerous efforts to
design efficient catalytic procedures to prepare single enan-
tiomers of biologically active compounds.”’ The analysis of
the enantioselectivity in the (high-throughput) screening of
asymmetric catalysts®! is often the rate-determining step,**
despite the introduction of ingenious combinatorial meth-
ods™** and miniaturization.®* Thus, an instant read-out of
the enantiomeric excess of a chiral product would be an
important step forward.["’ Herein we report a color test for the
rapid determination of the stereoselectivity of a catalytic
conversion, which offers a simple solution to the fundamental
challenge of directly visualizing the molecular chirality of a
reaction product. The incorporation of a mesogenic unit into a
typical substrate used in the screening of chiral catalysts
allows the immediate assessment of the enantiomeric excess
of the product from the color induced in a liquid-crystalline
matrix.
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Our design is based on the principle of color generation in
doped cholesteric liquid-crystalline (LC) films.® Cholesteric
or twisted nematic liquid-crystalline phases can be induced by
doping an achiral nematic liquid-crystalline host compound
with a suitable chiral nonracemic guest molecule (the
dopant).”! Aligned films of these liquid-crystalline phases
are known to reflect light of a
particular wavelength. The
wavelength can be tuned

mined directly after doping, without the need for any
derivatization. To demonstrate this concept we chose the
copper-catalyzed asymmetric conjugate addition of diethyl-
zinc to chalcone as a model reaction, as this is a well-described
and extensively studied C—C bond-formation reaction
(Scheme 1).1%13

within the range of the visi- S o
ble  spectrum  (ca.360- O O
700 nm) by careful choice of

the chiral dopant and leads
to brightly colored liquid-
crystalline films. The

reflected  wavelength s 0

cat.

cat. Cu(OTf),

1 OO
o 2
_P-N
O/
L1 o

Et,Zn %

(87%, ee = 87%, HTPg; = 5.8 um™)

dependent on the pitch (p) O N O

and the refractive index (n)
of the material as well as on 3
the incident angle () of the
light. The pitch, in turn, is
inversely proportional to the
concentration (c), the helical
twisting power (f3), and, most
importantly for the present
application, the enantio-
meric excess (ee) of the
chiral guest molecule. The
wavelength of reflection is
directly related to the enan-
tiomeric excess according to Equation (1).

A(a) = npcos[sin~!(sina/n)] = n (Bcee) ' cos[sin~! (sina/n)] (1)

The helical twisting power, which is an intrinsic property
of any chiral dopant, is a measure of the efficiency of the
molecule to cause helical induction in a liquid-crystalline
matrix. In general, the magnitude of the helical twisting
power of typical products of enantioselective catalytic trans-
formations is too small to obtain colored liquid-crystalline
phases, since there is a limit to the dopant concentration in a
liquid-crystalline host. To overcome this problem we envi-
sioned that a reaction product with high structural resem-
blance to the liquid-crystalline host should give rise to both a
higher helical twisting power and an improved compatibility.
Recently, we reported a method based on this principle, which
allowed the evaluation of the enantiomeric excess of chiral
products by simple inspection of the color after a derivatiza-
tion step.'>!) The major drawback of this method, partic-
ularly when performing multiple parallel reactions, is the
essential, but time-consuming, derivatization step.

The common practice for initial screening of new effective
catalysts involves conversion of benchmark reagents, thus we
reasoned that a simple redesign of such substrates to
incorporate a mesogenic unit would result in an immediate
color test to assess the stereochemical outcome of a particular
catalytic conversion. In other words, when the product of the
enantioselective catalysis itself structurally resembles the
liquid-crystalline host the enantiomeric excess can be deter-
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Scheme 1. Copper-catalyzed asymmetric conjugate addition of diethylzinc to chalcone (1) and para-n-heptyl-
oxyphenyl-substituted chalcone 3. Tf=trifluoromethanesulfonyl.

The ethyl adduct 2 of the benchmark reagent chalcone 1
shows no structural resemblance to the liquid-crystalline host
E7 and results in a low helical twisting power of 5.8 um .1 It
is, therefore, not possible to generate a colored liquid-
crystalline film using E7 doped with 2. To realize a structural
resemblance between the asymmetric conjugate addition
product and E7 we employed para-n-heptyloxyphenyl-sub-
stituted chalcone 3 (see Supporting Information) as a starting
material instead of chalcone (1). A prominent structural motif
both in the LC host material E7 and chiral product 4 is the
para-alkoxy-substituted biphenyl mesogenic unit. This fea-
ture resulted in a significantly higher helical twisting power of
18.5um™" for 4, thus allowing color generation in liquid-
crystalline films aligned on a polyimide-coated glass plate. In
accordance with Equation (1), doping of achiral E7 with
21 wt% of enantiomerically pure 4 resulted in a violet-blue
liquid-crystalline film. Samples of E7 doped with 4 with 100,
90, 80, 70, 60, and 50 % ee (prepared by mixing enantiomeri-
cally pure and racemic 4) afforded liquid-crystalline phases
with colors ranging from violet-blue (100 % ee) to deep red
(50 % ee), thus allowing direct visual determination of the
enantiomeric excess of the chiral dopant (Figure 1). The
enantiomeric excess of the product can further be quantified
by measuring the exact wavelength of reflection with high
accuracy, since a change in the ee value of only 1 % results in a
readily detectable shift of at least 4.0 nm in the wavelength of
maximum reflection. A calibration curve for the determina-
tion of the enantiomeric excess was obtained during the
spectroscopic measurement of the reflection wavelength of
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Figure 1. Color (90°) and wavelength (1(45°)) of the reflection of E7
doped with 21 wt % of 4 with different ee values. The depicted colors
are photographs of the LC samples taken perpendicular (90°) to the
surface of the film. The wavelengths of maximum reflection were mea-
sured at an incident light angle of 45°.

the colored phases described above (at an incident angle of
45°; Figure 1).

For compound 3 to be applicable as a benchmark reagent
for enantioselective conjugate additions it is essential that
yields and enantioselectivities are comparable to those of 1,
the typical substrate for these reactions. Compound 3 was
tested as a substrate in the catalytic conjugate addition of
diethylzinc using Cu(OTf), and ligand L1. It was rewarding to
observe similar yields and enantioselectivities to those
obtained for chalcone 1 (Scheme 1). The only difference
was that compound 3 showed low
solubility in toluene (the common
solvent for these reactions) at

_ o [13] _
25°C,"! and therefore the reac ce values.

Angewandte

generate colored liquid-crystalline films (Table 1). Compar-
ison of the colors of these films to those of films of E7 doped
with 4 with various known ee values allows quantification of
the enantioselectivity of the reaction by visual inspection
(Figure 1). It was possible to accurately assess the enantio-
meric excess of product 4 by measuring the reflection
wavelength and using the calibration curve depicted in
Figure 1. To ascertain the accuracy of our new technique the
ee values obtained from the color test were compared to those
determined by HPLC on a chiral stationary phase. An
excellent correlation was found in all cases, especially
between the values obtained by reflection wavelength meas-
urements and HPLC. The values obtained by visual inspec-
tion are less precise, although a difference in an ee value of
<5% can readily be detected by the naked eye. The
possibility of visual inspection offers the advantage of instant
read-out of the enantiomeric excess, which is ideal for
screening purposes in combinatorial catalysis. Full conversion
into the desired product was always achieved in these
reactions; however, this color test can still be applied even
if full conversion is not reached, since in this case the observed
color can act as a measure of the combination of conversion
and ee value [Eq. (1)].1"")

These results clearly demonstrate that it is possible to
determine the enantiomeric excess of the product of a
catalytic asymmetric reaction by a liquid-crystalline-based
color test, as illustrated for a key carbon—carbon bond-
forming reaction. In the 1,4-addition of diethylzinc to 3,
product 4 was obtained with yields and enantioselectivities
similar to the ethyl adduct of chalcone, which is a common

Table 1: Screening results of chiral catalysts;® comparison of methods for the determination of

tions on this substrate were per-
formed in dichloromethane. How-
ever, the change in solvent had only
a minor influence on the yield and |,
the enantioselectivity of the reac-
tion.

To examine whether it is possi-

®
9
@
ble to measure the enantioselectiv- L2 O
@
9

Ligand

ity of a conjugate addition reaction
directly by applying the method and
substrate described above, six chiral
phosphoramidite  ligands were
tested (Table1). This class of
ligands is widely applied in conju-

L3

gate additions to effect C—C bond L4 PN

formation.'*"! The reactions were
performed under standard condi-
tions, and after quenching the reac-
tion mixture and a simple filtration
to remove the zinc and copper salts
(as described in the Experimental
Section) 21 wt% mixtures of the |g
product and liquid-crystalline host
E7 were applied to linearly rubbed,

L5

Ligand structure

Color ee (reflection wavelength) [%] ee (HPLC) [%]

86 86

E‘P-NQ 7 72

60 59
66 64
60 58

O\P NQ
P 71 74
¢

polyimide-coated glass plates to
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[a] Ligands were tested in the reaction with 3 in Scheme 1. See Experimental Section for details.
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substrate in catalytic reactions leading to C—C bond forma-
tion. These results make substrate 3 a valuable benchmark
reagent for these reactions. Enantioselectivities can be
determined visually (by looking at the color of an aligned
liquid-crystalline film doped with the product) or spectro-
scopically (by measuring the reflection wavelength and
comparing it with a calibration curve). Both methods,
although of different accuracy, give ee values comparable to
results obtained by HPLC on a chiral stationary phase. This
new procedure involves simple filtration and mixing, and does
not require chiral auxiliaries or post-reaction derivatization.
Furthermore, microgram quantities of product are sufficient.
In conclusion, this methodology allows fast and accurate
screening of enantioselectivities in asymmetric catalysis, and
the development of simple color tests for a wide range of
asymmetric transformations is envisioned based on this
principle.

Experimental Section

General procedure: A chiral ligand (L1-L6, 15.0 umol, 10 mol %),
Cu(OTY), (2.7 mg, 7.5 pmol, 5 mol % ), and dichloromethane (4.2 mL)
were added to a flame-dried Schlenk flask under argon. The mixture
was stirred for 1h at room temperature, and then substrate 3
(60.0 mg, 0.15 mmol) was added. This mixture was stirred for an
additional 15min and subsequently cooled to —25°C. Et,Zn
(0.35 mL, 1.0M solution in hexanes) was added and the mixture was
stirred for 2 days at —25°C. The reaction was then quenched by the
addition of saturated aqueous NH,Cl (1 mL). The resulting mixture
was dissolved in dichloromethane (50 mL) and filtered through a 3-
cm plug of SiO, and collected in a flask of known weight. After
evaporation of the solvent, the flask was weighed to determine the
yield of the product (typically around 54 mg). The product was
dissolved in toluene (5.0 mL) and an appropriate amount of this
solution containing 0.80 mg of product was mixed with 85.7 uL of a
stock solution of E7 in toluene (17.55 mg in 500 uL). The solution was
then poured onto a linearly rubbed, polyimide-coated glass plate. The
color appeared immediately after evaporation of the toluene in the air
at room temperature. These phases were stable for 1-3 days, depend-
ing on the cholesteric pitch. The colors of these phases could be
detected by visual inspection or by measuring the reflection wave-
length at a 45° angle by using a modified UV apparatus.
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Self-Assembly

Kinetic Self-Assembly: Selective Cross-
Catenation of Two Sterically Differentiated Pd"-
Coordination Rings**

Akiko Hori, Ken-ichi Yamashita, and Makoto Fujita*

Like protein folding, self-assembly in biology is considered to
be a kinetic process where the most favorable pathway to
programmed structures is kinetically selected through meta-
stable intermediary structures.' Although numerous
reports have appeared on thermodynamically controlled
self-assembly,**! relatively few have discussed kinetic self-
assembly in chemical systems.”*! Here we deal with kinetic
self-assembly based on the dynamic behavior of coordination
rings. We emphasize that designing not only structures but
also pathways is an important yet unexplored task for
controlling molecular self-assembly.

The kinetic self-assembly discussed here is demonstrated
by the cross-catenation™ of Pd"-linked rings 1 and 2, which
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are differentiated by alkoxy side chains (Scheme 1). The
homocatenation of 2 is kinetically unfavorable because of the
steric demand of the alkoxy side chains."™ Accordingly, ring 2

Scheme 1.

is only allowed to thread on less-hindered 1, thus giving rise to
the kinetic formation of cross-catenane 3.

We first estimated the timescale of the homocatenation of
1 by 2D EXSY NMR spectroscopy.’® This sterically less
hindered ring rapidly forms catenanes,"” and a clear corre-
lation between 1 and its catenated dimer 4 was observed even
after 30 ms mixing time, thus showing that the catenation
takes place on a millisecond timescale. The rapid catenation
should be retarded if a sterically demanding side chain is
attached to the ligand of 1. A bis(methoxyethoxy)-substituted
ligand (the precursor of 2) was synthesized and complexed
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www.angewandte.org

Angewandte

with [Pd(en)(NOj),] (en=ethylenediamine) in DMSO to
give 2 quantitatively. Since the catenation of Pd"-linked rings
is driven by aromatic-stacking interactions, which work
efficiently in aqueous media,"” water was added to the
solution of 2 in DMSO to transform it into homocatenane 5.
As expected, the catenation was significantly retarded, and
took 4-5 h to be completed (Figure 1).

Figure 1. NMR spectra indicating the transformation of 2 into catenane 5
(aromatic region, 500 MHz, 300 K, [D¢]DMSO/D,0O (1:1.5), TMS as an exter-
nal standard); after a) 3 min, b) 10 min, c) 20 min, d) 60 min, e) 240 min.

Accordingly, we examined the cross-catenation of 1 and 2
by utilizing the large difference in the catenation rate of 1 and
2. Water (0.9 mL) was added to a

solution of 1 (4.5 mg, 4.5 umol) and

2 (52mg, 4.5pmol) in DMSO

(0.6 mL) at ambient temperature.

The two rings were immediately

transformed into a single catenated

product as indicated by NMR spec-

troscopic analysis (Figure 2). The

large upfield shifts of the central

aromatic protons are characteristic

of interstrand stacking between the

rings.™® Since this spectrum was

different from those of homocaten-

ated compounds 4 and 5, the selec-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Observation of cross-catenation by NMR spectroscopy (aro-
matic region, 500 MHz, 300 K, TMS as an external standard): a) The
spectrum of a mixture of 1 and 2 in [Dg]DMSO, b) the spectrum after
the addition of D,0.

tive formation of cross-catenane 3 was strongly suggested. A
coldspray ionization mass spectrometry (CSI-MS)! study
confirmed the selective formation of cross-catenane 3 as
evident from prominent signals that fully agreed with 3: for
example, m/z 572.0 [3—(NO,),+(DMSO);]** (Figure 3). Sig-
nals indicating the presence of 4 or 5 were barely visible.

552.2 [3-(NO3)4+{DMS0),]**
57.2-0 572.0' [3-(NO3),+(DMS0)s]**
100- 5915 5915 [3-(NO3)4+(DMSO)g]*
1 L) 705.4: [3-(NO3);+(DMSO},]>*
80 731.4: [3-(NO3);+H{DMS 0,
5522@
60
Ire\ 401
20 ] ‘ 705.4
| l ®0731.4 l
0 “ l J l Ly L A4 L
0 200 400 600 800 1000 1200

mz ——»

Figure 3. CS| mass spectrum of cross-catenane 3 in DMSO/H,0O
(1:1.5) solution.

The selective formation of 3 is explained by the energy
diagram shown in Figure 4. Although three possible cate-
nanes 3-5 have similar thermodynamic stability, the forma-
tion of 5 is kinetically inhibited because ring 2 must thread on
the bulky ligand of 2 itself. Thus, the states [I] and [II] will
rapidly equilibrate and favor the formation of cross-catenane 3.

This speculation suggests that cross-catenane 3 (state [I])
will be equilibrated with 4 + 5 (state [III]) if the reaction time
is long (or temperature is high) enough to promote the
formation of 5. In fact, when the solution of 3 was allowed to
stand at 25°C for a week, new signals assigned to homoca-
tenanes appeared in the NMR spectrum. The ratio of 3:4:5
was estimated to be 4.3:1:1 and 2.8:1:1 after 1 day and 2 days,
respectively. The ratio finally became statistical (2:1:1) after

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

www.angewandte.org

Figure 4. The energy diagram for the homo- and cross-catenane of 1
and 2.

8 days. The same statistical mixture was also obtained when
presynthesized catenanes 4 and 5 were combined in a mixture
of H,O and DMSO, and the solution was allowed to stand at
25°C for 1 week. Clearly, the selective formation of cross-
catenane over short times (minutes or hours) is kinetically
controlled while the formation of a statistical mixture over
longer times (days) is thermodynamically controlled. Of
course, the equilibration became much slower at lower
temperatures. The transformation of 3 into a statistical
mixture took several months in a refrigerator (6°C). More-
over, this transformation was completely suppressed in a
freezer.

In summary, we have controlled the cross-catenation of
two different rings by a kinetic method. Although still a
preliminary study, the case detailed here demonstrates a new
method of molecular self-assembly in which desired struc-
tures are generated by programmed pathways. Our results
offer a good example of such kinetically controlled self-
assembly and will, hopefully, be emulated by many other
cases.
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Remarkably Facile Ring-Size Control in
Macrocyclization: Synthesis of
Hemicucurbit[6]uril and Hemicucurbit[12 Juril**

Yuji Miyahara,* Kenta Goto, Masakazu Oka, and
Takahiko Inazu

Dedicated to Professor Leo A. Paquette
on the occasion of his 70th birthday

Recent developments in the chemistry of cucurbit[n]urils
(CucN: n=5-10) reveal that their hydrophobic cavities are
particularly useful for applications in supramolecular chemis-
try.l!

As previously reported, decamethylcucurbit[5]uril
(MeCuc5) behaves as a “molecular” sieve if the portals,
which are frilled by carbonyl oxygen atoms, are not stoppered

Cuc6 MeCuch

by cations.””! Since the polar interactions of the portals with
cations are well known,”! we imagined that if the CucN
molecules were cut in half along the equator, the resulting
macrocycles, which we therefore call hemicucurbit[N]uril
(hmCuchN), would capture a metal ion at the polar carbonyl
side and an organic molecule at the hydrophobic ethylene side
in the “cone” conformation.

Since hmCucN is simply a cyclic oligomer formed by
condensation of ethyleneurea with formaldehyde we tried the
reaction under the usual conditions used for synthesizing
MeCuc5® and CucN."! However, the products of the reaction
in concentrated acids at high temperatures were discolored
syrups, from which no crystals could be isolated.
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We found precedents for the condensation in the liter-
ature; for example, in 1955 Staudinger and Niessen reported
linear oligomers with up to six ethyleneurea units.”] The
higher polymers were prepared for practical applications.
These studies indicate that the Mannich condensation itself
proceeds even at pH 4 and suggest the possibility of forming
hmCucr under much milder conditions. This possibility is in
sharp contrast to the synthesis of Cucn, where the initially
formed oligomers with random conformations must be trans-
formed into the most stable cage structures by extensive bond
scissions and recombinations under harsh conditions.”

We therefore reinvestigated the condensation under a
wide range of acidic conditions. The products were analyzed
by means of gel permeation chromatography (GPC) by taking
advantage of the fact that all the components of the products
could be dissolved in chloroform after the residual water had
been removed azeotropically.

The condensation of ethyleneurea and 37 % formalin at
pH 2 (72 h,25°C) provided a white powder which gave a GPC
profile as shown in Figure 1. The product consists mainly of

45
35
25

my 18

)

-5 : . - :
150 200 250 300 350

v/mL ——

Figure 1. The GPC profile of the product after 72 h (Rl detector
response versus elution volumes).

polymers with number-averaged molecular weight (M,) of
m/z 6345 which is higher than the reported value of m/z 4040
obtained by viscosity and osmometry measurements.” The
two small but distinct peaks at the low-molecular-mass end
were readily identified as a cyclic hexamer (hmCuc6) and an
unexpectedly large cyclic dodecamer (hmCucl2) by ESI mass
spectroscopy. We then varied the acid concentrations and
temperatures to identify the best conditions for producing
either of these compounds on a preparative scale and thus
enable the structures of these compounds to be established.

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

www.angewandte.org

The best conditions to form hmCuc6 could be reached
fairly readily. Simply mixing equimolar amounts of ethyl-
eneurea and 37% formalin in 4N HCI at RT (Scheme 1)

—\ CHO /‘\)\/\h
HN NH o N{NN A N

Y ANHCI N
o} L N N~
N G~

Scheme 1. Synthesis of hmCucé.

resulted in turbidity after a few minutes and then deposition
of granular crystals. The mild exothermic reaction was
complete in less than 30 min. The crystals contained HCI
and water (see below) but HCl-free hmCuc6 was obtained in
94% yield after drying in vacuo at 80°C.¥

The X-ray crystal structure of the HCI adduct determined
at —180°C (Figure 2a) indicates that the Cl~ ion is located at

Figure 2. X-ray Structures of hmCuc6 including a) HCl and b) prop-
argyl alcohol. Hydrogen atoms are omitted for clarity except for those
attached to hydrogen-bonded water molecules. The propargyl alcohol
is disordered over two symmetry related positions with further disorder
of its oxygen atom.

Angew. Chem. Int. Ed. 2004, 43, 5019 5022
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the center of the cavity in the “alternate” conformation of
hmCuc6 and hydrogen bonded to a H,O molecule, which in
turn is hydrogen bonded to an external H,O molecule. The
H*ion is shared by the H,O and another H,O molecule
belonging to the other hmCuc6, thus making a rigid hydro-
gen-bonding network.

An acid concentration of 4N, therefore, appears to be the
optimum conditions under which the cyclization occurs
around a Cl™ ion template, and the resulting HCl adduct has
the least solubility as a result of the hydrogen-bonding
network.

Contrary to our expectations, hmCuc6 did not form
complexes with common metal ions, possibly because of its
“alternate” conformation. However, it can include an anion
other than Cl, notably a thiocyanate. Although hmCuc6 is
sparingly soluble in water (0.03mgmL™ at 25°C), the
solubility was dramatically increased when metal or ammo-
nium thiocyanate was added (250 mgmL" if 150 mg of KNCS
coexisted).

Other than an anion, hmCuc6 can include a small
molecule, such as water and formamide. Of particular interest
is that propargyl alcohol has a greater affinity for hmCuc6
relative to water and can be taken up from an aqueous
solution and included in the cavity as shown by the X-ray
crystal structure (Figure 2b).%% Further studies on its capa-
bility as a host molecule, along with its derivatization, are now
in progress.

Finding the optimum conditions for the preparation of
hmCucl2 met with considerable difficulty. However, once
formation of a gel was found to be the key, the best procedure
was readily found. Heating an equimolar mixture of ethyl-
eneurea and 37% formalin in 1IN HCI at 55°C for 3h
furnished a white uniform gel (Scheme 2). Neutralization
turned the gel to fine, but readily filterable, particles. The
product proved to be pure hmCucl2 by GPC. It contained
two H,O molecules even after drying in vacuo at 80°C for
18 h, as determined by elemental analysis.®! The yield was as
high as 93 %. The same product was also obtained in 82 %
yield by depolymerization of the polymeric mixture described
above under the same reaction conditions.

/_\ pH2 N/_\N
Y + HCHO — \ﬂ/

HN NH
o o n
\t\‘HCLSSDC

( \__J le) ‘\/N—El
OLN ,j\§o
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Scheme 2. Synthesis of hmCucl2.
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The product was highly crystalline, as determined by
powder X-ray diffraction studies, and sparingly soluble in
common organic solvents except chloroform. Dissolving the
powder in chloroform by rapid heating and cooling gave fine
needles with a composition of hmCucl2-2H,0-2 CHCL,.™®
Further heating with azeotropic removal of water furnished
colorless prisms suitable for X-ray analysis.®! As shown in
Figure 3, the crystal contains three CHCl; molecules from

a)

Figure 3. a) The side and b) top view of the X-ray structure of
hmCuc12-10CHCl; (the H and disordered Cl atoms of minor occupan-
cies are omitted for clarity).

above and three CHCl; molecules from below (not shown,
symmetry-related) in the elongated cavity, and four CHCl,
molecules in the lattice. The macro ring appears to be
flattened out as a result of the inclusion of the CHCI,
molecules and the packing forces in the solid state.

The CHCl; solvate, however, formed good crystals only by
chance and mostly amorphous solid was obtained after
standing for a long time. The reason for this was elucidated
by NMR spectroscopic studies. When the chloroform solvate
was made CHCl;-free and dissolved in meticulously dried
CDCl,, the singlet peak for the NCH,CH,N protons at 0 =
3.40 ppm was accompanied by a shoulder at 6 =3.38 ppm.
The shoulder grew gradually larger with time and finally
replaced the peak at  =3.40 ppm after 5 h (see the Support-
ing Information). This new peak may be attributable to
conformers with dissymmetric structures. A twisted, figure-
of-eight conformation, as obtained by Monte Carlo searches
(SpartanPro) and ab initio calculations (Gaussian98, B3LYP/
STO-3G; Figure 4), may be one of the possible conformations
in such solutions."

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Stereoview of the B3LYP/STO-3G-optimized structure of hmCuc12.
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In contrast, when hmCucl2 was dissolved in the usual
CDCl; containing some water, the sharp singlet at 6=
3.40 ppm did not change at all even when molecular sieves
(3A) were added (see the Supporting Information). Interest-
ingly, as the amount of water decreased, the water peak at 6 =
1.91 ppm decreased and a new peak appeared at 0=
1.25 ppm, which increased until its integral reached the
amount corresponding to 4H. Therefore, the two H,O
molecules included in hmCucl2 maintain the conformational
structure by hydrogen bonding.

The unprecedented efficiency in forming the large
hmCucl2 molecule"! may not be explained solely by the
stabilization of the macro ring by the intracavity H,O
molecules, but also by the formation of a stable gel by
hydrogen-bonding interactions with intermolecular H,O
molecules. In fact, although the powder was insoluble in
neutral H,O, MeOH, or EtOH, it was dissolved in ethylene
glycol by heating to 110-120°C and formed a gel on cooling.
Gel formation was observed over the concentration range of
0.5-5%. The gel was fibrous when viewed under a microscope
(Figure 5). We envisage that the fibers are formed by linking
the hmCucl2-2H,O units linearly by intervening ethylene

Figure 5. HmCuc12-ethylene glycol gel (0.5%) viewed under a phase-
contrast microscope (20x).

glycol molecules. Gel formation was also observed with diols
such as propylene glycol and diethylene glycol.

In summary, we have developed facile methods for
synthesizing two new macrocyclic polyurea compounds,
practical applications of which are currently under investiga-
tion.
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Superclusters

Superclusters: A Host—-Guest Complex with a
Cyclic Array of Three Bridged MoFe;S,
Clusters™**

Markos Koutmos and Dimitri Coucouvanis*

Ongoing research in our laboratory has been directed towards
the design and synthesis of high nuclearity Mo/Fe/S clusters as
structural analogues of the FeMo cofactor of the nitrogenase
protein. Even though recent X-ray structure determinations
of the FeMo protein of nitrogenase!"? have revealed in detail
the structure of the FeMo cofactor, believed to be the site of
nitrogen activation and reduction, the synthesis of exact
analogues has not yet been accomplished.’! Nevertheless,
partial analogues exist among the plethora of Fe/Mo/S
clusters.*®! Especially important among these are the [(Cl,-
cat),Mo,Fes(PR;)s] (1; Cl,-cat =Cl,-cathecholate; R=Et,
nPr, nBu) double cubane clusters containing the simple
[MoFe,S,]** cores bridged in an edge-fused fashion.”’ These
are very useful starting reagents for the synthesis of novel Mo/
Fe/S clusters and have enabled us to further investigate new
approaches for the rational synthesis of large-core structures.
Here we report the synthesis of the new cyclic tricubane
cluster (Et,N);[{(Cl;-cat)(PPr;)MoFe;S,Cl};(u-SCH,Ph);] (2).
This cluster is a potential three-electron reducing agent with
interesting host—guest characteristics.

Cluster 2 is synthesized by the reaction of [(Cl,-cat),Mo,.
Feq(PnPr;)s] with dibenzyltrisulfide (Bz,S;)® and Et,NCI at
ambient conditions in THF (details are provided in the
Supporting Information). The role of Bz,S; in this reaction is
dual [Eq. (1)]. It provides elemental “S”, which causes the
oxidative removal of the trialkylphosphanes bound to the four
Fe atoms and provides Bz,S;. The latter facilitates the
oxidation of each [MoFe,S,]* subunit by one electron and
promotes the breaking of the edge-shared fused arrangement,
providing the bridging benzylthiolate ligands. The oxidation
level of the subunits is supported by Mdssbauer spectra
consistent with the formulation [Mo**Fel"Fe**S,]** for each
of the cubane units in the trimer."”

Black crystals of 2 suitable for single crystal X-ray
structure determination'” can be obtained upon recrystalli-

[*] M. Koutmos, Prof. D. Coucouvanis
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Department Of Chemistry
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Ph-CHy-8-S-S-CHy-Ph —» Ph-CH,-S-S-CHy-Ph + S’
|+2e (1)
2 Ph-CH,S8™

zation from THF/hexanes at room temperature. The molec-
ular structure shows three [MoFe;S,]*" cuboidal units linked
by three p,-BzS™ ligands (Figure 1). Each thiolate sulfur atom

Figure 1. Two views of 2 showing the encapsulated Et,N* counterion.
The two Et,N* ions outside the cavity and the alkyl groups of the phos-
phane ligands have been omitted for clarity.

bridges two Fe atoms from two different cubane clusters. The
three bridging thiolate p,-sulfur atoms and the six Fe atoms
that participate in bridging lie in the same plane. The
coordination of the third Fe atom in each cubane core is
completed by a CI™ ligand, whereas the Mo atom retains its
original coordination environment (phosphane and Cl,-cat).
The Mo—Fe and Fe—Fe intracubane distances of the
[MoFe;S,]*" cores are not significantly different than those
in the known single cubane clusters with the same core. The
three Fe—Fe intercubane distances (3.515, 3.561, and 3.624 A)
show the deviation of 2 from an ideal three-fold symmetry
and are too long to account for any direct metal-metal
intercubane interactions.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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An indication of intercubane
electronic communication is
apparent in the reduction proper-
ties as well as the EPR spectrum
of 2. The cyclic voltammogram
(see the Supporting Information)
reveals three reversible reduction
waves at —0.47, —0.63, and 0.74 V,
which correspond to the 3—/4—,
4—/5—, and 5-/6— couples,
respectively. The single cubane
clusters (with the [MoFe;S,J**
core) show a single reversible
reduction wave with a potential
that varies from 0.83 to 1.31 V.
The EPR spectrum of 2 is rather
complex and does not resemble
the S=3/ signal of the single
MokFe;S, cubane clusters. This is
probably due to intercubane cou-
pling interactions.

In the solid state the three
Et,N* counterions of 2 are located
in two sites. Two are found in
general positions, whereas the
third occupies a cavity formed by
the three Cl,-cat ligands. The
latter are bound to the Mo atoms
of each cubane core and have a
syn orientation, thus creating a
large electron-rich  “pocket”
which is evident in the space-
filling model (Figure 2).

A 2D-TOCSY 'HNMR
experiment®!¥ was undertaken
to determine whether the trapped
Et,N* ion is released in solution.
The spectra revealed two sets of
peaks that corresponded to Et,N*
ions in different environments
(Figure 3). The resonances at 6 =
3.683 (CH;CH,N) and 1.822 ppm
(CH;CH,N) and their crosspeaks
correspond to one set of Et,N*
ions; the resonances at ¢=1.753 (CH;CH,CH,P), 1.603
(CH;CH,CH,P), and 1.036 ppm (CH;CH,CH,P) and their
crosspeaks correspond to the phosphane ligands of the Mo
atoms; and the resonances at 0 =1.822 (CH;CH,N) and
0.886 ppm (CH;CH,N) and their crosspeaks correspond to a
unique Et,N* ion. If only one type of counterion was present,
one set of peaks (at 6=3.683 and 1.822 ppm) would be
observed for Et,N*. The observation of two sets of resonances
and the upfield shift of the second set provide direct evidence
that, in solution, the trapped Et,N* ion stays in the electron-
rich cavity, and its protons experience the observed shielding.

The same motif of tricyclic arrangement of single cubane
clusters exists in only one other example in the literature.'” In
that case three Mo,Fe,S, cores are linked by three p,,n*-S,*"
ligands “n” that give rise to a neutral polycubane cluster. The

cavity (right).

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Space-filling model of the three Cl,-cat ligands (left) and the Et,N™ counterion inside the

Figure 3. 2D-TOCSY "H NMR spectrum of 2. The three sets of resonances and their crosspeaks have
been depicted with different colors.

role of Et,N* as a possible templating agent remains to be
determined. It is unclear whether its presence is needed for an
organization of the cubane cores prior to coupling. However,
in experiments conducted with counterions other than Et,N*,
different products are obtained that do not exhibit this
characteristic cyclic arrangement of cubane units." It should
be emphasized that in the synthesis of the metastable Fe(Sy
prismanes the role of Et,N* is critical, as other counterions
(Bu,N* or Ph,P*) lead to the thermodynamically stable single
cubane clusters.!"”!

In 2, the trigonal arrangement of three p;-S ligands, from
the three different cubane cores facing the interior of the
cavity, defines a site that is well suited for coordination to
metal ions such as Fe?* or Cu™. At present, attempts are being
made to replace the encapsulated Et,N* ion in 2 with a

Angew. Chem. Int. Ed. 2004, 43, 5023 5025
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transition metal ion and generate a coordinatively unsatu-
rated site that is potentially useful for the activation and
multielectron reduction of small molecules.

Received: March 29, 2004
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nitrogenase - reduction - S ligands
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Vitamin B12 as a Ligand for Technetium and
Rhenium Complexes**

Susanne Kunze, Fabio Zobi, Philipp Kurz,
Bernhard Spingler, and Roger Alberto*

Vitamin B12 is a biomolecule that is fundamental for most
living organisms despite being produced by only a few
bacteria. It plays a key role in enzymatic processes in the
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mitochondria, cell nucleus, and cytoplasm. Its uptake in
humans is very complex and requires at least three different
transport proteins: intrinsic factor (IF), transcobalamin, and
haptocorrin. The human organism uses vitamin B12 very
efficiently: the daily requirement is only about 10 ug. Its
chemistry, biochemistry, and biology has been comprehen-
sively reviewed.'™

The demand for vitamin B12 (abbreviated as “B12”) is
concentrated at sites of enhanced proliferation, in particular
in cancer cells or at sites of bacterial infections. An organism’s
need for B12 makes it an attractive targeting agent. Appli-
cations of B12 to the delivery of radioisotopes®® or as various
cytotoxic agents to cancer cells, for which it can be used as a
Trojan horse, have been the most actively studied areas of
research.’! Both of these strategies require derivatization of
B12, and so the introduction of ligands or receptor-binding
molecules has been reported.l* ! Chelators for radiometals
have been conjugated to peripheral acid groups (prepared by
controlled amide hydrolysis) and coordinated to the 5-OH
group in the ribose ring of the backloop. Alternatively, a
Co™ center can be reduced to Co' and a molecule introduced
by oxidative alkylation.®!!

The only functionality in B12 that has not received much
attention is the Co™-coordinated cyanide group. It is well
established that M—CN moieties tend to bridge two metal
centers to form a M-C-N-M' unit. Numerous examples have
been published and reviewed to date,'! but examples with
porphyrin-like systems are rare’>'¥ and, to the best of our
knowledge, unknown for B12. The reverse situation in which
[Fe(CN)]*~ or nitroprusside [Fe(NO)(CN)s]~ are coordi-
nated to Co™ or Co" centers of aqua—cobalamin has been
studied in detail.['*"!

It is intriguing to use the cyanide anion in B12 as a ligand
and to introduce a metal complex either by direct coordina-
tion to B12 or by conjugation of an organic molecule through
mediation by a metal complex (pathwaysl and 2 in
Scheme 1). Since Co-CN-M' is not very stable, M’ represents
an inert complex fragment.

0o HO
N /O
ZF ©
IS

OH

Our interest lies in radiopharmaceuticals containing the
fac-[PTc(CO);]* moiety.?>?! The water ligands are readily
exchanged in [*"Tc(OH,);(CO);]*, to yield complexes of
high kinetic stability even with monodentate donors.”” The
concept of our study involved B12 acting as a monodentate
ligand while the other two sites of fac-[M(CO);]* are bound to
a bidentate ligand L% The complex [*™Tc(OH,)(L?)(CO),] is
then coordinated to B12. The ligand L% introduced prior to
B12 coordination, is variable and allows the biological
authenticity of the final conjugate to be fine-tuned. The use
of a bidentate and a monodentate ligand on the fac-
[®™Tc(CO);]* moiety is consistent with a mixed ligand
approach.*!

The reaction of [M(OH,);(CO);]* (M ="Tc, 1; Re, 2) in
water with the monoanionic ligands (L?), imidazolecarboxylic
acid (Himc), picolinic acid (Hpic), 2,4-dipicolinic acid
(Hdipic) or serine (Hser), and N,N-dimethylglycine (Hdmg)
yields [M(L?*)(OH,)(CO);]. The corresponding *Tc com-
plexes are prepared directly from [*™TcO,] . The bidentate
ligand is tightly bound but the remaining water ligand can be
replaced by the nitrogen atom from the cyanide anion in B12.
[M(L*)(OH,)(CO);] exhibits a strong affinity for imidazole-
type ligands but coordination to intermediately released
benzimidazole from B12 was not observed. The reaction of
[Re(ime)(OH,)(CO);]  (3),  [Re(dipic)(OH,)(CO);]  (4),
[Re(ser)(OH,)(CO);] (5), [Re(dmg)(OH,)(CO);] (6), or
their “™Tc analogues with B12 in methanol or water afforded
[(3-B12)] (7), [(4-B12)] (8), [(5-B12)] (9), and [(6-B12)]
(10). High-performance liquid chromatographic (HPLC)
analysis after coordination of Re or “™Tc centers gave only
two well-separated signals in a ratio of about 1:1. The
comparable retention times from the UV/Vis analysis of, for
example, 7 and the corresponding radioactivity trace of the
%“mTc complex indicate the identity of the Re and Tc com-
plexes (Figure 1). The signals can be understood by the two
possible orientations adopted by the bidentate N,O ligand L*
relative to the corrin ring ([M(L*)(OH,)(CO),] complexes are
racemic) and, thus, the presence of two diastereomers. The

C|IO
_ OCm.. 1 .w0—0
[TcO,] R .Tc.
OC/ | \N = \
OH, ==
2 R
l :
CcO
OC':-..T| e 0]
[of
OC/ | \N == \
N ————
o

Scheme 1. a) Structure of B12 with assignment of the side arms. b) Coordination of [**™Tc(OH,) (L) (CO)s] to B12: 1) for radiopharmaceuticals

and 2) metal-mediated coupling of biomolecules (BM).
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Figure 1. HPLC traces of the reaction between B12 and 3 showing the
two diastereomers. Lower trace: UV/Vis spectrum at A =360 nm,
upper trace: y-detection of the **"Tc analogue of 7.

two compounds could be separated by preparative HPLC and
showed the same mass (m/z = 869.1 [M**]; m/z =1736.9 [M*])
in ESI-MS; 'H, "*C, and *'P NMR spectroscopic analysis
confirmed the proposed composition (see Supporting Infor-
mation).

The orientation of B12 relative to the bidentate ligand was
investigated by ROESY experiments, as recently performed
for a (methoxycarbonyl)methyl derivative.” The spectra did
not show cross peaks even at low-temperature, thus indicating
fast rotation of the complex. Since the equatorial planes of the
complexes are relatively far away from the corrin framework,
they are not locked in a fixed position. For all the complexes
7-10, the two isomers could be readily separated by prepa-
rative HPLC. X-ray quality crystals for one of the isomers of
both 7 and 10 could be grown, and so their structures could be
elucidated (Figure 2).1!

Figure 2. X-ray crystal analysis of 7 (left) and 10 (right). Important
bond lengths [A] and angles [°] are for 7: Co-CN: 1.846(13), Co-

N (benzimidazole): 2.010(8), C-N(cyanide): 1.113(14), CN-RelA:
2.171(9), Co-C-N: 169(1), C-N-ReTA: 166(1); and for 10: Co-CN:
1.90(1), Co-N (benzimidazole): 2.032(7), C-N(cyanide): 1.180(12), CN—
Re: 2.14(1), Co-C-N: 167.7(9) , C-N-Re: 169.2(9).

The relative orientation of the N,O ligands L imc in 7 and
dmg in 10 are reversed for the two structures. Both show a
hydrogen bridge between the terminal carbonyl oxygen O74
in 7 and the coordinating O72 atom in 10 to the amide
nitrogen atom of the a-side chain in B12 (Figure 3). The
bridge is shorter in 7 than in 10 and probably determines the
orientation of the Re complex in the solid state. We assume
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Figure 3. Hydrogen-bonding interactions in 7 and 10 (above) and ori-
entation of the imc and dmg ligands relative to the corrin ring (below).
C2 represents the carbon atom to which the a-side chain is attached.

that the respective diastereomer of each complex might be
represented by the orientations as observed for 7 and 10.

We observed that the diastereomerically pure complexes
[M(L*)(L')(CO),] with one labile ligand (for example, L-
serine (L?) and guanine L") always return to equilibrium in
water within hours, probably through formation of a five-
coordinate intermediate by dissociation of the monodentate
ligand. The pure diastereomers of 7-10 do not interconvert
into each other even after days in water at room temperature,
which confirms the high kinetic stability of the monodentately
bound B12. Acetonitrile is a strong ligand for complexes
[Re(L*)(OH,)(CO);]. Dissolving 7 or 9 in a water/acetonitrile
mixture did not result in cleavage of 3 from B12 in 7 and only
about a 10 % cleavage of 9 from 10, which confirms again the
stability of the Co-CN-Re(Tc) bonds.

The electronic spectra of the two diastereomers of 10 both
have essentially the shape of B12, but the shoulder at about
482 nm in the spectrum of B12 becomes a distinct peak at
475 nm (see Suppporting Information). Furthermore, B12
and 7 behave different electrochemically. Whereas B12
exhibits a reduction wave (E,=-670mV versus Ag¥/
AgCl) with about 60 % reversibility, the same process with 7
(E,=—-625mV) is about 80% reversible (Figure 4). The
Co™ center in 7 is easier to reduce since coordination of the
cyanide group through the nitrogen atom to the rhenium
center reduces the electron density at the Co™ center. The
increased ease of the reversibility can be understood by the
more facile accommodation of the two additional electrons in
the Co—C backbond. Complex 7 can be considered as an
(inorganic) isocyanide complex of a Co™ center. Since
isocyanides bind to low-oxidation states better than the
cyanide anion, the Co' center becomes stabilized.
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Figure 4. Cyclovoltamograms of complex 7 and B12. The shoulder
results from the reduction of imc in 7.

Biological applications of these compounds require them
to be stabile in serum and have an affinity for the various B12-
binding proteins. It is known that haptocorrin recognizes
derivatives of B12 whereas the transcobalamins are more
sensitive towards structural changes.’?’! Derivatizations at
the Co™ center are more readily tolerated by both proteins
and direct labeling of B12 with [*™Tc(L?)(OH,)(CO);] is
feasible. Complexes [*™Tc(L*)(OH,)(CO),] coordinated
quantitatively to B12 between 1072 and 107°m within
60 minutes at 37°C. Once formed and separated by HPLC,
the isomers were stable for at least 24 hours at 37 °C. Complex
10 was treated with human serum albumin at 37°C (1% in
phosphate buffer) but no transmetalation to proteins could be
observed. This opens a convenient way for studying the
biological behavior of labeled native B12 by varying the
nature of L2 The intracellular B12-dependent enzymes might
not recognize these derivatives anymore but then the radio-
nuclide has already reached its target. We emphasize that the
Re center is likely to mediate L*-coupled biologically active
molecules and B12 (for example, through the free carboxylic
acid functionality in dipic).

In conclusion, we have shown that CN™ in B12 bridges to
Re' and Tc' centers to yield robust complexes with the central
structural feature {Co-CN-Re(Tc)}. This concept allows direct
labeling of B12 with complexes [*™Tc(OH,)(L?)(CO),] for
radiodiagnosis or with rhenium as a mediator between B12
and additional biomolecules. The observed kinetic stability
implies that coordination of other fragments with the d° or d*
configurations is also possible. The use of B12 as an
enantiomerically pure and stereochemically demanding
ligand provides water solubility, which could be useful for
enantioselective synthesis with an appropriate catalyst. Bind-
ing studies with different B12 transporters and the coordina-
tion of other metal complexes are currently under investiga-
tion.
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Cluster Compounds

Linear, Redox-Active Pt; and Pt,Pd,Pt,
Clusters™*

Eri Goto, Rowshan A. Begum, Shuzhong Zhan,
Tomoaki Tanase,* Katsumi Tanigaki, and Ken Sakai

Transition metal clusters, which contain multinuclear metal
sites connected by metal-metal bonds in a variety of geo-
metrical structures, have attracted increasing attention due to
their versatile chemical and physical properties as well as
their potential to integrate multiple functions in a single
molecule.'! In particular, clusters that show linear metal—
metal bonding have been regarded as promising candidates in
developing nanostructured materials including molecular
electronic, optical, and chemical devices. However, synthetic
methods using self-assembly of metal atoms often lead to
polyhedral cluster cores, and thus routes to molecules with
linear metal aggregations are limited.>” We have studied
homo- and heterometallic dinuclear and trinuclear complexes
supported by the tridentate phosphane ligand bis(diphenyl-
phosphanylmethyl)phenylphosphane (dpmp).® The linearly
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ordered trinuclear complexes [Pt,M(p-
dpmp),(XyINC),|(PF,), (M =Pt (1a), Pd (1b); Xyl=2,6-
dimethylphenyl) were prepared by site-selective incorpora-
tion of a zero-valent Pt or Pd atom into the diplatinum
complex [Pt,(u-dpmp),(XyINC),](PFy),.*) In the present
study, we have examined a cluster core expansion of 1, and
have successfully synthesized linear hexametallic clusters
containing a redox-active Pt,M,Pt, metal string (M = Pt, Pd).

When the linear triplatinum complex 1a was treated with
excess NaBH, in ethanol, and the resultant brown precipitate
was extracted and stirred in CH,Cl,, the dark blue,
diamagnetic hexaplatinum cluster [Pty(u-H)(pu-dpmp),-
(XyINC),](PF;); (2) was isolated in good yield (Scheme 1).

PF
P/\P/\T 7] (PFe N N N Np 1 (PFe)
L=Pt—Pt—M—L ——— LRt R Mo oM —ht—Pt—L
P\/P\/P F’\/F’\/P F)\/P\/P

M = Pt (1a), Pd (1b) M = Pt (2), Pd (3)

L = XyINC

PF
P N p N Np ] (PFs).

| | | | | |
R L U G
PP~ P P PP

M = Pt (4), Pd (5)

Scheme 1. Synthesis of 2—4. glgf’:dpmp

Compound 2 was also obtained in low yield from the reaction
of 1 with NaOMe. Although the Pt,Pd trinuclear complex 1b
failed to be expanded with NaBH,, it readily reacted with
NaOMe in CH,Cl,/MeOH to afford dark green crystals of
[Pt,Pd,(u-H)(u-dpmp)4(XyINC),](PF); (3, Scheme 1). The
changes in the ESI mass spectrum and the electronic
absorption spectrum during the reaction to form 2 indicated
that the initial brown compound, assigned as [Pt;(H),(u-
dpmp),(XyINC)]** (A), was rapidly converted into [Pty(H)(y-
dpmp),(XyINC)]* (B) in CH,Cl,. It is assumed that the
monohydride intermediate B undergoes coupling and con-
comitant partial oxidation to generate complex 2. However,
the intervening species were not identified.”

The crystal structure of 2 was determined by X-ray
analysis.'""? The cluster cation of 2 has a charge of +3 with a
cluster valence electron count (CVE) of 86. It consists of six
linearly ordered platinum atoms (Pt-Pt-Pt 174.87(2)-
179.67(2)°) bridged by four dpmp ligands and terminated by
two isocyanide molecules (Figure 1). The Pt, cluster core has
a pseudo C, symmetry, and the average Pt—Pt distances are
2.7041 A for the outer Pt1—Pt2 and Pt5—Pt6 bonds (d),
2.7329 A for the inner Pt2—Pt3 and Pt4—Pt5 bonds (dinn), and
3.3092(5) A for the central Pt3—Pt4 bond (den)- The values for
do: and dy, are comparable to those of the triplatinum
complex 1® and indicate the presence of Pt—Pt ¢ bonds.
Although the two central platinum atoms are not supported
by any organic ligands and are sterically well protected by the
four phenyl groups of the dpmp ligands, the remarkably long
distance d,., indicates the presence of a bridging hydride; this
was unambiguously confirmed by "H NMR spectroscopy.
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Figure 1. Crystal structure of 2. a) A perspective plot with van der -
Waals radii superimposed on a wire-frame view; Pt yellow, P red, N
blue, C gray. b) An ORTEP plot showing the linearly aligned coordina-
tively unsaturated metal sites; the xylyl rings have been omitted for
clarity. Selected bond distances [A] and angles [°]: Pt1—Pt2 2.7073(5),
Pt2—Pt3 2.7333(5), Pt3—Pt4 3.3092(5), Pt4—Pt5 2.7325(5), Pt5—Pt6
2.7008(5), Pt1—P1 2.300(3), Pt1—P4 2.299(3), Pt2—P2 2.254(2), Pt2—P5
2.255(2), Pt3—P3 2.268(3), Pt3—P6 2.264(3), Pt4—P7 2.266(2), Pt4—P10
2.269(2), Pt5—P8 2.248(2), Pt5—P11 2.256(2), Pt6—P9 2.291(2), Pt6—
P12 2.303(2), Pt1-C1 2.02(1), Pt6—C2 1.94(1), N1-C1 1.12(1), N2—C2
1.19(1); Pt1-Pt2-Pt3 174.87(2), Pt2-Pt3-Pt4 178.47(2), Pt3-Pt4-Pt5
179.40(2), Pt4-Pt5-Pt6 179.67(2), Pt2-Pt1-C1 177.1(3), Pt5-Pt6-C2
177.0(3), Pt1-C1-N1 172.6(8), Pt6-C2-N2 176.3(9).

According to the X-ray crystal structure,!''! the cluster
cation of 3 is isomorphous to 2 (see the Supporting
Information). It contains a Pt,Pd,Pt, hexametallic chain (M-
M-M 175.10(2)-179.71(3)°) in which the central two metal
positions are site-selectively occupied by Pd atoms and
bridged by a hydride. The metal-metal distances are slightly
longer than the corresponding values for 2 (d,, =2.7184 A
(Pt—Pt), d;,, =2.7498 A (Pt—Pd), d., =3.355(1) A (Pd—Pd)).

The 'H NMR spectrum of 2 exhibited the resonance for
the bridging hydride at d = —8.6 ppm, accompanied by a set of
195pt satellite peaks from two chemically equivalent Pt atoms
("Jpas = 572 Hz). The spectrum of 3 showed the corresponding
peak at  =—5.9 ppm without any Pt satellite peaks. This
clearly indicated that the two central M atoms are symmetri-
cally bridged by an acidic hydride, resulting in a MHM three-
center two-electron (3c-2e) interaction.

To understand the electronic structure of these complexes,
MO calculations were performed for 2 and [Pty(p-
dpmp),(XyINC),]** (C), a hypothetical hexaplatinum com-

PP P PP P

2
I |
L Pt Pt—Pt—Pt—Pt—Pt—L

PP~_P P-_P_P

c
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plex that serves as a model contains a Pt'-{Pt’},-Pt' string with
the precise CVE of 86."2 The HOMO of complex C lies at
high energy and is mainly composed of a p,—p, bonding
interaction of the two central Pt atoms. When a H' ion is
incorporated between the two central Pt atoms, the HOMO is
significantly stabilized due to mixing with the low-lying d—d,
bonding orbital of the central Pt atoms and the s orbital of the
H atom, resulting in a somewhat nonbonding character; this
factor should be responsible for the stability of the isolated
complex 2.

In the UV/Vis spectra of complexes 2 and 3, a very intense
and broad absorption was observed around 580 nm (2) and
670 nm (3), which is characteristic of the MHM 3c-2e
interaction. The ESI-TOF mass spectra of 2 and 3 in CH,Cl,
showed a trivalent parent peak for [Pt,M,(u-H)(u-
dpmp),(XyINC),]** at m/z =1153.19 (2, M =Pt) and 1094.19
(3, M=Pd). These results, along with the *P{'"H} NMR
spectra (see the Experimental Section), clearly demonstrated
that complexes 2 and 3 are stable in solution and exist as
linearly ordered hexanuclear molecules.

The cyclic voltammograms of 2 and 3 in CH;CN showed
irreversible multistep oxidation and reduction waves in a
potential window of —2.0 to +0.8 V (vs. Ag/AgPF;). Coulo-
metric analyses of complex 2 suggested that the hexametallic
core undergoes a two-step, one-electron oxidation at E,,' =
—0.16 Vand E,,’=0.01 V, a two-electron oxidation at E,,* =
0.41V, and one- and two-electron reduction processes at
E,'=-123Vand E,’=—1.87 V (Figure 2).l"’

BN —

Figure 2. Cyclic voltammogram of 2 in acetonitrile containing 0.1m
(nBu,N) (PF¢) at room temperature with a scan rate of 100 mVs™. £
vs. Agt/Ag.

The two-electron oxidized hexametallic clusters [Pt,M,(u-
dpmp),(XyINC),|(PFy), (M =Pt (4), Pd (5)) were isolated by
chemical oxidation of 2 and 3 with [Cp,Fe][PF;] or HPF, as
well as by potentiostatic electrolyses (Scheme 1). In the
electronic absorption spectra of 4 and 5, the absorption
around 580-670 nm characteristic of the bridging hydride is
missing, and the *'P{'"H} NMR spectra suggested that the
linear hexametallic cores remain intact, even in solution.

Angew. Chem. Int. Ed. 2004, 43, 5029 -5032


http://www.angewandte.org

The structure of 5 was determined by X-ray crystallog-
raphy (Figure 3)." The cluster cation has a charge of +4
with a CVE of 84. Although the Pt,Pd,Pt, hexametallic core is

i
o_o.m*:«‘ (3 C2
c22t 3N \

#

Figure 3. Crystal structure of 5. The crystal contains two chemically
equivalent, independent cluster cations; one cation has a crystallo-
graphically imposed G, axis along the hexametallic chain (a) and the
other cation has a G, axis vertical to the metal axis (b). (ORTEP plots;
the xylyl rings have been omitted for clarity.) Selected bond distances
[A] and angles [°]: Pt1—Pt2 2.686(1), Pt2—Pd1 2.792(2), Pd1—Pd2
2.844(2), Pt3—Pd2 2.786(2), Pt3—Pt4 2.680(1), Pt5—Pt6 2.6854(9), Pt6—
Pd3 2.789(1), Pd3—Pd3* 2.829(3), Pt1—P11 2.301(5), Pt2—P12
2.260(4), Pt3—P22 2.254(5), Pt4—P23 2.300(5), Pt5—P31 2.300(5), Pt5—
P41 2.307(5), Pt6—P32 2.244(5), Pt6—P42 2.261(5), Pd1-P13 2.309(5),
Pd2-P21 2.314(5), Pd3—P33 2.318(5), Pd3—P43 2.308(5), Pt1—C1
1.86(3), Pt4—C2 1.86(3), Pt5—C3 1.89(2), N1-C1 1.17(3), N2—C2
1.27(3), N3—C3 1.15(2); Pt1-Pt2-Pd1 (= Pt2-Pd1-Pd2 = Pd1-Pd2-

Pt3 = Pd2-Pt3-Pt4) 180, Pt5-Pt6-Pd3 179.62(4), Pt6-Pd3-Pd3* 177.93(8),
Pt2-Pt1-C1 (= Pt3-Pt4-C2) 180, Pt6-Pt5-C3 176.7(6).

retained, the metal-metal separations are different from
those in 3: d,, =2.684 A (Pt—Pt), d,,, =2.789 A (Pt—Pd), and
d.,=2.837 A (Pd—Pd). The central Pd—Pd distances are
decreased by about 0.52 A and the neighboring Pt—Pd bonds
are elongated by about 0.04 A upon two-electron oxidation or
hydride elimination of 3. The structure indicates the presence
of metal-metal bonding between the central M atoms and
delocalization of the metal-metal bonding electrons through
the inner Pt-Pd-Pd-Pt unit. These results clearly demon-
strated that hexametallic strings are redox-active without
fragmentation of the cluster core. The bonding electrons in
the adjacent M—Pt bonds migrate into the central M—M bond
with a redox-coupled dynamic structural change upon two-
electron oxidation of the hexametallic string.

In conclusion, the novel hexametallic clusters 2 and 3 were
successfully synthesized and were demonstrated to be redox-
active. They are readily oxidized to the electron-deficient
clusters 4 and § with dynamic structural changes to the metal
strings. Compounds 2 and 4 can be regarded as rigid-rod,
discrete molecules (~3 nm long) which contain the longest
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platinum chain known so far.""! Furthermore, the present
methodology could be applied to construct additional long
metallic chains in a bottom-up strategy of molecular chemis-
try, and may lead to the development of molecular-based
electronic devices.

Experimental Section
All procedures were performed under a dry nitrogen atmosphere
using standard Schlenk techniques.

2: A mixture of 1a-(CH;),CO (215 mg, 97.2x 10~* mmol) and
NaBH, (131 mg, 3.47 mmol) was dissolved in ethanol and stirred for
1 h to generate a brown precipitate. The solvent was removed under
reduced pressure, and the brown residue was extracted with CH,Cl,.
The color of the solution changed from dark green to dark blue within
1 h, and the solution was concentrated. After careful addition of Et,0,
the solution was allowed to stand at 2°C to afford dark blue cubic
crystals of 2-3 CH,Cl,. Yield 88 mg, 44 %; C,H,N analysis (%) calcd
for C4H,4 ClgFsN,PsPts: C43.13, H 3.42, N 0.68; found: C 42.92, H
3.45, N 0.64; IR (KBr): #=2131 (N=C), 839 cm™' (PF;); UV/Vis
(CH,CL): Apax (8) =583 (9.63 x 10%), 402 (3.14 x 10%), 379 nm (2.74 x
10%); '"H NMR (300 MHz, CD,Cl,, RT): 6§ =8.7-6.2 (m, 106 H, Ar),
5.1-4.7 (m, 8H, CH,), 2.6 (brm, 4H, CH,), 1.8 (brm, 4H, CH,), 1.24
(s, 12H, 0-CH;), —8.61 ppm (brm, 1H, Pt—H, 'Jp4 =572 Hz);
SP{'H} NMR (121 MHz, CD,Cl,, RT): 6=6.5 (m, 4P, Ypp=
3395 Hz), —3.0 (m, 4P, Jpp=2938 Hz), —15.3 ppm (m, 4P, Jpp=
3002 Hz); ESI-MS  (CH,CL): m/z (z): 1153194 (3)
[Pte(H)(dpmp),(XyINC),]** (1153.179).

3: Complex 1b-(CH;),CO (189 mg, 89.2x10*mmol) and
NaOMe (97 mg, 1.79 mmol) were dissolved in CH,Cl,/MeOH (1/1),
and the mixture was stirred overnight. The color of the solution
changed from orange to dark blue-green. The solvent was removed
under reduced pressure, and the residue was extracted with CH,Cl,.
The extract was concentrated, and careful addition of Et,O afforded
dark blue-green cubic crystals of 3. Yield 84 mg, 51 %; C,H,N analysis
(%) calcd for CyHy35F sN,PsPd,Pt,: C 47.17, H 3.66, N 0.75; found:
C 46.97, H 3.65, N 0.81; IR (KBr): #=2135 (N=C), 841 cm™! (PF,);
UV/Vis (CH,CL): Ap. (£) =674 (8.48 x10%), 438 (1.02x 10%), 395
(1.77 x 10%), 346 nm (2.00 x 10%); 'H NMR (300 MHz, CD,Cl,, RT):
0=28.7-6.2 (m, 106 H, Ar), 5.2-4.3 (m,8H, CH,), 2.7 (brm, 4H, CH,),
1.9 (brm, 4H, CH,), 1.23 (s, 12H, 0-CHj3), —5.90 ppm (m, 1 H, Pd—H);
3P{'H} NMR (121 MHz, CD,Cl,, RT): 6 =3.3 (m, 4P), —3.3 (m, 4P,
Upp=2938 Hz), —11.0ppm (m, 4P, 'Jpp=2948 Hz); ESI-MS
(CH,CL): miz (z): 1094.194 (3) [Pt,Pd,(H)(dpmp),(XyINC),]**
(1094.139).

4: [Cp,Fe](PF,) (5.7 mg, 17 x 10~* mmol) was added to a solution
of 2.3CH,Cl, (35 mg, 8.4x 107> mmol) in CH,Cl,, and the solution
was stirred for 2 h. The solvent was removed under reduced pressure,
and the black residue was washed with Et,0 and extracted with
CH,Cl,. The extract was concentrated and addition of Et,O afforded
dark-green crystals of 4:3.5 CH,Cl,. Yield 18 mg, 49 %; C,H,N analysis
(%) caled for Cyy95H; 4 CLF,,N,P Pt C41.41, H 3.28, N 0.65; found:
C 41.27, H 3.07, N 0.91; IR (KBr): #=2161 (N=C), 840 cm™! (PF,);
UV/Vis (CH,CL): Ay (£) =420 (2.16 x 10%), 377 (7.11 x 10%), 310 (sh,
4.06 x 10%), 289 nm (sh, 5.06 x 10%); 'H NMR (300 MHz, [D]acetone,
RT): 6=8.3-6.7 (m, 106H, Ar), 5.0 (m, 8H, CH,), 4.3 (brm, 4H,
CH,), 3.6 (brm, 4H, CH,), 1.57 ppm (s, 12H, 0-CH,); *'P{'"H} NMR
(121 MHz, [Dg]acetone, RT): 6 =20.8 (m, 4P, Jpp =3413 Hz), —1.1
(m, 4P, Jpp=2741 Hz), —6.9 ppm (m, 4P, 'Jpp» =2797 Hz).

§: A similar procedure to that for complex 4 using 3 as the starting
material gave 5-CH,Cl,. Yield 24 mg, 54 %; C,H,N analysis (% ) calcd
for C,;;H;3,N,P;cF,,CL,Pt,Pd,: C 44.74, H 3.47,N 0.71; found: C 44.27,
H 3.86, N 0.71; IR (KBr): #=2162 (N=C), 839 cm™! (PF,); UV/Vis
(CH,LCL): Ay (£) =461 (3.45x 10%), 370 (7.51 x 10%), 343 (5.55 x 10%),
310 nm (sh, 5.08 x 10*); '"H NMR (300 MHz, CD;CN, RT): 6 =8.0-6.8
(m, 106 H, Ar), 4.7 (m, 8H, CH,), 4.1 (brm, 4H, CH,), 3.8 (brm, 4H,
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CH,), 1.48 ppm (s, 12H, 0-CH,); *P{'H} NMR (121 MHz, CD,CN,
RT): 6 =5.9 (m, 4P), 0.4 (m, 4P, 'Jpp =2766 Hz), —11.1 ppm (m, 4P,
Jpp =2887 Hz).
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Although the mechanism of formation for 3 was not clear and no
intermediate species were monitored, experiments with *H-
labeled solvents suggested that the hydride H atom was derived
from C—H cleavage of methanol or methoxide.

Crystal data for 2-4CH,ClL,-3H,0 (C,;s5,H;4ClsF;sN,PsPt;O05):
M,=4287.57 (0.25x0.25x 0.20 mm), triclinic, space group P1
(n0.2), a=20.6075(9), b=21.874(1), ¢=18.1441(8) A, a=
91.065(3), 5 =89.810(3), y =94.661(3)°, V=8150.4(6) A’, Z=
2, Peaca= 1.747 gecm™, F(000) = 4154, 20,,,. = 52°, Mo, radia-
tion (1=0.71070 A, u=5458cm™), T=-120°C. A total of
27996 reflections were collected with a Rigaku/MSC Mercury
CCD diffractometer (26 =6-55°, w scans 0.25°). The crystal
structure was solved by direct methods (SIR98) and refined with
full-matrix least-squares techniques (teXsan). Non-hydrogen
atoms were anisotropically refined, expect for some atoms of the
solvent molecules. The bridging H atom was not located, and the
positions of carbon-bound H atoms were calculated and not
refined. Final R, =0.054 and R, =0.067 (19103 reflections, I >
20(I), 6<260<52°) for 1811 variables. CCDC-238886 (2),
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[14]

[15]
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CCDC-238887 (3), and CCDC-238888 (5) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre,
12, Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-
033; or deposit@ccdc.ca.ac.uk). The ORTEP plot for complex 3
is available in the Supporting Information.

Crystal data for 3-5CH,Cl,-CH;0H-4H,0
(Cy5,H,56CLoF (sN,P sPd,Pt,05): M, =4245.18  (0.30 x 0.25 x
0.10 mm), triclinic, space group P1 (no.2), a=18.290(1), b=
20.7102(5), ¢=22.0702) A, a=94.231(5), f=90.730(1), y=
90.1903(8)°, V=8336.3(10) A%, Z=2, pua=1.691gcm>?,
F(000) = 4166, 26,,,,=>54.7°, Moy, radiation (1=0.71070 A,
#=39.17cm™"), T=-120°C. Data were collected with a
Rigaku/MSC Mercury CCD diffractometer (260 =6-52°, o
scans 0.25°). The crystal structure was solved by Patterson
methods (Dirdif94 Patty) and refined with teXsan. Non-hydro-
gen atoms were anisotropically refined, except for some atoms of
the solvent molecules. The bridging H atom was not located, and
the positions of carbon-bound H atoms were calculated and not
refined. Final R, =0.064 and R,=0.081 for 1769 variables
(18753 reflections, I >30([), 6 <26 < 52°).

The EHMO calculations were carried out on the model
compound for 2, and a simplified fragment MO interaction
diagram is provided in the Supporting Information. Single point
density functional calculations on the crystal structure of the
complex cation of 2 were also carried out by the BECK3LYP
method with the LANL2DZ basis set with the program
Gaussian 98.

Cyclic voltammograms were measured with the following
electrodes: glassy carbon (working), Pt coil (counter), Ag/
AgPF; (reference). The cyclic voltammogram of 3 was similar to
that of 2, except that the first two-step oxidation waves at E,,' =
—0.16 V and EPaZ:O.Ol V in complex 2 were observed as a
broad, one-step oxidation wave at E,,'=—0.21 V. Under the
experimental conditions, the ferrocene/ferrocenium redox
couple was observed at 0.09 V.

Crystal data for 57CH,Cl, (C;s3H;4Cl,FouN,PPd,Pt,): M, =
445591 (0.35%x0.30x0.28 mm), orthorhombic, space group
€222, (no.20), a=26.4070(9), b=40.588(1), c=41.353(1) A,
V=443222) A>, Z=8, peyea=1.335gem™>, F(000) =17424,
26 0 = 55.0°, Moy, radiation (4=0.71070 A, 1=30.06cm™),
T=—-120°C. Data were collected with Rigaku/MSC Mercury
CCD (diffractometer (20=6-55°, o scans 0.25°). The crystal
structure was solved by Patterson methods (DIRDIF94 Patty)
and refined with teXsan. The crystal contains two chemically
equivalent, independent cluster cations; one cation (Figure 3a)
has a crystallographically imposed C, axis along the hexametallic
chain and the other cation (Figure 3b) has a C, axis vertical to
the metal axis. The Pt, Pd, P, and F atoms were refined with
anisotropic thermal parameters, and other non-hydrogen atoms
were refined. Hydrogen atoms were calculated and not refined.
Final R,=0.069 and R,=0.086 for 1087 variables (15979
reflections, 1> 30([), 6 <26 < 55°).

Molecular compounds containing low-valent Pt chains are rare.
The linear tetraplatinum complex reported in ref. [7] was the
longest molecule thus far. In contrast, linearly assembled high-
valent Pt compounds in the solid state have been well studied.
See, for example, a) K. Matsumoto, K. Sakai, Adv. Inorg. Chem.
2000, 49, 375; b) K. Matsumoto, K. Sakai, K. Nishio, Y. Tokisue,
R. Ito, T. Nishide, Y. Shichi, J. Am. Chem. Soc. 1992, 114, 8110.
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Rigid and Flexible: A Highly Porous Metal-
Organic Framework with Unusual Guest-
Dependent Dynamic Behavior**

Danil N. Dybtsev, Hyungphil Chun, and Kimoon Kim*

Porous metal-organic materials'!! have attracted considerable
attention in recent years because of their potential applica-
tions in many areas including gas storage, separation,”! and
catalysis.! Because high framework stability is essential for
many practical applications, the quest for metal-organic
materials with rigid frameworks has been a subject of intense
research. Since the first reports of metal-organic frameworks
with permanent porosity,”! many metal-organic frameworks
have been reported to have stable porous structures; how-
ever, only a handful of these materials have a high surface
area,® which is another important virtue of this class of
materials. There is also growing interest in metal-organic
materials with flexible and dynamic frameworks,”! in partic-
ular, those that reversibly change their structures and proper-
ties in response to external stimuli as they may find
applications, for example, in sensors.®! However, porous
materials that have both high framework stability and frame-
work flexibility are rare.”) Herein we report a novel metal—
organic framework with permanent porosity and a high
surface area, which also shows unusual guest-dependent
dynamic behavior: the framework shrinks upon guest inclu-
sion and expands upon guest release as proved unequivocally
by single-crystal X-ray crystallography. These changes are
fully reversible and depend on the nature of guests.

Heating a dimethylformamide (DMF) solution of
Zn(NOs;),, terephthalic acid (or 1,4-benzenedicarboxylic
acid, H,bdc) and 1,4-diazabicyclo[2.2.2]octane (dabco) at
110°C for 2 days gave the crystalline product [Zn,(1,4-
bdc),(dabco)]-4 DMF-'4,H,0 (1-4 DMF-'4,H,0) in over 80%
yield."”! The structure of 1-4 DMF-',H,O was determined by
single-crystal X-ray diffraction and the phase purity of the
bulk material was independently confirmed by powder X-ray
diffraction (XRD), thermal gravimetric analysis (TGA) and
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composed of dinuclear Zn, units with a paddle wheel
structure, which are bridged by 1,4-bdc dianions to form a
distorted 2D square-grid {Zn,(1,4-bdc),}. The axial sites of the
Zn, paddle wheels are occupied by dabco, which act as pillars
to extend the 2D layers into a 3D structure (Scheme 1). The
overall topology of the framework in 1-4 DMF-'/,H,O is best
described as a compressed primitive cubic (a-Po) net
(Figure 1a). The dabco pillars are disordered along the

&)
|
Q—,Zn’—o‘o,/ o—
— r>_©_< -
s -
- oo,Zn 0
N

|

Scheme 1. The extension of the 2D square-grid of {Zn,(1,4-bdc),} into
a 3D structure by using dabco, which occupies the axial positions.

Figure 1. a) The view along fourfold axis of the metal-organic frame-
work structure in 1-4DMF-'/,H,0. One {Zn,(1,4-bdc),} 2D Layer is col-
ored orange to emphasize the alternation of stacking layer. Hydrogen
atoms and guest molecules are omitted. b) Space-filling representation
of evacuated framework 1, which emphasizes the open square chan-
nels; view along fourfold axis. c) Side view of evacuated framework 1,
showing the windows interconnecting the channels. d) Space-filing rep-
resentation of the metal-organic framework structure in 1-2CgH,,
showing rhombic-grid motif of {Zn,(1,4-bdc),} layers. The guest mole-
cules and dabco hydrogens are not shown. Legend: Zn green; N blue;
O red; C grey; H white.
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crystallographic fourfold axis.'!! Interestingly, the 1,4-bdc
linker is unusually bent, which results in severe twisting of the
Zn, paddle wheel from an ideal square grid. Due to this
distortion 1-4 DMF-'/,H,O crystallizes in a body-centered unit
cell (I4/mcm) instead of a primitive cell with 4/mmm
symmetry. Such notable bending is unusual because 1,4-bdc
is generally considered to be a linear and rigid linker. The
TGA data indicate that 1-4DMF-'4,H,O loses its guest
molecules in the temperature range of 100-200°C, and the
resulting porous framework starts to decompose after 300 °C.
The crystals of 1-4 DMF-!,H,0 maintain single crystallinity
even after the guest has been removed completely by heating
in a vacuum for 1 day, which allowed us to determine the
guest-free structure by single-crystal X-ray crystallography.
The X-ray crystal structure of the guest-free framework 1
reveals the same connectivity, but the most striking change is
that the 1,4-bdc ligands linking the Zn, paddle wheel units are
now linear, which results in a perfect 2D square grid {Zn,(1,4-
bdc),} (Figure 1b). The 2D layers are linked by disordered
dabco pillars to form a 3D framework as in the parent
structure. The guest-free framework 1 has large, three dimen-
sionally interconnected voids. The wide open channels (7.5 x
7.5 AZ) running along the c¢ axis are interlinked by smaller
windows (ca. 4 A) along the a and b axes, which are still large
enough for the passage of small gas molecules (Figure 1c).
The guest-accessible volume for 1 is estimated to be 62 %.'?!
The structure of the guest-free framework 1 is similar to that
proposed for [Cu,(1,4-bdc),(dabco)] based on powder XRD
studies.’) The linear geometry of the 1,4-bdc ligand in the
guest-free framework 1 leads to a substantial increase in the
distance between two neighboring Zn, paddle-wheel units in
the layer (10.93 A in 1 versus 10.65 A in 1.4 DMF-!,H,0) as
well as in the specific volume per Zn, unit (1147.6(3) A®
versus 1091.8(4) A3, respectively) upon the guest release.
The structural changes can also be detected by powder XRD
analysis (Figure 2). In the XRD pattern of the guest-free
sample, all the peaks except for [00/] reflections shift to lower
26 values, which is consistent with the expansion of the 2D
square grid. The [00/] reflections remain unchanged as the
distance between the 2D layers is primarily determined by the
dabco pillars. The structural change associated with the guest
removal is fully reversible. The powder XRD pattern of the

Figure 2. Powder X-ray diffractogramms of evacuated framework 1
(top), as-synthesized 1-4 DMF.'/,H,0 (middle) and benzene-exchanged
1-2C¢H, (bottom). The reflections, corresponding to the same [00/]
interplanar distances are emphasized.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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guest-free microcrystalline sample after soaking in DMF for
2 days is exactly the same as that for the as-synthesized
material; therefore the host framework shrinks back upon
guest inclusion. The whole cycle can be repeated several times
without a significant loss of crystallinity of the material.

A different mode of the framework distortion leading to
the shrinkage of pores was observed upon inclusion of
benzene into the guest-free framework 1 as confirmed by
power XRD studies (Figure 2). Once again, all the structural
changes are reversible. The structure of the benzene-inclusion
framework (1-2 C4Hg) was also determined by single-crystal
X-ray crystallography. The overall framework connectivity in
1-2 C4Hg remains the same, but the Zn, paddle wheels and 1,4-
bdc linkers now form a 2D rhombic grid (Figure 1d). Because
the 1,4-bdc linkers in 1-2CsHy adopt a linear geometry, the
distance between two neighboring Zn, units is almost the
same as that in the guest-free framework 1, but due to the
inclination of the 2D grid motif the specific volume per Zn,
unit is smaller (1114.2(2) A®) than that for the guest-free
framework. Therefore, these data unambiguously prove that
the porous metal-organic framework 1 responds to the guest
inclusion in different ways depending on the nature of the
guest. More interestingly, contrary to common host-guest
materials, the framework shrinks upon guest inclusion and
expands upon guest release. Prior to this work, to the best of
our knowledge, there is only one example of similar guest-
induced behavior based on powder XRD studies repor-
ted.[°"" Further work is in progress to understand the origin
of the unusual structural changes associated with the guest
inclusion and removal.

The permanent porosity of 1 has been confirmed by N,
and H, gas sorption measurements at 78 K (Figure 3). The
sorption of N, follows a type I isotherm with a BET surface
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Figure 3. BET gas sorption isotherms of 1 at 78 K.

area of 1450 m*’g~".[" In contrast, the hydrogen sorption
shows an unsaturated, almost linear isotherm with a max-
imum sorption capacity of 225 cm®g~! (standard temperature
and pressure) or 2.0 wt.% at 1bar pressure, which is
significantly higher than those of any zeolites or metal-
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organic materials reported to date under the same condi-
tions.'¥ Because of the incomplete saturation, an even higher
H,-sorption capacity is expected for 1 at elevated pressures.

In conclusion, we present a novel, highly porous metal—
organic framework that has both rigidity and flexibility. This
unusual combination leads to a stable framework with
permanent porosity and guest-dependent dynamic behavior.
It has an exceptionally high surface area and H, sorption
capacity. Furthermore, the host framework shrinks upon
inclusion of organic guest molecules and expands upon guest
removal, a rare phenomenon in this class of materials. This
material, which can be easily obtained in crystalline form in a
one-pot, gram-scale synthesis starting from readily available
chemicals, may thus find applications not only as a gas storage
medium but also as a sensor. Further studies on the novel
metal-organic framework and related materials are in
progress.

Experimental Section

1-4DMF-'4,H,0: A mixture of Zn(NO,),-6H,0 (1.0 g, 3.36 mmol),
H,bdc (0.560 g, 3.37 mmol), and dabco (0.187 g, 1.67 mmol) was
suspended in DMF (40 mL) and heated in a teflon-lined steel bomb at
120°C for 2 days. The colorless crystalline precipitate formed was
collected, washed with DMF, and dried under a reduced pressure at
room temperature for 2 h (1.21 g, 83 % ). Elemental analysis calcd for
[Zn,(CgH,0,),(CsH,N,) - 4DMF-,H,0: C 46.80, H5.66, N9.63;
found: C46.60, H5.56, N 9.71. TGA data: calcd weight loss for
4DMF + '4H,0: 34.5%; found: 35.0%.

Single-crystal X-ray Crystallography: The full hemisphere data
were collected on a Siemens SMART CCD diffractometer with Mo
K, radiation (1 =0.71073 A). After the data integration (SAINT) and
semi-empirical absorption correction based on equivalent reflections
(SADABS), the structure was solved by direct methods and
subsequent difference Fourier techniques (SHEXLTL). Crystal data
for [Zny(CgH,0,),(CsH,N,)]-4DMF-4,H,0 (1-4DMF-, H,0): tet-
ragonal, I4/mecm (No.140), a=15.063(2), c=19247(5)A, V=
4367.1(14) A3, Z=4, T=243 K, poyea=1.327 gem >, 4 =1.106 mm~",
26, = 56.6°. Total number of reflections 1448 (R, =0.0353), R, =
0.0414 (1176 reflections with I>20(l)), wR,=0.1355 (all data),
GOF=1.073 and 94 parameters. 1: A crystalline sample of
1-4DMF-',H,0 was evacuated at 100°C for 24 h to remove the
guest molecules. Crystal data for [Zn,(CgH,0,),(C¢H,N,)] (1):
tetragonal, P4/mmm (No. 123), a=10.929(2), ¢=9.608(1) A, V=
1147.6(3) A%, Z=1, T=223 K, d,q=0.826 gcm >, 4 =1.070 mm ',
20 0 = 56.6°. Total number of reflections 880 (R;, =0.0360), R, =
0.0277 (852 reflections with I>20(l)), wR,=0.0711 (all data),
GOF=1.170 and 49 parameters. 12CHg: Single-crystals of
1-4DMF-',H,0 were soaked in benzene for 3 days. Crystal data for
[Zn,(CgH,O4),(CeH,N,) -2 C¢Hy (12 C¢Hg): orthorhombic, Cmmm
(No. 65), a=13.500(1), b=17.066(1), c=9.672(1)A, V=
2228.3(3) A%, Z=2, T=223K, Peyeq=1.672 gem™>, 4 =2219 mm ™",
200 =52°. Total number of reflections 1262 (R;,,=0.0501), R, =
0.0619 (1129 reflections with I>20(I)), WR,=0.2039 (all data),
GOF =1.215 and 64 parameters. CCDC-238859-238861 contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB21EZ, UK; fax: (+444)1223-336-033; or
deposit@ccdc.cam.ac.uk).
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Interlocked and Interdigitated Architectures from
Self-Assembly of Long Flexible Ligands and
Cadmium Salts**

Xin-Long Wang, Chao Qin, En-Bo Wang,* Lin Xu,
Zhong-Min Su,* and Chang-Wen Hu

The current interest in the crystal engineering of coordination
polymer frameworks not only stems from their potential
applications in microelectronics, nonlinear optics, porous
materials, and catalysis, but also from their intriguing variety
of architectures and topologies."? Up to now, a variety of
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appealing interpenetrated nets, in which only internal con-
nections are broken to separate individual nets, have been
reported and reviewed by Batten and Robson.”! In contrast,
other types of entangled architectures that have recently been
described—such as infinite multiple helices,"! two-dimen-
sional clothlike warp-and-weft sheet structures,” interdigi-
tated structures in a gearlike (or tongue-and-groove) fash-
ion,’® and polythreaded structures with poly-pseudo-rotax-
anes’—can, in principle, be disentangled without breaking
links. Moreover, these entangled nets can lead to synthetic
supramolecular arrays with potential applications in asym-
metric catalysis, drug-delivery vehicles, and sensor devices.

Unfortunately, these species are still rare, as evidenced in
a recent review by Ciani and co-workers,® and therefore the
exploration of new synthetic routes to this class of supra-
molecular architectures is one of the most challenging issues
in current synthetic chemistry. On the other hand, it is well-
known that product topology can often be controlled and
modulated by selecting the coordination geometry of the
metal ions and the chemical nature of the organic ligands.
Usually, long ligands will lead to larger voids that may result
in interpenetrated structures,”’ the most outstanding example
of which is 1,2-bis(4-pyridyl)ethane (bpe). With this ligand,
many beautiful interpenetrated networks of ingenious design
have been constructed, ranging from interpenetrating 1D
ladders to 3D nets.”)

However, these results do not mean that other types of
entangled structures cannot be formed in the presence of long
flexible ligands. If another configurational ligand is intro-
duced, it may be possible to gain noninterpenetrating nets by
combining different precursors. In this regard, for our
synthetic strategy we choose an analogy of bpe, biphenyle-
thene-4,4'-dicarboxylic acid (bpea), whose coordination
chemistry, to the best of our knowledge, has not been
previously investigated. Due to the replacement of two
pyridyl groups by aromatic carboxy groups, bpea will be
more flexible than bpe. Therefore, to avoid interpenetration
the heterocyclic aromatic ligand 1,10-phenanthroline (phen)
was introduced based on the following considerations: 1) The
steric hindrance at the metal center will be increased when the
bulky aromatic ligand binds to the metal ion; this reduces the
dimension of the net formed. Lower dimensional nets are
usually less likely to interpenetrate because there are more
possible ways to maximize the packing efficiency.'”! 2) Che-
lating bipyridyl-like ligands may provide recognition sites for
n—7 stacking interactions to form interesting supramolecular
structures. 3) The conjugated m systems containing (hetero)-
aromatic rings are currently of interest in the development of
fluorescent materials and use as model compounds for
electroluminescence and optical switching devices."!

Due to the low solubility of the ligands, we adopted
hydrothermal techniques and successfully synthesized three
noninterpenetrating species. The first complex [Cd(bpea)-
(phen),] (1) exhibits a remarkable assembly of ninefold
interlocked homochiral helices that are built from achiral
components. [Cd,(bpea)(pt)(phen),][Cd(pt)(phen)]-2 H,O (2,
pt =phthalate) contains neutral 2D puckered sheets that are
interdigitated by neutral 1D zigzag chains. The final com-
pound [Cd,(bpea)(phen);(OH);(H,0)]-0.5bpea-4H,O (3)

Angew. Chem. Int. Ed. 2004, 43, 5036 —5040



has unprecedented hexanuclear cadmium clusters that show a
3D supramolecular host-guest network.

X-ray crystallography!™?! shows that 1 has a 3D chiral
framework assembled by nine interlocking nanotubes. Com-
plex 1 crystallizes in the chiral space group P4(3), with one Cd
atom, one bpea ligand, and two phen ligands in the
asymmetric unit. The Cd center is coordinated by four
nitrogen atoms from two chelating phen ligands (mean Cd—
N 2.477(3) A) and two oxygen atoms from two monodentate
carboxylate ends of two bpea ligands (mean Cd—O
2.259(3) A) to furnish a distorted octahedral geometry. The
[Cd(phen),]** molecular corners are bridged by long linear
spacers to form an infinite helical chain running along the ¢
axis (Figure 1a). The left-handed helix is generated around

Figure 1. Crystal structure of 1. a) View of the left-handed 4, helical
chain. b) Schematic view of the helical chain. c) Perspective view of a
chiral nanotube with an opening of about 1.8x1.8 nm.

the crystallographic 4, axis with a pitch of 24.46 A. Notably,
each pair of nearly perpendicular phen ligands bonded to the
Cd atom point away from the helical axis; this steric
orientation leads to the generation of a tetragonal nanotube
with an opening of about 1.8 x 1.8 nm (Figure 1b,c¢).

The most fascinating structural feature of 1 is that each
helical chain is chemically independent but physically inter-
woven with the same independent chains in all directions,
whose unique entangled fashion can be described stepwise.
First of all, four identical helices interweave the central one
along the a and b axes with an extent of intercalation of about
0.72 nm. Another four helices further interlock the central
one along the [a,b], [—a,—b], [a,—b], and [—a,b] directions
with an extent of intercalation of about 0.24 nm. Thus, each
helical chain is interlocked by eight equivalent polymeric
units to give a periodically ordered interlocked architecture
(Figure 2). The resulting 3D chiral network can therefore be
described as an infinite interlocked array originating from
ninefold interwoven homochiral helices. The framework is
stabilized by strong m—m stacking interactions between the
interwoven aryl groups: Parallel stacking with face-to-face
distances of 3.350 A between phen ligands and 3.400 A
between phen and bpea ligands. In contrast to the inter-
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Figure 2. A schematic illustration of the ninefold interlocked homochi-
ral helices of 1.

penetrated network, the individual chains can “ideally” be
separated without breaking links.

For typical interpenetrating systems, the world record is
held by a tenfold interpenetrated diamondoid net exclusively
based on coordinative bonds."*! Among the new structures
showing entanglement, a rather remarkable example was
reported by Lin and co-workers in which the 3D chiral
framework results from the assembly of quintuple interwoven
helices built from axially chiral bityridines.'"¥! Therefore, to
our knowledge, the ninefold interlocking homochiral helices
constructed from achiral components in 1 represents the
highest degree of entanglement known in a noninterpene-
trating system.

The structure determination of 2 shows the presence of
two crystallographically independent polymer motifs in the
same crystal. One motif is a 1D zigzag chain constructed from
mononuclear Cd atoms, pt, and phen (Figure 3a). The Cd
center has a distorted octahedral coordination environment
containing two nitrogen atoms of a chelating phen ligand
(Cd—N 2.278(5) A) and four oxygen atoms of two chelating
carboxylate ends of two pt ligands (Cd—O 2.332(5) A).
The dangling phen groups are perpendicular to the propaga-
tion direction of the chain and bristle out in opposite
directions. This arrangement paves the way for interdigita-
tion.

The other polymer motif of 2 is a 2D puckered sheet of
(4,4) topology built up from dinuclear Cd units with three
types of ligands, that is, pt, bpea, and phen (Figure 3b).
Although a few polymer frames with two kinds of aromatic
ligands have been reported,™ there are no examples in which
more than two different aromatic ligands are incorporated
into a metal-organic polymer network. In contrast to the Cd
atom in the first motif, the Cd center in the second motif
adopts a seven-coordinate geometry made up of two nitrogen
atom of a chelating phen ligand (Cd—N 2.351(5) A) and five
oxygen atoms from one chelating bpea and two pt ligands
(Cd—0 2.425(4) A). Two crystallographically equivalent Cd
atoms are bridged by two p;-oxygen atoms to generate a
dinuclear unit [Cd--Cd(A) 3.693(9) A]. Four such dinuclear

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Crystal structure of 2. a) View of the zigzag chain. b) View of
the puckered sheet. ) View of the entanglement of the 1D chains and

2D sheets in the ABAB mode. The interdigitation of the phen groups is
clearly visible.

units are alternately linked by pt and bpea ligands to form a
long and narrow window, which provides a snug habitat for
dangling phen groups of the 1D chain.

The unexpected aspect of 2 is how structurally divergent
the two motifs are rationally combined together. The width of
a window within a puckered sheet, dictated by the shortest
carbon—-carbon separation between two opposite bpea
ligands, is about 8.80 A, while the period of a zigzag chain is
about 17.56 A. This allows every other window of a sheet to
be penetrated by one side of the phen groups of the 1D chains
above the layer. The remaining windows are penetrated in the
same way by the phen groups below the layer. Thus, each
sheet is simultaneously interdigitated by chains located above
and below. The two different structural motifs alternate in the
crystals, stacking with a sequence ABAB to form a beautiful
3D array (Figure 3c¢).

The coexistence of different structural motifs in the same
crystal is rather rare!l" Among the few examples of
interdigitation—almost all with identical motifs, generally a
2D sheet®* Y _only one involves two different polymer
motifs, namely, [Zn,s(L)(1;-OH)](H,0)s (L = 3-{[4-(4-pyri-
dylethenyl)phenyl]ethenyl}benzoate).!* In this structure the
1D and 2D motifs are both constructed from the L ligand.
Therefore, compound 2, in which the 1D and 2D motifs are
constructed from different components (1D: pt and phen;2D:
pt, phen, and bpea) represents a new example of interdigi-
tation: there has now been a progression from one motif with
a single ligand, to different motifs with a single ligand, to
finally different motifs with diverse ligands.

The structure of 3 consists of positive 1D pseudo-
molecular ladders and negative bpea’” ions. As shown in
Figure 4 a, the 1D ladder contains unprecedented hexanuclear

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Crystal structure of 3. a) View of the ladderlike hexanuclear
cadmium cluster. b) View of the 1D ladder highlighting the hexanuclear
metal clusters as rungs. c) View of the supramolecular host—guest net-
work in which the location of the guest bpea®™ ions in the parallelo-
gram channels is created by stacking of the ladders.

cadmium clusters in which three crystallographically inde-
pendent cadmium(i1) atoms exhibit three different coordina-
tion environments. In addition to a chelating phen ligand, Cd1
is coordinated by a monodentate bpea ligand and three p;-
OH groups, Cd2 is coordinated by one aqua ligand and three
w-OH groups, and Cd3 is coordinated by a chelating bpea
ligand and two ;-OH groups. Each p;-OH group interlinks
three Cd atoms in a trigonal shape (Cd--Cd 3.511(6)-
3.909(7) A) to give an edge-sharing hexanuclear cadmium
cluster. While a few [Cd,(u;-OH)J™* cores!'”! and octanuclear
cadmium clusters"® have been reported, such a hexanuclear
ladderlike metal core featuring cadmium-hydroxy clusters
has never been shown before. Neighboring hexanuclear
cadmium clusters are linked by two linear bpea spacers,
thus producing a new type of pseudo-molecular ladder in
which the hexanuclear cadmium clusters act as inner rungs
(Figure 4b). The phen ligands are orientated away from the
ladder and play an important role in subsequent packing into
a three-dimensional network.

Interestingly, adjacent ladders in 3 are interdigitated in a
zipper fashion to form 2D layers with significant C—H-x
interactions between the aromatic rings of different ladders;
the edge-to-face separation is about 3.70 A. These layers are
further packed into a 3D network featuring 1D parallelo-
gram-shaped cationic channels (8.91x9.97 A) under the
direction of strong m—m stacking interactions between the
phen groups; the face-to-face distance is about 3.414 A.
Completely deprotonated bpea guests reside in the channels
and are hydrogen-bonded to the aqua ligands of the ladders
(0-0 2.659(9) A, Figure 4c. Therefore, the architecture of 3
can be best described as a 3D supramolecular host-guest
network.
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Compounds 1-3 have much in common: All are
Cd(bpea)(phen) derivatives and contain 1D chain motifs in
their crystal structures. This could be related to the fact that
chelating ligands such as phen serve a “passive” role by
occupying coordination sites on the metal centers and
providing steric constrains, thus preventing spatial extension
of the skeleton to higher dimensions. Similar behavior has
been observed before.'”) Despite the similarities among 1-3,
the three types of chains (helical, zigzag, and ladderlike) fulfill
different functions in crystal packing. Although some possible
factors have been discussed here, we are unable to propose
definite reasons as to why each compound adopts a different
strategy.

To examine the contribution of d!° metal polynuclear
clusters to the photoluminescent properties of these systems,
the luminescence of 3 was investigated. While the free H,bpea
ligand displays weak luminescence in the solid state at room
temperature (see Figure S1 in the Supporting Information),
compound 3 exhibits an intense blue radiation emission
maximum at A=x~489nm upon excitation at 1=2386 nm
(Figure 5). The enhancement of luminescence may be attrib-

Figure 5. Photoluminescent spectra of 3 in the solid state at room
temperature. Ex=excitation, Em=emission.

uted to ligand chelation to the metal center, which effectively
increases the rigidity of the ligand and reduces the loss of
energy by radiationless decay.” As with other metal-
hydroxy clusters,['®"2!l the lifetime of 3 is about 14 ns, which
is significantly longer than for systems without metal-hydroxy
clusters. This fact may be ascribed to the presence of the metal
clusters, since the -OH ligand may tighten the whole
skeleton, resulting in much weaker vibrations.

In conclusion, we have presented a rational synthetic
strategy that successfully provided three coordination poly-
mers by combining a long flexible ligand and a bulky
heterocyclic aromatic ligand, which show different packing
modes. Although the final polymeric architectures are
impossible to predict with our present state of knowledge,
the strategy represents a potential approach for the design of
noninterpenetrating structures with long flexible ligands. In
addition to the well-known interpenetrated frameworks,
these new types of supramolecular entangled networks
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represent another important branch in the realm of entangle-
ment and open interesting perspectives in the study of these
materials.

Experimental Section

1: A mixture of Cd(NO,),4H,0 (154 mg, 0.5 mmol), H,bpea
(134 mg, 0.5 mmol), phen (198 mg, 1 mmol), and water (10 mL) was
placed in a 23-ml Teflon reactor and kept under autogenous pressure
at 140°Cfor 5 d. Then the mixture was cooled to room temperature at
a rate of 10°Ch™', and colorless crystals of 1 were obtained (yield:
192mg, 52% based on Cd). CH,N analysis caled (%) for
C,oHCdN,O,: C 65.00, H 3.55, N 7.58; found: C 64.65, H 3.27, N,
7.81.

2: A mixture of Cd(NO;),4H,0 (460 mg, 1.5 mmol), H,bpea
(134 mg, 0.5mmol), phen (300mg, 1.5mmol), H,pt (250 mg,
1.5 mmol), and water (10 mL) was placed in a 23-ml Teflon reactor
and kept under autogenous pressure at 160°C for 5d. Then the
mixture was cooled to room temperature at a rate of 10°Ch™', and
light-yellow crystals of 2 were obtained (yield: 140 mg, 56 % based on
Cd). C,H,N analysis calcd (% ) for CgsHCd;NgOy,: C 54.10, H3.07, N
5.57; found: C 53.84, H 2.77, N, 5.75.

3: A mixture of Cd(NO;),4H,0 (308 mg, 1 mmol), H,bpea
(134 mg, 0.5 mmol), phen (300 mg, 1.5 mmol), and water (10 mL) was
placed in a 23-ml Teflon reactor and kept under autogenous pressure
at 180°C for 3 d. Then the mixture was cooled to room temperature at
a rate of 10°Ch~!, and colorless crystals of 3 were obtained (yield:
302mg, 64% based on Cd). CHN analysis caled (%) for
CsoHs,CdsNgO,,: C 50.80, H 3.70, N 5.93; found: C 50.45, H 3.44, N,
6.38.

Received: May 24, 2004

Keywords: cadmium - hydrothermal synthesis - luminescence -
polymers - supramolecular chemistry

[1] Reviews: a) P.J. Hagrman, D. Hagrman, J. Zubieta, Angew.
Chem. 1999, 111, 2798; Angew. Chem. Int. Ed. 1999, 38, 2638;
b) A.J. Blake, N. R. Champness, P. Hubberstey, W. S. Li, M. A.
Withersby, M. Schroder, Coord. Chem. Rev. 1999, 183, 117; ¢) B.
Moulton, M. J. Zaworotko, Chem. Rev. 2001, 101, 1629; d) O. R.
Evans, W. Lin, Acc. Chem. Res. 2002, 35, 511; e) O. M. Yaghi, M.
O’Keeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi, J. Kim,
Nature 2003, 423, 705; f) A. Miiller, S. K. Das, S. Talismanov, S.
Roy, E. Beckmann, H. Bogge, M. Schmidtmann, A. Merca, A.
Berkle, L. Allouche, Y. Zhou, L. Zhang, Angew. Chem. 2003,
115,5193; Angew. Chem. Int. Ed. 2003, 42,5039; g) C. N. R. Rao,
S. Natarajan, R. Vaidhyanathan, Angew. Chem. 2004, 116, 1490;
Angew. Chem. Int. Ed. 2004, 43, 1466; h)S. Kitagawa, R.
Kitaura, S.1. Noro, Angew. Chem. 2004, 116, 2388; Angew.
Chem. Int. Ed. 2004, 43, 2334.

For recent examples, see a) E. Lee, J. Heo, K. Kim, Angew.
Chem. 2000, 112, 2811; Angew. Chem. Int. Ed. 2000, 39, 2699;
b) G.J. Halder, C.J. Kepert, B. Moubaraki, K. S. Murry, J. D.
Cashion, Science 2002, 298,1762; ¢) T. J. Prior, D. Bradshaw, S. J.
Teat, M. J. Rosseinsky, Chem. Commun. 2003, 500; d) A. Galet,
M. C. Munoz, J. A. Real, J. Am. Chem. Soc. 2003, 125, 14224,
e) B. Q. Ma, H. L. Sun, S. Gao, Chem. Commun. 2003,2164; f) L.
Pan, H. Liu, X. Lei, X. Huang, D. H. Olson, N. J. Turro, J. Li,
Angew. Chem. 2003, 115, 560; Angew. Chem. Int. Ed. 2003, 42,
542; g) X. L. Wang, C. Qin, E. B. Wang, Y. G. Li, C. W. Hu, L.
Xu, Chem. Commun. 2004, 378; h) X. H. Bu, M. L. Tong, H. C.
Chang, S. Kitagawa, S. R. Batten, Angew. Chem. 2004, 116, 194;
Angew. Chem. Int. Ed. 2004, 43, 192.

2

—

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

5039


http://www.angewandte.org

Communications

5040

[3] S. R. Batten, R. Robson, Angew. Chem. 1998, 110, 1558; Angew.
Chem. Int. Ed. 1998, 37, 1460.

[4] a)S. Sailaja, M. V. Rajasekharan, Inorg. Chem. 2000, 39, 4586;

b) P. Grosshans, A. Jouaiti, V. Bulach, J. M. Planeix, M. W.

Hosseini, J. F. Nicoud, Chem. Commun. 2003, 1336; c) Y. Cui,

H. L. Ngo, W. Lin, Chem. Commun. 2003, 1388.

a) P. M. Van Calcar, M. M. Olmstead, A. L. Balch, Inorg. Chem.

1997, 36, 5231; b) L. Carlucci, G. Ciani, A. Gramaccioli, D. M.

Proserpio, S. Rizzato, CrystEngComm 2000, 29; c) I. Ino, J. C.

Zhong, M. Munakata, T. Kuroda-Sowa, M. Maekawa, Y.

Suenaga, Y. Kitamori, Inorg. Chem. 2000, 39, 4273; d) Y. H. Li,

C. Y. Su, A. M. Goforth, K. D. Shimizu, K. D. Gray, M. D. Smith,

H. C. zur Loye, Chem. Commun. 2003, 1630.

[6] a) M. Kondo, T. Joshitomi, K. Seki, H. Matsuzaka, S. Kitagawa,
Angew. Chem. 1997, 109, 1844; Angew. Chem. Int. Ed. Engl.
1997, 36, 1725; b) K. N. Power, T. L. Hennigar, M. J. Zaworotko,
New J. Chem. 1998, 177; ¢) L. Carlucci, G. Ciani, P. Macchi, D. M.
Proserpio, S. Rizzato, Chem. Eur. J. 1999, 5,237; d) S. R. Batten,
B. F. Hoskins, R. Robson, Chem. Eur. J. 2000, 6, 156; ¢) P.
Ayyappa, O. R. Evans, W. Lin, Inorg. Chem. 2002, 41, 3328.

[7] a) C. V. K. Sharma, R. D. Rogers, Chem. Commun. 1999, 83;
b) L. Carlucci, G. Ciani, D. M. Proserpio, Chem. Commun. 1999,
449; c¢) K. Biradha, M. Fujita, Chem. Commun. 2002, 1866.

[8] L. Carlucci, G. Ciani, D. M. Proserpio, Coord. Chem. Rev. 2003,
246, 247.

[9] For example, see a) Y. B. Dong, R. C. Layland, N. G. Pschirer,
M. D. Smith, U. H. F. Bunz, H. C. zur Loye, Chem. Mater. 1999,
11, 1413; b) L. Carlucci, G. Ciani, D. M. Proserpio, S. Rizzato,
CrystEngComm 2003, 5, 190; c) J. Luo, M. Hong, R. Wang, R.
Cao, L. Han, Z. Lin, Eur. J. Inorg. Chem. 2003, 2705.

[10] S. R. Batten, B.F. Hoskins, B. Moubaraki, K.S. Murray, R.
Robson, Chem. Commun. 2000, 1095.

[11] U. W. Grummt, E. Birckner, E. Klemm, D. A. M. Egbe, B. Heise,
J. Phys. Org. Chem. 2000, 13, 112.

[12] Crystal data for 1 (C,H,CdN,O,4): M,=739.05, tetragonal,
space group P4(3), a=b=11.1568(16), c=24.461(5) A, V=
3044.7(9) A%, Z=4, pea=1.612mgm>, Flack parameter=
0.028(16), final R1=0.0267 for 6819 independent reflections
[I>20(I)]. Crystal data for 2 (CgH,sCdsNgOy,): M, =1508.31,
monoclinic, space group P2/c, a=16.776(3), b=10.141(2), c=
17.559(4) A, p=97.11(3)°, V=29642(10) A}, Z=2, puea=
1.690 mgm >, final R1=0.0670 for 6666 independent reflections
[I>20(I)]. Crystal data for 3 (CeHs,Cd;sNgO,,): M, =1418.28,
triclinic, space group PI, a=13.214(3), b=13.661(3), c=
16.964(3) A, a=113.03(3), f=92.53(3), x¥=9027(3)°, V=
2814.6(10) A%, Z=2, peea=1.673 mgm >, final R1=0.0613 for
12603 independent reflections [I>20(I)]. The data were
collected at 298(2) K on a Rigaku R-AXIS RAPID IP diffrac-
tometer with Moy, monochromated radiation (41 =0.71073 A).
The structures were solved by direct methods using SHELXS-97
and refined using Fourier techniques. CCDC 239159-239161
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12, Union Road, Cambridge CB21EZ,
UK; fax: (444)1223-336-033; or deposit@ccdc.cam.ac.uk).

[13] L. Carlucci, G. Ciani, D. M. Proserpio, S. Rizzato, Chem. Eur. J.
2002, 8, 1519.

[14] Y. Cui, S.J. Lee, W. Lin, J. Am. Chem. Soc. 2003, 125, 6014.

[15] a) W. Chen, J. Y. Wang, C. Chen, Q. Yue, H. M. Yuan, J. S. Chen,
S. N. Wang, Inorg. Chem. 2003, 42,944 ;b) X. M. Chen, G. F. Liu,
Chem. Eur. J. 2002, 8, 4811.

[16] For example, see a)S.R. Batten, CrystEngComm 2001, 18;
b) D. M. Ciurtin, M. D. Smith, H. C. zur Loye, Chem. Commun.
2002, 74; L. Carlucci, G. Ciani, D.M. Proserpio, Chem.
Commun. 2004, 380.

[5

—_

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

www.angewandte.org

[17] a) W. Lin, Z. Wang, L. Ma, J. Am. Chem. Soc. 1999, 121, 11249;
b) X. Xue, X. S. Wang, L. Z. Wang, R. G. Xiong, B. F. Abrahams,
X.Z. You, Z. L. Xue, C. M. Che, Inorg. Chem. 2002, 41, 6544.

[18] a) R. W. Saalfrank, N. Low, S. Trummer, G. M. Sheldrick, M.
Teichert, D. Stalke. Eur. J. Inorg. Chem. 1998, 559; b) S. L.
Zheng, J. H. Yang, X. L. Yu, X. M. Chen, W.T. Wong, Inorg.
Chem. 2004, 43, 830.

[19] P.J. Hagrman, J. Zubieta, Inorg. Chem. 2000, 39, 5218.

[20] a) Photochemistry and Photophysics of Coordination Com-
pounds (Eds.: H. Yersin, A. Vogler), Springer, Berlin, 1987,
b) B. Valeur, Molecular Fluorescence: Principles and Applica-
tion, Wiley-VCH, Weinheim, 2002.

[21] a) H. Kunkey, A. Vogler, J. Chem. Soc. Chem. Commun. 1990,
1204;b) S. L. Zheng, J. P. Zhang, X. M. Chen, Z. L. Huang, Z. Y.
Lin, W. T. Wong, Chem. Eur. J. 2003, 9, 3888.

Angew. Chem. Int. Ed. 2004, 43, 5036 —5040


http://www.angewandte.org

Communications

5040

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

Molecular Recognition

Recognition of Polyimide Sequence Information
by a Molecular Tweezer**

Howard M. Colquhoun* and Zhixue Zhu

The recognition of sequence information in linear macro-
molecules underpins the whole of biology, most notably
perhaps in protein synthesis through the operation of the
genetic code,!! but also in the functioning of genetic
regulatory proteins,?! of restriction enzymes,”! and of drug
molecules that bind to specific nucleotide sequences in
DNA." However, nucleic acids, when abstracted from their
biological context, are simply random, four-monomer copoly-
mers with no inherent order or information content. Their
information-bearing function derives solely from the ability of
other molecules to recognize specific monomer sequences
through noncovalent interactions. The recognition of
sequence information in high-molecular-weight copolymers
by molecules of complementary structure is thus an essen-
tially biological phenomenon.”) Sequence recognition in
small (typically trimeric) peptides has, however, been ach-
ieved by using artificial “tweezer-type” peptides as recep-
tors."!l Progress has also been made in the search for
artificial enzymes by combinatorial attachment of amide side
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chains to polyamines, but the sequences responsible for
catalytic activity in these latter systems are entirely
unknown.['”! Future technologies involving the storage and
transcription of information on the molecular scale will
certainly require materials with far greater stabilities than
those of peptides and nucleic acids. Herein we investigate the
possibility of supramolecular sequence recognition in high-
molecular-weight aromatic polyimides, a class of materials

Angewandte

with outstanding resistance to thermochemical degrada-
tion.¥] We have discovered that extended yet completely
specific monomer sequences in copolyimides can be recog-
nized through their interactions with a sterically and elec-
tronically complementary molecular tweezer.

We have shown previously that the molecular tweezer 1
binds strongly to pyromellitimide residues through comple-
mentary ni—x stacking and hydrogen-bonding interactions and
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that, in complexes with cyclic oligomers such as 2, tweezer
binding can be enhanced through further m-stacking with the
adjacent 4,4'-biphenylenedisulfone unit."¥ Extrapolation
from the X-ray crystal structure of one such complex through
computational modeling studies!" suggested that a set of
analogous interactions should also occur between tweezer 1
and polymer 3 (the linear, high-molecular-weight homologue
of macrocycle 2). Specifically, these studies predicted that the
binding of 1 to a pyromellitimide residue in the polymer chain
would be promoted by chain folding of adjacent ether—
sulfone units at the 3-aminophenoxy residue so bringing their
4,4'-biphenylenedisulfone residues into m-stacking contact
with the pyrenyl arms of the tweezer (Figure 1a).

The molecular tweezer 1 was obtained by condensation of
isophthaloyl chloride with 1-pyrenemethylamine,' and high-
molecular-weight polyimide 3 (M,~ 160 x 10° Da by GPC)

was synthesized by polycondensation of diamine 4 with
pyromellitic dianhydride (5) (see Supporting Information).
Addition of tweezer 1 to a solution of polyimide 3 in
chloroform/hexafluoropropan-2-ol gave an immediate deep-
red solution, which was attributed to the charge-transfer
absorption resulting from imide-tweezer m-stacking interac-
tions. In keeping with computational predictions, 'H NMR
spectroscopy studies across a wide range of tweezer-to-imide
molar ratios (from 1:80 to 4:1) confirmed that both imide and
4,4'-biphenylenesulfone residues are involved in binding to
tweezer 1. In the presence of the tweezer, large aromatic ring-
current shifts were observed for the pyromellitimide proton
resonance (A0 =2.6 ppm at 4:1 tweezer/imide mole ratio) and
for the 4,4-biphenylene resonances (Ad=0.8 ppm for the
protons ortho to the biaryl linkage; protons meta to this
linkage lie close to the boundary between shielding and
deshielding zones of the pyrene tweezer arm and are thus only
slightly affected by complexation). However, no significant
evidence for tweezer binding was found for non-imide-based
polymers containing the 4,4’-biphenylenedisulfone residue,
thus confirming that the pyromellitimide unit in polymer 3
represents the primary tweezer-binding site, and that neigh-
boring 4,4'-biphenylenedisulfone units provide only secon-
dary stabilizing interactions. Despite the high binding con-
stant for the complexation of tweezer 1 with polymer 3 (K, =
8.6(£0.9) x 10°m™ "), which was determined from the charge-
transfer absorption by a UV/Vis dilution technique," the
pyromellitimide resonance remains as a sharp singlet in the
presence of the tweezer, thus indicating fast exchange of the
tweezer between binding sites at room temperature on the
NMR timescale.

The monomer sequence that binds a single tweezer
molecule contains 13 aromatic rings (Figure la and
Scheme 1), but can be simply represented by the string SIS
(I is the pyromellitimide binding site and S are the flanking
diamine residues, each consisting of six aromatic rings, which
upon chain-folding provide additional binding to the
tweezer). If it were possible to introduce a diamine como-
nomer that inhibited, rather than promoted, m-stacking
between the imide and the tweezer, then the polymer-
sequence recognition and the sequence-specific binding
might well be achieved. Computational modeling studies
suggested that even a single ortho methyl group adjacent to
the pyromellitimide unit could lead to significant steric
inhibition of m-stacking between the polymer and the tweezer.
For this reason, statistical copolymers 7 (M, = 60 x 10° Da)
and 8 (M, ~100 x 10° Da) were synthesized by co-condensa-
tion of pyromellitic dianhydride with diamine 4 and with the
ortho-methylated diamine 6 (chosen for its ability to maintain
polymer solubility), in 70:30 and 50:50 mole ratios, respec-
tively."”! Pyromellitimide resonances in the '"H NMR spectra
of copolymers 7 and 8 (Figure 2) are virtually superimpos-
able"™ thus indicating that in the absence of external

Figure 1. a) Energy-minimized model (re-parametrized Dreiding-Il force field) for
complexation of the molecular tweezer 1 with the polyimide chain-sequence SIS
(see Scheme 1). Tweezer molecule 1 is shown in magenta; van der Waals surfaces
are shown in gray; hydrogen bonds between an imide carbonyl oxygen atom and
tweezer amide NH groups are shown in red and black. b) Energy-minimized space-
filling model of a copolyimide chain showing triply adjacent binding of tweezer 1
(magenta) to the polymer chain-sequence FI-SISISIS-IF.

interactions the chemical shifts of these resonances are
largely insensitive to sequence effects.

If the fluorinated comonomer 6 is defined as F, the
possible imide-centered three-component sequences present
in these copolymers can be represented by the strings FIF,
SIF, FIS, and SIS (Scheme 1). As noted above, modeling

5042 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 5040 —5045
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Scheme 1. Imide-centered sequences in a statistical copolyimide based on diamines 4 and 6.
Methyl substituents are shown in bold; in the sequence FIF they can adopt non-interconverting
syn and anti conformations relative to the imide unit. The sequence FIS (not shown) is degener-

ate with SIF in the present context.

studies indicated that imide groups in the sequences FIF, SIF,
and FIS, where one or both aromatic rings adjacent to the
imide carry ortho methyl groups, should bind only rather
weakly to tweezer molecule 1. However, the string SIS, as
shown for homopolymer 3, binds very strongly to 1 so that,
even in a copolymer, the tweezer should induce a marked
upfield shift of the imide resonance arising from this
sequence. If sequence-recognition and specific binding did
indeed occur in a copolyimide of diamines F and S, the imide
resonance should separate into two peaks, one at higher field
representing the strongly bound sequence SIS and one at
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lower field representing the much more
weakly bound sequences FIF, SIF, and
FIS (the latter two sequences being
degenerate in this context).

As shown in Figure 2, these predic-
tions were confirmed by experimental
data. To avoid possible intermolecular
effects between polymer chains,
"H NMR spectra were run at low poly-
mer concentrations, typically 4 mm with
respect to the pyromellitimide unit.
Addition of tweezer 1 to solutions of
copolymers 7 and 8 led to the imide
resonance separating into “shifted” and
“unshifted” peaks, with integrated
intensities of about 1:1 and 3:1 for 7

and 8, respectively (Figure?2, see
column headed “1:80, tweezer/
imide”). This peak separation is
observed even at extremely low

tweezer concentrations (< 1072 moles
per mole of imide), where tweezer
resonances themselves are scarcely
detectable in the spectrum. The
sequences FIF, SIF, FIS, and SIS
should occur in proportions
0.09:0.21:0.21:0.49 for the 70:30 (S/F)
copolymer 7, and in proportions of
0.25:0.25:0.25:0.25 for the 50:50
copolymer 8. Relative intensities for
“unshifted” (FIF, SIF, and FIS) and
“shifted” (SIS) imide resonances are
thus predicted to be 0.51:0.49 (1.04:1)
and 0.75:0.25 (3:1) for copolymers 7
and 8 respectively, which is in good
agreement with the NMR data
(Figure 2).

When the molar ratio of the tweezer
to imide is increased, the SIS imide
resonance in these copolymers moves
progressively upfield (Ad~2.6 ppm at
a ratio of 4:1) and, astonishingly, sepa-
rates into three clearly defined peaks
(Figure 2, see column headed “4:1,
tweezer/imide”). The only reasonable
explanation for this is that the tweezer
is detecting higher-order sequence
information, since there are three dis-
tinguishable seven-component sequences of monomer resi-
dues which incorporate the key central string SIS. These are
FISISIF, SISISIF, FISISIS, and SISISIS, with the second and
third sequences being degenerate. Statistically, the relative
proportions of these different SIS-centered sequences are
1:4.7:5.4 for random copolymer 7 and 1:2:1 for copolymer 8.
The relative intensities of SIS resonances shown in Figure 2
are fully consistent with these ratios, and comparisons of the
spectra for 7 and 8 allow individual signals to be assigned to
specific sequences on the basis of their positions and relative
intensities. The resonance at highest field thus represents the
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pure polymer 1:80, tweezer / imide 4:1, tweezer / imide

S homopolymer [1] sIs [1] SIS [11 SIS
{polymer 3)
I I ! } T T 1
—>

SIS SIS [0.49] SISISIS
S/F copolymer SIF SIF (FISISIS [0.24]
70:30 mole ratio (11 | FIS [0.51] [FIS SISISIF

FIF [0.21]

(copolymer 7)

FISISIF
[0.04]

—
[ 11
| SIF (FISISIS)
S/F copolymer S [0.75] ( FIS) SOISISIF
50:50 mole ratio 1 | FIs FIF [0.129]
copolymer 8
(copolymer ) SIS [0.25] FISISIF SISISIS
[0.062] [0.062]
T 1 L B T 1 "
8.6 8.6 8.4 6.0 5.8

~-— 4 /ppm ~-— O5/ppm - 4 /ppm
Figure 2. Imide resonances in the '"H NMR spectra of homopolymer 3 and of copolymers 7 and
8 showing the response of imide-centered monomer sequences to the presence of molecular
tweezer 1. Relative integrals predicted from sequence-distribution probabilities are shown in
square brackets. Spectra were recorded at 250 MHz in CDCl;/hexafluoropropan-2-ol (6:1 v/v), at

a polymer concentration of 4 mm with respect to total pyromellitimide residues. See Supporting

monomer sequences to a sterically and electroni-
cally complementary molecular tweezer. More
remarkably, long-range sequences may also be
identified, through the sensitivity of imide
'H NMR resonances to multiple adjacent bind-
ing of tweezer molecule 1. While the issue of
“writing” sequence information into the molec-
ular structures of synthetic macromolecules
remains to be addressed, it is perhaps worth
noting that, in biology, copolymer sequence
information is not in fact “written” at all—new
DNA sequences arise simply by random muta-
tion and are only ever copied or transcribed. The
present work, however, clearly demonstrates
that the “reading” of copolymer sequence infor-
mation in synthetic macromolecules can be
achieved through the binding of randomly gen-
erated monomer sequences to small molecules of
complementary structure.
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Diazadiene Ligands

C—C Coupling and C—H Bond Activation—
Unexpected Pathways in the Reactions of
[Yb(n’-C3H,),(thf),] with Diazadienes**

Alexander A. Trifonov,* Elena A. Fedorova,
Georgy K. Fukin, Nikolai O. Druzhkov, and
Mikhail N. Bochkarev

The diversity of the coordination and redox properties of 1,4-
disubstituted diazadienes (DAD) makes them advantageous
ligands for transition-metal chemistry. The DAD molecule
can coordinate to a metal atom as a neutral ligand. Possessing
a quite pronounced electron affinity!!! it can oxidize electro-
positive lanthanide metals by accepting one or two electrons
to form the radical anion! or dianion,””! respectively. Owing
to the low energy of the m* orbital of the DAD ligands,
their complexes with ytterbium, which forms two stable
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oxidation states and is characterized by a low potential of the
Yb/Yb" transformation, are of particular interest as
promising objects for investigating intramolecular metal-
ligand electron transfer. In our previous studies the variable-
temperature investigation of the magnetic properties of the
complex [(BuNCHCHNBu/),Yb]® suggested to us the
existence of temperature-induced valence tautomerism for
this compound. Recently, for the complexes [YbR,(z-
BuNCHCHNBu)] (R =Cp = CsH;s or R =Cp* =CsMes) we
demonstrated that the steric repulsion of DAD and Cp
ligands as a result of their bulk might serve as a tool for tuning
the Yb—N bond lengths and eventually determine the
reversibility of the Yb-DAD electron transfer.?*#! As part
of our continuing studies on intramolecular redox processes in
ytterbium complexes with redox-active ligands we attempted
to synthesize novel mixed-ligand compounds with sterically
demanding diazadienes. Herein we report the unexpected
reactivity of [Yb(C,;H,),(thf),] (1) towards diazadienes
[(2,6-iPr,CsH;)-N=CR—CR=N—(2,6-iP1,CiH;)] (R=H (2),
Me (3)) which results either in the coupling of the fluorenyl
and DAD fragments or in proton abstraction from the DAD
molecule, depending on the substituent R on the carbon atom
of the imino group.

tBuN=CH—CH=NrBu readily oxidizes ytterbocenes
[YbR,(thf),] (R=Cp, Cp*) to afford the trivalent ytterbium
derivatives [YbR,(tBuNCHCHNBu)],**¢! which contain a
DAD radical anion. Unexpectedly, the reactions of the
bisfluorenyl analogue 1 with bulky diazadienes 2 and 3
under the same conditions do not lead to oxidation of the
ytterbium atom but result in the formation of the Yb"
derivatives. Thus, the reaction of 1 with a twofold
molar excess of 2 led to the isolation of the unexpected
product [Yb{n’>-C;;HgC(=N][2,6-iPr,CsH;]) CH,NHCH;(2,6-
iPr,C¢H;)},(thf)] (4) in 80 % yield (Scheme 1).

Complex 4 is readily soluble in ethers and toluene, but
sparingly soluble in hexane. The diamagnetic properties of 4
corroborate the divalent state of ytterbium.® Crystallization
of 4 by slow cooling of the solution in hexane resulted in single
crystals of the hexane solvate 4-C¢H,, that were suitable for
crystal-structure analysis (Figure 1). The X-ray diffraction
study revealed that the Yb" cation is n’-coordinated
by two novel multifunctional ligands {C;;HyC(=N[2,6-
iPr,C¢H;])CH,NHC:H;(2,6-iPr,C¢H;)}~, which arise from
unprecedented coupling of the allylic carbon atom of the
fluorenyl ligand with the imino carbon atom of the diazadiene
2. The C—C bond (1.426(3), 1.434(3) A) formation in 4 also
implies that the two H atoms initially bonded to the coupled
carbon atoms migrate to the second imino group, resulting in
the hydrogenated CH,~—NH fragment. Unlike the n*-bonding
of the fluorenyl fragment to the Yb atom in the starting
complex 1,"! a rather unusual n’*-type of coordination through
one carbon atom of the five-membered ring and two carbon
atoms of the six-membered ring occurs in 4. The -
coordination of the imino group to the Yb atom results in
the formation of the planar (deviation from the plane is
0.11 A) n*-bonded heteropentadienyl frame. The C—C bond
lengths within this frame (1.398(3)-1.461(3) A) fall within the
range of values for aromatic C—C bonds,”! and the C—N bond
lengths (1.324(3), 1.319(3) A) are slightly longer than the
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Scheme 1. Reaction of 1 and 2 to give 4. Reagents and conditions: 1, 2 (2 equiv), THF, 60°C,

—_—
+

1 2 4

30 min; then toluene, 60°C, 1 h; then toluene, 60°C, 2 h.
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Figure 1. ORTEP representation of structure 4. Selected bond lengths

[A] and angles []: Yb(1)-N(3) 2.445(2), Yb(1)-N
C(78) 2.759(2),Yb(1)-C(39) 2.768(2), Yb(1)-

(1) 2.466(2), Yb(1)-
C(77) 2.786(2), Yb(1)-C(27)

2.795(2), Yb(1)-C(38) 2.798(2), Yb(1)-C(66) 2.868(2), Yb(1)-C(13)
2.933(2), Yb(1)-C(52) 2.952(2), N(1)-C(13) 1.324(3), N(1)-C(1)
1.443(3), C(13)-C(27) 1.426(3), C(13)-C(14) 1.521(3), C(27)-C(39)
1.459(3), C(38)-C(39) 1.398(3), N(2)-C(14) 1.447(3), N(3)-C(52)
1.319(3), N(4)-C(53) 1.464(3), C(52)-C(53) 1.514(3), C(52)-C(66)
1.434(3), C(66)-C(78) 1.461(3), C(77)-C(78) 1.403(3); N(3)-Yb(1)-C(77)
70.80(6), N(1)-Yb(1)-C(38) 70.21(6), O(1S)-Yb(1)-N(3) 97.56(5),
O(15)-Yb(1)-N(1) 96.31(5).

C=N bond in the parent diazadiene
(1.266(3) A).®! Such a bonding situa-
tion is evidence for a delocalized
msystem in the heteropentadienyl
fragment. The dihedral angle
between the N(3)-C(52)-C(66)-
C(78)-C(77) and the N(1)-C(13)-
C(27)-C(39)-C(38) planes is 64.4°
and the angle Ct-Yb-Ct (Ct are the
centroids of the N(3)-C(52)-C(66)-
C(78)-C(77) and the N(1)-C(13)-
C(27)-C(39)-C(38) rings) is 147.2°
(reference: 136.3(3)° in
[YbCp*,(CsHsN),]).) The Yb—C bond lengths in 4
(2.759(2)-2.952(2) A) are somewhat longer than those in the
starting complex 1 and are comparable to the distances
reported for the Yb'-bispentadienyl derivative [Yb{4,4'-
(CH,),(2-C4Hy),}(thf),] (2.709(9)-2.909(9) A).'") The Yb—N
bond lengths are very similar to those in Yb"™B-diketiminates
(2.418(9)-2.423(9) A)." The arrangement around the
ytterbium atom in 4 determines the geometry of the hetero-

5
l \ o~ thf

+
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pentadienyl bent sandwich complex. Spectros-
copic data consistent with this formulation
were also obtained.

In an attempt to obtain insight into the
mechanism of the observed ligand transforma-
tion, we investigated the reaction of 1 with the
diazadiene 3 under the same conditions. We
H2 found that replacement of the imino hydrogen
atoms by two methyl groups dramatically
influences the reaction pathway and leads to
the formation of different products. We fol-
lowed the procedure described above and
isolated the novel Yb" derivative 5 (64%)
and fluorene (81%). (Scheme 2)

Complex 5 was isolated as a deep green crystalline solid
that is readily soluble in toluene but sparingly soluble in
hexane. The compound is diamagnetic, which corresponds to
the Yb" oxidation state. Single crystals suitable for X-ray
crystal-structure analysis (Figure 2) were obtained by recrys-
tallization of § from toluene/hexane mixtures.

The crystal-structure analysis showed that the ytterbium
atom in 5 is n’-coordinated by the sole fluorenyl ligand and by
the two nitrogen atoms of the novel monoanionic ligand {(2,6-
iPr,CsH;)N=C(CH;)—C(CH,)=N(2,6-iPr,CsH;)}~ (6), which
results from proton abstraction from the methyl substituent of
the imino group of 3. The Yb—C bond lengths in 5 are in the
range 2.655(2)-2.770(3) A, slightly shorter than those in 1.
The Yb—N bonds in 5 are non-equivalent. The Yb(1)—N(2)
bond length (2.315(2) A) is similar to that of the Yb'-N
covalent bond in the complex [Yb{N(SiMe;)}(thf)BPh,]
(2.314(2) A" and slightly longer than that in the complex
[Yb{N(SiMe;)},(Me,P(CH,),PMe,]  (2.329(2) A).')  The
Yb(1)-N(1) bond is essentially longer (2.388(2) A), but
nevertheless much shorter than the Yb"N coordination
bonds (2.58(1)-2.65(1))."1 The N=C bonds of the NCCN
fragment in 5 are longer than the corresponding bonds of the

t/.

O

N

,C &,
H,C CH2

Scheme 2. Reaction of 1 and 3 to give 5 and fluorene. Reagents and conditions: 1, 3 (2 equiv),
THF, 60°C, 30 min; then toluene, 60°C, 1 h; then toluene, 60°C, 2 h.

parent diazadiene 3 (1,279(3), 1.280(3) A)'l and differ
significantly as well: N(1)-C(26) 1.318(3) A and N(2)—
C(28) 1.353(3) A. The C—C bond length of the diazadiene
fragment in 5 remains similar to that in 3 (1.498(3) A)." A
short C(28)—C(29) bond length (1.398(4) A) comparable to
that of aromatic C—C bonds!”! together with a flat geometry
around the C(29) atom (the sum of the bond angles is 359.8°)
provide evidence for sp® hybridization at this carbon atom.
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Figure 2. ORTEP representation of structure 5. Selected bond lengths
[A] and angles [°]:Yb(1)-C(1) 2.649(3), Yb(1)-C(2) 2.655(2), Yb(1)-C(7)

2.727(2), Yb(1)-C(13) 2.744(3), Yb(1)-C(8) 2.770(3), Yb(1)-N(2)
2.315(2), Yb(1)-O(1) 2.352(2), Yb(1)-N(1) 2.388(2), N(1)-C(26)
1.318(3), N(1)-C(14) 1.439(3), N(2)-C(28) 1.353(3), N(2)-C(30)
1.435(3), C(26)-C(28) 1.499(4), C(26)-C(27) 1.471(4), C(28)-C(29)
1.398(4); N(2)-Yb(1)-0(1) 99.76(7), N(2)-Yb(1)-N(1) 9.37(7), O(1)-
Yb(1)-N(1) 95.65(7), H(29A)-C(29)-H(29B) 119.5(2), C(28)-C(29)-

H(29B) 119.3(2), C(28)-C(29)-H(29A) 121.0(2).

Unlike the geometry of the DAD radical anions in Yb™
complexes,®™¢ which exhibit redistribution of the bond
distances (characteristic of delocalized NCCN m systems),
the geometry of the monoanionic ligand 6 in 5 is indicative of
a partial double bonding and delocalization of the negative
charge only occurs in the N(2)—C(28)—C(29) fragment
(Scheme 3).

Yb2* /Yb2+
R_N\ /N_R R- \\ /N_R
Ye—ci L4
HsC CH, HsC CHy

Scheme 3. The geometry of the monoanionic ligand 6 is indicative of a
partial double bond. Delocalization of the negative charge only occurs
in the N(2)—C(28)—C(29) fragment.

The higher value of the effective negative charge on the
N(2) atom results in the non-equivalence of the Yb—N bonds
and in the shortening of the Yb(1)~N(2) bond. The 'H and
5C NMR spectra of 5 are consistent with the structural data.
The protons of the methyl radical by the imino group appear
in the '"H NMR spectrum as a singlet at 6 = 1.67 ppm, whereas
the two methylene protons become diastereotopic as a result
of partial double bonding in the NCCH, group, giving rise to
two singlets of equal intensity at 6 =3.94 and 4.40 ppm.

Isolation of fluorene from the reaction in nearly quanti-
tative yield proves that the fluorenyl anion is responsible for
the abstraction of the proton from 3 and for the formation of
the ligand 6. Similar C—H bond activations in the ytterbium
amido complexes were previously reported by Deacon and
Forsyth!'™ and by Dehnicke and co-workers.]

Unfortunately, at the present stage of our investigation we
are unable to rationalize definitely the formation of the
complexes 4 and 5. Undoubtedly, the first step is coordination
of the diazadiene to the ytterbium atom and formation of the
mixed-ligand derivatives [(C;3H,),Yb(DAD)]. We presume
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that oxidation of the ytterbium atom to Yb™ occurs in this
step and we are currently attempting to prove of this
hypothesis. Steric crowding of the coordination sphere of
the ytterbium atom is most likely the factor that drives the
transformation of the formed species into complexes 4 and 5.
Further work on this subject is being actively pursued at the
moment.

Experimental Section

4: A solution of 2 (0.99 g, 2.65 mmol) in THF (10 mL) was added to a
solution of 1 (0.86 g, 1.32 mmol) in THF (20 mL) and the reaction
mixture was heated at 60°C for 0.5 h. THF was evaporated in vacuo,
toluene (20 mL) was added, and the reaction mixture was stirred at
60°C for 1h. The volatile material was evaporated in vacuo, and
another portion of toluene (20 mL) was added. The mixture was
stirred at 60 °C for an additional 2 h, after which time the solvent was
evaporated in vacuo and the deep red solid residue was dissolved in
hexane (35 mL). Slow concentration of the solution in hexane at
—20°C resulted in crystals of 4. The mother liquor was decanted, and
the crystals were washed with cold hexane and dried in vacuo at room
temperature for 45 min to afford ruby-red crystals of 4 (1.41 g, 80 %).
Elemental analysis: calcd (%) for Cg,HosN,OYb: C 73.72, H 7.33, Yb
12.95; found: C 73.95, H 7.42, Yb 12.00; '"HNMR (200 MHz,
[Dg]benzene, 20°C): 6=0.76 (d, *Jyy=6.6 Hz, 18H; CH(CH,),),
0.92 (d, 3/ = 6.6 Hz, 12H; CH(CH,),), 1.05 (d, *Jyy = 6.6 Hz, 12H;
CH(CH,),), 1.16 (m, 6H; CH(CHs;),), 1.20 (s, 4H; f-CH, (thf)), 1.42
(m, 4H; CH(CHa),), 2.47 (sept, *Juy = 6.8 Hz, 4H; CH(CH,),), 3.33
(brs, 4H; a-CH, (tht)), 3.56 (brs, 1H; NH), 4.01 (t, /=52 Hz,
1H;NH),4.40 (d, Jyy = 4.4 Hz,4H; CH,), 6.94 (s, 6H; Ar-H), 7.10 (s,
6H; Ar-H), 7.15-7.46 (m, 8H; Ar-H), 7.92 (d, *J;;;=7.2 Hz, 4H; Ar-
H), 8.16 ppm (d, *Jyy=7.6 Hz, 4H; Ar-H); "CNMR (50 MHz,
[Dg]benzene, 20°C): 6 =23.6, 23.7, 25.0, 25.1 (CH(CHa;),), 25.4 (B-
CH, (tht)), 27.5, 28.6 (CH(CHj;),), 52.6 (CH,NH), 70.2 (0a-CH, (thf)),
92.7 (Flu-C=NAr), 1194, 121.5, 122.4, 123.5, 124.4, 125.5, 127.0,
128.1 (CH, Ar-C), 114.9, 131.9, 136.5, 139.8, 140.1, 144.0, 144.8,
172.8 ppm (quat. C, Ar-C); IR (Nujol, KBr): #=3400 (w), 3060 (w),
1640 (m), 1580 (m), 1300 (s), 1160 (m), 1080 (m), 950 (m), 860 (m), 780
(s), 750 (s), 730 cm™! (s).

5: A solution of 3 (0.82 g, 2.03 mmol) in THF (10 mL) was added
to a solution of 1 (0.65 g, 1.00 mmol) in THF (20 mL) and the reaction
mixture was heated at 60°C for 0.5 h. THF was evaporated in vacuo,
toluene (20 mL) was added, and the reaction mixture was stirred at
60°C for 1h. The volatile material was evaporated in vacuo, and
another portion of toluene (20 mL) was added. The mixture was
stirred at 60°C for an additional 2 h, after which time the solvent was
evaporated in vacuo and the deep green solid residue was recrystal-
lized from a mixture of toluene/hexane at —20°C. The mother liquor
was decanted and the crystals were washed with cold hexane dried
in vacuo at room temperature for 45 min to afford deep green crystals
of 5 (0.53g, 64%). The volatile material was removed from the
mother liquor in vacuo, and fluorene (0.14 g, 81 %) was sublimed
from the solid residue. Elemental analysis: caled (%) for
C4;sHseN,OYb: C 66.44, H 6.88, Yb 21.26; found: C 66.64, H 6.70,
Yb 21.20; '"H NMR (200 MHz, [Dg]benzene, 20°C): 6 =1.06-1.42 (m,
28H; CH(CH,), and 3-CH, (thf)), 1.67 (s, 3H; N=CCHs;), 2.63 (brs,
2H; CH(CH,),), 3.16 (brs, 2H; CH(CH,),), 3.38 (brs, 4H; 0-CH,
(thf)),3.94 (s, 1H; N=CCHH), 4.40 (s, 1H; N=CCHH), 6.63 (s, 1 H;
Flu-H), 6.97-7.02 (m, 4H; Ar-H), 7.24-7.42 (m, 8H; Ar-H), 7.99 ppm
(m, 2H; Ar-H); *C NMR (50 MHz, [D;]benzene, 20°C): 6 19.0 (N =
CCH,), 24.0,24.3,25.3,25.6 (CH(CHs;),), 25.1 (B-CH, (thf)), 27.9,28.1
(CH(CHa),), 69.6 (a-CH, (thf)), 82.6 (C9 (Flu)), 90.5 (N=CCH,),
114.9,118.2,119.6,122.7,123.4,123.9, 125.7, 128.1 (CH, Ar-C), 119.3,
123.6,127.6,133.5,138.0, 143.2,143.7,149.1, 156.6, 179.2 ppm (quat. C
(Ar) and quat. C (N = CCQC)); IR (Nujol, KBr): 7 =3020 (w), 1525 (m),
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1300 (s), 1230 (m), 1180 (m), 1080 (m), 1000 (m), 920 (m), 860 (s), 830
(m), 780 (s), 740 (s), 730 (s), 710 (s), 660 cm~" (m).

Crystal data for 4: CgH,,N,OYb, M,=1414.86, triclinic, P1P1,
a=13.0385(7), b=13.8866(7), c=21.9438(12) A, «==85.8100(10),
B=287.4260(10), y=69.0470(10)°, V=3699.8(3) A’>, Z=2, puca=
1.270 Mgm ™, absorption coefficient 1.31373, F(000) 1492, reflections
collected 20549, independent reflections 12985, GOF 1.047, R=
0.0330, wR2 =0.0837.

Crystal data for 5: C,;HssN,OYb, M,=2813.96, orthorhombic,
Pbca, a=15.3796(10), b =17.1883(12), c =29.211(2) A, a=90.0, S =
90.0, y =90.0°, V="7721.9(9) A%, Z=8, peca = 1.400 Mgm™3, absorp-
tion coefficient 2.45873, F(000) 3344, reflections collected 57402,
independent reflections 6812, GOF 0.948, R =0.0280, wR2 = 0.0540.
All crystallographic calculations were performed with the Bruker
SHELXTL package.'! CCDC-241424 (4) and -241425 (5) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB21EZ, UK; fax:
(444)1223-336-033; or deposit@ccdc.cam.ac.uk).
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Metastable Vanadium Dioxide Nanobelts:
Hydrothermal Synthesis, Electrical Transport, and
Magnetic Properties**

Junfeng Liu, Qiuhong Li, Taihong Wang, Dapeng Yu,
and Yadong Li*

One-dimensional (1D) nanostructures have attracted a great
deal of attention as functional units for mediating the
transport of electrons or optical excitations. Probing their
intrinsic properties is critical to assess their possible roles in
new types of nanoscale devices.'™*! Because of some critical
limitations that are difficult to overcome in carbon nanotubes,
many other 1D nanostructures have been developed.[*f

[*] J. Liu, Prof. Y. Li
Department of Chemistry and
the Key Laboratory of Atomic & Molecular Nanosciences
(Ministry of Education, China)

Tsinghua University

Beijing, 100084 (P.R. China)
and

National Center for Nanoscience and Nanotechnology
Beijing, 100084 (P.R. China)
Fax: (+86) 10-6278-8765
E-mail: ydli@tsinghua.edu.cn
Q. Li, Prof. T. Wang

Institute of Physics

Chinese Academy of Sciences
Beijing (P.R. China)

Prof. D. Yu

Department of Physics
Peking University

Beijing (P.R. China)

*] This work was supported by NSFC (50372030, 20025102,
20151001), the Foundation for the Author of National Excellent
Doctoral Dissertation of P.R. China, and the state key project of
fundamental research in nanomaterials and nanostructures
(2003CB716901).

5048 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/anie.200460104 Angew. Chem. Int. Ed. 2004, 43, 5048 —5052



VO,(B), one of metastable phases of vanadium dioxide, is of
great interest owing to its layered structure and promising
properties in the nanometer regime.'”” It is an attractive
material for various applications especially as an electrode
material for lithium batteries. VO,(B) exhibits a maximum
reversible capacity of about 320 mAhg 'in the range 4 to 1 V
in lithium cells."'*1 Huynh et al. reported that the operating
properties of batteries depend not only on the structure, but
also on the morphology of the electrode components.”” Tt was
shown that 1D nanostructures are more prone to charge
transport than the bulk crystalline structures. VO,(B) can be
prepared by traditional methods such as thermal reduction of
V,0;5 by H, or SO, gas, thermal decomposition of ammonium
hexavanadate, and reduction of aqueous vanadate solution
with potassium borohydride.”?! However, most of the
synthetic routes only lead to bulk VO,(B), and the synthesis
of VO,(B) 1D nanostructures is still a challenge to material
scientists. Herein, we report a convenient and controllable
approach for the synthesis of metastable monoclinic vana-
dium dioxide single-crystal nanobelts, which requires neither
sophisticated techniques nor catalysts. The electrical trans-
port through individual nanobelts as well as the magnetic
properties of these materials have also been investigated.

VO,(B) consists of three-dimensional frameworks of VOg
octahedra and adopts a structure derived from the structure
of V,05! Recently, we have obtained V,0s nanobelts by
hydrothermal synthesis by treating ammonium metavanadate
with nitric acid. Thus, it was anticipated that the low-valent
1D vanadium oxides could be obtained by adding an
appropriate mild reducing agent under similar hydrothermal
conditions. Our experiments have revealed that formic acid
can function both as the acidification and reducing agent and
has enabled us to prepare the metastable phase of vanadium
dioxide nanobelts on a large scale.

The basic reaction we employed for the synthesis of the
VO, nanobelts can be formulated in Equation (1), which in
turn comprises two half reactions [Eq. (2) and (3)].

2VO; + HCOOH +2H* — 2VO, + CO, + 2H,0 (1)
VO; +2H' +e” — VO, +H,0 E’ = +1.00V (2)
CO, +2H" +2¢" — HCOOH E° = —020V (3)

On the basis of standard reduction potential (E°) values,
the standard Gibbs free energy change AG,° of the redox
reaction [Eq.(1)] was estimated to be —231.6kJmol™,
implying a very strong tendency for the reaction to progress
toward the products.

By controlling the pH value and the temperature, the
nanobelts could be conveniently prepared without the
presence of template or catalyst. It is noteworthy that the
as-synthesized nanobelts can be either prepared as stable
colloidal solutions or self-assemble into the “paper form”
only after suction filtration. Typical X-ray diffraction (XRD)
patterns of the VO,(B) nanobelts are given in Figure 1.
Figure 1a shows a set of reflections at 14.4°, 29.0°, and 44.1°
for the VO,(B) nanobelts that assembled into the paper form,
characteristic of (00/) reflections for layered phases of
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Figure 1. XRD patterns of VO,(B). a) VO, film (the “paper-form” prod-
uct obtained directly after filtering); b) the partly broken “paper-form”
product; c) VO,(B) powders ground from the “paper-form” product.

VO,(B). The layer spacing of the phase is determined to be
6.15 A from the (001) reflection. When the “paper-form”
product was broken into pieces, peaks appeared in the XRD
pattern at (200), (400), (—401), (—601) (Figure 1b). Finally,
after the sample was thoroughly ground, all the peaks can be
perfectly indexed to the monoclinic VO,(B) phase (space
group: C2/m) with lattice constants a =12.09, b=3.702, c=
6.433 A, and =106.6°(JCPDS 81-2392) (Figure 1c). Inter-
estingly, no peaks of any other phases or impurities were
detected. In Figure 1c the more intense peaks are consistent
with the JCPDS card, including the strongest peak at (110).
But in the paper-form sample, most of these peaks are missing
and only (00/) peaks appeared. Considering these results with
regard to the crystal structure of VO,(B), it appears that most
of the nanobelts packed along (001) in the paper-form sample,
and the [010] direction was the growth axis of the belts.

The size and morphology of the products were also
examined by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). As shown in Figure 2,
the VO, nanobelts are several micrometers long, typically 50—
100 nm wide, and 10-20 nm thick. In addition, the TEM
image and the selected area electron diffraction (SAED)
pattern of an individual nanobelt are shown in Figure 2 c. The
[010] direction of the electron diffraction pattern is parallel to
the belt axis, showing that growth occurs along the [010]
direction, which is in agreement with the conclusion from the
XRD pattern. A high-resolution TEM (HRTEM) image
provides an insight into the prepared nanobelt structure. The
HRTEM image (Figure 2d) of the end of an individual VO,
nanobelt shows that it is a single crystal without the presence
of dislocations and defects. The 17° orientation between the
(010) and (110) lattice planes is consistent with the crystal
structure. Energy-dispersive X-ray analysis (EDAX) spectra
were also measured to determine the chemical composition of
the as-prepared VO, nanobelts. Results from EDAX spectra
show that the nanobelts only contain V and O; however, the
atom ratio of V and O cannot be determined because one
peak for the element V overlaps with the peak for the ele-
ment O.
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Figure 2. Typical field-emission SEM (a) and low-resolution TEM (b) images of the
VO,(B) nanobelts. c) Individual nanobelt on the [001] plane. d) HRTEM image of the end
of VO, nanobelts showing that the nanobelt is single crystalline and free from dislocation
and defects. The 17° orientation between [110] and long axis shows the growth direction

to be [010]. e) VO,(B) nanobelts synthesized in excess formic acid (pH 2).

5050

The synthesis parameters, such as the pH value, temper-
ature, and reaction time, play an important role in controlling
the morphology. A series of experiments showed that using a
lower temperature resulted in a V,0s5 gel owing to the
inefficient reduction, and shorter reaction times led to bad
crystallization. Little product was generated at a pH>3
owing to insufficient acidification, and only when the pH
value was lower than 3 were large amounts of VO,(B)
nanobelts obtained. The average aspect ratio and width-to-
thickness ratio of the nanobelts dropped as the pH value of
the synthesis solution decreased from 3 to 2 on increasing the
amount of formic acid. When the pH value was adjusted to 3,
long belts were obtained for which the average aspect ratio
was more than 100 and the width-to-thickness ratio was about
10 (Figure 2b). At a pH 2 the morphology of the vanadium
dioxide changed from nanobelts to nanorods with a length of
2-3 um and an aspect ratio of 20-30 (Figure 2¢).

Further advancement of this approach for nanobelt
synthesis requires a clear understanding of the growth
mechanism. The growth axis of the nanobelt is related to its
crystallographic characteristics. VO,(B) is constructed from
two different layers of VO4 octahedra. When viewed down
the ¢ axis, VO,(B) exhibits two edge-sharing octahedra to
produce a layer of “steplike” octahedra. These layers are
linked to each other at the protruding corners of each pair of
octahedra to produce a three-dimensional framework
(Figure 3).%

The growth direction of the VO, crystal may be deter-
mined by the relative stacking rate of the octahedra at various
crystal faces. As for the interface of VO,, the longest bond
(V1—03) is 2.677 A (Figure 3), which makes [001] the slowest
growth direction, and the average shortest bond along the
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[010] direction indicates that the (010) plane has a
relatively high stacking rate, which favors growth along
the [010] axis. It is believed that detailed studies on the
crystal structure and the symmetry will help to explain
the results, and could also provide insight into how to
control the morphology.

The transport properties of single-crystalline vana-
dium dioxide nanobelts have been investigated in
vacuum by scanning the bias voltage. The 50-nm Au
electrodes were deposited by e-beam deposition on a
Si substrate covered with a 500-nm thick thermally
grown SiO, layer. Then an individual vanadium
dioxide nanobelt was deposited from an ethanol
solution onto the top of the electrodes. A schematic
illustration of our device and a typical SEM image
recorded with it are given in Figure 4a. The distance
between the two electrodes was about 500 nm. The
measurements were performed in a vacuum of 3 x
107> mbar.

At room temperature, the samples exhibited non-
linear, symmetric current/voltage (I/V) characteristics
(Figure 4b). The curve is reproducible and no large
fluctuations are observed even in the high bias region,
indicating that the device is stable. The I~V curve
shows superlinear behavior, and closely follows the
empirical formula: I =a+b V+cV*+dV?, with exper-
imental coefficients of a~0, b=1.97, c=-0.01, and

Figure 3. a) Projection of the VO,(B) structure along [010]. b) Crystal
structure of VO,(B) nanobelts. The longest bond (V1—03) is 2.677 A,
which makes [001] the smallest growth direction, and the average
shortest bond along the [010] direction makes the (010) plane have
the highest stacking rate.

Angew. Chem. Int. Ed. 2004, 43, 5048 —5052
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Figure 4. a) Schematic illustration of our device and a typical SEM image. b) I/V characteristics of the individual nanobelt at room temperature
(solid line) and the empirical formula I=a+bV+cV?+dV? (starred line). The inset shows the plot of the resistance R=V/I versus bias voltage
V. c) Plot of the temperature dependence of the resistance R. d) IR response of a single nanobelt in vacuum. The inset is a schematic representa-

tion of the mechanism of the IR response.

d=1.05. As shown in Figure 4b, the curves for the empirical
formula and the current coincide with each other very well.
The temperature dependence of the resistance is displayed in
Figure 4c, which shows that the resistance increases as the
temperature drops from 280 K to 50 K.

We analyzed the optoelectronic response of the device in
vacuum. The behavior of a representative nanobelt is shown
in Figure 4d. When exposed to IR light, the nanobelt
conductance increased two- to threefold and stabilized
within 1-2min. The rise in conductance is due to the
generation of photocurrent, which directly increases the
number of free carriers within the device (inset pattern in
Figure 4d). The effect was fully reversible when the light was
turned off, with 90 % decay of the photoresponse in 100-200 s.
The photoswitching behavior was reproducible.

The magnetization of the as-prepared VO, nanobelts was
measured with a superconducting quantum interference
device (SQUID) magnetometer. The magnetization curves
as a function of the applied field at 5 K under conditions of
zero-field cooling (ZFC) and field cooling (FC) in a 100 Oe
field are shown in Figure 5. The results indicate VO,(B)
nanobelts are paramagnetic materials.

In summary, we synthesized metastable monoclinic vana-
dium dioxide single-crystal nanobelts by a direct hydro-
thermal reduction method. The obtained nanobelts crystallize
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well and allow dimensional control along the [010] direction.
The single-crystalline VO, nanobelts can be prepared into
stable colloidal solutions, or assembled into paper forms by
tuning process parameters. The morphology of the samples
can be adjusted by varying the parameters of the solution. The
electrical transport through single nanobelts was investigated
and the magnetic measurement showed VO,(B) was a
paramagnetic material. This hydrothermal method should
be applicable for large-scale production of low-dimensional
nanostructured vanadium dioxides.

Experimental Section

The vanadium dioxide nanobelts were synthesized under hydro-
thermal conditions. All chemicals were purchased from the Beijing
Chemical Reagents Company and were used without further
purification. In a typical synthesis, ammonium metavanadate
(0.234 g) was dissolved in deionized water to form a light yellow
clear solution. Formic acid was added dropwise to the ammonium
metavanadate solution (0.1M;20 mL) until the final pH of the solution
was about 2-3 under stirring. A clear orange solution was formed and
the resultant solution was then transferred into a Teflon-lined
autoclave with a stainless-steel shell. The autoclave was kept at
180°C for two days and then allowed to cool to room temperature.
The final product was washed with deionized water and pure alcohol
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Figure 5. a) ZFC and FC curves of vanadium dioxide nanobelts mea-
sured with the field of 700 Oe. b) Magnetization of vanadium dioxide
nanobelts plotted as a function of the applied field measured at 5 K.

several times to remove any other possible residues and then dried at
60°C under vacuum for 6-8 h.

Powder X-ray diffraction (XRD) experiments on the products
were conducted on a Bruker D-8 Avance X-ray diffractometer with
Cuy, radiation (1=1.5418 A). The morphologies and structures of
the vanadium dioxide nanobelts were observed at 200 kV by using a
LEO-1530 field-emission scanning electron microscope (FE-SEM), a
Hitachi H-800 transmission electron microscope (TEM), and a JEOL
JEM-2010F high-resolution transmission electron microscope
(HRTEM). Electron diffraction (ED) patterns were used to deter-
mine the growth orientation of the as-prepared 1D product.
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Distannylation of Strained Carbon—Carbon Triple
Bonds Catalyzed by a Palladium Complex**
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Transformations of arynes catalyzed by a transition-metal
complex, although less common than stoichiometric reac-
tions,l'! have recently received considerable attention as a
novel route for the synthesis of substituted arenes that are not
accessible by conventional methods. Irrespective of the
catalyst and reactant used, efforts have thus far been devoted
mainly to developing cyclization reactions of arynes. The
pioneering work on these transformations—palladium-cata-
lyzed trimerization of arynes®® and cocyclization of arynes
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with alkynes®'—was reported by Pefa et al. Catalytic reac-
tions of arynes with alkynes and/or allyl chlorides in the
presence of a palladium complex have also been reported by
Yamamoto and co-workers,™ while Murai and co-workers
have developed cobalt-, rhodium-, and palladium-catalyzed
carbonylative cycloadditions of arynes.”! Catalytic addition
reactions of a obond® to arynes have been limited to
carbostannylation and disilylation,™ as reported previ-
ously. Herein we report that a tin—tin bond of a distannane
readily adds to strained carbon-carbon unsaturated com-
pounds, such as arynes or cyclohexynes, in the presence of a
palladium complex [Eq. (1)]. This transition-metal-catalyzed
element—element o-bond addition reaction to cyclohexynes
has no precedents, to the best of our knowledge.

Sn
R—@ (1)
s Sn

We first examined the reaction of hexabutyldistannane
(1a) and benzyne, prepared in situ from 2-(trimethylsilyl)-
phenyl triflate (2a),® and a fluoride ion (KF/[18]crown-6) in
the presence of a palladium/1,1,3,3-tetramethylbutyl isocya-
nide (tert-octyl isocyanide, tOcNC) complex,” and found that
the tin—tin bond of 1a smoothly adds to benzyne to afford 1,2-
bis(tributylstannyl)benzene (3aa) in 73% yield (entry1,
Table 1).'% The choice of catalyst and source of the fluoride
ion are crucial: the reaction did not proceed in the presence of
either [Pd(dba),] (dba = trans,trans-dibenzylideneacetone) or
[PA(PPh;),], and the desired product was also not formed
when CsF in MeCN" was used as the source of the fluoride
ion, even in the presence of the same palladium-isocyanide
complex. The distannylation of various arynes was then
investigated under the optimized reaction conditions. As in
the case of benzyne itself, the 4-substituted benzynes formed
insitu from precursors 2b-2d react efficiently with 1a to

[Pd]

Table 1: Distannylation of arynes.
KF (3 equiv)
[18]crown-6 (3 equiv)

. Pd(OAc), (2 mol%)

Angewandte

provide the corresponding distannylation products 3ab-3ad,
respectively, in moderate to high yields (entries 2-4), whereas
the reaction of 4-fluorobenzyne (formed from 2 e) gave only a
low yield of the desired product (entry 5). The distannylation
reaction was also applied to 4,5-disubstituted benzynes
(formed from 2 f or 2g) or sterically more congested arynes
(formed from 2h-2j) to afford good to high yields of products
3af-3aj, respectively (entries 6-10). In addition to 1a,
hexamethyldistannane (1b) could also be used as the tin-
containing starting material, and in this case the less-reactive
1,2-naphthalyne (from 2k), 3-phenylbenzyne (from 21), or
9,10-phenanthryne (from 2m) were found to insert into the
tin-tin bond (entries 11-14, respectively);'? in most cases a
compound resulting from cyclotrimerization of the aryne
(triphenylene) was formed as a by-product. The reaction with
1b also produced a trace amount of 2,2'-distannylbiaryl as
well; for example, triphenylene and 2,2’-bis(trimethylstan-
nyl)biphenyl were obtained in 9% and 3% yields in the
reaction summarized in entry 11.

The reaction of an aryne containing two triple bonds is
noteworthy: treatment of the bisaryne precursor 2n with 1a
gave bis[3,4-bis(tributylstannyl)phenyl] ether 3an in which
four carbon-tin bonds are formed in one step [Eq. (2); Tf=
trifluoromethanesulfonyl, TMS = trimethylsilyl].

47 2-TMS tOcNC (30 mol%) .~
woonel T e LT
R TOTf R
1 2 3
Entry Distannane R"in 2 Precursor t [h]
1 1a (R = Bu) H 2a 3
2 4-Me 2b 3
3 4-MeO 2c 7
4 4-Ph 2d 4
5 4-F 2e 6.5
6 4,5-Me, 2f 3
7 4,5- -(CH,);- 2g 9
8 6-Me 2h 3.5
9 3-MeO 2i 6
10 3,6-(MeO), 2j 5
1 1b (R = Me) H 2a 4
12 3,4 -(CH) - 2k 45
13 6-Ph 2| 5.5
14 dibenzo[c,e]™ 2m 5

1a (4 equiv)
oTt KF (4 equiv) SnBu;
o~ TMS  [18]crown-6 (4 equiv) SnBu,
| Pd(OAC), (4 mol%)
‘/ tOCcNC (80 mol%) )
o oo o @
TfO/Q/ Bu3Sn/©/
™S SnBuy
2n 3an: 30% (24 h)
The distannylation reaction was
also found to be suitable for cyclo-
SnR, hexynes (Scheme 1). When in situ
SnR, generated cyclohexyne (formed
from 20) was treated with la
under the above-mentioned reac-
Yield [96]" Product tion conditions the insertion prod-
73 3am uct  1,2-bis(tributylstannyl)cyclo-
7 3ab hexene (3a0) was obtained in 70 %
55 3ac yield. Similarly, the reaction of sub-
40 3ad stituted cyclohexynes (formed from
26 3ae 2p or 2q) with 1b also took place
73 3af successfully to provide the distan-
64 3ag nylation products (3bp or 3bq) in
55 3ah . .
59 3ai 60 or 90 % yield, respectively.
63 3aj Since an aryl (or alkenyl) tri-
56 3ba flate readily undergoes a cross-cou-
61 3bk pling reaction with a distannane in
39 3bl the presence of a palladium cata-
27 3bm

lyst,™¥ the distannylation might pro-

[a] Yield of isolated product based on distannane. [b] 9,10-Phenanthryne.
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1 + R'@‘ .

TfO T™S TfO T™MS TfO, TMS
20 2p 2q
Bu,;Sn SnBu, Me;Sn SnMe; Me;Sn SnMe;

/OE

.‘

3a0: 70% (3 h) 3bp: 60% (4 h) 3bq: 90% (3 h)

Scheme 1. Distannylation of cyclohexynes: a) KF (3 equiv), [18]crown-6
(3 equiv), Pd(OAc), (2 mol %), tOcNC (30 mol %), THF, 20°C.

involve an aryne (cyclohexyne) intermediate: cross-coupling
of 2 at a C—OTf moiety with 1 followed by fluoride-ion-
induced silicon—-tin exchange between the resulting 2-(trial-
kylstannyl)arylsilane (2-(trialkylstannyl)cyclohexenylsilane)
and R;SnOTE! However, this pathway can be ruled out
since the reaction of 4-(trimethylsilyl)phenyl triflate (2r) with
1a did not give the respective distannylation product, thus
confirming the intermediacy of an aryne (cyclohexyne) in the
distannylation process [Eq. (3)].

KF (3 equiv)

TMs  [18]crown-6 (3 equiv) SnBug
Pd(OAc), (2 mol%)
tOCNC (30 mol%

1a + (30 mol%) 3

THF,20°C, 24 h

OTf SnBus

2r

We assumed that this reaction is initiated by oxidative
addition of an Sn—Sn bond of a distannane to a Pd” complex™!
and thus we examined the stoichiometric reaction shown in
Scheme 2. Thus, treatment of the Pd’~isocyanide complex!"®!

Pd(tOCcNC),
+ [PA(tOCNC)»(SnBus)s] 3aa
1a CgHs
20 °6 4a 74%
1.5h

Scheme 2. Elucidation of the mechanism by stoichiometric reactions:
a) 2a (1.5 equiv), KF (3 equiv), [18]crown-6 (3 equiv), THF, 20°C, 1 h.

with an equimolar amount of 1a led to the quantitative
formation of the oxidative-addition product 4a,"”'® which
exhibits high reactivity for the insertion of benzyne to afford
3aa in 74% yield. These results prompted us to propose
cycle A depicted in Scheme 3. First, complex 4 is produced by
oxidative addition of 1 to the Pd’ complex. Subsequent
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SNR, TMS
SnR; oTf
4 2

SnR;
énR3 cycle A ‘
1

Pdo \SnR3
SnR
5 3
nR3
SnR3
cycle B SnR3
SnR3
1
TMS
OTf Pd
2
O e O
SnMe, SnMe;
. Pd

O SnMe,

Scheme 3. Catalytic cycles for the distannylation.

insertion of the triple bond of the aryne or cyclohexyne into
an Sn—Pd bond of 4 to form palladium complex 5, followed by
reductive elimination, affords the product and regenerates
the catalyst. However, formation of a triphenylene and
distannylbiaryl as by-products may suggest that another
catalytic cycle is also operative. Thus, the Pd’ complex
initially undergoes oxidative cyclization with the aryne to
generate palladacycle 6,'” which yields the product after
reaction with 1 (cycle B).**?!l The by-products could also
arise from 6: the interaction of 6 with a second aryne instead
of 1 gives a five-membered palladacycle 7, which reacts
further with a third aryne®® or 1 to afford a triphenylene or
distannylbiaryl, respectively.

In conclusion, distannylation of arynes or cyclohexynes
has been accomplished in the presence of a catalytic amount
of a palladium—tert-octyl isocyanide complex, and diverse 1,2-
distannylarenes or 1,2-distannylcyclohexenes, which could
have high synthetic utility as bis(anion) equivalents, have
been readily synthesized. Moreover, the catalytic pathway,
which includes oxidative addition of a distannane to a
palladium(o) complex, has been confirmed by the stoichio-
metric reaction. Further studies on synthetic applications to
other strained cycloalkynes and o bonds are in progress.
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Experimental Section

3aa: Compounds 1a (0.13 g, 0.22 mmol) and 2a (0.098 g, 0.33 mmol)
were added to a solution (1.0mL) of 1,1,3,3-tetramethylbutyl
isocyanide (9.2 mg, 0.066 mmol), Pd(OAc), (1.0 mg, 4.4 umol), KF
(0.038 g, 0.66 mmol) and [18]crown-6 (0.17 g, 0.66 mmol) in THF, and
the resulting mixture was stirred at 20°C for 3 h. The mixture was
then diluted with ethyl acetate, filtered through celite, and concen-
trated. Column chromatography on alumina (hexane as eluent,
activity IV) followed by gel-permeation chromatography (benzene as
eluent) gave 3aa as a colorless oil (0.11g, 73% yield); 'H NMR
(400 MHz, CDCl,): 0 =0.88 (t,J=7.1 Hz, 18 H), 1.01-1.07 (m, 12H),
1.27-1.53 (m, 24H), 7.19-7.22 (m, 2H), 7.42-7.55 ppm (m, 2H);
BCNMR (99.5 MHz, CDCLy): 6 = 10.9, 13.6, 27.5, 29.2, 127.1, 137.5,
151.9 ppm; "”Sn NMR (147.5 MHz, CDCL;): 6 =—43.2 ppm. Ele-
mental analysis caled for C;,HsgSn,: C54.91, H8.91; found: C55.18, H
8.97.
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Keywords: arynes - cycloalkynes - homogeneous catalysis -
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Noncovalent Interactions

A Weak Attractive Interaction between Organic
Fluorine and an Amide Group**

Fraser Hof, Denise M. Scofield, W. Bernd Schweizer,
and Francois Diederich*

Questions regarding the nature and strength of noncovalent
interactions formed by organic fluorine atoms are increas-
ingly being addressed and debated in the literature.'! We have
been exploring noncovalent interactions of fluorine by
carrying out a systematic fluorine scan at the active site of
thrombin."l While exploring the hydrophobic D pocket of this
serine protease, we noticed that the potency of a closely
related family of fluorinated inhibitors was strongly influ-
enced by the position of the fluorine atom (Figure 1).5¥ The
4-fluorobenzyl derivative (4 )-4 exhibits fivefold better
inhibition than any other member of the family. The X-ray
structure of the (+)-4-enzyme complex showed two close
contacts between the fluorine atom and the C,—H atom as
well as the carbonyl C atom of Asn98 (Figure 1b). Subse-
quent searches in the Cambridge Structural Database and
RCSB Protein Data Bank provided numerous examples of
similar sub van der Waals contacts between organic fluorine
atoms and carbonyl carbon atoms in chemical and biological
samples. These interactions have a characteristic geometry:
the fluorine atom tends to reside orthogonally above the
pseudotrigonal axis of the carbonyl group, and the C—F bond

Figure 1. a) A family of inhibitors designed to probe the fluorophilicity of the D pocket at the
thrombin active site. b) X-ray structure showing close contacts between the fluorine atom of

inhibitor (4+)-4 and the protein backbone of thrombin.
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approaches the plane of the carbonyl group from an angle
between 100° and, at very short F--C distances, 140°.5
Herein we report the first model system to evaluate the
energetics of the proposed C—F---amide interactions.

The distinct geometry of the orthogonal C—F--amide
interaction presented an unusual challenge. We found an
answer in the “molecular torsion balance” derived by Wilcox
etal. from the Troger base—a system designed for the
accurate measurement of edge-to-face aromatic—aromatic
interactions by the observation of a simple conformational
equilibrium.”) We found through examination of existing
crystal structures that appropriate substitution of the Troger
base skeleton would provide the perpendicular arrangement
of functional groups required for our study (Scheme 1). The

Me O o ° O Me
O o@ | K Fy@ 0
R2~<f§%\ " Rzéw‘l\

Scheme 1. The torsion balance of Wilcox and co-workers. Modeling
studies predict both edge-to-face aromatic-aromatic interactions and
close contacts between substituents R' and R? for the folded state.

use of a trifluoromethyl group was required to approximate
the optimal C—F--amide geometry. Based on the similarity of
the results obtained from database
searches for fluorine atoms attached to
sp>- and sp>-hybridized carbon atoms, we
anticipated that this substitution would
have a negligible effect on the energetics
of the proposed interaction.

The second challenge in characteriz-
ing fluorine—amide interactions is their
expected weakness. The relative K; val-
ues for compounds (% )-1-(=£ )-7 suggest
that the fluorine substitution provides
approximately 4 kJmol™ of stabilizing
energy. Hunter and co-workers have
popularized chemical double-mutant
cycles for the measurement of very
small interaction energies in supramolec-
ular systems, and have used this method to accurately
measure various noncovalent interactions as weak as
1 kTmol L1 The application of this strategy to the Wilcox
torsion balance is straightforward. The edge-to-face aro-
matic—aromatic interaction is the primary force behind the
folding of the molecule, and the effect of each substitution on
this primary force must be accounted for to determine the
incremental folding free enthalpy provided by the two
appended functional groups. A double-mutant cycle
(Scheme 2) can be used to determine the influence of each
appended group on the edge-to-face interaction independ-
ently from their interaction with each other. When the folding
energies of all four molecules in the double-mutant cycle have
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Scheme 2. Double-mutant cycle for determining the magnitude of the
attraction between orthogonally oriented CF; and NHCOCH; groups.

been determined, the interaction energy of the two appended
functional groups (AGcr,.nucocn,) 18 given by Equation (1).

AGcr,.nucoch, = AG(1)§—AG(1)-9—AG 119 + AG(1)n (1)

The four molecules of interest were synthesized as shown
in Scheme 3. The nitrocarboxylic acid intermediate (+)-12,
prepared in thirteen steps using literature methods,” was
esterified with 4-(trifluoromethyl)phenol and phenol to give
(£)-13 and (+ )-14, respectively.

HO,C
‘ Me ) Me («)8 R=CF,
f\ /©/ 0 b ¥ (£)-10 R=H
2 R /
N N " _
oSN oS ba ) RO
()12 (£)13 R=CFq
()14 R=H

Scheme 3. Synthesis of (+£)-8—(£)-11. a) Et;N, BOP, 4-(trifluorome-
thyl)phenol or phenol, CH,Cl,, RT, 71-97 %. b) H, (atm), RaNi, EtOAc/
EtOH, RT, 90-100%. c) Ac,O, CH,Cl,, RT, 20-72%. d) 1. HCl, NaNO,,
5°C; 2. H;PO,, 5°C, 25-63 %. BOP = Benzotriazol-1-yloxy-tris (dimethy-
lamino)phosphonium hexafluorophosphate, RaNi=Raney Nickel.

Reduction of the nitro group with H,/RaNi gives the
corresponding anilines. In divergent steps, each aniline is then
acetylated to yield target compounds (£ )-8 and (£ )-10, or
converted into its corresponding diazonium salt, which is in
turn reduced with H;PO, to afford compounds (£ )-9 and
(£)-11.

The interconversion between the two conformations of
each molecule is slow on the NMR timescale (E,=65-
75 kImol").**# Direct integration of the 'H and/or °F reso-
nances for each conformer allows the folding equilibrium to
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be determined with well-defined estimations of error. The
singlets corresponding to the methyl resonances of each
folded state are resolved at 300 MHz, and the identity of each
conformer is easily determined by analogy with related
compounds (Figure 2).1 A summary of the folding energies

) ArCH, folded COCHg; folded
a ﬂ
,\ ArCII|3 unfolded| COCH; unfollded
b) JL
N
c)
J\\ N AN N
d)
,A\ _ N
20 ' 18 ' 16 ' 14

-—— §/ppm

Figure 2. "H NMR spectra (methyl region, C;Dg, ¢ =10 mm) of: a) (£)-
8, b) (£)-9, ¢) (£)-10, d) (£)-11. The sensitivity of the acetamide
COCHj; resonance to the proximity of the trifluoromethyl group in the
folded state is highlighted.

for compounds (+)-8—(+)-11 in three different solvents is
given in Table 1. The application of the double-mutant cycle
in the form of Equation (1) provides the incremental free
enthalpy for the interaction of the two appended functional
groups. The interaction is weak, but measurable, in CDCl,
(-1.05£025kIJmol™") and C,D, (—0.8540.25kIJmol™),
while the value is essentially zero in CD;OD (—0.10+
0.25 kJmol ™).

Table 1: Folding free enthalpies for compounds (£)-8—(%)-11.

Compound AG [£0.12 k) mol ']

cpcl C,Ds CD,0D
(£)-8 ~2.46 ~3.78 ~2.88
(£)9 ~1.95 ~331 ~237
(£)-10 —0.45 ~1.46 172
(£)11 ~1.00 ~1.84 ~1.31

[a] Determined by integration of signals in the NMR spectra of 10 mm
solutions at 298 K. For a complete error analysis, see the Supporting
Information.

Two main conditions must be satisfied for a double-
mutant cycle to be valid. Firstly, the core must not undergo
major structural rearrangements between different members
of the cycle. With few degrees of freedom, the scaffold of
Wilcox and co-workers derived from the Troger base is
exceptionally well organized. To determine the effect of
trifluoromethyl substitution on the folded structure we solved
the crystal structure of synthetic precursor (=+)-13
(Figure 3).”! Comparison with several existing crystal struc-
tures! of related torsion-balance molecules shows there is
little deviation in the folded edge-to-face geometry through-
out the series. The crystal structure of precursor (+)-13 also
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Figure 3. ORTEP plot with ellipsoids at 50% level showing the folded
state of (+£)-13. Distances between F(32) and the atoms of the nitro
group are given in A.

displays the desired perpendicular approach of the appended
functional groups (in this case a trifluoromethyl and a nitro
group). The trifluoromethyl group experiences no attraction
to the adjacent nitro group (see below), and accordingly the
close interatomic contacts involving F(32) are greater than
the sum of van der Waals radii (Figure 3). Modeling studies
on (+)-8 suggest that the minute (<0.3 A) vertical adjust-
ment required to bring the fluorine atom close to the plane of
the acetamide group can be accommodated, despite the
rigidity of the scaffold. However, the modeling study also
shows that for (£)-8 the fluorine atom closest to the
acetamide group may not reach its ideal position above the
pseudotrigonal axis of the carbonyl unit. Instead, it may lie
somewhere above the bond connecting the nitrogen atom to
the carbonyl carbon atom, which suggests there is a geometric
factor that can account for the slightly weaker than expected
value measured for the fluorine—amide interaction.

In the absence of an X-ray structure of (+ )-8, we turned
to NMR studies to provide evidence for the proximity of the
trifluoromethyl and acetamide groups in solution. The differ-
ence in the chemical shifts observed for the acetamide CHj,
group in the folded and unfolded states is larger for (+)-8
(A6 =0.30 ppm) than for control compound (+)-10 (Ad=
0.14 ppm), which suggests that the acetamide residue expe-
riences decreased shielding in the folded state of (4)-8
because of the nearby fluorine atoms (Figure 2).

The validity of a double-mutant cycle also rests on the
linear additivity of the secondary energy perturbations arising
from each functional group mutation. A closer analysis of the
data in Table 1 shows that the addition of an acetamide group
to the “face” component of the primary edge-to-face inter-
action (from compound (+)-11 to (4 )-10) causes a small
unfavorable change in the folding free enthalpy (A(AG)=
+0.4 kJmol™ in CcDq). In comparison, the addition of a
trifluoromethyl group to the “edge” component (from com-
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pound (+)-11 to (£)-9) causes a much larger favorable
secondary effect (A(AG)=—-15kIJmol™! in CgD;). This
difference arises from the acidification of the neighboring
ortho proton, which increases the strength of the CH-
7 interaction at the heart of the folded conformation.

To get a better understanding of the effect of the
trifluoromethyl group on the core edge-to-face interaction
we synthesized a series of compounds in which the “face”
component bears different substituents. The folding equili-
brium constant of each was determined by using the same
method as for compounds (+ )-8—(+ )-11, and the entire series
was examined using a linear free energy relationship between
the folding free enthalpy and the Hammett constants Oy,
(Figure 4).'7 The correlation is excellent (R?>0.98), thus

o L
Me
0.8 - NO, fo)
0.6 - p}h{ F E H
' H—i\f;’;l\l\

CN
T 0.4 4

Opmeta AGCF, -NHCOCH;
f—%
0.2
NHCOCH,
OH™ 4
0 -
[0 1 2 3 4 5
f [
-027  _AG/KImor! NH,

Figure 4. A linear free energy relationship showing substituent effects
for edge-to-face interactions in a family of trifluoromethyl-substituted
molecules.

showing that the primary CH-m interaction follows a well-
behaved continuum that depends on the electronic properties
of the “face” component. The sole significant departure from
this trend arises for the acetamide-substituted compound
(£)-8."" This compound is more folded by 1.5+ 0.7 kJmol™
than substituent effects would predict—this value is similar to
that obtained from the double-mutant cycle analysis.

What is the origin of the attraction between the appended
trifluoromethyl and acetamide groups? It is unlikely that the
amide NH group can be appropriately oriented to donate a
hydrogen bond to the fluorine atoms, and the lack of any
attraction for the more acidic phenol compound (Figure 4)
confirms that this mode of weak hydrogen bonding does not
stabilize the folded state.™™ It is possible that the model
suggested by our previous database findings, in which the
electronegative end of the carbon—fluorine dipole interacts
favorably with the electropositive carbonyl carbon atom, is
operative.’ This dipolar electrostatic model accounts for the
absence of any measurable attraction in the polar solvent
CD;OD. Alternatively, one can consider the approach of the
unpolarizable, partially negative surface of the trifluoro-
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methyl group!? close to the polarizable delocalized m cloud of

the amide group. Attraction arises in this model from charge-
induced dipole and dipole-induced dipole interactions. Argu-
ments against such a model are indicated by a recent study in
which a trifluoromethyl group is not attracted by the face of
an aryl ring, regardless of the electrostatic potential of the
ring.™ In the absence of structural information for compound
(£)-8, it is impossible to conclude whether an atom-centered
model or a functional-group-scale model of this attraction is
more appropriate. We hope that further studies using differ-
ent fluorine-containing functional groups and different car-
bonyl functional groups will shed light on this issue.

In summary, we have presented the first efforts to quantify
the interactions of organic fluorine with the face of an amide
functional group. A novel combination of the torsion balance
developed by Wilcox and co-workers with two distinct
physical methods—a double-mutant cycle and a linear free
energy relationship—provided the initial measurement of an
attractive interaction with a value of 0.8-1.5kJmol™ in
nonpolar solvents. The effects of fluorination on the hydro-
phobicity, distribution, metabolism, and pharmacokinetics of
potential drug molecules are increasingly well understood.!'*!
Model studies such as those presented here help clarify the
role played by fluorine atoms in altering the binding affinity
and selectivity?®*! of enzyme inhibitors.
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Host—Guest Systems well as in the solid state.”>*! Dynamic '"H NMR spectra have

Supramolecular Dynamics of Cyclic
[6]Paraphenyleneacetylene Complexes with
[60]- and [70]Fullerene Derivatives: Electronic
and Structural Effects on Complexation**

Takeshi Kawase,* Naoki Fujiwara, Masaki Tsutumi,
Masaji Oda,* Yutaka Maeda, Takatsugu Wakahara, and
Takeshi Akasaka*

Although a variety of host molecules have been studied
extensively to elucidate the inclusion phenomena of buck-
minsterfullerene Cg, the supramolecular properties of other
fullerenes, including fullerene derivatives, are not yet well
understood.! In contrast to I,-symmetrical Cq, these other
fullerenes are perturbed structurally and electronically. It has
been known that the electronic properties of [60]fullerene
derivatives correlate well with the electronegativity of the
attached atoms. For example, the attachment of electron-
positive silicon atoms considerably increase the electron
density of the msystems of [60]fullerene derivatives.**!
Recently we found that the carbon nanoring 1 (cyclic
[6]paraphenylencacetylene) forms stable inclusion complexes
with the fullerenes Cy;, Cy, and Cg;(COOEL), 2 in solution as
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revealed the interesting features of these complexes: 1) the
Gibbs activation energies for dissociation (AG* ) provide a
reliable measure for evaluating the stability of the fullerene
complexes and 2) the center of each fullerene is not aligned
with the center of 1, and the activation energy for vibration of
a C;, molecule around the center of the cavity is higher than
the value for dissociation of the complex, while that of Cy is
lower. These results can be attributed to the structural
difference between C4 and C,,. The inclusion phenomena
of C,; have been studied from the viewpoint of purification of
fullerenes;? however, the difference in the supramolecular
properties of Cq, and C; has not been studied in detail so far.
To explore the nature of the curved conjugated systems, and
to construct new supramolecular structures based on full-
erene derivatives,[’ we have studied the dynamic behavior of
the complexes of 1 with several fullerene derivatives (3-10)
including the silylated fullerenes 6 and 7.7

New methanofullerene derivatives 3-5, 9, and 108 were
prepared in moderate yields by treating the corresponding
malonic esters with fullerenes under the conditions used by
Camps and Hirsch.”! The formation and regiochemistry of
these new compounds were confirmed by transesterification
into the known derivatives 2 and 8.2

Fullerene derivatives 3-10 form stable inclusion com-
plexes with 1 in CD,Cl, solutions.”®) Figure 1 shows the
spectral changes of 1-7 and 1-9 as typical examples. Similar to
the "H NMR spectra of 1-2,! the spectrum of 1 shows two
singlets of equal intensity at —100°C in the presence of an
equal amount of 3-7, but only one singlet at 30°C. However,
one of the aromatic signals of 1 that appears as a singlet in the
presence of an equal amount of 8-10 at 30°C begins to
broaden at about —20°C, and two relatively small singlets of
equal intensity first appear at about —50°C. The major signal
finally splits into two singlets of equal intensity at —80°C
(Figure 1b). The spectral changes indicate that the metha-
no[70]fullerene complexes should exist in an equilibrium
mixture of two diastereomers (A and B) as shown in
Scheme 1. The ratio of the isomers varies with the substitu-
ents and temperatures (A:B for 1-8 =ca. 9:1, 19 =ca. 3:1 and
110 =ca. 9:1 at —80°C). The NOE experiments of 1-9 reveal
that the major component is isomer A and the minor one is B.
The chemical shifts of the inner protons (H, and H,) of both
isomers resonate at about 0.4 ppm higher field than those of
the outer protons (H, and H,) because of the anisotropy
effect of the relatively flat midsection of C;,. Analysis of the
NMR spectra provide one AG* value for 1-:3-7 and two
AG~ values for 1-8-10 (Table 1).

The AG7 4 values of Cg, derivatives are in the order 1 >2—
5> 6> 7, the silylated fullerenes 6 and 7 exhibit considerably
small values. Fullerenes 6 and 7 have bulky substituents on
the silicon atoms, but they have little effect on the complex-
ation, as shown by the AG™ values of 2-5 being almost
identical to each other. The results also suggest that the
dissociation of the host and guest should occur from the
opposite side to the attached group of the fullerene deriva-
tives. Thus, the order of AG™;, values would correspond to
the electronic properties of fullerene s systems. It has been
known that the silylated Cg, derivatives are electron rich,**!
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Figure 1. Temperature-variable NMR spectra of an equimolar solution
ofa) 1 and 7, and b) 1 and 9.

and therefore an electronic repulsion between 1 and 6 (or 7)
may play an important role in weak binding between the host
and guest. The results are in good agreement with our
previous conclusion. !

Table 1 also shows two AG™ values for the C;, complexes.
The lower values are similar to each other and can be assigned

Complex A

AG*

2,6-diethylphenyl

2,4,6-trimethylphenyl

Angewandte

to the AG™ value for dissociation from
complex A. The higher values are in the
order 8 <9~10. Construction of CPK
models revealed that the sizable ester
groups of 9 and 10 should act as
stoppers for 1; therefore, the intercon-
version between complex A and B
should occur faster than the dissocia-
tion of complex B. Thus, the values of
about 11.0 kcalmol ' correspond to the
activation energies for the vibration
motion of the C,ymolecule in the
cavity of 1. On the other hand, the
smaller value for 1-8 would arise from
the simple dissociation of complex B.

Table 1: AG™ values of complexes with 1.7

Guest AG* Guest AG*

Coo 9.940.2 Cro 9.6+0.2
2 9.4+0.2 8 9.3+0.1
3 9.2+0.2 10.14+0.1
4 9.3+0.3 9 9.4+0.1
5 9.3+0.3 11.14+0.2
6 8.8+0.2 10 9.4+0.1
7 8.5+0.2 11.0+0.2

[a] These values were calculated from the observed coalescence temper-
atures and Ad values of signals of 1 (kcalmol™).

The value for the vibration motion of C, is at least
2.5 kcalmol ! higher than that of Cy (< 9.0 kcalmol ™). The
diameter of the midsection of C;, seems identical to that of
Cgo- This fact means that there is some factor at work beyond
just the “size” of the fullerene. This factor appears to be
“friction” at the molecular level, since there is a greater
surface area of contact between the nanoring and the
fullerene in the transition state when the ring passes the
equator of C;, than when it passes the equator of Cy. A
similar phenomenon was recently reported by Rubin et al. for
squeezing helium and dihydrogen into and out of a fullerene
through a narrow hole." The present discovery is thus a
second example of “molecular friction” and is therefore
particularly noteworthy. Moreover, the large barrier as well as

Complex B

vibration

Scheme 1. Schematic representation of the complexation of 1 and methano[70]fullerene derivative, and the model structures of complexes A and

B of 1-9.
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the relatively large anisotropy effect would also arise from the
electronic properties of the relatively flat midsection of Cy,,.
The structure of C,, can be illustrated as a combination of two
corannulenes and [S]paraphenylene on the basis of the
Kekulé resonance hybrid.™™ Thus, C,, can be regarded as
the smallest member of capped arm-chair [5.5]single-walled
carbon nanotubes. The results suggest that there are sub-
stantial differences in the electronic properties between Cg,
and carbon nanotubes, and the convex surface of Cg, would be
considerably electron deficient.

resonance hybrid

Furthermore, complexes B can be regarded as fullerene-
based pseudorotaxanes. The current results will open the way
to the future construction of new supramolecular structures
with novel machine characteristics.

Received: May 12, 2004
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Multicomponent Coupling

Synthesis of Highly Substituted 1,3-Butadienes by
Palladium-Catalyzed Arylation of Internal
Alkynes**

Tetsuya Satoh, Shinji Ogino, Masahiro Miura,* and
Masakatsu Nomura

The transition-metal-catalyzed arylation of alkynes by halo-
genated or metalated aromatic reagents through carbometa-
lation is a powerful tool for constructing m-conjugated
molecules.!! Some of these reactions are conducted in the
presence of terminators such as hydrogen sources or organo-
metallic reagents to give rise to three-component coupling
products. In other cases, the reactions involve cyclometalation
in the termination step to yield cyclic compounds.

As examples for the latter case, we reported rhodium-,
iridium-,*! and palladium-catalyzed® coupling reactions of
alkynes with aroyl chlorides or aryl iodides to afford the
corresponding indenones or naphthalenes. In the palladium-
catalyzed reaction of aryl iodides, the use of silver(1) salts as
base was essential for the effective sequential insertion of two
alkyne molecules and the successive ring closure (Scheme 1,
route A).”e3

[2a]

— R——R R

S X —
VR / Pd(OAc),
Ag,CO,

Scheme 1. Coupling of aryl iodides and aryl boronic acids with alkynes.

Silver(r) salts are known to act not only as base, but also as
oxidant, in palladium-catalyzed coupling reactions.*! Conse-
quently, we have undertaken alkyne arylation reactions with
aryl boronic acids instead of aryl iodides under similar
conditions to those employed in route A.*! We found that
the predominant products were not the expected naphtha-
lenes, but rather 1,4-diaryl-1,3-butadienes by a 2:2 coupling
reaction with the formation of three carbon-carbon bonds
(Scheme 1, route B). Furthermore, it was revealed that the
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Department of Applied Chemistry
Faculty of Engineering, Osaka University
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structure analysis.
) Supporting information for this article is available on the WWW

under http://www.angewandte.org or from the author.
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addition of iodobenzene as the third component allows the
construction of 1,3-dienes that bear two different aryl groups
at Cl1 and C4. Among the related reactions reported to
date®? are the palladium-catalyzed and -promoted aryla-
tions of alkynes with aryl tin®! and aryl magnesium!® reagents,
respectively, in each of which 2:1 coupling occurs to give 1,2-
diaryl ethenes selectively.”” Meanwhile, the palladium-cata-
lyzed three-component coupling of aryl iodides, alkynes, and
aryl boronic acids was also examined with KHCOj as base.'!]
In this case, 1:1:1 coupling takes place to give 1,2-diaryl
ethenes effectively. This contrasts markedly with the present
1:2:1 coupling.'!

When phenylboronic acid (1a) was treated with diphenyl-
acetylene (2a) (1equiv) in the presence of Pd(OAc),
(2.5 mol%) and Ag,CO; (1 equiv) in 1-propanol/H,O (9:1)
at 120°C for 0.5 h, 1,1,2,3,4,4-hexaphenyl-1,3-butadiene (3a)
was formed in 70% yield along with a minor amount of
1,1,2,2-tetraphenylethene (4a) (Table 1, entry 1). The yield of
3a was somewhat lower in the absence of H,O, but the
formation of 4a was suppressed (Table 1, entry2). The
reaction also proceeded smoothly in 1,4-dioxane/H,O,
whereas MeCN/H,O and DMF/H,0 were not effective
(Table 1, entries 3-5). Ag,O and AgOAc could be used as
oxidants instead of Ag,CO,, albeit with lower efficiency
(Table 1, entries 6 and 7). Cu(OAc), did not catalyze the
reaction (Table 1, entry 8).

Table 1: Reaction of phenylboronic acid (1a) with diphenylacetylene (2a)
with varying oxidants and solvents.!
B(OH),

Pd(OAc),
Oxidant

TN W
2a
3a

1a

Entry  Oxidant (mmol)  Solvent Yield [96]"!
3a 4a

1 Ag,CO; (2) 1-propanol/H,0 (9:1) 70 (67) 6

2 Ag,CO; (2) 1-propanol 63 2

3 Ag,CO; (2) 1,4-dioxane/H,0 (9:1) 65 3

4 Ag,CO; (2) MeCN/H,0 (9:1) 14 27

5 Ag,CO; (2) DMF/H,0 (9:1) 42 9

6 Ag,0 (2) 1-propanol 59 7

7 AgOAc (4) 1-propanol 40 2

8 Cu(OAc); (2) 1-propanol 6 trace

[a] The reaction of Ta (2 mmol) with 2a (2 mmol) was conducted with
Pd(OAc), (0.05 mmol) in the solvent (5 cm?) at 120°C for 0.5 h. [b] Yield
determined by GC. The value in parenthesis indicates the yield of the
isolated product.

(4-Methylphenyl)boronic acid (1b) was treated with 2a
under the conditions used for the reaction in Table 1, entry 1
Although the coupling took place similarly to give 1,4-di(4-
methylphenyl)-1,2,3,4-tetraphenyl-1,3-butadiene in  60%
yield, its NMR spectra indicated that it consists of at least
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two geometrical isomers. As expected, the reaction of 1b with

di(4-methylphenyl)acetylene (2b) gave 1,1,2,3,4,4-hexa(4-

methylphenyl)-1,3-butadiene (3b) in 58 % yield as the single

major product (Scheme 2). Interestingly, the reaction of 1a
B(OH),

Pd(OAc
AQZCO3

Scheme 2. Reaction of 1b with 2b. Reaction conditions: 1b (2 mmol),
2b (2 mmol), Pd(OAc), (0.05 mmol), Ag,CO; (2 mmol), 1-propanol/
O (9:1), 120°C, 0.5 h.

Me Me

Me Me
3b, 58%

g

with 4-octyne (2¢) afforded only (4Z,67)-4,7-diphenyl-5,6-
dipropyl-4,6-decadiene (3¢) without contamination with any
other isomers (Scheme 3). The purity and structure of 3¢ were

B(OH),
y PA(OAC),
+ -
4 Ag,CO;
1a 2c

Scheme 3. Reaction of 1a with 2c. Reaction conditions: 1a (2 mmol),
2c¢ (2 mmol), Pd(OAc), (0.05 mmol), Ag,CO; (2 mmol), 120°C, 0.5 h.
Yield of 3¢: 41% in 1,4-dioxane/H,O (9:1); 36% in 1-propanol.

confirmed by NMR spectroscopic studies and X-ray!"

crystal-structure analysis (see Supporting Information).!'

The first step of the present reaction may involve
transmetalation to give an aryl palladium species A
(Scheme 4).5%4 Subsequently, the insertion of two alkyne
molecules forms a dienylpalladium intermediate C. The
successive second transmetalation and reductive elimination
give 14-diarylated 1,3-diene 3."! The palladium(o) species
generated in the last step may be reoxidized by the silver(1)
species to close the catalytic cycle.'®! The result of the reaction
of 1b with 2a implies that E/Z isomerization in B and C may
take place.'” However, the reason why it did not occur in the
coupling of 1a with 2c¢ is not clear.

The intermediate A may be generated directly through
oxidative addition of aryl halides to a palladium(o) species
(dotted arrow in Scheme 4). Thus, we next examined three-
component reaction of aryl boronic acids, alkynes, and
iodobenzene. When a mixture of (4-methoxyphenyl)boronic
acid (1¢; 1 mmol), 2a (1 mmol), and iodobenzene (5; 1 mmol)
was treated in the presence of Pd(OAc), (0.05 mmol) and
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Ar —
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Scheme 4. A plausible mechanism for the coupling of aryl boronic
acids and aryl iodides with alkynes.

Ag,CO; (1 mmol) in 1-propanol/H,O at 120°C for 0.5 h, 1-(4-
methoxyphenyl)-1,2,3,4,4-pentaphenyl-1,3-butadiene  (3d)
was produced in 71% yield (Scheme 5).'®! Only a minor
amount of 1,4-di(4-methoxyphenyl)-1,2,3,4-tetraphenyl-1,3-

Pd(OAc), @
- " X AN
R2

Ag,CO3

1c:R'=OMe, R?=H R’

1d:R'=CN,R?=H Yield [%]®!

1e:R'=H R =Me 3d:R'=OMe, RE=H 71 (68)
3e:R"=CN,R?°=H 83 (61)
3. R'=H R*=Me 58 (34)

Scheme 5. Reaction of 1 with 2a and 5. Reaction conditions: 1

(1 mmol), 2a (1 mmol), 5 (1 mmol), Pd(OAc), (0.05 mmol), Ag,CO;
(1 mmol), 1-propanol/H,0 (9:1), 120°C, 0.5 h. [a] Yield determined by
GC (The value in parenthesis indicates the yield of the isolated
product).

butadiene (5% ), which may be the result of an oxidative 2:2
coupling of 1¢ with 2a, was detected by GC-MS. The use of
the substrates in the ratio 1¢/2a/5=1:2:1 resulted in a
decrease in the yield of 3d (45%). (4-Cyanophenyl)- and
(2-methylphenyl)boronic acids, 1d and 1e respectively, also
reacted with 2a and 5 to afford the corresponding dienes 3e
and 3f. In these cases, the oxidative 2:2 coupling products
were not detected. In each case, the major product 3 was
found to consist of two possible isomers (=2:1) by NMR
spectroscopic analysis.

In summary, we have demonstrated that the coupling
reactions of aryl boronic acids with alkynes in the absence and
presence of iodobenzene can be performed with a palladium
catalyst and a silver salt to give selectively 2:2 and 1:2:1
coupling products, respectively. These reactions offer a
straightforward route to multiarylated butadienes, which are
of interest for their photochemical, electrochemical, and
biological properties.['”)
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Experimental Section

Typical procedure: A mixture of 1 (2 mmol), 2 (2 mmol), Pd(OAc),
(0.05 mmol, 11 mg), and Ag,CO; (2 mmol, 550 mg) in 1-propanol/
H,O0 (9:1, 5mL) was stirred under N, at 120°C. After 0.5 h, the
mixture was cooled to room temperature, Et,0O (100 mL) was added,
and insoluble materials were removed by filtration through filter
paper. The product was isolated by recrystallization from toluene/
hexane and/or column chromatography on silica gel with hexane/
EtOAC as eluent. Characterization data of products are summarized
in the Supporting Information.
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Enantioselective Hydrogenation

Enantioselective Hydrogenation of f3-Ketoesters
with Monodentate Ligands**

Kathrin Junge, Bernhard Hagemann, Stephan Enthaler,
Giinther Oehme, Manfred Michalik, Axel Monsees,
Thomas Riermeier, Uwe Dingerdissen, and

Matthias Beller*

Transition-metal-catalyzed asymmetric reactions offer an
efficient and elegant possibility for the synthesis of enantio-
merically pure compounds.) Among the different catalytic
methods, enantioselective hydrogenations have been used
extensively in the last two decades and are likely to provide
the most important access to pharmaceutical intermediates.”
In this regard, the hydrogenation of (3-ketoesters yields chiral
B-hydroxyesters, which are useful building blocks for the
synthesis of biologically active compounds and natural
products (Scheme 1).7!

o O OH O

[LoRuBry]
1M 2
R OR 60°C
H, (60-80 bar)

Scheme 1. Catalytic hydrogenation of (3-ketoesters 5a—c.

Pioneering work by Noyori and co-workers established
the use of binap as a highly selective ligand for this trans-
formation.”! More recent developments of chiral ligands were
reported by the groups of Genet,”! Weissensteiner and
Spindler,” Imamoto,” Knochel,® Zhang!® and others.'"
Virtually all known ligands that induce significant enantiose-
lectivity in the hydrogenation of f-ketoesters are optically
active diphosphines.[']

Interestingly, monodentate ligands (Scheme 2) have
recently become increasingly important for catalytic asym-
metric hydrogenations of amino acid precursors."” In this
case, important contributions were made by Reetz et al.
(phosphites 1), de Vries, Feringa, and co-workers (phos-
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0,
,P-OR _P—NR,
0 o
1 AT,
2a: R=Me

3a: R=Cg4zHsg
3b: R=CgDs

4a: R = CgHs

4b: R = p-CH3;0CgH,
4c: R = p-CF3CgH,
4d: R = iPr

d4e: R=Et

4f. R=CgDs

Scheme 2. Selection of recently developed monodentate ligands.

phoramidites 2),'¥ Pringle and co-workers (phosphonites
3),0°1 and others.I""! Parallel to the work of Zhang and Chil'”!
and Gladiali and co-workers,'®! we have introduced new
monodentate phosphines based on a 4,5-dihydro-3H-dinaph-
tho[2,1-c;1',2"-e]phosphepine structure 4.1 Similar to phos-
phites and phosphoramidites, these ligands give high enan-
tioselectivities (up to 95% ee) in the hydrogenation of a-
dehydroamino acid methyl esters. Despite the more compli-
cated synthesis, these ligands have advantages with regard to
stability against water and other nucleophiles under typical
reaction conditions. Herein we report the use of 2a, 3a-b, and
4a—f in the hydrogenation of B-ketoesters. So far, these
monodentate ligands have not been used for the synthesis of
chiral B-hydroxyesters.

Initial studies of the influence of reaction conditions were
carried out with methyl acetoacetate (5a) as substrate and our
standard ligand 4-phenyl-4,5-dihydro-3H-dinaphtho[2,1-
¢;1',2’-e]phosphepine (4a). Typically the catalytic reactions
were run in methanol as solvent in the presence of [Ru(cod)-
(methallyl),] (1 mol %) and the ligand (2 mol %).

For full conversion within a reasonable time, the reactions
had to be run under pressure (60 bar) at 60-80°C (Table 1,
entries 4,6). We were pleased to find that under these
conditions, good enantioselectivities (up to 84 % ee) were
achieved. Notably, the best result was obtained at a relatively
high temperature (80°C; Table 1, entry 6), which is advanta-
geous in terms of the increased rate and selectivity of the
reaction.

Next we focused our attention on the influence of
different ligands in the hydrogenation of methyl acetoacetate
(5a). Apart from the phenyl ligand 4a, the p-methoxyphenyl
derivative 4b, the p-trifluoromethylphenyl derivative 4¢, the
isopropyl derivative 4d, the ethyl derivative 4e, and the
deuterated phenyl derivative 4f were used (Table2). All
ligands 4a—f were prepared in good yields by straightforward
Grignard reaction of 1-chloro-4,5-dihydro-3H-dinaphtho[2,1-
c;1',2"-e]phosphepine with the corresponding aryl and alkyl
halides.?!! Furthermore, monodentate state-of-the-art ligands
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Table 1: Hydrogenation of 5a in the presence of [Ru(cod) (methallyl),]/
42

U [L,RuBr] OH O
CH3 OCH;  40-80°C CH3 « OCH,
5a H, (40—80 bar) 6a
Entry Solvent t[h] p[bar] TI[°C] Conversion[%] ee[%)]
1 MeOH 16 20 60 25 (R)
2 MeOH 16 40 60 46 8 (R)
3 MeOH 16 60 60 51 4 (R)
4 MeOH 16 80 60 95 9 (R)
5 MeOH 16 60 40 28 34 (R)
6 MeOH 16 60 80 95 4 (R)
7 acetone 16 60 60 4 5 (R)
8 toluene 16 60 60 1 2 (S)
9 THF 16 60 60 <1 (R)

[a] Conditions: solvent (20 mL),
(38 umol), 4a (76 pmol).

5a (3.8 mmol), [Ru(cod(methallyl),]

from other groups such as (R)-monophos (2a) and the Pringle
ligand 3a were applied.*?

Importantly, in the presence of the monodentate phos-
phonate and phosphoramidite, only low enantioselectivity
was observed (10-28% ee; Table 2, entries 1,2). More sur-

Table 2: Hydrogenation of 5a in the presence of different ligands.?

o o [L,RUBr,] OH O
(;Hg)K/U\OCH3 60—80°C CHy = OCHj

5a H, (80 bar) 6a
Entry Ligand t [h] T[°C] Conversion [%)] ee [%)
1 2a 16 30 85 0(5)
2 3a 16 60 >99 (s)
3 3b 16 60 >99 6 (5)
4 4a 16 80 95 4 (R)
5 4b 48 80 98 3 (R)
6 4b 16 30 >99 92 (R)
7 4c 16 80 >99 (R)
8 4d 16 60 >99 (R)
9 4e 16 60 96 0 (R)
10 4e 16 80 95 4 (R)
1 4f 16 80 95 (R)

[a] Conditions: methanol (20 mL), 5a (3.8 mmol), [Ru(cod) (methallyl),]
(38 umol), 4a—f, 2a, or 3a,b (76 pmol), 60 bar.

prisingly, the structurally analogous phosphonate 3a gave a
significantly lower enantioselectivity than 4a. In this case, the
formal exchange of two oxygen atoms by sterically similar
CH, groups led to an increase in enantioselectivity from 28 %
(S) to 84% (R) (Table 2, entries 2,4). This clearly demon-
strates the importance of electronic effects for achieving high
selectivity in the test reaction. These findings inspired us to
study the effect of variations of substituents on the phenyl
group in 4a more closely.

Among the different ligands, 4b gave the highest enan-
tioselectivity (up to 93% ee) (Table 2, entry5). Only the
introduction of electron-donating (p-methoxy) groups at C4
of the phenyl ring led to a slight increase in selectivity. One of
the smallest structural variations possible within the ligand is
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the exchange of hydrogen by deuterium atoms. We were
curious to see if this minor change also influences the
enantioselectivity. Thus, the pentadeuterated ligand 4f was
prepared in good yield by a similar method to that described
above. A comparison of 4a and 4f under identical reaction
conditions led to (R)-methyl 3-hydroxybutyrate in >95%
yield with 84 and 59 % ee, respectively.

This is, to the best of our knowledge, the first example of
an isotope influence on the stereoselectivity of catalytic
asymmetric reactions. Because of this finding, we also
compared the hydrogenation reaction in the presence of 3a
and its deuterated analogue 3b. In this case, we noted even an
increase in the selectivity upon substitution of the hydrogen
atoms with deuterium atoms (28 versus 56 % ee, respectively;
Table 2, entries 2,3). As the mechanism for the ruthenium-
catalyzed asymmetric hydrogenation of f-ketoesters is still
vague,”! we do not have a clear rational explanation for the
observed change in ee values. We believe that the phenyl ring
also coordinates to the metal center during the catalytic cycle
and therefore affects the outcome of the reaction. A
comparison of catalytic reactions with the deuterated ligand
4f in the presence of methanol (5a: 64 % ee) and deuterated
methanol (5a: 73 % ee) demonstrates that deuteration of the
solvent also influences the selectivity of the model reaction.
Finally we applied ligands 4a,b,f in the hydrogenation of
different B-ketoesters (Table 3).

In general, all substrates were hydrogenated with excel-
lent conversion and yield. The best selectivities were obtained

Table 3: Hydrogenation of different 3-ketoesters 5a—d."

6 O [L,RuBr,] OH ©
R' Sad OR"  go-s0°C R OR*
H, (60 bar) 6a-d

Enty 4 5 R R?  t[h] T[°C] Yield[%] ee[%]

1 a a Me Me 16 80 95 4 (R)

2 a b Et Me 16 80 97 6 (R)

3 a ¢ CHC Et 24 80 81 3(S)

4 a d CH;, Et 16 80 >99 3(5)

5 b a Me Me 16 80 97 (R)

6 b a Me Me 8 100 99 3 (R)

7 b a Me Me 8 120 9 3 (R)

8 b b Et Me 16 80 99 4 (R)

9 b b Et Me 8 100 99 5 (R)
10 b b Et Me 8 120 99 4 (R)
1 b c¢ CHC E 16 80 98 (5)“’1
12 b ¢ CHC Et 8 100 73 23 (S)®
13 b ¢ CHC Et 8 120 77 38 (S)
14 b d CH, Et 16 80 >99 (5)“’1
15 b d CHs Et 8 100 99 5 (S)®
16 b d CH; Et 8 120 99 (S)“’]
17 f a Me Me 48 60 98 4 (R)
18 f a Me Me 16 80 95 9 (R)
19 f b Et Me 16 80 99 8 (R)
20 f ¢ CHC Et 16 80 97 (5)“’1
21 f d CgHs Et 16 80 > 99 64 ()

[a] Conditions: solvent (20 mL), 5 (3.8 mmol), [Ru(cod)(methallyl),]
(38 umol), 4a,b,f (76 umol) 60 bar; methanol was used as a solvent for
methyl esters and ethanol for ethyl esters. [b] Owing to the change in
priority of the substituents, the configuration of the stereocenter is
changed. [c] Conversion; reaction run at 80 bar pressure of H,.
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by using the 4-methoxyphenyl-substituted dinaphthophos-
phepine ligand 4b at temperatures of 100-120°C. Whereas 3-
oxobutyrate and 3-oxopentanoate gave enantioselectivities of
93-95% ee, the 4-chloro-3-oxobutyrate led only to 38 % ee.*"
The phenyl-substituted B-ketoester gave up to 95% ee. In
agreement with the previous findings, the deuterated ligand
4f showed a significantly different selectivity than that of
ligand 4a in every hydrogenation. Hence, the observed
deuterium effect on the selectivity seems to be general for
this type of reaction.

In conclusion, we have shown for the first time that
monodentate phosphine ligands can be used efficiently for the
ruthenium-catalyzed hydrogenation of [-ketoesters. The
catalysts are remarkably temperature-tolerant: Enantioselec-
tivities of up to 95 % ee were possible, even at 100-120°C. A
comparison of 4a with structurally related 2a and 3a
demonstrates the superiority of phosphines over phosphites,
phosphonates, and phosphoramidites. Interestingly, the use of
deuterated phenyl compounds 3b and 4f led to the observa-
tion of an isotope effect on the enantioselectivity of the
reaction, which may be of interest to asymmetric reactions in
general.

Experimental Section

Unless otherwise noted, all chemicals are commercially available and
were used without further purification. The f-ketoesters Sa—d were
distilled under an argon atmosphere. Products were fully character-
ized (b.p., IR, MS, elemental analysis, NMR).

General procedure: in situ preparation of ruthenium catalyst:*!
[Ru(cod)(methallyl),] (0.038 mmol) and ligand 2a, 3, or 4
(0.076 mmol) were placed in a dried 25-mL Schlenk tube under an
argon atmosphere, and anhydrous and degassed acetone (5 mL) was
added. After the dropwise addition of a solution of HBr in methanol
(0.33 mL, 0.29M) a brown precipitate was formed. Stirring was then
continued over 30 min, the solvent was removed in vacuo, and
methanol (20 mL) or ethanol (for substrates 5S¢ and 5d) was added.

Asymmetric hydrogenation of f-ketoesters Sa-d: Catalytic
hydrogenation experiments were carried out in a Parr stainless-steel
autoclave (100 mL). In a typical experiment, the autoclave was
charged with a mixture of the catalyst [L,RuBr,| prepared in situ and
5a (3.80 mmol) in methanol (20 mL) under a stream of argon. The
autoclave was stirred under 40-80 bar pressure of hydrogen at 60—
120°C for 16-48 h. The autoclave was cooled to room temperature,
and the hydrogen was released. The reaction mixture was filtered
over silica gel, and the enantiomeric excess was determined by GC
(Lipodex E) or HPLC (Chiracel OD-H). Most of the hydrogenation
products have been described previously. Methyl 3-hydroxybutyrate
(6a): GC (25 m Lipodex E, 95°C isothermal): £,=4.9 (S), 5.7 min (R);
methyl 3-hydroxyvalerate (6b): GC (25 m Lipodex E, 85°C isother-
mal): £,=10.9 (S), 11.6 min (R); ethyl 3-hydroxy-4-chlorobutyrate
(6¢): GC (25 m Lipodex E, 95°C isothermal): t,=20.4 (R), 20.6 min
(S); ethyl 3-hydroxy-3-phenylpropionate (6d): HPLC (OD-H,
hexane/ethanol 95:5, 0.5 mLmin™), t,=10.1 (S), 11.5 min (R).

6a: B.p. 63-66°C/10 Torr; IR (KBr): 7=3439 br, 3140 w, 2974 w,
2967 m, 2937 m, 1737 br vs, 1439 vs, 14105, 1377 5,1298'5,1269 5, 1195 s,
1178s,1170 w, 1126 w, 1089 w, 1082 w, 946 s, 886 s, 862 m, 719 m, 598 m,
5935, 475 cm ™' w; MS (70 eV): m/z (%): 103 (16) [M—Me]*, 100 (3)
[M—OH]*, 87 (16) [M—OMel*, 85 (5), 74 (50), 71 (26), 61 (12), 59
(10) [COOCH;]*, 45 (55) [CHOHCH;]Y, 43 (100), 42 (26), 31 (14)
[CH;0],29 (17), 15 (21); 'TH NMR (400 MHz, CDCl,): 6 = 4.10-4.06
(m, 1H; CH), 3.58 (s, 3H; OCHs;), 3.30 (s, 1H; OH), 2.34 (m, 2H;
CH,), 1.11 ppm (d, J=6.3Hz, 3H; CH;); *CNMR (100.6 MHz,
CDCL): 6=173.2 (CO), 642 (C-OH), 51.7 (CH;0), 43.0 (CH,),

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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22.7 ppm (CHj;); elemental analysis: caled (%) for CsH;(O5 (118.17):
C 59.15, H 8.54; found: C 59.01, H 8.59.
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A Linear Free Energy Relationship for Gas-Solid
Interactions: Correlation between Surface Rate
Constant and Diffusion Coefficient of Oxygen
Tracer Exchange for Electron-Rich Perovskites

Rotraut Merkle, Joachim Maier,* and
Henny J. M. Bouwmeester

Reactivity and transport properties can be traced back to
materials parameters and control parameters. As far as the
concentrations of electronic and ionic charge carriers are
concerned, partial pressures P of the components, temper-
ature 7, and dopant content C are the most important control
parameters. While their influence is often well-understood on
a phenomenological level, the understanding of materials
parameters such as enthalpies and entropies of reaction or
activation usually requires an atomistic analysis. Phenomeno-
logical relationships connecting these parameters are very
rare and, if established, extremely useful. The most prominent
examples stem from organic solution chemistry, for example,
the effect of substrate substitution on aromatic reactions (cf.
the Hammett equation) or the Bronsted catalysis relation.!
These equations make use of a linear correlation between free
activation enthalpy and free reaction enthalpy. Specifically,
when enthalpies instead of free enthalpies are considered, this
may be termed an Evans-Polanyi relationship.’! A few
attempts to verify linear (free) energy relationships in solid-
state chemistry have been reported,” but without deeper
insight into the mechanistic details or a conclusive correlation
between data and model. Here we unambiguously demon-
strate the validity of such a linear (free) energy relationship
for inorganic solid-state reactions.

The interaction of gaseous O, with oxides is of technical
relevance as well as of fundamental interest, and tracer
experiments are an important tool for its investigation. The
oxygen incorporation comprises the surface reaction from O,
to oxide ions in the first bulk layer, and subsequent diffusion
of oxide ions within the bulk. A surprising and strongly
debated relationship between the experimentally determined
effective surface rate constant k* and oxygen tracer diffusion
coefficient D* was found for the family of (La;_,Sr,)(Mn,_,.
Co,)0O,_,, (La;_,Sr,)(Fe;_,Co,)O;_,, and (Sm,_,Sr,)CoO;_,
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perovskites (Figure 1).4% To a good approximation, both
quantities were reported to be related by the power law given
in Equation (1). Assuming Arrhenius-type expressions for k*

logk™ >~ a+blogD* (a=—1,b20.5) 1)

°G oH 7|

-12 1 1 1 1 1 1 |
-18 -16 -14 -12 -10 -8 -6 -4
Ig(D* /em?s) —>

Figure 1. Correlation of the effective surface rate constant k* with the
oxygen tracer diffusion coefficient D*, reprinted from ref. [5] with per-
mission from Elsevier, copyright 1999. A= (La,Sr) (Mn,Co)O;_,,
B=(Sm,Sr)(Co)O;_,, C=(La,Sr)(Co,Fe)O;_, (electron-rich transition
metal perovskites); G = LagoSry;GaggMgo,0245, H="2ry55Y0150 925,

I =Ceg90Gdo1On 95 ) =Zros1Y01901 505 single crystal, K= Ceg65Gdo 3101 aus
single crystal (electron-poor electrolyte materials). The line represents
the kx—D* correlation for samples A-C, as discussed in the text, and
has a slope of b=0.5.

and D*, this implies an interrelation of the effective activation
energies as well as the prefactors [Egs. (2),(3)].

Es = b Eps 2)

logk! = a+blogDy (3)

The data points in Figure 1 comprise variations in temper-
ature, oxygen partial pressure, and composition of the
perovskite phase. What makes Equation (1) so interesting
and simultaneously so hard to understand is that its range of
validity covers all materials within a given class and hence
implies a variation of materials parameters such as reaction
enthalpies. Figure 1 also shows data for electron-poor electro-
lyte materials (G-K): They deviate strongly from the line
discussed below, indicating that these correlations hold only
for families of materials with similar mechanistic parameters.

A detailed treatment of effective rate constants has
previously been given that showed how k° (¢ =* (tracer), 0
(chemical experiment), Q (electrical experiment)) can be
obtained as a function of the control parameters P, C, and 7.
The temperature is essentially introduced through the micro-
scopic rate constant of the rate determining step (rds) and
through the mass action constants K, of the fast reactions that
have to be coupled in the kinetic scheme. Close to equilibrium
and for a given parameter window, k* is given by Equa-
tion (4); Agf is the equilibrium exchange rate, (k) denotes the
geometric means of the forward and backward rate constants
(subscript s indicates “surface”). The expression for D* is,

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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K o A:(rds) = (k).as(T) Z KZ‘(T) cMs pN. ”

q

under Brouwer and Boltzmann conditions, determined with
Equation (5), with ¢ and u being the conductivity and
mobility of the mobile defect (the subscript o refers to
“bulk”).

D* <o, =u(T) Y KI~(T)C" P¥ (5)

For a given mechanistic scheme, these equations allow one
to derive directly k* versus D* upon variation of p, C, or T.
For a given material, a linear logk*—logD* relationship
follows automatically if Arrhenius-type expressions hold for
k* and D* individually. If, however, the material is varied, as
is the case here, the question becomes more delicate because
then the enthalpy and entropy parameters in the above
equations become variables themselves. A linear relationship
as given in references [4,5] (see Figure 1) betrays the validity
of further more subtle features of the materials. Since the
mapping of D*«—k* involves various mass action “constants”
and kinetic “constants”, a family relationship between
reaction free enthalpies and activation free enthalpies may
be anticipated.

Here we will show that the relationship given in Equa-
tion (6) correctly explains Figure 1 (0 denotes the composi-
tional variation within the materials family). We also dem-
OAH?, = —0.50AH", (6)
onstrate that Equation (6) can be mechanistically corrobo-
rated and even tested by independent results. Since the
entropies are mostly structurally determined and do not
significantly change from material to material within the
family under consideration, Equation (6) also represents a
free energy relationship (owing to the small and constant
mechanical work term, we do not differentiate between
energy and enthalpy).

The tracer diffusion in the bulk follows a vacancy

mechanism [Eq. (7), f=correlation factor=0.69""], where
[Vol [Vol Ak

D* :fc—(:D - = 0469—;’DV-- e Miy/kgT (7)

Vo ¢ o

the vacancy jump activation enthalpy HY, of about 0.9 eV
(=oxide ion jump activation enthalpy) and the prefactor D,
are approximately constant for all the samples within the
materials family considered.”®# The material- and temper-
ature-dependent vacancy concentration [V] can be calcu-
lated from the overall oxygen incorporation reaction [Eq. (8)]

1 . .
5 0, + Vo= Op +2h ®)

with a reaction enthalpy AH’ that is typically negative.
Insertion of the mass action constant corresponding to the
reaction in Equation (8) into Equation (7) shows that the
overall D* activation enthalpy includes contributions from
vacancy formation and migration [Eq. (9), see the Supporting
Information for details].

Angew. Chem. Int. Ed. 2004, 43, 50695073
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Eps = —AH + AHS, )

Now let us select a reasonable mechanism for the surface
reaction that operates for all the materials considered (it will
be outlined later that within certain limits the details of the
mechanism do not affect the validity of this rationale).
Whereas for electron-poor materials the electron-transfer
steps might be crucial for the overall rate, this is not likely to
be the case for the electron-rich materials under regard. (The
term “electron-rich” refers to the presence of excess electrons
or to the presence of regular, but easily transferable electrons,
and hence also includes the p-type conductors.”)) Although
no direct evidence for the presence of adsorbed atomic
oxygen species such as O~ exists for the materials considered
here (largely due to experimental limitations), desorption
measurements indicate their formation above 400°C.'" On
ZnO and SnO, the ratio of O to O, increases with
increasing temperature."'! Oxygen permeation measurements
under surface limited conditions yield a reaction order of 5 for
O, (see e.g. SrCOoAsFeo.zoszZ] and La().SSr().SGa(].ZFeOASO3—z[l3])a
which indicates that only atomic oxygen species are involved
in the rate determining step. The relationship in Equation (2)
between the effective activation energies of k* and D* and
the mechanism of the diffusion process resulting in Equa-
tion (9) imply a significant contribution b AHY, to the effective
activation energy E;. of the surface reaction, which stems
from the V, jump activation enthalpy. This may be seen as an
indication that a V site exchange is involved in the rds, as
already qualitatively concluded in ref. [5].

Hence, we assume that the reaction rate is determined by
the ion transfer step, that is, by the incorporation of ionized
atomic oxygen into the vacancy. The degree of ionization of
surface oxygen is definitely less than two but more than zero,
so that we adopt the mechanism given by Equations (10) and
(11) (Kroger—Vink nomenclature, see the Supporting Infor-
mation for other mechanisms). The resulting tracer exchange

1 . e
ZOZ = Q' +h pre-equilibrium (10)
O’ +V, = Of +h' rate-determining step (rds) (11)

rate is given by Equation (12) (see reference [6] for the

method of derivation and the Supporting Information for
details; all concentrations rgfer to gquilibrium, ¢o = oxide ion
concentration ~ constant, k and k denote the forward and
backward rate constants and may also include built-in
electrical fields). The overall activation enthalpy approxi-
mately equals the activation enthalpy H* of the backward
reaction in reaction (11) [Eq. (13)].

Epw~ AH* (13)

As all data are measured in a limited pO, range (typically
10~ bar < pO, < 1 bar), the variation of k* and D* with pO,
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can be neglected (typically k*, D* « (pO,)" where |n|<0.5).
Consequently, we are left with variations of temperature and
sample composition. For Equation (1) to hold, the effective
activation energies must fulfil the condition resulting from
inserting Equations (9) and (13) into Equation (2) with b=0.5
[Eq. (14), see the Supporting Information for the treatment of
the prefactors k', D;].

AH* = b (AH:—AH") = 0.45eV—0.5 AH", (14)

This is indeed a linear relationship between an activation
enthalpy and a reaction enthalpy. The importance of Equa-

tion (14) lies in the fact that OAH*=-05 OAH", that is, the
slope (0.5) and the intercept (0.45¢eV) do not perceptibly
change when the material is varied witl(lln the family under
concern. According to Equation (13), AH™ is approximately
identical to the effective activation energy of k*, and we
arrive at the experimentally testable prediction that E,. varies
linearly with the overall oxygen incorporation enthalpy AH®
when the sample composition varies. Figure 2 displays this

o (La,SNMnO, ,
s a (La,SnCo0,,
3rv v (LaSnFeQ,,

o (La,SrCo,Mn)0,_,
E eV > (La,Sr)(Co,Fe)O, , @)
x z  (8m,SnCo0,, °
S (La,Ca)CrO,,

(¥
v

<

0 L " 1 L L " 1 L " 1 L " 1 L L
0 -1 -2 -3

AH PV —=

Figure 2. Correlation of the experimentally determined activation
energy of surface exchange E. and the overall oxygen incorporation
enthalpy AH?,. Closed symbols: experimental AH?, data available,
open symbols: AH?, estimated either from experimental D* data and
AH; =0.9 eV [see Eq. (9)] or from experimental data for materials with
a slightly different composition. The line represents the predicted
linear free energy relationship [Eq. (14)]. The data are from referen-
ces [4,5,16] as well as [7,17] ((La,Sr)CoO;_,), [7,18] ((La,Sr)FeO;_,),
[19] ((La,Sr) (Co,Fe)Os ), and [20,21] ((La,Ca)CrO;_,

correlation (and includes materials of the same family that are
not contained in Figure 1). The experimental E;. data tend to
be slightly above the line predicted from Equation (14), which
might be due to the small temperature dependence of the
electronic charge carriers [see Eq. (12)]. Keeping in mind the
experimental uncertainties (the typical error of E. is
0.2 eV;[5] for (La,Ca)FeOs;_, the data points in parentheses
stem from similar sample compositions, but were measured by
a different group[7] as well as the approximations made in
deriving Equation (14), the agreement is satisfactory (the
deviation of (La,Ca)CrO;_, might be due to the comparably
strong d electron localization!'),
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The main point is now the interpretation of Equation (14)
on a mechanistic level. First, we have to emphasize again that
such a relationship can only be valid for a class of materials for
which the same mechanism is operative. The contributions of
AHY and AH', to AH* can be rationalized as follows: After
the fast preequilibrium reaction (10), the activation energy of
the rds has to be overcome (Figure 3); the rds is the transfer of

120, ~ : A
\ AN
AHP N AH‘% —
) | Ot / los v IAHTIAH
|
|

{

¥
AH, AHy, 05AH,

Oy +2h

0, o
7 7 7

Figure 3. Top: Enthalpy diagram of oxygen incorporation according to
reactions (10) and (11). The decomposition of AH* into contributions
from AHJ and AH? is based on Equation (14). The dashed lines indi-
cate the variation ofthe material, which results in a coupled increase
of AH® and AH* (for clarity the enthalpy profiles are normalized such
that the final state exhibits the same energy level for both cases).
Bottom: mechanistic picture of the reaction.

adsorbed O’ into a vacancy with the simultaneous oxidation of
the valence band ion (the B cation in Figure 3). Since the
transferred atomic oxygen species is not a fully charged oxide
ion, but has a charge between —1 and —2 (being approx-
imately constant among the materials considered), and since
the transfer occurs between the surface and the first bulk
layer, we can assume that the threshold is reduced compared
to bulk diffusion. Therefore, the contrlbutlon of the ionic
motion to the overall activation enthalpy AH H* isnot AHY, but
only a constant fraction b AH;. The actual numerical Value
b=0.5 as given by the experimentally observed correlation is
consistent with this picture. When passing through the rds, the
reaction enthalpy of this step, AH ?ds, is released, and a fraction
y of it (the exact value depends on the precise location of the
transition state on the reaction coordinate) is involved in the
activation process (i.e., up to the transition state) and
contributes to AH *. Since for AH?,_ it can be estimated that
|[AHY, | <|AH? the experimentally observed contribution
of —0.5AH? to AH* [Eq. (14)] implies a value of y > 0.5 and
thus a transition state closer to the intermediate state O’ than
to the final state Og. The numerical prefactors that account
for the AHY, and the AH0 contributions to AH* are probably
not completely identical, but the experimentally observed
k*—D%* correlation shows that »>0.5 is indeed a good
approximation.

Assuming as a first approximation that the oxygen site
exchange is not influenced by the variation in composition (as
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supported by the observed constancy of AHY), the variation
of AH* with composition refers to the partial electron
transfer from the B cation to the oxygen in the transition state
(the degree of intermediate charge is roughly independent of
sample composition)."” Finally, the constancy of the param-
eter b reflects the validity of the same mechanism for all
materials considered as well as the chemical and structural
similarity of the family members. An important feature of the
analysis is that the activation energy of vacancy migration also
contributes to the surface reaction, which is attributed to the
fact that the latter involves not only an electron transfer but
also represents an ion site exchange. In the Supporting
Information, two other hypothetical mechanisms are dis-
cussed which fulfil the prerequisites (atomic oxygen species as
well as V,, in the rds). While one of these mechanisms is
rather improbable, the other leads to similar conclusions. This
demonstrates the validity of the given arguments irrespective
of minor mechanistic details.

To summarize, we have shown that the astonishing k*—D*
correlation for electron-rich perovskites can be understood
on the basis of a linear free enthalpy relationship for gas—solid
reactions. This relationship assumes a constant coupling
between the k* activation enthalpy and the oxidation reaction
enthalpy (constant with regard to variation among the
materials family considered). This point was independently
tested by referring to kinetic and themodynamic data from
the literature. The treatment demonstrates the usefulness of
linear free energy relationships, which are state of the art for
organic solution chemistry, for inorganic solid-state reactions.
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A Sleeping Host Awoken by Its Guest:
Recognition and Sensing of Imidazole-Containing
Molecules Based on Double Cu*" Translocation
inside a Polyaza Macrocycle**
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Recently, a lot of attention has been focused on artificial
molecular machines"! in part for their potential to help
understand and mimic natural biological systems but mainly
from the perspective of developing molecular devices capable
of information processing and data storage.”! However, a
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different use of this kind of molecule can be envisaged, which
relies on one of their typical properties: when a molecular
machine moves as a consequence of an external stimulus, an
overall rearrangement of the molecular system takes place
and its shape changes dramatically. According to the well-
established lock-and-key concept, the shape of a molecule,
and in particular the shape of a cavity inside a large molecule,
is connected to its ability to act as a selective receptor, that is,
its ability to recognize a complementary substrate. Provided
that only one of the possible shapes assumed by a given
molecular machine presents a cavity in which a chosen
substrate can selectively fit, molecular machines could
advantageously enter the field of molecular recognition by
acting as receptors with a useful implemented function: to
recognize and bind a given substrate only when the proper
external stimulus is applied. Few examples have been
published that consist of relatively simple photoisomerizable
molecules, in which the stimulus required to make the system
change towards the correct shape and recognize a substrate is
provided by light.”!

Herein we report the first example of a new kind of
molecular machine capable of molecular recognition. The
stimulus required by the system for changing towards the
correct shape for selective binding can be provided by the
substrate itself. Accordingly, the molecular machine descri-
bed in this paper behaves as a receptor, which merges the
advantages of the lock-and-key principle (selectivity) with
those of its adaptive behavior (activation in the presence of
substrates). Moreover, the drastic color change associated
with movement and recognition events turns this system in a
very efficient colorimetric sensor.

Macrocycle LH, contains two couples of polydentate
compartments capable of binding Cu*" ions, and comprises
two diamide—-diamine (DADA) tetradentate and two pyri-
dine-diamine (PDA) tridentate binding sets, which share the
four secondary amino groups.

Potentiometric titrations carried out with standard base,
first on a solution containing LH, and excess acid, then on a
solution containing LH,, two equivalnents of Cu®* ions, and
excess acid® followed by nonlinear least-squares treatment of
the obtained electrode potential versus added base data,
allowed us to calculate the protonation constants of LH, and
the formation constants of the copper-containing species
present in solution in the pH range of 2-12 (see caption of
Figure 1).1 From these data, a distribution diagram for the
LH,2Cu*" system was drawn (Figure 1a). Subsequently,
coupled pH-metric and spectrophotometric titrations were
carried out. Two distinct colors and types of band are
observed as a function of pH. A band centered at around
660 nm, responsible for the blue color of the solutions, starts
to form at pH 3 and predominates without dramatic changes
up to pH 9.5. At this pH, the intensity of the band at 660 nm
decreases relative to the band centered at 515 nm then
disappears leaving a purple—pink solution. The interpretation
is straightforward: if the molar absorbance at 660 and 515 nm
versus pH profiles are superimposed onto the distribution
diagram (Figure 1a, filled and empty triangles, respectively):
the relatively short wavelength band at 515 nm correlates with
the [Cu,(L)] neutral complex (form a in Scheme 1)®! and
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Figure 1. a) Distribution diagram (relative abundance % (RA), of spe-
cies vs pH) for a system that contains Cu(CF;SO;), at 10°m and LH,
at 5x107* M. The calculated formation constants (expressed as logf3)
for the species indicated (with uncertainties in parenthesis) are:
LH,*=7.66(0.01), LH*=14.80(0.01), LH,**=21.55(0.01),

LHg* =27.73(0.01), [Cu,(LH,)]*" =25.31(0.02),

[Cuy(LH,) (OH)PP* =18.95(0.02), [Cu,(LH.) (OH),]** =10.97(0.02),
[Cuy(L)]=—8.17(0.02). The full and empty triangles report the molar
absorptivity of the complex at 660 and 515 nm vs pH, respectively, rel-
ative to [Cu,(LH,)]** and to [Cu,(L)]; b) Distribution diagram (RA of
species vs pH) for a system that contains Cu(CF;SO;), at 107 m, and
LH, and IMH at 5x 107 M. The full and empty triangles report the
molar absorptivity of the complex at 650 and 515 vs pH profiles,
respectively, relative to [Cu,(LH,) (Im)]** and to [Cu,(L)]. The calculated
formation constants are the same as in (a), to which these equilibria
and constants have been added: LH, 4+ 2Cu’* + ImH=][Cu,-

(LHy) (Im)P*+ H*, log K=38.05(0.02); Im~ + H*=ImH,
logk=10.82(0.02); Im~ + 2HT=ImH,*, logk=19.2(0.02).

arises from the typical d—d transition for a tetra coordinated
Cu’" ion with square-planar geometry inside a bis-deproto-
nated DADA donor set.)

On changing pH to lower values (3-6), the deprotonated
amide groups are reprotonated, thus becoming noncoordi-
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nating, and the two Cu’* ions
move to the two available sepa-
rated tridentate PDA units. This
HN form is the complex
[Cu,(LH)]*, form b in
Scheme 1, in which each Cu?* is
tricoordinated by the ligand
(Amay =060, deep blue), with the
other coordination positions of
the Cu®" ion occupied by water
molecules.'”! On raising the pH
(6-9.5), two water molecules are deprotonated to give the
blue species [Cu,(LH,)(OH)P’* and [Cu,(LH,)(OH),]*".
According to these data, when a 1:2 molar ratio of LH,/
Cu’* is chosen, this system is capable of a pH-driven double
cation translocation; in a solution with 4 <pH <5 the two
Cu’* ions are coordinated by the two PDA moieties to give
[Cu(LH,)]*" (form b in Scheme 1, 95% of the relative
abundance, RA, in the distribution diagram), but if the pH is
raised above 10.5 the four amide protons are released and
each Cu”** moves inside one of the two deprotonated DADA
moieties to give the neutral complex [Cu,(L)] (form a in
Scheme 1, 99 % in the distribution diagram). The movement
is reversible and several translocation cycles have been
carried out in various experiments, without significant varia-
tions (except those due to dilution) in the spectra of the a and
b forms. To check the correctness of the interpretation of
spectral and potentiometric data, we carried out the same
measurement set on the reference compound L'H,, which
lacks the pyridine nitrogen atoms and should not give rise to
the same behavior. Infact, no blue was seen in the whole pH
range, and only a very weak shoulder in the spectra between
600-700 nm was observed at low pH, which completely
disappeared before pH 7. On the other hand, pink, pertinent
to the band centered at 510 nm, started to appear at a pH of
around 5 and the intensity of this band reached a plateaux at
pH 7 (see the Supporting Information), which did not change
with an increase in pH, thus showing that: 1) no blue dicopper
complex is formed; 2) a pink complex [Cu,(L")] is completely
formed (>95%) at pH 7, which is more than two pH units
below the pH at which the analogous complex with LH, exists.
These results clearly show that the nitrogen atom of the
pyridine moiety is essential to the formation of the blue
complex, giving rise to two binding cavities in which the two
copper ions can be positioned in a wide pH range. These
cavities have such a good affinity for Cu’* ions that they
prevent them from entering the DADA ligand sets before
pHY.

[Cuy(L)] is a neutral, quite-rigid molecule in which each
Cu’* centre is four-coordinated and square-planar. Moreover,
it is well-established that inside a similar donor set the Cu**
ion is coordinatively saturated, that is, it does not interact with
any ligand added to the solution:") [Cu,(L)] can be consid-
ered the “closed” form of the system. On the other hand, in
the [Cu,(LH,)]*" form, each Cu** is only three-coordinated by
the ligand and the water molecules that complete the
coordination sphere can be easily substituted by stronger
ligands. Thus, the system is in its “open” form and resembles a
whole category of dicopper complexes inside ditopic macro-
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a (pH>10)

Scheme 1. pH dependent intramolecular dislocation of the Cu?* ions.

cyclic ligands,'™™ which are able to bind in cascade several
bidentate ligands in a bridging fashion. Consequently, we
investigated the behavior of the system in the presence of
typical copper-coordinating bridging substrates.

A solution of the complex, buffered at pH 7 with HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (0.05m)
was titrated with several anions such as dicarboxylates
(oxalate and malonate), phosphates (phosphate and pyro-
phosphate), azide and imidazolate. At the chosen pH the
[Cu,(LH,)(OH)** species is predominant (>70%). In all
cases, (except azide) the formation of 1:1 adduct was
observed. Following our interests on imidazole (ImH) and
histidine detection,™™ we decided to further investigate the
behavior of the complex in the presence of imidazole.

Potentiometric titrations were carried out with standard
base on solutions containing LH,, Cu**, and ImH in a 1:2:1
molar ratio with excess acid. The formation constants of the
species in solution for this system have been calculated and
the relative distribution diagram drawn (Figure 1b, see
caption for additional equilibrium and the relative con-
stants).'! In the range of 3<pH<4.5 [Cu(LH,)]* is
predominant, as it is in the absence of ImH, whereas an
increase in pH above 4.5 result in the gradual formation of
[Cuy(LH,)(Im)]** (form ¢ in Scheme 2), which predominates
in the pH range of 6.0 to 10.0. This latter species contains a
bridging imidazolate anion (Im~), which forms thanks to the
particularly stable!™"* {Cu**-(Im~)-Cu**} disposition. Cou-

pH=10.2

Scheme 2. The imidazole-induced translocation equilibrium at pH 10.2.
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This band persists in the pH range in which
[Cu,(LH,)(Im)]** is prevalent (Figure 1b, full triangles). On
further increasing the pH over 10.0, the blue disappears,
leaving the pink of the [Cu,(L)] species, which displays a band
with the same A and ¢ values found when no ImH is present. It
has to be stressed that in the presence of imidazole no OH-
containing species are found in the 2-12 pH range and that
[Cu,(LH,)(Im)]** is so stable that it exists in a very large pH
range (<90% in the 5.8-10.2 pH range), thus pushing the
formation of [Cu,(L)] to a pH value one unit higher than in
the absence of imidazole. Double cationic translocation also
occurs in the presence of imidazole, as the correct and
reversible spectral changes are observed on changing pH
from, for example, 11.0 to 7.0 and back again. Moreover, it has
to be pointed out that at pH 11.0 ImH is free in solution and
does not interact with [Cu,(L)] (form a, closed), while at
pH 7.0 the two Cu*" ions translocate, the system is in it open
form and it is able to bind bridging anions such as Im~, thus
representing an example of controllable binding action
obtained inside a molecular machine after a chemical
(ApH) stimulus.

A comparison of the distribution diagrams in the absence
and presence of imidazole (Figure 1a and b) shows that in a
sharp pH range (10.0 < pH < 10.4) in the absence of imidazole
the [Cu,(L)] species is at 95 %, whereas in the presence of
imidazole, it is at 10% and the [Cuy(LH,)(Im)]*" species is
around 90 %. Thus, we can expect that when a pink solution

buffered at pH 10.2 is
treated with one equiva-

b (3<pH<6)

Z | lent of imidazole, trans-

SN location takes place with

(i'N Ni> imidazolate binding,

o \Wn wl o according to the equili-
Y N ¢ brium  described in

EON> Scheme 2. Although it is

o “NH HN N somewhat slow, this
N N _> process is indeed

N observed, as can be seen

I by the series of spectra
obtained from a solution
of [Cuy(L)] buffered at

¢ pH 10.2 after addition of
1 equivalent of ImH.
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Figure 2 shows the formation of the band typical of
[Cu,(LH,)(Im)]** with time. The absorbance versus time
profile corresponds to a first-order kinetic, with k=

200
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AIM'em™
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Figure 2. The effects on absorption spectra of addition of one equiva-
lent of imidazole to a solution (7.5x107*m) of the complex buffered at
pH 10.2 with CAPS (3-cyclohexylamino-1-propanesulfonic acid)

(0.05 m). Sample spectra showed are taken at t=0 (dotted line), 20,
50, 90, 150 min (solid line).

0.00037 s! (z =45 min). According to this result, in this
system it is the substrate itself that makes the cations
translocate and causes the system to open, thus allowing
binding to take place. A high degree of selectivity is found:
when pH is fixed at 10.2 the system is in its closed form (form
a), and the addition of potentially bridging anions (N;~,
PO, P,O,*", C,0,%") give no spectral change even after the
addition of up to fivefold excess of anions. The same behavior
is observed when several equivalents of representative
aminoacids and other biologically relevant substrates are
added to the solution: no color change is observed upon
addition of several equivalents of glycine, arginine, proline,
glutamate, ADP, ATP. On the other hand, as expected, the
addition of histidine or histamine gives the same effect
already observed with imidazole. The same response (switch
from pink to blue) is observed when titrations with imidazole,
histidine, and histamine are repeated in the presence of a
fivefold excess of the potential interferents. Only histidine
and histamine are recognized and sensed colorimetrically.
The receptor is a sleeping host that is closed to all guests we
have tried so far, except imidazole-containing molecules,
which have the key (the imidazole fragment itself) to switch
the host cavity to the open, binding form. This recognition is
associated to a neat color change, thus providing a signal of
the selective inclusion. The peculiar, extreme case of selec-
tivity relies on the unique energy gain obtained from the
particularly stable {Cu**-(Im~)-Cu’*} moiety, which more
than compensates the energy barrier necessary for the
movement of the molecular machine, that is, double Cu**
translocation. The design and synthesis of devices based on
this approach are being performed in our laboratory. This
peculiar kind of selectivity can be exploited by simply
changing the groups appended between the two amide
functions for a broader range of applications such as
fluorimetric sensing (appending fluorogenic fragments),
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transport across apolar membranes (by using lipophilic
tails), histamine removal from biological fluids or its control-
lable release from nanodevices.

The Supporting Information for this article (distribution
diagram for ligand LH, and pH-spectrophotometric titration
of the reference compound L'H, in presence of two equiv-
alents of Cu" ions) is available on the WWW under http:/
www.angewandte.org or from the author.

Received: May 6, 2004

Keywords: copper - molecular devices - molecular recognition -
receptors - sensors

[1] V. Amendola, L. Fabbrizzi, C. Mangano, P. Pallavicini, Acc.
Chem. Res. 2001, 34, 488 —493.

[2] V. Balzani, A. Credi, M. Venturi, Molecular Devices and
Machines— A Journey into the Nanoworld, Wiley-VCH, Wen-
heim, 2003.

[3] S. Shinkai in Molecular Switches (Ed.: B. L. Feringa), Wiley-
VCH, Wenheim, 2001, pp. 281 -307.

[4] Macrocyclic ligand LH, and L'H, were synthesized through a

242 condensation via Schiff base formation of 6-benzyl

—1,4,8,11-tetraazaundecane-5,7-dione and, respectively, 2,6-pyr-

idine dicarboxyaldehyde (for LH,) and isophtaladehyde (for

L'H,). A solution of 6-benzyl-1,4,8,11-tetraazaundecane-5,7-

dione (0.8 mmol) in acetonitrile (30 mL) was added dropwise

to a solution of the corrsesponding dialdheyde (0.8 mmol) in the
same solvent (60 mL) at room temperature under a nitrogen
atmosphere over a period of 30 min. The reaction mixture was
stirred overnight, then was reduced in situ with an excess of

NaBH, (0.6 g). The solvent was removed from the reaction

mixture on a rotary evaporator and the solid residue was treated

with water (50 mL). Extraction with CH,Cl,, drying with MgSO,,
and removal of the solvent under vacuum gave the desired
product as a solid in 72% yield (LH,) and 73% (L'Hy).

Elemental analysis caled (%) for LH, C,,HsN;,0,: C66.12,

H7.13, N18.36; found C66.48, H7.06, N18.15; for L'H,

CyuHsNgO,: C69.45, H7.42, N 14.72; found C 69.32, H7.16,

N 14.11. MS(ESI): m/z: 764 [LH,+H"], 762 [L'H,+H"].

Measurements were carried out in a solution of NaClO, (0.05m)

in 1:4 v/v water/ethanol. The water/ethanol mixture was chosen
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