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EDITORIAL

And H¸ckel Was Correct After All–AWithdrawal and an Apology

In the second April issue (No. 8, pp. 1429±1431) this year we
published a communication from J. B. Lambert et al. in which
an astonishingly stable salt of the pentamethylcyclopentadien-
yl cation was reported. Following the H¸ckel rule this antiar-
omatic cation should, in fact, be highly unstable, and for de-
cades attempts at its preparation and definite characterization
have failed–however, perhaps this time the counterion, tetra-
kis(pentafluorophenyl)borate, had worked wonders. In any
case, after two rounds of refereeing by three experts the com-
munication was accepted, and, following publication
(April 15) naturally caused quite a stir. Unfortunately, it must
now be said that the experimental results were incorrectly in-
terpreted, which was quickly discovered. On April 22, G.
Bertrand and co-workers submitted a manuscript in which
they showed that the species generated by Lambert et al.
was, in fact, a pentamethylcyclopentenyl cation. To keep dam-
age to a minimum we published this manuscript as fast as pos-
sible (on May 7) on the Angewandte Chemie homepage, fol-

lowing refereeing by those experts who had evaluated the
Lambert et al. communication, and after giving J. B. Lambert
the opportunity to comment, which resulted in his co-author-
ship. The edited version of this manuscript can be found in this
issue (p. 2275 ff), together with a short theoretical treatment
by T. M¸ller (p. 2276 ff), as well as a ™statement∫ from J. B.
Lambert (p. 2279).

As the Editor I regret that we did not examine the original
manuscript more critically, and that its publication has result-
ed in unnecessary work to reproduce the results experimental-
ly and theoretically.

Dr. Peter Gˆlitz



¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2212 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 132212

The cover picture shows benzoborirene, the product of the crossed-molecular-
beam reaction between benzene molecules and boron atoms, displayed above the
three-dimensional plot of the angular- and translational-energy-dependent flux of
the benzoborirene molecules in the center-of-mass system. As the reaction
conditions preclude secondary collisions, the intermediate initially formed from
the reactive collision decays by ejection of a hydrogen atom. The structure of the
benzoborirene depicted is based on a DFT computation, which, combined with
results of highly accurate coupled-cluster calculations has been used to assign the
reaction product by comparing experimental and theoretical reaction energies.
Details are described by R. I. Kaiser and H. F. Bettinger on p. 2350 ff.
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Polyolefins are ubiquitous
materials in everyday life :
Although these polymers
are traditionally synthesized
by heterogeneous transition-
metal catalysts, recent ad-
vances in single-site catalysts
have given birth to a wide
array of new materials of precise stereochemistry (see picture). Although olefin-
polymerization techniques are superior to their ionic and radical counterparts
regarding stereochemical control, they have been inferior in the category of living
polymerization. Recent advances in alkene-polymerization catalysts are rapidly
eliminating this deficit.

Angew. Chem. 2002, 114, 2340 ± 2361

G. W. Coates,* P. D. Hustad,
S. Reinartz . . . . . . . . . . . . . . . . . 2236 ± 2257

Catalysts for the Living Insertion
Polymerization of Alkenes: Access to
New Polyolefin Architectures Using
Ziegler ±Natta Chemistry

Keywords: alkenes ¥ block copolymers ¥
homogeneous catalysis ¥ living
polymerization ¥ Ziegler ±Natta catalysis

MINIREVIEW
The manipulation of iron uptake in plants is close
to being realized. Proteins participating in iron
transport have been identified and characterized in
the model plant Arabidopsis thaliana. From this
result it will be possible to engineer crop plants
that take upmore iron for nutritional improvement
or plants that clean up toxic minerals from
contaminated environments.

Angew. Chem. 2002, 114, 2363 ± 2368

D. Staiger* . . . . . . . . . . . . . . . . . 2259 ± 2264

Chemical Strategies for Iron Acquisition
in Plants

Keywords: chelates ¥ iron ¥ reduction ¥
siderophores ¥ transport proteins

HIGHLIGHTS
Improved protecting-group strategies are used in two successful methods for the
synthesis of oligoribonucleotides. The effective production of these compounds is
of growing importance in the context of RNA interference, a phenomenon that is
exploited for investigations into protein function.

Angew. Chem. 2002, 114, 2369 ± 2373

R. Micura* . . . . . . . . . . . . . . . . . 2265 ± 2269

Small Interfering RNAs and Their
Chemical Synthesis
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The structures of AuH and AuI are already known, now the long-sought-after
molecules AuH3 (� (H2)AuH) and AuH5 (�H3Au(H2)) have been detected by
matrix isolation spectroscopy. Based on new calculations, the global minimum for
AuI3, a missing member of the gold halides, has been elucidated to be that of an
L-shaped moiety (Cs symmetry; charge transfer from the I2 unit to the AuI).

Angew. Chem. 2002, 114, 2373 ± 2375

M.-J. Crawford,*
T. M. Klapˆtke* . . . . . . . . . . . . 2269 ± 2271

Hydrides and Iodides of Gold

Keywords: ab initio calculations ¥ gold ¥
halogens ¥ hydrides ¥ matrix isolation

CORRESPONDENCE
Stray light is a possible source of interference in
the electroluminescence spectrum of ITO/NPB/
(mdppy)BF/LiF/Al reported by Wang and co-
workers (see picture, trace a). Chou et al. observed
that four major peaks that correspond to mercury
overlap with the reported peaks (trace b).

Angew. Chem. 2002, 114, 2377

Angew. Chem. 2002, 114, 2378

P.-T. Chou,* C.-C. Cheng, C.-S. Chiou,
G.-R. Wu . . . . . . . . . . . . . . . . . . . . . . . . . 2273

Comment on the Communication ™Highly
Efficient White Organic
Electroluminescence from a Double-
Layer Device Based on a Boron
Hydroxyphenylpyridine Complex∫ by
Wang et al.

Y. Liu, J. Guo, H. Zhang,
Y. Wang* . . . . . . . . . . . . . . . . . . . . . . . . 2274

Reply

Keywords: boron ¥ electroluminescence ¥
luminescence ¥ stray light ¥ thin films

The following communications are ™Very Important Papers∫ in the opinion
of two referees. They will be published shortly (those marked with a
diamond will be published in the next issue). Short summaries of these
articles can be found on the Angewandte Chemie homepage at the address
http://www.angewandte.org

Catalytic Activity and Poisoning of Specific Sites on Supported Metal
Nanoparticles

S. Schauermann, J. Hoffmann, �
V. Joha¬nek, J. Hartmann,
J. Libuda,* H.-J. Freund

Understanding Zeolite Catalysis: Inverse Shape Selectivity Revised M. Schenk, S. Calero, T. L. M. �
Maesen, L. L. van Benthem,
M. G. Verbeek, B. Smit*

Highly Selective Transport of Organic Compounds by Using Supported Liquid
Membranes Based on Ionic Liquids

L. C. Branco, J. G. Crespo,
C. A. M. Afonso*

Atom-Transfer Tandem Radical Cyclization Reactions Promoted by Lewis
Acids

D. Yang,* S. Gu, H.-W. Zhao,
N.-Y. Zhu

Metallabenzenes and Valence Isomers: Synthesis and Characterization of a
Platinabenzene

V. Jacob, T. J. R. Weakley,
M. M. Haley*

Electronic and Steric Effects on Catalysts for CO2/Epoxide Polymerization:
Extremely Subtle Modifications Resulting in Superior Activities

D. R. Moore, M. Cheng,
E. B. Lobkovsky, G. W. Coates*
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Not C5Me5
� (I): C5Me5� remains triplet! The reaction of triphenylmethyl

tetrakis(pentafluorophenyl)borate with pentamethylcyclopentadiene does not
lead to a stable antiaromatic singlet pentamethylcyclopentadiene cation, but to
the unexpected pentamethylcyclopentenyl cation (see scheme).

Angew. Chem. 2002, 114, 2379 ± 2380

M. Otto, D. Scheschkewitz, T. Kato,
M. M. Midland, J. B. Lambert,
G. Bertrand* . . . . . . . . . . . . . . . 2275 ± 2276

The Stable Pentamethylcyclopentadienyl
Cation Remains Unknown

Keywords: antiaromaticity ¥
carbocations ¥ cyclopentadienyl cation ¥
cyclopentenyl cation ¥ structure
elucidation

Not C5Me5
� (II): The search for the elusive singlet

cyclopentadienyl cation must continue. Quantum-
mechanical calculations of both structure and
NMR chemical shifts suggest that the recently
reported X-ray structure is that of a cyclopentenyl
cation (see picture).

Angew. Chem. 2002, 114, 2380 ± 2382

T. M¸ller* . . . . . . . . . . . . . . . . . 2276 ± 2278

Comment on the X-Ray Structure of
Pentamethylcyclopentadienyl Cation

Keywords: antiaromaticity ¥
carbocations ¥ cyclopentadienyl cation ¥
cyclopentenyl cation ¥ density functional
calculations ¥ structure elucidation

Not C5Me5
� (III): Because of the evidence presented in the above Correspond-

ence the authors are retracting the conclusions of their publication ™The Stable
Pentamethylcyclopentadienyl Cation∫ which were entirely those of the main
author and imply no reflection on the part of his co-workers (whose experimental
and theoretical work is valid).

Angew. Chem. 2002, 114, 2383 ± 2383

J. B. Lambert* . . . . . . . . . . . . . . 2279 ± 2279

Statement

Keywords: antiaromaticity ¥ aromaticity ¥
carbocations ¥ cyclopentadienyl cation ¥
cyclopentenyl cation ¥ structure
elucidation

COMMUNICATIONS
Efficient guest exchange : The organic zeolite
analogue TPP ¥ x(THF) (x� 0.35 ± 0.65) takes up
I2 quickly when exposed to iodine vapor. The
previously colorless crystals (a) color at the ends
(b), and after 1 ± 2 days the iodine has permeated
all the way through the crystal (c). The conductiv-
ity values of the TPP ¥ y(I2) crystals are of the same
order as those of elemental I2. TPP� tris(o-phen-
ylenedioxy)cyclotriphosphazene.

Angew. Chem. 2002, 114, 2385 ± 2388

T. Hertzsch, F. Budde, E. Weber,
J. Hulliger* . . . . . . . . . . . . . . . . 2281 ± 2284

Supramolecular-Wire Confinement of I2
Molecules in Channels of the Organic
Zeolite Tris(o-phenylenedioxy)cyclo-
triphosphazene

Keywords: conducting materials ¥
iodine ¥ phosphazenes ¥ zeolite
analogues
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Stopcock fluorophores at the ends of zeolite L channels can trap electronic
excitation energy from pyronine� molecules inside the crystal (see scheme, top).
The reverse process, that is, the injection of electronic excitation energy through
such stopcocks (bottom), was achieved with oxonine�molecules inside the zeolite
channels.

Angew. Chem. 2002, 114, 2389 ± 2392

H. Maas, G. Calzaferri* . . . . . 2284 ± 2288

Trapping Energy from and Injecting
Energy into Dye ±Zeolite Nanoantennae

Keywords: donor± acceptor systems ¥
dyes/pigments ¥ fluorescence ¥
supramolecular chemistry ¥ zeolites

The reaction of molecular nitrogen
with the layered subnitride Sr2N
leads to intercalation and forma-
tion of single-phase Sr2N[N2]0.25
( ��Sr4N3; see scheme) under mild
conditions (T� 650�C, pN2

� 9 bar).
N2 is reduced to the diazenide stage
[N2

2�], while half of the strontium is
oxidized to Sr2�. The intercalation is
reversible.

Angew. Chem. 2002, 114, 2392 ± 2394

Y. Prots, G. Auffermann, M. Tovar,
R. Kniep* . . . . . . . . . . . . . . . . . . 2288 ± 2290

Sr4N3: A Hitherto Missing Member in the
Nitrogen Pressure Reaction Series
Sr2N�Sr4N3�SrN�SrN2

Keywords: diazenides ¥ intercalation ¥
nitrides ¥ pressure synthesis ¥ subvalent
compounds

Regioselective synthetic approaches to tetrasub-
stituted imidazoles (see picture) are reported.
These highly substituted heterocycles are potent
inhibitors of cytokine release and therefore inter-
esting candidates for anti-inflammatory drugs.

Angew. Chem. 2002, 114, 2408 ± 2411

S. Laufer,* G. Wagner,
D. Kotschenreuther . . . . . . . . . 2290 ± 2293

Ones, Thiones, and N-Oxides: An
Exercise in Imidazole Chemistry

Keywords: drug design ¥ inhibitors ¥
medicinal chemistry ¥ nitrogen
heterocycles ¥ synthetic methods

Two generally applicable reagents
for photoaffinity probes have been
developed. They contain anm-nitro-
phenyl ether function with a trifluoromethyldiazirine side chain (photophore
group), as well as a biotin tag for the identification of labeled proteins or peptides
and either a free hydroxy or a squaramide group for the attachment of any
suitably functionalized ligand which directs the reagent to the binding site of the
target molecule (see picture).

Angew. Chem. 2002, 114, 2404 ± 2408

M. Daghish, L. Hennig, M. Findeisen,
S. Giesa, F. Schumer, H. Hennig,
A. G. Beck-Sickinger,
P. Welzel* . . . . . . . . . . . . . . . . . . 2293 ± 2297

Tetrafunctional Photoaffinity Labels
Based on Nakanishi×s m-Nitroalkoxy-
Substituted Phenyltrifluoromethyl-
diazirine

Keywords: antibiotics ¥ photoaffinity
labels ¥ photochemistry ¥
transglycosylase
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The simultaneous formation of E and Z double bonds results from the syn
elimination of H and/or D atoms from different conformations of 4-hydroxy-
sphinganine [D4]1. �8-Sphingolipid desaturase from Helianthus annuus is
heterologously expressed in yeast and catalyzes the transformation to E olefin
2 (88%) and Z olefin 3 (12%).
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Angew. Chem. 2002, 114, 2394 ± 2397

C. Beckmann, J. Rattke, N. J. Oldham,
P. Sperling, E. Heinz,
W. Boland* . . . . . . . . . . . . . . . . 2298 ± 2300

Characterization of a �8-Sphingolipid
Desaturase from Higher Plants: A
Stereochemical and Mechanistic Study on
the Origin of E,Z Isomers

Keywords: desaturases ¥ elimination ¥
enzyme catalysis ¥ isotope effects ¥
sphingolipids

A tertiary arsane ligand in a bridging position occurs for the first time in the
structurally characterized transition-metal complex 2, which was prepared from 1
by stepwise ligand substitution of both the trialkylstibane and acetylacetonate
ligands. The analogous chainlike phosphane-bridged dimer [ClRh(�-PMe3)-
(�-CPh2)2Rh(�-Cl )2Rh(�-PMe3)(�-CPh2)2RhCl] has also been isolated and
characterized by X-ray crystallography.

Angew. Chem. 2002, 114, 2398 ± 2401

T. Pechmann, C. D. Brandt, C. Rˆger,
H. Werner* . . . . . . . . . . . . . . . . 2301 ± 2303

A New Type of Chainlike Tetranuclear
RhodiumComplexes with PR3 and AsMe3
as Bridging Ligands

Keywords: As ligands ¥ bridging ligands ¥
carbene complexes ¥ P ligands ¥ rhodium

Fast electron transfer between the Mn centers in
the mixed-valent complex 1, a dinuclear analogue
of complexes with Cp�-N-ligands (Cp�C5H5),
supports the occurrence of cooperative effects in
such highly preorganized bimetallic systems. An
unsual �1:�1:�5 coordination of the pyrazolate
group is observed for K�1� in the solid state.

Angew. Chem. 2002, 114, 2414 ± 2417

J. C. Rˆder, F. Meyer,*
E. Kaifer . . . . . . . . . . . . . . . . . . . 2304 ± 2306

Bifunctional Cp�N Complexes–
Unusual Structural Features and
Electronic Coupling in Highly
Preorganized Bimetallic Systems

Keywords: bridging ligands ¥ electronic
structure ¥ manganese ¥ metal ±metal
interactions ¥ mixed-valent compounds

Racemization-free coupling of
Fmoc-N-methyl amino acids on a
solid support is quantitative with a
new triphosgene-activation method.
With this method, the total synthesis
of the nematicidal cyclododecapep-
tide omphalotin A (see picture) was
accomplished, which because of its
high content of N-methyl amino
acids had not yet been accessible.

Angew. Chem. 2002, 114, 2401 ± 2403
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B. Thern, J. Rudolph,
G. Jung* . . . . . . . . . . . . . . . . . . . 2307 ± 2309

Total Synthesis of the Nematicidal
Cyclododecapeptide Omphalotin A by
Using Racemization-Free Triphosgene-
Mediated Couplings in the Solid Phase

Keywords: N-methyl amino acids ¥
omphalotin A ¥ peptides ¥ solid-phase
synthesis ¥ total synthesis ¥ triphosgene
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The wings of the butterfly structure are widely extended in 2 (see picture, R�
Me3SiCH2), a complex with a dibismuthene ligand, which coordinates as a ™side-
on∫-bridging, four-electron donor to two tungsten atoms. Complex 2 is formed
from the reaction of [W(CO)5(thf)] with alkylbismuth five- and three-membered
rings of cyclobismuthanes 1, which exist in equilibrium.

Angew. Chem. 2002, 114, 2411 ± 2414

L. Bala¬zs, H. J. Breunig,*
E. Lork . . . . . . . . . . . . . . . . . . . . 2309 ± 2312

Synthesis of the Dibismuthene Complex
[{�-�2-(cis-Me3SiCH2Bi)2}{W(CO)5}2]
from a Cyclobismuthane and
[W(CO)5(thf)]

Keywords: bismuth ¥ small-ring systems ¥
structure elucidation ¥ tungsten

What×s new about complexes 1 and 2, textbook examples of coordination
compounds? Quantum-chemical simulations reveal an exceptionally strong
sensitivity of their 57Fe NMR spectroscopy chemical shifts to the Fe�C bond
length, which, in turn, changes noticeably on going from the gas phase to aqueous
solution.

[Fe(CN)5(NO)]2� 1 [Fe(CN)6]4� 2

Angew. Chem. 2002, 114, 2417 ± 2420

M. B¸hl,* F. T. Mauschick, F. Terstegen,
B. Wrackmeyer . . . . . . . . . . . . . 2312 ± 2315

Remarkably Large Geometry
Dependence of 57Fe NMR Chemical
Shifts

Keywords: density functional
calculations ¥ iron ¥ molecular
dynamics ¥ NMR spectroscopy ¥ solvent
effects

Sublimable without decomposition is the first
barium triple-decker sandwich complex
[(4Cp)Ba(cot)Ba(4Cp)] (4Cp�C5HiPr4; cot� cy-
clooctatetraene; see picture). Short distances (sig-
nificantly below the sum of Van der Waals radii)
between two of the methyl groups of each 4Cp
ligand indicate a Ba ¥¥¥ CH3 interaction.

Angew. Chem. 2002, 114, 2421 ± 2422

H. Sitzmann,* M. D. Walter,
G. Wolmersh‰user . . . . . . . . . . 2315 ± 2316

A Triple-Decker Sandwich Complex of
Barium

Keywords: alkaline-earth metals ¥
barium ¥ cyclopentadienyl ligands ¥
structure elucidation ¥ triple-decker
complexes

Configurational stability is conferred on the complex 1 (R� 4-MeOC6H4) by the
carefully designed tetradentate bis(1,10-phenanthroline) ligand. The resolution
and asymmetric synthesis of 1 were readily achieved by using tris(tetrachloro-
benzenediolato)phosphate(�) anions (2) as chiral auxiliaries. The picture shows
the separation of the enantiomers of 1 by preparative ion-pair thin-layer
chromatography.

Angew. Chem. 2002, 114, 2423 ± 2425

D. Monchaud, J. J. Jodry, D. Pomeranc,
V. Heitz, J.-C. Chambron, J.-P. Sauvage,
J. Lacour* . . . . . . . . . . . . . . . . . . 2317 ± 2319

Ion-Pair-Mediated Asymmetric Synthesis
of a Configurationally Stable
Mononuclear Tris(diimine) ± Iron(��)
Complex

Keywords: chiral auxiliaries ¥ chiral
resolution ¥ ion pairs ¥ iron ¥ N ligands
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High-resolution arrays of antibodies can be pre-
pared in a highly parallel manner by a combination
of affinity purification and microcontact printing.
Arrays with lateral dimensions of between 100 and
3 �m were prepared by using planar, affinity
stamps that were patterned by using various soft
lithographic techniques. The fluorescence micros-
copy image shown demonstrates the placement of
anti-chicken and anti-goat antibodies on a glass
substrate from a stamp.

Angew. Chem. 2002, 114, 2426 ± 2429

J. P. Renault, A. Bernard, D. Juncker,
B. Michel, H. R. Bosshard,
E. Delamarche* . . . . . . . . . . . . 2320 ± 2323

Fabricating Microarrays of Functional
Proteins Using Affinity Contact Printing

Keywords: antibodies ¥ antigens ¥
lithography ¥ microcontact printing ¥
patterning

A crop of gold circles and lines :
Psoralen-functionalized Au nano-
particles incorporated into DNA,
and Au-nanoparticle-functionalized
poly-�-lysine, yield linear and circu-
lar nanowires, respectively, on mica
surfaces (see atomic force micros-
copy images).

Angew. Chem. 2002, 114, 2429 ± 2433

F. Patolsky, Y. Weizmann,
O. Lioubashevski,
I. Willner* . . . . . . . . . . . . . . . . . 2323 ± 2327

Au-Nanoparticle Nanowires Based on
DNA and Polylysine Templates

Keywords: DNA ¥ gold ¥ intercalation ¥
nanoparticles ¥ nanostructures ¥
nanowires

A method for in vivo affinity chro-
matography, the yeast three-hybrid
assay simplifies protein identifica-
tion and amplification at the end of
affinity panning. The bacterial sys-
tem described should increase, by
several orders of magnitude, the
number of protein variants that can be assayed (see picture; SLF � synthetic
analogue of FK506; Mtx � methotrexate; FKBP12 � FK506-binding protein 12;
DHFR � dihydrofolate reductase; �cI � �-repressor; �NTD � N-terminal
domain of the �-subunit of RNA Pol; RNA Pol � RNA polymerase).

Angew. Chem. 2002, 114, 2433 ± 2436

E. A. Althoff,
V. W. Cornish* . . . . . . . . . . . . . 2327 ± 2330

A Bacterial Small-Molecule Three-
Hybrid System

Keywords: bioorganic chemistry ¥ gene
expression ¥ protein engineering ¥
proteomics ¥ signal transduction

Liberating oxygen : In a novel example of O2 evolution/activation based on a
ligand, in this case, one electronically activated by the Os�N multiple bond,
compound 2 (tpy� 2,2�:6�,2��-terpyridine) is converted reversibly into 1� on
addition of H� ions. These reactions are remarkable both for their occurrence and
for the rates at which they occur.

Angew. Chem. 2002, 114, 2436 ± 2439

M. H. V. Huynh,* D. E. Morris,
P. S. White, T. J. Meyer* . . . . 2330 ± 2333

Proton-Induced, Reversible Evolution of
O2 from the OsIV± Sulfoximido Complex
[OsIV(tpy)(Cl)2{NS(O)-3,5-Me2C6H3}]

Keywords: N ligands ¥ osmium ¥ oxygen
evolution ¥ redox chemistry ¥ S ligands
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Binding oxygen : A four-coordinate
chromium(��) complex binds O2 to
yield the first structurally character-
ized chromium(���) superoxo com-
plex. The superoxide ligand is coor-
dinated in a ™side-on∫ fashion (see
structure; BARF� tetrakis(3,5-bis-
(trifluoromethyl)phenyl)borate).
This bonding mode seems to be
more widespread than commonly
appreciated.

Angew. Chem. 2002, 114, 2439 ± 2441
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K. Qin, C. D. Incarvito, A. L. Rheingold,
K. H. Theopold* . . . . . . . . . . . 2333 ± 2335

A Structurally Characterized
Chromium(���) Superoxide Complex
Features ™Side-on∫ Bonding

Keywords: chromium ¥ coordination
modes ¥ dioxygen ¥ N ligands ¥
tripodal ligands

Two fluoride ions in a single aza-
cryptand : The two fluoride ions are
bridged by a water molecule (see
structure) to give an anion-based
cascade complex, which mimics the
analogous transition-metal cascade
complexes with these ligands.

Angew. Chem. 2002, 114, 2441 ± 2444

M. A. Hossain, J. M. Llinares, S. Mason,
P. Morehouse, D. Powell,
K. Bowman-James* . . . . . . . . 2335 ± 2338

Parallels in Cation and Anion
Coordination: A New Class of Cascade
Complexes

Keywords: anions ¥ bridging ligands ¥
cascade complex ¥ cryptands ¥
macrocyclic ligands

High diastereoselectivity is achieved in the alkylation of �,�-disubstituted amide
enolates to form quaternary carbon products (see scheme; LiDBB� di-tert-
butyldiphenyllithium). No chelating groups are necessary for stereocontrol in
either the enolate-formation or alkylation steps. In many cases, amplification of
the alkylation diastereoselectivity above the isomeric ratio of the intermediate
enolates is observed.
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Angew. Chem. 2002, 114, 2444 ± 2447

J. M. Manthorpe,
J. L. Gleason* . . . . . . . . . . . . . . 2338 ± 2341

Stereoselective Formation of Quaternary
Carbon Centers: Alkylation of
�,�-Disubstituted Amide Enolates

Keywords: alkylation ¥ amides ¥
asymmetric synthesis ¥ lactams ¥
quaternary carbon centers

The rate-determining step of the ethylene oxy-
chlorination reaction on CuCl2/�-Al2O3 catalyst
could be identified by an in situ, time-resolved
XANES study. According to these data (see figure;
E� photon energy) and the simultaneously deter-
mined catalyst activity, the rate-determining step is
the oxidation of CuCl. The dopant potassium
chloride, added to the industrial catalysts, decreas-
es the rate of the reduction step, which becomes
the rate-determining step for the KCl/CuCl2/
�-Al2O3 catalyst.

Angew. Chem. 2002, 114, 2447 ± 2450

C. Lamberti,* C. Prestipino, F. Bonino,
L. Capello, S. Bordiga, G. Spoto,
A. Zecchina, S. Diaz Moreno,
B. Cremaschi, M. Garilli, A. Marsella,
D. Carmello, S. Vidotto,
G. Leofanti . . . . . . . . . . . . . . . . . 2341 ± 2344

The Chemistry of the Oxychlorination
Catalyst: an In Situ, Time-Resolved
XANES Study

Keywords: copper ¥ ethylene ¥
oxychlorination ¥ redox chemistry ¥
X-ray absorption spectroscopy
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Do electrons prefer to visit planes or spheres? Reorganization energies for
intramolecular electron transfer involving a 3D acceptor (C60) and a 2D acceptor
(NIm ; see scheme) have been determined. Comparison of reorganization
energies for the intra- versus intermolecular electron transfer has provided, for
the first time, valuable insight into the intrinsic reorganization energies relating to
different molecular shapes.

N

NN

N
Zn

Ar

Ar

Ar

CH2 NN

O O

OO

C6H13

N
CH3

C60Ar = 3,5-tBu2C6H3

acceptor:

NIm

acceptorspacer

Angew. Chem. 2002, 114, 2450 ± 2453

H. Imahori,* H. Yamada, D. M. Guldi,*
Y. Endo, A. Shimomura, S. Kundu,
K. Yamada, T. Okada,* Y. Sakata,
S. Fukuzumi* . . . . . . . . . . . . . . 2344 ± 2347

Comparison of Reorganization Energies
for Intra- and Intermolecular Electron
Transfer

Keywords: donor± acceptor systems ¥
electron transfer ¥ fullerenes ¥
photosynthesis ¥ porphyrinoids

Monodentate phosphorus ligands, too, can be
effective : Chiral amine derivatives can be obtained
in high enantioselectivities (up to 99.7% ee) by the
asymmetric hydrogenation of enamides in the
presence of rhodium complexes of the chiral spiro
phosphorus ligands (S)-1, the first monodentate
P ligands that are effective in this class of reactions.

Angew. Chem. 2002, 114, 2454 ± 2456

A.-G. Hu, Y. Fu, J.-H. Xie, H. Zhou,
L.-X. Wang, Q.-L. Zhou* . . . 2348 ± 2350

Monodentate Chiral Spiro
Phosphoramidites: Efficient Ligands for
Rhodium-Catalyzed Enantioselective
Hydrogenation of Enamides

Keywords: asymmetric catalysis ¥
homogeneous catalysis ¥ hydrogenation ¥
P ligands ¥ spiro compounds

A versatile atomic boron versus hydrogen exchange led to the formation of
perdeuterated benzoborirene in the gas phase according to Equation (1). It might
well be that this concept could also be adapted to form more complex
heteroaromatic boron-bearing molecules in the gas phase.

Angew. Chem. 2002, 114, 2456 ± 2458

R. I. Kaiser,*
H. F. Bettinger* . . . . . . . . . . . . 2350 ± 2352

Gas-Phase Detection of the Elusive
Benzoborirene Molecule

Keywords: ab initio calculations ¥
aromaticity ¥ benzene ¥ boron ¥ mass
spectrometry

Scribing in the presence of reactive species enables
silicon to be chemomechanically patterned and
simultaneously functionalized with monolayers.
Arrays of patches of monolayers are created by
scribing different regions of silicon in the presence
of different reagents, as shown for the homologous
series of 1-alkenes from 1-pentene (A1) to 1-octa-
decene (B4).

Angew. Chem. 2002, 114, 2459 ± 2462

T. L. Niederhauser, Y.-Y. Lua, G. Jiang,
S. D. Davis, R. Matheson, D. A. Hess,
I. A. Mowat, M. R. Linford* 2353 ± 2356

Arrays of Chemomechanically Patterned
Patches of Homogeneous and Mixed
Monolayers of 1-Alkenes and Alcohols on
Single Silicon Surfaces

Keywords: alcohols ¥ alkenes ¥
monolayers ¥ silicon ¥ surface chemistry
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With double jets to nanobelts : Well-
defined very thin CdWO4 nanorods/
nanobelts can be easily synthesized
by double-jet crystallization in
aqueous solution at room temper-
ature in the absence of a polymeric
crystallization modifier (see picture,
left). Further hydrothermal ripening
leads to the self-assembly of the nanorods/nanobelts into raftlike bundles,
whereas very thin 2D sheetlike nanocrystals (see picture, right) and 1D nanorods
with diameter 2.5 nm are obtained in the presence of double-hydrophilic block
copolymers. Both the 1D and 2D polymer-modified species show highly increased
fluorescence efficiency.

Angew. Chem. 2002, 114, 2462 ± 2466

S.-H. Yu,* M. Antonietti, H. Cˆlfen,
M. Giersig . . . . . . . . . . . . . . . . . 2356 ± 2359

Synthesis of Very Thin 1D and 2DCdWO4

Nanoparticles with Improved
Fluorescence Behavior by Polymer-
Controlled Crystallization

Keywords: block copolymers ¥ crystal
growth ¥ fluorescence ¥
morphosynthesis ¥ nanoparticles ¥ self-
assembly

A highly regioselective benzyl and allyl protection of �-hexopyranosides allows
their application in the synthesis of biologically potent �1�2 linked disaccharide
derivatives by means of a regioselective one-pot protection ± glycosylation (see
scheme).
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Angew. Chem. 2002, 114, 2466 ± 2468

C.-C. Wang, J.-C. Lee, S.-Y. Luo,
H.-F. Fan, C.-L. Pai, W.-C. Yang, L.-D. Lu,
S.-C. Hung* . . . . . . . . . . . . . . . . 2360 ± 2362

Synthesis of Biologically Potent
�1�2-Linked Disaccharide Derivatives
via Regioselective One-Pot Protection ±
Glycosylation

Keywords: carbohydrates ¥ glycosides ¥
glycosylations ¥ oligosaccharides ¥
protecting groups

The interaction of an electrophilic carbene carbon atom with the �-electron
density of an aryl group favors an intramolecular migratory insertion reaction (see
scheme; Pf�C6F5). This reaction gives alkyl compounds (2 or 3) which can be
identified prior to their eventual hydrolysis to 4.
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A. C. Albe¬niz,* P. Espinet,* R. Manrique,
A. Pe¬rez-Mateo . . . . . . . . . . . . 2363 ± 2366

Observation of the Direct Products of
Migratory Insertion in Aryl Palladium
Carbene Complexes and Their
Subsequent Hydrolysis

Keywords: carbenes ¥ hydrolysis ¥
insertion ¥ palladium ¥ transmetalation

The chiral organocatalyst bisflavin 1 catalyzes the asymmetric Baeyer ±Villiger
reaction of cyclobutanones with H2O2 (see scheme). The corresponding lactones
are obtained with up to 74% ee.
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S.-I. Murahashi,* S. Ono,
Y. Imada* . . . . . . . . . . . . . . . . . . 2366 ± 2368

Asymmetric Baeyer ±Villiger Reaction
with Hydrogen Peroxide Catalyzed by a
Novel Planar-Chiral Bisflavin

Keywords: asymmetric catalysis ¥
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Controllable reactivity of Cd precursors in the
growth of CdS nanocrystals was achieved by
varying the concentration of stabilizing ligand with
a noncoordinating solvent. Such tunable reactivity
is critical for developing the synthesis of semi-
conductor nanocrystals to the level of that of CdSe
nanocrystals. The high quality of the CdS nano-
crystals is indicated by the sharpness of the UV/Vis
and photoluminescence spectra (see diagram, A�
absorbance, IPL� photoluminescence intensity).

Angew. Chem. 2002, 114, 2474 ± 2477

W. W. Yu, X. Peng* . . . . . . . . 2368 ± 2371

Formation of High-Quality CdS and
Other II ±VI Semiconductor
Nanocrystals in Noncoordinating
Solvents: Tunable Reactivity of
Monomers

Keywords: cadmium ¥ nanostructures ¥
semiconductors ¥ solvent effects ¥ sulfur

Ligand formed by C�N bond cleavage : Transition-metal-promoted heterolytic
cleavage of the C�N bond in 1 results in the formation of five new complexes of
cis hyponitrite with Group 10 transition metals. The new complexes include
[Ni(�2-O2N2)(dppf)] (dppf� 1,1�-bis(diphenylphosphanyl)ferrocene) which is
structurally characterized and the thermal decomposition of which follows
unimolecular kinetics.

Angew. Chem. 2002, 114, 2477 ± 2479

N. Arulsamy, D. S. Bohle,* J. A. Imonigie,
S. Levine . . . . . . . . . . . . . . . . . . . 2371 ± 2373

An Umpolung Approach to cis-
Hyponitrite Complexes

Keywords: nickel ¥ nitrogen oxides ¥
O ligands ¥ P ligands ¥ umpolung

Ruthenium ± enzyme tandem catalysis : The novel racemization catalyst 1
improves the dynamic kinetic resolution (DKR) of secondary alcohols dramat-
ically. The DKR proceeds at room temperature with isopropenyl acetate as an
acyl donor. In addition, the DKR is faster even with much less lipase than in
previous DKRs.

Angew. Chem. 2002, 114, 2479 ± 2482

J. H. Choi, Y. H. Kim, S. H. Nam,
S. T. Shin, M.-J. Kim,*
J. Park* . . . . . . . . . . . . . . . . . . . . 2373 ± 2376

Aminocyclopentadienyl Ruthenium
Chloride: Catalytic Racemization and
Dynamic Kinetic Resolution of Alcohols
at Ambient Temperature

Keywords: asymmetric synthesis ¥
homogeneous catalysis ¥ kinetic
resolution ¥ lipases ¥ ruthenium

Simple meso-epoxides can be asym-
metrically functionalized : Ligand-
assisted direct hydrogen ± lithium
exchange allows the generation of
destabilized oxiranyl lithium species
and their subsequent trapping by a wide array of electrophiles (see scheme; E�
group formed by addition of electrophile). When carried out in the presence of
(�)-sparteine as ligand, this reaction provides a new enantioselective route to
epoxides.

Angew. Chem. 2002, 114, 2482 ± 2484
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Chiral Epoxides by Desymmetrizing
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A combination of Pd- and Cu-catalyzed couplings make the half-wheels (see left
and middle picture; Cp�C5H5) and the seco-wheel (right) shown here accessible.
Single-crystal structures of all three target molecules have been obtained.

Angew. Chem. 2002, 114, 2484 ± 2488

M. Laskoski, W. Steffen, J. G. M. Morton,
M. D. Smith, U. H. F. Bunz* 2378 ± 2382

Synthesis and Structural Characterization
of Organometallic Cyclynes: Novel
Nanoscale, Carbon-Rich Topologies

Keywords: alkynes ¥ copper ¥
cyclobutadiene complexes ¥
homogeneous catalysis ¥ palladium

Introducing THF to synergic so-
dium±magnesium amide mixtures
(3 tmpH:1nBuNa:1Bu2Mg in a hy-
drocarbon solution; tmpH� 2,2,6,6-
tetramethylpiperidine) has a sur-
prising outcome: it leads to the
cleavage of the ether and the for-
mation of S6-symmetric molecules
with (Mg6O6 ¥ (NaN)6) cores (see
picture).

Angew. Chem. 2002, 114, 2488 ± 2490

A. M. Drummond, L. T. Gibson,
A. R. Kennedy, R. E. Mulvey,*
C. T. O×Hara, R. B. Rowlings,
T. Weightman . . . . . . . . . . . . . . 2382 ± 2384

Hexameric Mg ±O Stacks with Six THF-
Solvated Sodium Amide Appendages:
™Super∫ Variants of Inverse Crown Ethers
Generated by Cleavage of THF

Keywords: alkali metals ¥ alkaline-earth
metals ¥ amides ¥ cleavage reactions ¥
crown compounds

A unique zigzag ¥¥¥ -Bi-Fe- ¥¥ ¥ chain forms the basis
of the structure of [nBuBiFe(CO)4]� (1; see
picture), which was characterzized by single-crystal
X-ray diffraction. Compound 1 was isolated
from the ultrasonication of the dimeric product
[{nBuBiFe(CO)4}2] from the reaction of
[Et4N]3[Bi{Fe(CO)4}4] with nBuBr followed by
acidification with HOAc.

Angew. Chem. 2002, 114, 2490 ± 2492
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M. Shieh,* Y. Liou, M.-H. Hsu,
R.-T. Chen, S.-J. Yeh, S.-M. Peng,
G.-H. Lee . . . . . . . . . . . . . . . . . . 2384 ± 2386

A Unique Bismuth ± Iron Chain Polymer
Containing the ¥¥¥ -Bi-Fe- ¥¥ ¥ Link:
Formation and Structure of
[nBuBiFe(CO)4]�

Keywords: bismuth ¥ carbonyl ligands ¥
iron ¥ metal ±metal interactions ¥
polymers

New wheels : The 1:2 reaction of ferric nitrate with
benzilic acid (Ph2C(OH)COOH) in methanol at
pH� 4.0 results in the formation of a new member
of the molecular ferric-wheels family with the
carboxylatobis(alkoxo) bridging unit. The molec-
ular structure of [{Fe(OMe)2[Ph2C(OH)COO]}12]
(see picture) consists of a centrosymmetric ring of
12 FeIII atoms held together by 24 �2-methoxide
ligands and 12 1,3-bridging carboxylate ligands.
The 12 metal ions are nearly coplanar and the ring
size is �11.4 ä. The Mˆssbauer spectrum and
magnetic susceptibility measurements are present-
ed.

Angew. Chem. 2002, 114, 2492 ± 2495

C. P. Raptopoulou,* V. Tangoulis,
E. Devlin . . . . . . . . . . . . . . . . . . 2386 ± 2389

[{Fe(OMe)2(O2CC(OH)Ph2)}12]:
Synthesis and Characterization of a New
Member in the Family of Molecular Ferric
Wheels with the Carboxylatobis(alkoxo)
Bridging Unit

Keywords: cluster compounds ¥ ferric
wheels ¥ iron ¥ magnetic properties ¥
O ligands



Contents

¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2224 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 132224

An unprecedented yellow polymer
with low-coordinate phosphorus
atoms in the backbone has been
prepared. The material is soluble in
polar organic solvents, and moder-
ate molecular weights (Mn� 2900 ±
10500 gmol�1) were estimated from
31P NMR spectroscopic end-group
analysis. The possible �-conjugation
was investigated byUV/Vis spectros-
copy, which revealed a red shift in
�max for the polymer when compared
with colorless molecular-model systems (see picture; left: model system, right:
new polymer, in THF).

Angew. Chem. 2002, 114, 2495 ± 2498

V. A. Wright, D. P. Gates* 2389 ± 2392

Poly(p-phenylenephosphaalkene):
A �-Conjugated Macromolecule
Containing P�C Bonds in the Main Chain

Keywords: conjugation ¥
phosphaalkenes ¥ phosphorus ¥
polymers ¥ silicon

Intermediate isolated? The reaction of [Fe(CO)5] with Me2N�C�C�NMe2
follows an unprecedented associative pathway to give the ferrabicyclobutenone
1. Complexes such as 1 could be key intermediates in the iron-mediated
cyclization of alkynes to cyclopentadienones. Compound 1 undergoes a variety of
C�C coupling and C�C-bond-cleavage reactions to afford a multitude of new
organoiron compounds including 2 and 3.
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Angew. Chem. 2002, 114, 2499 ± 2502

A. C. Filippou,*
T. Rosenauer . . . . . . . . . . . . . . . 2393 ± 2396

A Reaction Pathway of [Fe(CO)5] with
Alkynes via Ferrabicyclobutenones

Keywords: alkyne ligands ¥ carbene
ligands ¥ C�C coupling ¥ iron ¥
metallacycles

The biologically potent antitubercular and anticancer otteliones A and B (see
scheme) have been synthesized from readily available starting materials by using
a short, simple, efficient, and flexible strategy. The structural ambiguity of the
natural products has been resolved.
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Total Synthesis of (	)-Otteliones A and B

Keywords: antitumor agents ¥
configuration determination ¥ natural
products ¥ total synthesis

Six Mo dimers arranged around a central PO4

tetrahedron form the core of the novel �-Keggin
polyoxocation [�-PMo12O36(OH)4{La(H2O)4}4]5�

(see structure) capped with four {La(H2O)4}3�

units. A 31P NMR spectroscopy study shows that
the �-Keggin ion is unstable in aqueous solution,
and leads to the formation of a polyanion/poly-
cation salt, which is crystallographically character-
ized.

Angew. Chem. 2002, 114, 2504 ± 2507

P. Mialane, A. Dolbecq, L. Lisnard,
A. Mallard, J. Marrot,
F. Se¬cheresse* . . . . . . . . . . . . . . 2398 ± 2401

[�-PMo12O36(OH)4{La(H2O)4}4]5� : The
First �-PMo12O40 Keggin Ion and Its
Association with the Two-Electron-
Reduced �-PMo12O40 Isomer
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state structures
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Olefin metathesis even at 0�C! A phenyl substituent in the ruthenium catalyst 2
leads to greatly increased initiation rates in different metathesis reactions, for
example, the cyclization of 1 to form 3.

Angew. Chem. 2002, 114, 2509 ± 2511

H. Wakamatsu, S. Blechert* 2403 ± 2405

A New Highly Efficient Ruthenium
Metathesis Catalyst

Keywords: homogeneous catalysis ¥
metathesis ¥ olefins ¥ ruthenium

Good candidates for miniaturized, ultrasensitive
gas sensors in many applications are individual
single-crystalline SnO2 nanoribbons. Here it is
shown that they can be used to detect ppm-level
concentrations of NO2 at room temperature under
UV illumination. The picture illustrates that they
work reliably even near their resolution limit under
365-nm light.

Angew. Chem. 2002, 114, 2511 ± 2514

M. Law, H. Kind, B. Messer, F. Kim,
P. Yang* . . . . . . . . . . . . . . . . . . . 2405 ± 2408

Photochemical Sensing of NO2 with SnO2

Nanoribbon Nanosensors at Room
Temperature

Keywords: nanoribbons ¥
nanostructures ¥ nanowires ¥ nitrogen
dioxide ¥ sensors

In conventional fluids the molecular dipole moments of the individual molecules
cancel out, which leads to a macroscopic apolar structure. Directed molecular
design using microsegregation and tailoring the molecular shape of compounds
such as 1, can lead to fluid layer structures with a macroscopic polar order.

Angew. Chem. 2002, 114, 2514 ± 2518

G. Dantlgraber, A. Eremin, S. Diele,
A. Hauser, H. Kresse, G. Pelzl,
C. Tschierske* . . . . . . . . . . . . . 2408 ± 2412

Chirality and Macroscopic Polar Order in
a Ferroelectric Smectic Liquid-Crystalline
Phase Formed by Achiral Polyphilic Bent-
Core Molecules

Keywords: chirality ¥ ferroelectricity ¥
liquid crystals ¥ mesophases ¥
microsegregation ¥ siloxanes
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APOLOGY
In the Communication ™Strongly Acidic and High-Temperature Hydrothermally Stable Mesoporous Aluminosilicates with
Ordered Hexagonal Structure∫ (Z. Zhang, Y. Han, L. Zhu, R. Wang, Y. Yu, S. Qiu, D. Zhao, F.-S. Xiao, Angew. Chem. Int. Ed.
2001, 40, 1258 ± 1362) the thematically related manuscript ™Mesoporous Aluminosilicates with Ordered Hexagonal Structure,
Strong Acidity, and Extraordinary Hydrothermal Stability at High Temperatures∫ (Z. Zhang, Y. Han, F.-S. Xiao, S. Qiu, L. Zhu,
R. Wang, Y. Yu, Z. Zhang, B. Zou, Y. Wang, H. Sun, D. Zhao, Y. Wei, J. Am. Chem. Soc. 2001, 123, 5014 ± 5021) was not cited (and
vice versa), although both manuscripts were submitted to the respective journals at the same time. The authors apologize for this
mistake.
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CORRIGENDA Contents

In the Minireview by P. Cintas in issue 7, 2002, pp. 1139 ± 1145, the second paragraph on the right column of page 1142 may
mislead some readers, as it suggests that heterochiral peptides are unable to form a helical arrangement. In fact, previous
publications (see last paragraph and ref. 52 in ref. [1]) have shown that �,� peptides are capable of forming helical structures, and
this fact may be of importance for understanding the development of homochirality starting from heterochiral sequences. The
chiral amplification that results from the majority rule (see ref. 40 in ref. [1]) may be large enough for a small excess of majority
units to initiate the epimerization of the minority units (�) to the configuration of the majority units (�). Overall, this process, after
repetitive cycles, would lead to a preferential helical sense in which the predominant chirality (�) of the units that form the
polypeptides is prevalent.[1,2] This commentary should clarify the discussion of this point in the light of past and recent literature.

[1] M.M. Green, J.-W. Park, T. Sato, A. Teramoto, S. Lifson, R. L. B. Selinger, J. V. Selinger,Angew. Chem. 1999, 111, 3329±3345;
Angew. Chem. Int. Ed. 1999, 38, 3138±3154.

[2] M. M. Green, J. V. Selinger, Science 1998, 282, 879.

In the Communication by C. C. Hughes and D. Trauner in Issue 9, 2002, pp. 1569 ± 1572, the structures of frondosin A and
frondosin B were inadvertently exchanged in Scheme 1. The numbering in Scheme 4 was also incorrect: the corrected Scheme is
shown below. The editors apologize for these errors.
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1. Introduction

Polymeric materials are currently more indispensable to
modern society than at any other point in history. The
potential applications of a polymer are determined by its
physical and mechanical properties, which in turn are defined
by the morphology (solid-state arrangement) of the polymer.
Polymer morphology largely depends on the composition and
architecture of the polymer. Therefore, the development of
synthetic methods for the polymerization of a wide range of
monomers with control over the stereochemistry and molec-
ular weight of the resultant polymers is a long-standing
scientific challenge. A primary goal of synthetic polymer
chemistry that has existed for the last half century is the
development of chain-growth polymerization methods that
enable consecutive enchainment of monomer units without
termination. Such techniques, now known as living polymer-
izations,[1] allow both precise molecular weight control as well

as the synthesis of a wide array of polymer architectures.[2] For
example, the initiation of multiple polymer chains from a
central core results in the formation of a star-branched
polymer, while the consecutive addition of two monomers to a
single initiator produces a diblock copolymer.[3] Living
methods also allow the synthesis of end-functional polymers
if special initiation and/or quenching methods are employed.
Of course, living polymerizations have the liability that each
catalyst only forms one chain, in contrast to common alkene
polymerization catalysts that can produce thousands of chains
each as a result of periodic chain transfer or termination
events. (Note: in this review, we refer to living species for
alkene polymerization as ™catalysts∫, not ™initiators∫, to
emphasize the fundamental catalytic event of monomer
enchainment, not polymer chain formation.) The real value
of living polymerization methods is that they allow the
creation of virtually limitless types of new materials from a
basic set of available monomers.
Based on annual production volume, polyolefins are by far

the most important commercial class of synthetic polymers.
Since the initial discoveries of Ziegler[4] and Natta,[5] remark-
able advances have been reported concerning the control of
comonomer incorporation as well as dramatic improvements
in activity. Homogeneous olefin polymerization catalysts now
exist that are unparalleled in all of polymer chemistry
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concerning the detailed control of macromolecular stereo-
chemistry.[6] However, olefin insertion catalysts have always
been inferior to their other chain-growth counterparts in one
respect. While extraordinary advances in living/controlled
polymerization have been discovered by using anionic,[7]

cationic,[8] and radical-based[9±11] polymerization, until very
recently there existed a comparative lack of living olefin
polymerization systems. A significant number of advances
have been reported in the last half decade, prompting us to
review the area of catalysts for alkene polymerization that
proceed without appreciable chain transfer or termination. In
this review, we only address the living polymerization of
unactivated alkenes by insertion methods; ring-opening
metathesis polymerization (ROMP), the polymerization of
conjugated dienes and acrylates, group transfer polymeriza-
tion, and CO/alkene copolymerization will not be addressed.
The seven generally accepted criteria for a living polymer-

ization are:
1) polymerization proceeds to complete monomer conver-

sion, and chain growth continues upon further monomer
addition;

2) number average molecular weight (Mn) of the polymer
increases linearly as a function of conversion;[12]

3) the number of active centers remains constant for the
duration of the polymerization;

4) molecular weight can be precisely controlled through
stoichiometry;

5) polymers display narrow molecular weight distributions,
described quantitatively by the ratio of the weight average

molecular weight to the number average molecular weight
(Mw/Mn� 1);

6) block copolymers can be prepared by sequential monomer
addition;

7) end-functionalized polymers can be synthesized.[13]

Few polymerization systems, whether ionic-, radical-, or
metal-mediated, that are claimed to proceed by a living
mechanism have been shown to meet all of these criteria. This
review will therefore include all systems that claim living
olefin polymerization, providing that a substantial number of
the key criteria have been met.
Common features of alkene polymerization catalyst sys-

tems are chain transfer and elimination reactions that
terminate the growth of a polymer chain and result in the
initiation of a new polymer chain by the catalyst (Scheme 1).
For example, in metallocene catalysts, consecutive alkene
insertion into the metal ± carbon bond connecting the catalyst
and polymer chain[14] proceeds until �-hydrogen and/or �-
alkyl elimination occurs.[15] When alkylaluminum cocatalysts
are employed, an additional termination route is chain
transfer to the aluminum center.[15] In many systems, the
lifetime of chain formation is on the order of seconds,
rendering sequential monomer addition methods for block
copolymer synthesis futile. Several strategies have been
devised to decrease the rate of chain termination relative
to that of propagation such that living systems can be
formed. The first consideration in many cases is simply
lowering the polymerization temperature of an ordinary non-
living catalyst system to achieve living or at least controlled
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Scheme 1. Mechanisms of propagation and chain transfer in Ziegler ±
Natta catalyzed olefin polymerization.

behavior. Since �-hydrogen and alkyl elimination processes
are unimolecular while propagation is bimolecular, a lowering
in temperature more adversely affects elimination processes
relative to enchainment. Since precipitation of polymers from
solution at low temperatures can hinder the controlled nature
of a living polymerization, it is generally advantageous to
perform reactions at ambient temperature. Therefore, a
second strategy for discovering living systems is to design
new catalysts through empirical modification and/or compu-
tational methods.[16] By creating species that are incapable of
common termination reactions at room temperature, living
catalysts have been devised. A final consideration is to
eliminate the use of alkyl aluminum cocatalysts that give the
potential for chain-transfer reactions. In this regard, the
development of weakly coordinating anions has made sig-
nificant advances in living olefin polymerization possible.[17]

2. Vanadium Catalysts for Living Olefin
Polymerization

Olefin polymerization emerged in the 1950s as a principal
area of organometallic research when Ziegler and Natta and
co-workers discovered that titanium chloride in the presence
of alkylaluminum compounds was an efficient catalyst for
polymerization of ethylene and propylene.[4, 5] Following this
breakthrough, vanadium compounds in combination with
alkylaluminum compounds were shown to be active catalysts
for the polymerization of olefins. Through modification of
ligands and activators, vanadium catalysts were also found to
polymerize olefins in a living fashion at low temperatures. The
utility of these living systems has been demonstrated through
the synthesis of a wide variety of end-functionalized poly-
propylenes (PPs) and PP-containing block copolymers. How-
ever, polymerizations with these systems are limited to
temperatures at or below �40 �C, and living behavior is
restricted to only a few monomers.

2.1. Propylene Polymerization with Vanadium
Compounds

In the 1960s, Natta and co-workers discovered that
vanadium tetrachloride activated with diethylaluminum
chloride produced syndio-enriched polypropylenes at
�78 �C.[18] The rate of polymerization was constant for long
reaction times (ca. 50 h), and molecular weight increase with
time was nearly linear over 25 h. The [Al]/[V] ratio had a
dramatic effect on the lifetime of active chains; an increase in
cocatalyst concentration was mirrored by a decrease in
lifetime, implicating chain transfer to aluminum centers as a
source of termination. The syndiospecificity of this catalyst
was found to be the result of regioregular secondary (2,1)
insertion of propylene.[19] Anisole was also found to have a
dramatic effect on both catalytic activity and the average
lifetime of active chains.[20] In later studies, polypropylenes
from this catalytic system were found to be unimodal with
narrow molecular weight distributions (Mw/Mn� 1.4 ± 1.9).[21]
Although this catalytic system produced polypropylenes

that were nearly living, the first true example of living olefin
polymerization did not appear until over a decade later. In
1979, Doi et al. reported the first catalytic olefin polymer-
ization system to satisfy all the requirements for a living
polymerization. The catalyst, [V(acac)3] (1a ; Figure 1; acac�
acetylacetonate) activated with Et2AlCl, produced partially
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Figure 1. Vanadium catalyst precursors for living olefin polymerization.

syndiotactic polypropylenes (81% r dyads; [r]� 0.81)[15] at
�78 �C with extremely narrow molecular weight distributions
(Mw/Mn� 1.05 ± 1.20; Scheme 2).[22, 23] Molecular weight in-
creased linearly with time to values as high as 100000 gmol�1,
and the number of polymer chains remained constant during
the course of the reaction. However, the catalyst exhibited
living behavior only at temperatures below �65 �C; reactions
at temperatures as low as �48 �C resulted in polypropylenes
with broadened molecular weight distributions (Mw/Mn�
1.37 ± 1.45). Also, catalytic activity (ca. 4 kgPPmolV�1 h�1)
suffered from the fact that only about 4% of the vanadium
centers were active. The nature of the aluminum cocatalyst
also had a dramatic effect on polymerization activity, living

Scheme 2. Living polymerization of propylene with vanadium catalysts.
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behavior, and stereoselectivity, suggesting a bimetallic active
species. Particularly, use of the more electron-deficient
cocatalyst EtAlCl2 led to an increase in chain transfer to
monomer, giving polymers with distributions approaching the
theoretical value for polymerizations involving chain transfer
(Mw/Mn� 2.0).[23, 24] The activating effect of anisole was also
demonstrated for the 1a/Et2AlCl catalyst system.[25] The
additive led to a threefold increase in the number of active
vanadium centers without adversely affecting livingness or
syndiospecificity.
To address the problem of activation, Doi and co-workers

studied a variety of vanadium complexes and found that
subtle ligand modifications had dramatic effects on catalytic
behavior.[26±28] Through these studies, complex 1b was found
to be highly active (relative to 1a) for the living polymer-
ization of propylene (ca. 100 kgPPmolV�1h�1; Scheme 2). The
increase in activity was attributed to a greater number of
active vanadium centers in the reaction; the number of
polymer chains per metal center approached unity for this
catalytic system. Again, the polypropylene was partially
syndiotactic ([r]� 0.80), consistent with a secondary insertion
mechanism. The catalyst also displayed living behavior at
temperatures as high as �40 �C, giving high molecular weight
polymers with low polydispersity (Mn up to 100000 gmol�1,
Mw/Mn� 1.2 ± 1.4).
Despite the success of these vanadium catalysts with

propylene, living behavior is limited to only a few monomers
with this catalytic system. For example, ethylene polymer-
izations with 1a/Et2AlCl at �78 �C gave high molecular
weight polyethylenes (PEs; �300000 gmol�1) with molecular
weight distributions consistent with the probable distribution
for a single-site catalyst (Mw/Mn� 2.0).[29] However, ethylene/
propylene copolymerizations were living; reaction of ethylene
and propylene with 1b/Et2AlCl at �60 �C rapidly produced
a very high molecular weight copolymer (Mn�
1020000 gmol�1) with a narrow polydispersity (Mw/Mn�
1.22).[30] These catalysts were also found to be inactive for
polymerization of higher �-olefins. For example, reaction of
1-pentene with 1a/Et2AlCl resulted in formation of heptane
and 3-methylhexane, the products of a single 1-pentene
addition to a vanadium ± ethyl species with 2,1- and 1,2-
regiochemistry, respectively.[31] No further reaction was de-
tected, presumably due to the sterically congested nature of
the catalytic site following the insertion. However, the
vanadium system did produce living polymers with 1,5-
hexadiene; at �78 �C, the diene was polymerized to low
molecular weight polymer (Mn� 6600 gmol�1) with a narrow
molecular weight distribution (Mw/Mn� 1.4).[32] This polymer,
however, did not possess the typical methylene-1,3-cyclo-
pentane microstructure obtained with other insertion poly-
merization catalysts. By NMR analysis, the microstructure
was determined to contain tetramethylene-1-vinylene units
(46%) as well as methylene-1,3-cyclopentane structures
(54%; Scheme 3). Copolymerization of propylene and 1,5-

1a/Et2AlCl

–78 °C

Scheme 3. Polymerization of 1,5-hexadiene with a vanadium catalyst.

hexadiene also displayed living behavior. The distribution of
the polymer microstructure varied with the mole fraction of
hexadiene in the copolymer; high diene content gave equal
amounts of the two repeat units, while lower incorporation
resulted in exclusive formation of tetramethylene-1-vinylenes.
However, the mechanism for formation of this unique
polymer is unclear.

2.2. End-Functionalized Polypropylenes from Vanadium
Compounds

Doi and co-workers have demonstrated the utility of the
living vanadium catalysts through the synthesis of several
tailor-made polymers.[33±37] By reacting active polymer chains
with additives, polypropylenes with a wide variety of func-
tional end groups can easily be prepared with these living
catalyst systems (Scheme 4). In addition to providing impor-
tant mechanistic information, these functional polymers
display unique properties and have also been used as macro-
initiators for the synthesis of block copolymers.
In an effort to synthesize new end-functionalized polymers,

a living vanadium-polypropylene species was quenched with
iodine at�78 �C to give a monodisperse iodine-functionalized
polypropylene (Mw/Mn� 1.15).[33] NMR spectroscopy re-
vealed that the structure of this end group resulted from
reaction of I2 with a secondary alkylvanadium compound,
providing evidence for a 2,1 insertion mechanism. The iodine
functionality was used to prepare an amine-terminated
polypropylene by reacting the polymer with excess ethyl-
enediamine in THF, followed by basic workup.[35] These
polymers have also been used as macroinitiators for the
preparation of diblock copolymers (see Section 2.3).
By reacting active living vanadium centers with carbon

monoxide, Doi et al. have prepared aldehyde-terminated
polypropylenes (Scheme 4).[38] Again, CO was found to insert
quantitatively into secondary vanadium± carbon bonds. This
aldehyde functionality has also been used to prepare hydroxy-
functionalized polypropylenes by reduction of the aldehyde
with LiAlH4 in Et2O, followed by acidic hydrolysis.[36]

Hydroxy-terminated polypropylenes were also prepared with
moderate success by reaction of an active vanadium species
with propylene oxide.[36] The insertion of the epoxide into the
growing polymer chain occurred with decent regioselectivity,
preferentially adding at the unsubstituted carbon atom (7/1)
to give the secondary alcohol. However, the reaction also
yielded a fraction of allyl-terminated polypropylene from an
undesirable elimination reaction (20%).
Polypropylene macromonomers containing methacryl func-

tionality were prepared by addition of ethylene glycol
dimethacrylate (EGDM) to a living chain end.[39] Propylene
polymerization was conducted for 1 h at �60 �C with the
complex 1b/Et2AlCl, giving a low molecular weight polypro-
pylene (Mn� 3100 gmol�1, Mw/Mn� 1.13). Addition of an
excess of EGDM to this living chain end at �55 �C and
reaction for an additional 1 h resulted in quantitative capping
of the chain ends without formation of EGDM homopolymer
(Mn� 4000 gmol�1, Mw/Mn� 1.10). Both IR and NMR spec-
troscopy revealed the presence of the methacryl unit in the
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polymer; interestingly, an average of 1.7 molecules of EGDM
were reported to be present per chain.
Finally, additives that produce polypropylenes with alkenyl

and phenyl end groups were explored by Doi and co-
workers.[36] By adding butadiene to living polypropylene
prepared with 1a/Et2AlCl, a polymer containing alkene end
groups was formed after quenching. NMR spectroscopy
showed that the butadiene inserted with both 2,1 and 1,4
regiochemistry, producing polymers with both terminal
(75%) and internal (25%) olefins. Phenyl-terminated poly-
mers were also prepared in this fashion by addition of styrene
to a living polypropylene, which reacts quantitatively with the
growing polymer chain without formation of any styrene
homopolymer.

2.3. Copolymers and Block Copolymers from Vanadium
Compounds

One of the most attractive features of a living catalyst
system lies in its ability to produce well-defined block
copolymers by sequential monomer addition. Several meth-
ods have been described for block copolymer formation using

vanadium catalysts. To this end, Doi and co-workers reported
the synthesis of both AB- and ABA-type block copolymers
from ethylene and propylene (Scheme 5). As described in
Section 2.1, the reaction of 1a/Et2AlCl/anisole with propylene
at �78 �C generates a living polypropylene chain end.[25] In
the presence of propylene, a small amount of ethylene was
added to this living chain, resulting in rapid formation of an
AB-type copolymer containing syndio-enriched polypropy-
lene and ethylene/propylene rubber (EPR) domains.[40] A
sharp increase in both polymer yield and molecular weight
versus time was observed following the ethylene addition.
However, these rates quickly returned to values consistent
with propylene homopolymerization, indicating that ethylene
consumption was complete after a short time. The steady
increase in yield and molecular weight following the ethylene
addition indicated the continued formation of propylene
homopolymer to give an ABA-type triblock copolymer
(synPP-block-EPR-block-synPP).
In addition to providing block copolymers based on non-

polar olefins by sequential monomer addition, the vanadium
catalysts have also been employed for the synthesis of block
copolymers from polar monomers by transforming the living
chain end to one capable of initiating a radical or cationic
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polymerization (Scheme 5). Doi et al. discovered that the
polymerization of methyl methacrylate (MMA) with 1a/
Et2AlCl at 25 �C displayed living character during the initial
stages of the reaction, giving low molecular weight poly-
(methyl methacrylate) (PMMA) with a narrow molecular
weight distribution (Mn� 2400 gmol�1, Mw/Mn� 1.2).[34] Co-
polymerizations of MMA with styrene suggested that the
reaction proceeded by a radical pathway. This new method for
MMA polymerization was employed for the synthesis of
polypropylene/PMMA diblock copolymers. By reacting pro-
pylene with 1a/Et2AlCl at �78 �C, a living polypropylene
chain end was formed (Mn� 16000 gmol�1, Mw/Mn� 1.2).
Addition of MMA to the reaction mixture and warming to
25 �C resulted in formation of a higher molecular weight
polymer containing a syndio-enriched PMMA segment
(15 wt% PMMA, Mn� 18000 gmol�1, Mw/Mn� 1.2).
Another example of this strategy for block copolymer

formation was demonstrated in the synthesis of a copolymer
with a poly(tetrahydrofuran) (PTHF) domain. As described
in Section 2.2, Doi et al. synthesized a monodisperse iodine-
terminated polypropylene (Mn� 16500 gmol�1, Mw/Mn�
1.15) by addition of I2 to a living polypropylene chain
end.[33] This polymer was then dissolved in THF at 0 �C
and treated with AgClO4, causing immediate precipita-
tion of AgI and concomitant formation of a cationic macro-
initiator capable of THF polymerization. After 96 h, a
monodisperse polymer (Mw/Mn� 1.14) of higher molecular
weight was isolated. IR and NMR analysis revealed that
the polymer contained both polypropylene and PTHF do-
mains.
Finally, tailor-made block copolymers can be prepared by

the coupling of iodine-terminated polypropylenes with mono-
functional or multifunctional living polymers. Doi et al.
exploited this strategy for the synthesis of a well-defined
polypropylene ± polystyrene diblock copolymer.[29] Addition
of an iodine-terminated polypropylene (Mn� 22000 gmol�1,
Mw/Mn� 1.14) to a living polystyrene anion (Mn�
13000 gmol�1,Mw/Mn� 1.27) resulted in formation of a higher
molecular weight polymer (Mn� 35000 gmol�1, Mw/Mn�
1.25), consistent with the quantitative coupling of the two
component polymers.

3. Rare-Earth Metal Catalysts for Controlled
Alkene Polymerization

Schumann, Marks, and co-workers showed as early as 1985
that organolanthanide complexes were promising candidates
for living olefin polymerization.[41] Dimeric Cp*-based hy-
dride complexes 2a ± c (Figure 2; Cp*� pentamethylcyclo-
pentadienyl) were extremely active for the polymerization of
ethylene, with turnover numbers of more than 1800 s�1 for 2a
at room temperature. Molecular weight distributions of
polymers from the lutetium catalyst 2c were reproducibly
less than two (Mn� 96000 ± 361000 gmol�1; Mw/Mn� 1.37 ±
1.68), and the average number of polymer chains per
lanthanide center for catalysts 2a ± c was always less than
one. Based on these observations, it was speculated that these
systems were operating in a living fashion. Furthermore,
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Figure 2. Lanthanide catalysts for living olefin polymerization. THF�
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polymerization at �78 �C with 2b showed that temperature
effects on possible chain termination reactions such as �-
hydride elimination were not important (T� 25 �C, t� 5 s,
Mn� 590000 gmol�1; Mw/Mn� 1.81; T��78 �C, t� 600 s,
Mn� 648000 gmol�1;Mw/Mn� 1.95). Perfectly living behavior
of these hydride catalysts was believed to be impeded by
mass-transport effects and initiation-limiting dissociation of
the catalyst dimer.
Yasuda and co-workers reported in 1992 that complex 2d

was extremely active for the living, syndiospecific polymer-
ization of MMA ([r]� 0.97 at �95 �C, [r]� 0.91 at 0 �C)
to form high molecular weight polymers (Mn up to
560000 gmol�1) with extremely narrow molecular weight
distributions (Mw/Mn� 1.05) via a coordination anionic poly-
merization mechanism.[42] Immediately following this discov-
ery, the sequential addition copolymerization of ethylene and
polar monomers was reported to give block copolymers,
implicating a change of mechanism from insertion to coordi-
nation anionic during the course of the polymerization.[43]

Since this material has been extensively reviewed elsewhere,
we will only highlight the general concept.[44±47]

In 1992, Yasuda et al. reported that samarium catalyst 3
(Figure 2) could effect the room-temperature block copoly-
merization of ethylene (insertion mechanism) and several
polar monomers (non-insertion mechanism) such as methyl
methacrylate, methyl acrylate, ethyl acrylate, �-valerolactone,
and �-caprolactone (CL).[43] In a typical two-step procedure,
ethylene was first polymerized to a reactive polyethylene
(PE) (Mn� 6600 ± 27000 gmol�1, Mw/Mn� 1.39 ± 2.01) in tol-
uene under atmospheric pressure, followed by the addition of
the respective polar monomer to form a linear diblock
copolymer with relatively narrow polydispersity (Scheme 6).
Reversal of monomer addition did not lead to block copoly-
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mer formation. The resulting materials, such as PE-block-
PMMA and PE-block-poly(CL) showed advantageous mate-
rials properties such as deep coloration with dyes when a short
polar block was present.
Recently, Yasuda and co-workers developed a binuclear

samarium complex 4 (Figure 2) which exhibited high activity
for the polymerization of ethylene (Mn up to 50000 gmol�1;
Mw/Mn� 1.63 ± 1.68) and efficiently formed diblock copoly-
mers such as PE-block-PMMA (Mn up to 70000 gmol�1; Mw/
Mn� 1.67 ± 1.69) and polyethylene-block-poly(CL) (Mn�
70000 gmol�1; Mw/Mn� 1.65).[48] Structurally related com-
plexes 5 and 6 (Figure 2) were then applied in the first
controlled block copolymerization of 1-hexene and 1-pentene
with MMA and CL.[49] Yasuda and co-workers have also
reported new divalent samarium complexes with bridging
bis(cyclopentadienyl) (Cp) ligands and applied them in the
polymerization of ethylene.[50] In particular, racemic complex
7 provided encouraging results not only in the formation of
polyethylene but also in the polymerization of higher �-
olefins to give highly isotactic poly(�-olefins) (e.g. poly(1-
pentene): Mw� 10600 gmol�1, Mw/Mn� 1.48, poly(1-hexene),
Mw� 8300 gmol�1, Mw/Mn� 1.55). Cyclopolymerization of
1,5-hexadiene resulted in the formation of poly(methylene-
1,3-cyclopentane) with a cis-ring content of about 50% (Mw�
28500 gmol�1; Mw/Mn� 1.88). Furthermore, since catalyst 7
operated by a mechanism involving coordination of ethylene
to two samarium centers followed by electron transfer to give
a telechelic ethylene-bridged dinuclear species, block copoly-
merization of ethylene and MMA resulted in formation
of the triblock PMMA-block-PE-block-PMMA copolymer
(Scheme 6).[51] Corresponding trivalent lanthanide com-
pounds with bridging bis(Cp) ligands were not found to be
superior in polymerization activity.[52]

It should be mentioned that the organolanthanide com-
plexes discussed here do not entirely meet the generally
accepted criteria for living olefin polymerization, especially
with respect to molecular weight distribution. However,
through the combination of living anionic polymerization of
polar monomers with partially controlled olefin insertion
polymerization, these systems have found exciting applica-
tions in the synthesis of new materials with interesting
properties.

4. Cobalt, Niobium, and
Tantalum Catalysts for Living
Ethylene Polymerization

In the beginning of the 1990s, a
number of catalyst systems for
ethylene polymerization were re-
ported in which the resulting poly-
ethylene displayed a surprisingly
narrow molecular weight distribu-
tion. The cobalt catalyst 8 (Ar��
3,5-(CF3)2C6H3), prepared by pro-
tonation of the alkene-bound pre-
cursor (Scheme 7), produced poly-
ethylenes with narrow polydisper-
sities for low molecular weight
samples (Mn� 13600 gmol�1; Mw/

Mn� 1.17), while the polydispersity increased for samples of
higher molecular weight presumably due to mass transport
problems (Mn� 48500 gmol�1; Mw/Mn� 1.71).[53] In addition,
precipitation of polymer was regarded as a possible catalyst
deactivation route.

Co

H

(MeO)3P

R

Co
(MeO)3P

R

+

[H(OEt2)2][BAr'

R = H, Me

BAr' –

8 R = Me

Ar' = 3,5-(CF3)2C6H3

4]

4

Scheme 7. Synthesis of cobalt catalysts for olefin polymerization.

Based on this encouraging lead, Brookhart and co-workers
subsequently reported a slightly modified cobalt catalyst for
living ethylene polymerization and the synthesis of end-
functional polyethylenes.[54] Highly electrophilic cobalt com-
plexes 9, when exposed to 1 atm of ethylene for 3 h at room
temperature followed by hydrogenolysis of the Co�C(alkyl)

bond, formed end-functional polyethylenes (Mn up to
20000 gmol�1) with narrow polydispersities (Mw/Mn� 1.11 ±
1.16) (Scheme 8). 13C NMR analysis of the resulting polymer
revealed a polymer microstructure with no branching. The
presence of only one terminal methyl resonance signal
indicated that the initiating species was the �-aryl-substituted,
�-agostic complex (Scheme 8), and not its �-aryl-substituted,
�-agostic isomer, in which case the corresponding polymer

Scheme 8. Synthesis of end-functional polyethylenes with cobalt catalysts.
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would have displayed two methyl resonance signals (i.e.
CH3CH2(CH2CH2)nCH(CH3)C6H4X). Furthermore, interac-
tion of the functional group with the cobalt center, which
could lead to catalyst deactivation, was prevented since the
metal center can not migrate past the aryl group. However,
broadening of the molecular weight distribution was again
observed for higher molecular weight polymers (Mn�

40000 gmol�1).
Silyl-functionalized polyethylene could be generated

in an analogous fashion with the �-agostic com-
plex [Cp*{P(OMe)3}CoCH2CH(�-H)(CH2)4SiR3][BAr�4] (10)
(BAr�4�B(3,5-(CF3)2C6H3)4). Molecular weights and molec-
ular weight distributions for SiEt3-functional polyethylenes
compared well with those of the aryl-substituted polymers.
However, Me2SiCl-functional polyethylenes showed lower
molecular weight (Mn� 10200 gmol�1) and broader molec-
ular weight distribution (Mw/Mn� 1.41), presumably due to
catalyst poisoning. While these cobalt complexes provided
routes to end-functional polyethylenes, there are a number of
drawbacks in these systems, namely the relatively low
molecular weight of the resulting polymer, rather elaborate
catalyst synthesis, and, especially in case of the complex 10,
their high moisture sensitivity.
The next major advance towards living olefin polymer-

ization came in mid-1990s with the development of niobium
diene based systems (Figure 3).[55±57] Since these Group 5
systems are isoelectronic with Group 4 bis(Cp) complexes,

Nb
Cl
Cl

R1
R2

Nb Ta
Me
Me

R1
R2

11a R1 = R2 = H
11b R1 = Me, R2 = H
11c R1 = R2 = Me

12 13a R1 = R2 = H
13b R1 = Me, R2 = H
13c R1 = R2 = Me

Figure 3. Niobium- and tantalum catalyst precursors for living olefin
polymerization.

Mashima and co-workers realized that these precursors
should be active in olefin polymerization. After an initial
paper disclosing the validity of this idea,[55] living ethylene
polymerizations with the niobium diene systems 11a ± c/MAO
(MAO�methylaluminoxane) and 12/MAO were reported in
1994.[56] Polymerization below 0 �C occurred in a living fashion
to produce high molecular weight polyethylenes (Mn up to
40000 gmol�1) with extremely narrow polydispersities (Mw/
Mn as low as 1.05). The catalyst precursors were synthesized in
low to moderate yields from [Cp*NbCl4] and two equivalents
of the respective allyl Grignard reagent. The substitution
pattern of the diene moiety, which is essential for catalytic
activity, influenced catalytic performance. For example,
catalysts comprising 1,3-butadiene (11a) or 2,3-dimethyl-1,3-
butadiene (11c) displayed approximately equal polymeriza-
tion activities (38.7 versus 35.2 kgPEmolNb�1h�1) at 20 �C),
while catalyst 11b containing the 2-methyl-1,3-butadiene
ligand was somewhat less active (19.2 kgPEmolNb�1h�1). The
bis(diene) complex 12 was inactive for ethylene polymer-

ization upon addition of B(C6F5)3. Furthermore, changing the
steric bulk of the catalyst system by replacing the Cp* ligand
of 11 with the less hindered Cp ligand resulted in a significant
broadening of the molecular weight distribution of the
resulting polyethylene (Mw/Mn� 1.40), presumably due to
inferior catalyst stability.
Following these leads, Mashima and co-workers subse-

quently synthesized dimethyltantalum complexes 13a ± c
(Figure 3). Interestingly, the corresponding niobium com-
plexes decomposed rapidly via carbene intermediates.[57]

Although these tantalum species were inferior to niobium
complexes 11 and 12 with respect to catalytic activity and
molecular weight distribution of the resulting polymer, they
did polymerize olefins in a controlled fashion. Addition of
B(C6F5)3 to a solution of 13b at room temperature resulted in
formation of the ion-pair [Cp*Ta(�4-isoprene)Me]-
[MeB(C6F5)3], as suggested by NMR experiments. The in situ
generated �4-butadiene congener 13a/B(C6F5)3 was found
to be active for the polymerization of ethylene
(1.38 kgPEmolTa�1h�1), and the activity could be enhanced by
adding AlEt3. When activated with MAO, dimethyl com-
plexes 13a ± c and the corresponding dichloro complexes
displayed comparable activities, indicating formation of
similar active species.

5. Nickel and Palladium Catalysts for Living Olefin
Polymerization

The search for catalyst systems for the living polymerization
of �-olefins gained additional momentum by the development
of diimine nickel and palladium catalysts in the mid-1990s.[58]

The advantages of these late transition metal systems are
multifold. Late metal catalysts allow the copolymerization of
functional monomers because of the reduced oxophilicity of
the late metal center.[59] Many of the late metal catalyst
precursors are easily accessible, and detailed mechanistic
studies have been undertaken since key species such as alkyl
olefin complexes can be cleanly generated.
It is worth noting that more than a decade before the

discovery of late transition metal catalysts for living polymer-
ization of unactivated olefins, nickel allyl catalysts for living
polymerization of conjugated dienes already existed. In 1984,
Teyssie¬ and co-workers reported that bis[(�3-allyl)(trifluor-
oacetato)nickel] (14) promoted the living polymerization of
1,3-butadiene to poly(1,4-butadiene) with predictable molec-
ular weight and narrow molecular weight distribution (Mw/
Mn� 1.2 ± 2.0) at or above room temperature.[60] Even though
conversion of monomer was not complete (77% at best), the
linear increase in number-average molecular weight with
conversion was consistent with a living polymerization.
Deming and Novak, who utilized catalyst 14 in the polymer-
ization of tert-butyl-isocyanide to form the corresponding
helical polymers,[61] took advantage of its living behavior in
the polymerization of butadiene to form poly(butadiene)/
poly(isocyanide) diblock copolymers (Scheme 9).[62] Bimetal-
lic nickel initiators were then developed for the synthesis of
hydroxytelechelic poly(butadiene) and symmetric poly(iso-
cyanide)-block-poly(butadiene)-block-poly(isocyanide) tri-
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Scheme 9. Nickel-catalyzed living copolymerization of butadiene and
isocyanides.

block copolymers.[63] Allylnickel catalysts have also found
applications in the living polymerization of functionalized and
nonfunctionalized allenes.[64]

Risse and Mehler reported the living polymerization of
norbornene using [Pd(MeCN)4][BF4]2 (15). Poly(norbor-
nene)s with number-average molecular weights up to
30000 gmol�1 exhibited narrow molecular weight distribu-
tions at low monomer conversions; at higher conversions, the
distributions broadened.[65] Using 15, Risse and Breunig
reported the polymerization of ester-functionalized norbor-
nenes. Depending on the nature of the ester substituent,
polymers with narrow molecular weight distributions were
obtained and block copolymers were synthesized.[66] Novak
and Safir also demonstrated the potential of palladium
catalysts for living olefin polymerization in 1995. Hydro-
carbon ± poly(acetylene) block copolymers were synthesized
by living insertion polymerization using extremely robust, air-
and moisture-stable alkylpalladium(��) complexes containing
�,�-alkyl ligands (16) (Scheme 10).[67] Polymerization of
diethyl 7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate,
which can be viewed as a protected acetylene monomer,
occurred quantitatively with 16 to yield a polymer with an
active palladium end group. Subsequent addition of norbor-
nene to this macroinitiator led to the formation of a block
copolymer. Upon heating, this material underwent a retro-
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Scheme 10. Synthesis of norbornene/acetylene block copolymers with a
palladium catalyst.

Diels ±Alder reaction, giving a poly(norbornene)-block-poly-
(acetylene) diblock copolymer.
A major breakthrough in living olefin polymerization

occurred in 1995 with the discovery of a new family of late
transition metal catalysts by Brookhart and co-workers. Soon
after the initial report on the synthesis and polymerization
activity of �-diiminepalladium and -nickel complexes,[68] a
subsequent paper appeared demonstrating the use of these
nickel systems for the living polymerization of �-olefins.[69]

Catalyst precursor 17 (Figure 4), when activated with MAO in
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Figure 4. Nickel and palladium �-diimine catalysts and catalyst precursors
for living olefin polymerization.

toluene at room temperature, was shown to be very active for
the polymerization of �-olefins (turnover frequencies be-
tween 300 and 3000 h�1), yielding high molecular weight
materials (Mn up to 190000 gmol�1 for polypropylene) with
relatively narrow polydispersities (1.4�Mw/Mn� 1.8). At
lower temperatures (�10 �C) and low monomer concentra-
tions, polymers with very narrow molecular weight distribu-
tions were obtained because undesirable chain transfer
reactions were suppressed under these conditions. Accord-
ingly, complex 17/MAO in toluene under 1 atm of propylene
at �10 �C yielded high molecular weight polypropylene
(Mn� 161000 gmol�1, Mw/Mn� 1.13; Scheme 11).

Scheme 11. Living polymerization of �-olefins with a nickel diimine
catalyst system.

Since chain walking (consecutive �-hydride elimination
followed by olefin reinsertion with opposite regiochemistry) is
a distinguishing mechanistic feature of palladium and nickel
diimine catalysts,[68, 70, 71] polymerization of ethylene results in
a highly branched polymer, while polymerization of higher �-
olefins leads to chain straightening, as indicated by a branch-
ing content that is lower than expected. The unique combi-
nation of living �-olefin polymerization behavior with the
formation of chain straightened poly(�-olefin)s provided the

Angew. Chem. Int. Ed. 2002, 41, 2236 ± 2257 2245



REVIEW G. W. Coates et al.

basis for a new strategy for the preparation of elastomeric
materials. While polymerization of propylene by 17 formed
an amorphous material (Tg��16 �C), polymerization of
octadecene led to a polymer with unbranched, crystalline
domains (Tm� 56 �C). Based on these amorphous and crys-
talline polymer domains, several diblock and triblock poly-
mers were prepared. A poly(octadecene)-block-poly(octade-
cene-co-propylene)-block-poly(octadecene) triblock copoly-
mer, for example, consisting of semicrystalline poly(1-
octadecene) blocks and an amorphous propylene/octadecene
core, displayed elastomeric properties.[69] Killian and Brook-
hart also exploited a similar strategy towards synthesis of
ethylene/1-hexene multiblock polymers (Scheme 12).[72] Al-
though some chain transfer in ethylene homopolymerizations

Scheme 12. Synthesis of polyethylene/poly(1-hexene) multiblock copoly-
mers with a nickel diimine catalyst.

with nickel catalyst 17 occurs even at temperatures below
0 �C, a successful procedure for the synthesis of these unique
multiblock materials was developed. Catalyst 17 in a toluene/
1-hexene solution at �15 �C was combined with MMAO
(MMAO�modified methylaluminoxane), and ethylene was
repeatedly added in short pulses. Since 1-hexene polymer-
ization was living under these conditions, the main reaction
product was expected to be a multiblock polymer despite
some chain transfer. Depending on the time intervals for both
ethylene and hexene polymerizations and the number of
cycles in which this procedure was repeated, the resulting
materials displayed excellent elastomeric properties (elonga-
tions of up to 1090%, tensile strength up to 860 psi).
While nickel diimine catalysts did not polymerize ethylene

in a living fashion, Gottfried and Brookhart recently reported
experimental conditions under which ethylene can be poly-
merized by palladium catalyst 18 to give amorphous polymers
with controlled molecular weights and narrow molecular
weight distributions (Scheme 13).[73] Quenching the reaction
mixture with triethylsilane, whereby the Pd�C(alkyl) bonds
were cleanly converted to saturated end groups, proved
crucial to obtaining monodisperse polyethylenes with this
catalytic system. When the polymerization was quenched with
acidified methanol, chain coupling frequently occurred and
the resulting polyethylene displayed a bimodal molecular
weight distribution. The polydispersity index of these poly-
ethylenes remained well under 1.1 up to molecular weights of
250000 gmol�1. The resulting polymers were highly branched
(100 branches/1000 C), and the branching number was

Scheme 13. Living polymerization of ethylene with a palladium diimine
catalyst.

independent of the polymerization conditions. However,
performing the polymerization at lower ethylene pressures
(1 atm) resulted in a somewhat broadened molecular weight
distribution (Mw/Mn� 1.27). Lower ethylene pressures were
believed to retard the rate of initiation relative to the rate of
propagation since the palladium chelate complex 18 is favored
over the corresponding chelate-opened alkyl olefin catalyst
resting state. When polymerizations were performed at 27 �C,
catalyst decay led to a nonlinear increase of the molecular
weight over time and broadened molecular weight distribu-
tions of the resulting polyethylenes.
The full potential of the nickel and palladium �-diimine

systems has not yet been fully explored in the context of living
polymerization, and one can only imagine the exciting
possibilities for materials synthesis offered by these systems.
Possible future challenges involve control over stereochem-
istry in living �-olefin polymerization with C2-symmetric
diimine catalysts, as well as the copolymerization of mono-
mers containing functional groups. The following two exam-
ples are given to illustrate this point. Non-living syndiospecific
polymerization of propylene by �-diimine nickel catalysts has
been reported.[74±77] Rieger and co-workers recently reported
the synthesis of extremely bulky C2-symmetric nickel and
palladium �-diimine complexes and their application in the
formation of ultra high molecular weight polyethylenes at
ambient temperature. Linear polyethylene of narrow poly-
dispersity (Mw� 4500000 gmol�1; Mw/Mn� 1.3) was obtained
with catalyst 19/MAO, providing an encouraging lead for
future investigations.[78] Taking advantage of the living
behavior and functional group tolerance of catalyst 17, we
explored the copolymerization of 1-hexene with a function-
alized olefin capable of forming intermolecular hydrogen
bonds (Scheme 14).[79] Ureidopyrimidone (UP) functional-
ized poly(1-hexene)s with low comonomer content (ca. 2%)
were synthesized in a living fashion (Mn� 33000 ±
104000 gmol�1, Mw/Mn� 1.2 ± 1.4). These materials display
elastomeric properties, indicating the formation of hydrogen-
bond crosslinks between polymer chains. It should be pointed
out that the resulting polymer is certainly more complex than
shown in Scheme 14 because of chain walking.
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Scheme 14. Synthesis of ureipyrimidone-functional poly(1-hexene) with a
nickel diimine catalyst.

6. Titanium, Zirconium, and Hafnium Catalysts for
Living Alkene Polymerization

Given the key advances in the control of polymer stereo-
chemistry and comonomer incorporation over the last two
decades,[6] a significant amount of research in the quest for
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living olefin polymerization catalysts has centered on com-
plexes based on the Group 4 metals. Metallocene catalyst
systems have been shown to exhibit living behavior at low
temperatures by suppressing undesirable �-hydride or �-alkyl
eliminations. Recently, non-metallocene systems based on
nitrogen and oxygen donor ligands have received consider-
able attention.[80] In addition to providing pathways for living
olefin polymerization at ambient temperature, these systems
have also made possible considerable advances concerning
the control of stereochemistry in living olefin polymerization.
By combining these long-sought goals, these complexes
provide routes to the synthesis of polyolefin materials
inaccessible by conventional polymerization methods.

6.1. Metallocene Complexes

Turner and Hlatky demonstrated the synthesis of a block
copolymer of propylene and ethylene using a cationic
hafnocene that was stable to chain transfer over the lifetime
of the polymerization reaction (Scheme 15), even though the

P
LnHf

LnHf
P

Hf
Me

NMe2Ph

0°C

Atactic Polypropylene

20

PE-block-PP
Mw/Mn ~ 1.7 – 1.9

m

mn

+

 B(C6F5)4
–

20

Scheme 15. Synthesis of ethylene/propylene diblock copolymers with a
hafnocene catalyst.

obtained polymer molecular weight distributions were not
satisfying.[81] Propylene was first added to a solution of
[Cp2HfMe(PhNMe2)][B(C6F5)4] (20) at 0 �C. After consump-
tion of propylene, ethylene was added to the reactor. Based on
extraction studies, it was determined that 75% of the
polypropylene chains were incorporated into diblock copoly-
mers composed of atactic polypropylene and high-density
polyethylene segments. The copolymer could also be synthe-
sized by the reverse monomer addition, that is adding
ethylene first, but the molecular weight distribution was
higher in this case (1.89 versus 1.72) and the propylene content
was lower (30% versus 37%). Due to the relatively short
lifetimes of the living polymer chains, triblock copolymers
were not efficiently formed.
Bochmann and co-workers reported that [Cp*TiMe3] (21;

Figure 5) activated with B(C6F5)3 was highly active for the
polymerization of propylene to form high molecular weight
atactic polypropylene (Mn up to 4000000 gmol�1) that
displayed elastomeric properties.[82] The presence of polymer
fractions with very narrow molecular weight distributions
(Mw/Mn� 1.1) in this MAO-free polymerization system was
intriguing, and it was concluded that about half of the active
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Figure 5. Metallocene catalyst precursors for living olefin polymerization
at low temperatures.

titanium centers operated in a living fashion. Polymers with
relatively narrow polydispersities (Mw/Mn� 1.6) were ob-
tained at room temperature when polymerizations were
performed in light petroleum despite reduced catalyst pro-
ductivity in that solvent. Overall, the 21/B(C6F5)3 system
showed several characteristics of living behavior at room
temperature, such as linear increase of polymer yield with
both catalyst concentration and time. Addition of AlMe3 or
AliBu3, even in substoichiometric amounts, dramatically
decreased catalytic activity and produced polymers with
bimodal molecular weight distributions. Polymerization of
1-hexene under similar conditions gave atactic poly(1-hex-
ene) with broader molecular weight distributions (Mn ca.
10000 gmol�1, Mw/Mn� 2.4).[83]
Based on the notion that �-hydride elimination is negligible

in comparison with propagation in standard metallocene ±
MAO systems at temperatures below �40 �C,[84] the research
groups of Shiono and Fukui investigated olefin polymer-
ization with metallocene or constrained geometry catalysts at
very low temperatures. To avoid chain transfer to aluminum,
Shiono and co-workers utilized borane activators in their
initial study.[85] The titanium catalyst 22, when activated with
B(C6F5)3 at �50 �C, produced syndio-enriched polypropylene
([rrrr]� 0.24) with narrow molecular weight distributions (Mn

up to 20000 gmol�1, Mw/Mn� 1.15 ± 1.40), and polymerization
of 1-hexene under similar conditions also displayed living
behavior. Raising the temperature of the reaction to 0 �C
resulted in complete deactivation of the catalyst system. By
using rigorously dried MAO (free of AlMe3 impurities),
Shiono and co-workers then showed that chain transfer to
aluminum caused by residual AlMe3 could be efficiently
suppressed in this system. Accordingly, moderately syndio-
tactic polypropylene ([rrrr]� 0.42) could be produced in a
living fashion with 22/MAO even at 0 �C (Mn� 10100 gmol�1;
Mw/Mn� 1.35).[86]
Fukui and co-workers demonstrated that the simple bis(Cp)

catalyst 23a activated with B(C6F5)3 was capable of the living
polymerization of propylene at �78 �C in the presence of
Al(nOct)3 as scavenger.[87] The number of polymer chains was
found to be constant for the course of the reaction, indicating
that chain transfer did not occur at very low temperatures.
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While the molecular weights of the resulting polymers were
rather low (Mw� 10000 gmol�1), the molecular weight dis-
tributions were extremely narrow (Mw/Mn� 1.06) and poly-
mer yields increased linearly with time. Carbon monoxide
also reacted quantitatively with the living polypropylene
chain ends, generating polypropylenes with terminal aldehyde
functionality.[88] Similarly, the hafnium system 23b/B(C6F5)3,
also displayed living behavior at �50 �C. Living polymer-
ization of 1-hexene was also observed with the C2-symmetric
ansa-metallocene system 24/B(C6F5)3 at �78 �C, producing
highly isotactic monodisperse poly(1-hexene) (Mw/Mn� 1.2 ±
1.3). However, the catalytic activity for this system was low,
resulting in only very low molecular weight polymers (Mn�

5400 gmol�1). Catalyst 24/B(C6F5)3 did not produce highly
isotactic polypropylene in a living fashion at �78 �C, presum-
ably due to �-alkyl elimination. Tritto and co-workers have
recently shown that 24 exhibits ™quasi-living∫ behavior for
ethylene/norbornene copolymerization when activated with
MAO.[89]

Very recently, Fukui and Murata employed the mixed
metallocene catalyst system [Cp2ZrMe2]/B(C6F5)3/[Cp*TiCl3]
for the living polymerization of propylene at �50 �C.[90]
Again, reaction of carbon monoxide with a living polypropy-
lene gave aldehyde-functionalized polypropylenes. Fukui and
Murata also employed the mixed metallocene catalyst system
[Ph2C(Cp)(fluorenyl)ZrCl2]/Al(nOct)3/B(C6F5)3/[Cp*TiCl3]
for the living syndiospecific polymerization of propylene at
�50 �C.[91] Finally, Brekner and co-workers described how
™quasi-living∫ metallocene/MAO systems could be used in the
synthesis of cycloolefin copolymers with narrow molecular
weight distribution when generated at temperatures between
0 �C and 40 �C (Mw/Mn� 1.1 ± 1.4).[92]

6.2. Diamido Complexes

Since the mid-1990s, several Group 4 catalysts with
ancillary amido ligands for living olefin polymerization have
been described. While these systems are of high academic
interest since they are amenable to detailed mechanistic
studies, their application in polymer synthesis has so far been
limited to atactic polymers of propylene and simple �-olefins.
Living polymerization of ethylene has not been reported with
these catalysts, and only one example of an olefin block
copolymer has been reported. In 1996, McConville and co-
workers introduced a new class of diamido catalysts for living
olefin polymerization. These tetrahedral dimethyltitanium
complexes 25a, b bearing ancillary propylene-bridged aryl-
substituted diamido ligands proved to be highly active
catalysts for polymerization of 1-hexene when activated by
MAO (Scheme 16). For example, treatment of precatalyst 25a
with MAO at room temperature gave atactic poly(1-hexene)
(Mn� 47000 gmol�1, Mw/Mn� 1.73). Chain transfer to the
aluminum cocatalyst was implicated as the lone source of
termination since olefinic resonances were absent from the
NMR spectrum of the polymer. By activating the precatalyst
with B(C6F5)3, chain transfer reactions were eliminated and
the polymerization of 1-hexene and higher �-olefins proceed-
ed in living fashion (Scheme 16).[93] A decrease in the steric
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Scheme 16. Living polymerization of 1-hexene with McConville×s diami-
dotitanium catalysts.

bulk of the ligand by replacement of the isopropyl substitu-
ents with methyl groups (25b) did not substantially influence
catalyst performance. Polymerizations run in CH2Cl2 led to a
dramatic increase in catalytic activity, yielding high molecular
weight atactic polymers (Mn � 120000 gmol�1) with narrow
molecular weight distributions (Mw/Mn� 1.07). This increase
in activity was reasoned to be the result of better separation of
the assumed catalyst ion-pair in the more polar solvent. On
the other hand, polymerization activity decreased in the
presence of toluene, presumably due to competitive binding
to the active site. Mechanistic studies, including isotopic
labeling and iodine quenching reactions, suggested that olefin
insertion occurred in a primary (1,2) fashion.[94]

In a straightforward synthesis, the dimethyltitanium com-
plexes 25a, b were obtained by Grignard addition to the
corresponding dichlorides, which in turn were best synthe-
sized from the silylated diamines Me3SiArN(CH2)3NArSiMe3
and TiCl4. Although attempts to isolate a cationic methyl-
titanium complex as a model for the presumed active species
failed, a few important mechanistic issues concerning catalyst
deactivation were addressed in these attempts. Addition of
B(C6F5)3 to a solution of the dimethyl complex 25a in pentane
led to the precipitation of a catalytically active borane adduct
26 (Scheme 17).[95] Suspensions of this adduct slowly evolved

LnTi
Me
Me

LnTi
Me
Me

B(C6F5)3 LnTi
CH2

C6F5

B(C6F5)2
B(C6F5)3

25a 26 27

Scheme 17. Deactivation pathway observed in McConville×s diamidotita-
nium complexes.

methane to form an inactive methylene-bridged derivative 27
that was characterized by single-crystal X-ray diffraction, thus
exemplifying a possible catalyst deactivation pathway
(Scheme 17). Shiono and co-workers have recently reported
that 25a also produces polypropylene with low molecular
weight distribution using a modified MAO that is free of
trialkylaluminum residues.[96]

Soon after McConville×s initial report, Schrock and co-
workers reported zirconium complexes with tridentate dia-
mido ligands based on the hypothesis that a propagating four-
coordinate cationic species would be more stable than a three-
coordinate species.[97] Since 1997, Schrock and co-workers
have developed three different classes of compounds for use
in the living, aspecific polymerization of 1-hexene (Figure 6).
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Figure 6. Diamido catalyst precursors for living olefin polymerization.

In the first two classes of compounds 28[97±101] and 29,[102±104]

the two amido donor atoms are connected to a central donor
(either oxygen or nitrogen), while in the third class 30/
31[105, 106] all three donors are connected to a central carbon
atom. Even though living �-olefin polymerization has been
restricted almost exclusively to 1-hexene with these catalysts,
the resulting polymer molecular weight distributions are
among the narrowest known.
In 1997, Schrock and co-workers developed a very bulky

and robust tridentate diamido ligand with a central oxygen
donor atom.[97] Group 4 catalyst precursors 28a ± c, incorpo-
rating the ligand [([D6]tBu)N-o-C6H4)2O]2� (NON ligand)
were prepared by Grignard addition to the corresponding
dichloride complexes. The latter were best synthesized from
the ligand dianion and M(NMe2)2Cl2 and subsequent treat-
ment of the bis(dimethylamido) intermediates with Me3SiCl.
The dimethyl complexes display trigonal-bipyramidal coordi-
nation geometry in the solid state with the oxygen donor and
one methyl substituent in the apical positions, as demonstrat-
ed by X-ray crystallography of 28a and 28b.[100] Methide
abstraction from the dimethyl complex 28b by B(C6F5)3
yielded a reasonably stable ion pair, [(NON)ZrMe]-
[MeB(C6F5)3] (32), which was characterized in the solid state
and by NMR spectroscopy. Both complex 32 as well as the
dimethylaniline adduct [(NON)ZrMe(PhNMe2)][B(C6F5)4]
(33) were active for the polymerization of ethylene at room
temperature (100 kgPEmolZr�1h�1 for 32, 800 kgPEmolZr�1h�1

for 33). Catalyst 33 also polymerized 1-hexene to atactic
poly(1-hexene) (200 kgPHmolZr�1h�1, Mn� 45000 gmol�1, Mw/
Mn� 1.2). By lowering the temperature to 0 �C, chain transfer
reactions were suppressed, and the polymerization occurred
in a living fashion (Mw/Mn� 1.05 in the presence of more than
200 equivalents 1-hexene).
Insights into the polymerization mechanism were gained in

a labeling study which established predominant 1,2 insertion
of the olefin (1-hexene or 1-nonene) as well as �-hydride

elimination as the primary mechanism of chain termination at
40 �C.[98] The rate of �-hydride elimination was slow at 0 �C,
presumably due to steric crowding around the metal center
which prevents the ™backing up∫ of the bulky polymer chain
towards the ligand in an olefin ± hydride intermediate. There-
fore, at lower temperatures, the polymerization proceeded
without appreciable chain transfer. When the steric crowding
about the metal center was relaxed by replacing the tert-butyl
substituents with less bulky isopropyl or cyclohexyl groups,
the corresponding activated metal dialkyl complexes only
oligomerized 1-hexene.[99] Interestingly, zirconium complexes
bearing the structurally-related sulfur donor ligand
[([D6]tBu)N-o-C6H4)2S]2� (NSN) were not active for poly-
merization of 1-hexene.[107]

A second class of compounds for living olefin polymer-
ization was introduced by Schrock and co-workers in 1999.
Replacing the oxygen in the ligand backbone with an amine
donor resulted in the more rigid tridentate complex 29a.[102]

Activation of 29a with [Ph3C][B(C6F5)4] and subsequent
reaction with 1-hexene led to the formation of poly(1-hexene)
which displayed limited average molecular weight and broad-
er molecular weight distribution than the polymer obtained
with the NON system 28. Subsequent studies revealed that
this non-living behavior was caused by catalyst decomposition
by C�H activation of one of the mesityl o-methyl substituents,
producing a dimeric decomposition product that was charac-
terized by X-ray crystallography (Scheme 18).[103] A similar

NN

Zr N

N N

ZrN

N
N

Zr

Me

MeN

29a

[Ph3C][B(C6F5)4]

C-H activated decomposition product

Scheme 18. C�H activation as a catalyst deactivation pathway observed in
systems based on precursor 29a.

decomposition pathway of a cationic zirconium complex
through C�H bond activation of an adjacent methyl group
had previously been uncovered by Horton and co-workers in a
structurally related triamido system.[108] A simple change in
aryl substitution from 2,4,6-trimethylphenyl to 2,6-dichloro-
phenyl prevented C�H activation of the ligand, and a living
1-hexene polymerization catalyst precursor 29b was ob-
tained.[103] The polymer generated with catalyst 29b/
[Ph3C][B(C6F5)4] at 0 �C was of higher molecular weight than
that produced with the NON catalysts 28 (Mn up to
79000 gmol�1), while the molecular weight distribution of
the polymer remained extremely narrow (Mw/Mn, 1.01 ± 1.04).
In 2000, Schrock and co-workers reported a third class of

compounds for living olefin polymerization. Employing the
NNN framework in the form of diamidopyridine ligands
(MesNpy), in which the three donor atoms are connected to a
central carbon atom, the geometrically rigid zirconium
complexes 30a,b were prepared. An interesting initiator
effect was uncovered in 1-hexene polymerization by com-
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plexes 30a, b.[105] Methide abstraction from the dimethyl
species 30a with [Ph3C][B(C6F5)4] was found to be a rather
complex process, leading to the formation of the putative
active species [(MesNpy)ZrMe][B(C6F5)4] (34) in equilibrium
with 30a and a monocationic dimer [(MesNpy)2Zr2Me3]-
[B(C6F5)4] (35) (Scheme 19). Solutions of 30a/
[Ph3C][B(C6F5)4] were active for the polymerization of

LnZrMe2

LnZr
Me

Me
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LnZriBu2

35
Dimeric Monocation

[Ln2Zr2Me3][B(C6F5)4]
B(C6F5)3

30a 34
Putative Active Species

[LnZrMe][B(C6F5)4]
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1-Hexene
(1,2)

1-Hexene
(2,1)

2-Heptenes

1-Hexene

Atactic Poly(1-hexene)
Mw/Mn = 1.02 – 1.08

n

B(C6F5)3

30b 36
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[LnZriBu][B(C6F5)4]
1-Hexene

Atactic Poly(1-hexene)
Mw/Mn = 1.02 – 1.08

n

(1,2)

(1,2)

Scheme 19. Initiator effect in diamidopyridine catalysts for living olefin
polymerization.

1-hexene, but consumption of 1-hexene was not a first-order
process. The average molecular weight of the resulting
polymer was 10 times higher than expected assuming quanti-
tative initiation. Furthermore, NMR studies uncovered the
formation of 2-heptenes in the reaction, presumably originat-
ing from secondary (2,1) insertion of 1-hexene into the active
catalyst 34 to give a 3-heptyl species that is susceptible to �-
hydride elimination. The larger fraction of the 3-heptyl
species �-hydride eliminates and forms heptenes and a
catalytically inactive metal species, while the smaller fraction
propagates by primary (1,2) insertion. Despite these mecha-
nistic complications, the molecular weight distribution of the
resulting poly(1-hexene) was surprisingly narrow with this
system (Mw/Mn� 1.08).
When the initiating group was changed from methyl to

isobutyl (30b), activation with [Ph3C][B(C6F5)4] cleanly
generated a monomeric species [(MesNpy)ZriBu][B(C6F5)4]
(36 ; Scheme 19). Since dimer formation like in the methyl
analogue 30a did not occur, all the zirconium centers were
available for polymerization and consequently no unreacted
dialkyl complex 30b was observed. Although the activated

species 36 decomposed in the absence of monomer by �-
hydride elimination, addition of 1-hexene led to a living
polymerization. In this case, heptenes were not observed,
suggesting that 1-hexene predominantly inserted into the
more sterically crowded Zr±C(isobutyl) bond in a primary (1,2)
fashion, yielding a 2-heptyl species that was relatively stable
towards �-hydride elimination. Polymers produced with 30b/
[Ph3C][B(C6F5)4] displayed molecular weights approximately
three times the theoretical value (based on Zr) and molecular
weight distributions were again extremely narrow (Mw/Mn�
1.03).
Most recently, Schrock and co-workers reported the syn-

thesis, characterization, and polymerization activity of cat-
ionic hafnium complexes of the general formula [(MesN-
py)HfR][B(C6F5)4] (31; R�Et, nBu, iBu, nPr, iPr).[106] These
compounds displayed a surprising stability towards �-hydride
elimination below 10 �C, and they promoted the living
polymerization of 1-hexene under these conditions. Insertion
of 1-hexene into a Hf ±C(alkyl) bond was found to be about half
as fast as for the Zr analogue 30.
A final example of living olefin polymerization by a group

IV catalyst with an ancillary diamido ligand was reported by
Kim and coworkers.[109] Activated versions of these bidentate,
aniline precursors 37a, b were active for the polymerization
of ethylene, propylene, and higher �-olefins (Scheme 20).
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N

iPr3Si

SiiPr3

R R

37b
B(C6F5)3

0°C

x

Atactic Poly(1-hexene)

xy

Poly(1-octene)-block-poly(1-hexene)
Mn

 = 130 100 g mol–1

Mw/Mn = 1.21

37a R = Cl
37b R = Me

1-octene

Scheme 20. 1-Hexene/1-octene block copolymer synthesis with a diamido
catalyst system.

For example, 37a/MAO showed an activity of
5300 kgPEmolZr�1h�1 under 1 atm of ethylene at room temper-
ature. However, the polymers produced with 37a/MAO at
room temperature were polydisperse, low molecular weight
materials (Mn� 9000 gmol�1, Mw/Mn� 2.09 ± 2.35). Cooling
the polymerization to 0 �C reduced �-elimination reactions,
giving materials of higher molecular weight, but chain transfer
to the aluminum cocatalyst again gave polymers with broad
molecular weight distributions. However, employing B(C6F5)3
as an activator for the dimethyl complex 37b at 0 �C gave high
molecular weight atactic polymers with relatively narrow
polydispersities. The catalyst system 37b/B(C6F5)3 at 0 �C
polymerized 1-hexene with a linear increase in molecular
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weight with yield to give atactic poly(1-hexene) with a narrow
molecular weight distribution (Mn� 118300 gmol�1, Mw/
Mn� 1.23). The living nature of the polymerization was also
demonstrated by the sequential addition of two different �-
olefins to form a 1-hexene/1-octene block copolymer (Mn�
108700 gmol�1; Mw/Mn� 1.21) (Scheme 20).

6.3. Zirconium Amidinates

Although the living vanadium catalysts developed by Doi
et al. gave syndio-enriched polypropylenes (Section 2.1), the
first catalyst to simultaneously achieve the highly sought goals
of livingness and stereoselectivity was reported by Jayaratne
and Sita in 2000.[110] Using an amidinate zirconium catalyst,
the living isospecific polymerization of 1-hexene was achieved
with high stereoselectivity. By addition of carbodiimides to
the Zr�C(methyl) bond in [Cp*ZrMe3], catalyst precursors 38a ±
d (Figure 7) were easily prepared. When R1�R2, the resulting

N
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N
Me
Me

R2

R1
N

Zr

N
Me
Me

R2

R1

38a R1 = R2 = cyclohexyl
38b R1 = tBu, R2 = Et
38c R1 = tBu, R2 = cyclohexyl
38d R1 = tBu, R2 = 2,6-iPr2C6H3

39a R1 = R2 = cyclohexyl
39b R1 = R2 = iPr
39c R1 = tBu, R2 = cyclohexyl

Figure 7. Amidinate catalyst precursors for living polymerization of
1-hexene.

compounds are chiral but variable-temperature 1H NMR
revealed low barriers to racemization. Upon activation with
[PhNMe2H][B(C6F5)4] in chlorobenzene at 0 �C, symmetric
complex 38a was active for the polymerization of 1-hexene,
giving a monodisperse polymer (Mn� 11000 gmol�1, Mw/
Mn� 1.10). The narrow molecular weight distribution and
the lack of olefinic resonances characteristic of chain transfer
indicated the living nature of the polymerization. However,
microstructural analysis by 13C NMR revealed the lack of
stereochemical control in the polymerization.
With this encouraging lead, the catalytic properties of C1-

symmetric compounds 38b ± d were evaluated.[110] Precursors
38c, d displayed poor activity toward 1-hexene, presumably
due to the sterically encumbered nature of the complex.
However, the activated complex 38b proved to be a superior
catalyst for the polymerization of 1-hexene at 25 �C
(Scheme 21). In addition to an increase in activity and
molecular weight, the polymer was also highly isotactic
([mmmm]� 0.95). The increase in activity was unfortunately
accompanied by a broadening of the molecular weight
distribution (Mw/Mn� 1.50). However, lowering the polymer-
ization temperature to �10 �C led to higher molecular weight
polymers with extremely narrow polydispersities (Mw/Mn�
1.03 ± 1.10) and high stereoselectivities ([mmmm]� 0.95). The
living character of the polymerization was demonstrated by
the linear increase of number-average molecular weight (Mn)

Isotactic Poly(1-hexene)
[mmmm] > 0.95

Mn
 = 32 600 – 69 500 g mol–1

Mw/Mn = 1.03 – 1.10

38b
[R3NH][B(C6F5)4]

–10°C, PhCl

n

Scheme 21. Living isospecific polymerization of 1-hexene with zirconium
amidinate catalysts.

with conversion. Furthermore, addition of a second portion of
1-hexene (180 equiv) to a living polymer chain end (Mn�
20700 gmol�1,Mw/Mn� 1.03) resulted in formation of a higher
molecular weight polymer (Mn� 35400 gmol�1, Mw/Mn�
1.13).
Although this catalytic system displayed excellent selectiv-

ity for production of isotactic poly(1-hexene), the mechanism
of stereocontrol was unclear. NMR spectroscopy revealed a
small resonance attributed to a mmmr-pentad as the only
visible stereoerror, consistent with an isotactic stereoblock
microstructure.[110] The high selectivity demonstrated by this
system was remarkable considering the low barrier to
racemization of precursor 38b. Sita et al. suggested that the
barrier might be higher in the activated complex and the
structural defects in the polymer were a consequence of
amidinate ring flipping. To shed light on the origin of
stereocontrol in this unique system, crystallographic analyses
of 38b and 38b/[B(C6F5)4] were performed.[111] Indeed, the
more electrophilic metal center of the activated complex
resulted in a shortening of the Zr�N bonds, providing
evidence that suggests a higher barrier to racemization in
the active species. Also, coordination of diethyl ether to the
activated complex occurred on the more sterically encum-
bered face of the catalyst, suggesting that olefin coordination
might be preferred at that site. Crystallization in the absence
of Lewis bases at low temperatures (�10 �C) provided a dimer
with bridging methyl groups comprising a planar four-
membered ring, inside of which reside two bridging agostic
hydrogen atoms (Scheme 22). The elongated Zr�C(methyl) bond
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Scheme 22. Potential deactivation pathway in amidinate catalyst systems.

length demonstrated the stabilizing effect of these �-agostic
interactions. It was suggested that these bridging �-agostic
interactions in dimeric cations might serve to lower the barrier
to migratory insertion, as has been proposed for mononuclear
complexes.[14] On the other hand, crystallization of activated
complex 38b/[B(C6F5)4] at 25 �C revealed the formation of a
�-CH2, �-CH3 monocationic species, resulting from reduction
of one of the metal centers (Scheme 22). This species,
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presumably the result of deprotonation of the dimer by
dimethylaniline introduced from the cocatalyst, revealed a
viable pathway for termination of active centers during the
polymerization with this catalytic system.
The enormous potential of this living and stereoselective

catalyst system lies in its potential for the synthesis of well-
defined olefin block copolymers with both crystalline and
amorphous domains. Due to the microphase separation of
such blocks, these materials have numerous applications as
compatibilizers and elastomers. In a demonstration of the
utility of this living catalyst system, Sita and co-workers
explored the cyclopolymerization of nonconjugated dienes to
give living polymers with high melting transitions.[112] To this
end, 1,5-hexadiene was polymerized by the catalyst system
38a ± c/[PhNMe2H][B(C6F5)4] in chlorobenzene at �10 �C to
give poly(methylene-1,3-cyclopentane)s (PMCP) with narrow
molecular weight distributions (Mw/Mn� 1.03 ± 1.09;
Scheme 23). The lack of olefinic resonances in the polymers

Poly(methylene-1,3-cyclopentane)
64 – 82% trans-rings

Mn
 = 14 000 – 25 000 g mol–1

Mw/Mn = 1.03 – 1.09

38a-c
[PhNMe2H][B(C6F5)4]

–10°C, PhCl
n

Scheme 23. Living cyclopolymerization of 1,5-hexadiene with zirconium
amidinate catalysts.

and the linear kinetic relationship (ln([Mo]/[Mt]) versus time)
were consistent with a living polymerization. Analysis of the
PMCP microstructures showed that the catalysts displayed
high selectivity for cyclization (�98%). Selectivity for
formation of trans rings was mediated by the steric bulk of
the catalyst precursor; increasing bulk of the amidinate
ligands in the series 38a�38b�38c was mirrored by an
increase in trans ring content and thus the degree of
crystallinity (Tm� 98 ± 102 �C). Furthermore, the ligand struc-
ture had a huge influence on the tacticity of the PMCP. While
precursor 38a gave an atactic polymer, complex 38b dis-
played a high degree of stereocontrol, giving highly isotactic
PMCP.
Sita and co-workers exploited the ability of the amidinate

zirconium catalysts to produce living polymers with crystalline
domains through the synthesis of block copolymers from
1-hexene and 1,5-hexadiene (Scheme 24).[112] Addition of
1-hexene to the activated complex 38b/[PhNMe2H][B(C6F5)4]
in chlorobenzene at �10 �C gave a living isotactic poly(1-
hexene) (Mn� 12200 gmol�1, Mw/Mn� 1.03). Addition of 1,5-
hexadiene to this living chain end resulted in formation of a
higher molecular weight polymer (Mn� 22800 gmol�1, Mw/
Mn� 1.05). The 13C NMR spectrum of the material was con-
sistent with both PH and PMCP and showed the highly
isotactic nature of the diblock material. This strategy was also
applied to the synthesis of a triblock copolymer (Mn�
30900 gmol�1, Mw/Mn� 1.05) by addition of a second portion
of 1-hexene to a living diblock (Scheme 24). Through AFM
imaging, the block nature of this unique triblock material was
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xy

38b
[PhNMe2H][B(C6F5)4]

–10°C, PhCl
x

xyz

iso-PH-block-PMCP-block-iso-PH

iso-PH

PMCP-block-iso-PH

Scheme 24. Synthesis of poly(1-hexene)/PMCP diblock and triblock
copolymers with a zirconium amidinate catalyst.

demonstrated. A thin film of the material phase-separated
into a morphology composed of PMCP cylinders embedded in
a PH matrix.
In 2001, Sita et al. reported a modified class of amidinate

catalysts for living olefin polymerization (39a ± c ; Fig-
ure 7).[113] Employing the less bulky Cp ligand, the activated
complexes displayed enhanced activities relative to their Cp*
counterparts. For example, complex 39b/[PhNMe2H]-
[B(C6F5)4] polymerized 1-hexene (200 equiv) to 79% con-
version in only 2 min and proceeded to completion in under
10 min to give a monodisperse polymer (Mn� 20800 gmol�1,
Mw/Mn� 1.03). A kinetic study of 1-hexene polymerization
with 39c revealed a linear relationship consistent with a living
polymerization, and GPC traces of all reported polymers
showed narrow distributions (Mw/Mn� 1.03 ± 1.09). While the
more exposed nature of the metal center was beneficial in
regard to catalytic activity, it had a detrimental effect on
stereoselectivity. Unlike complex 38b, which produced highly
isotactic poly(1-hexene)s, polymers from both the achiral
compounds 39a, b and the C1-symmetric, chiral complex 39c
were atactic, demonstrating the importance of the bulky Cp*
ligand for stereodifferentiation.
Given the enhanced activities of these catalysts toward

polymerization of 1-hexene, Sita et al. reasoned that these
complexes might be capable of polymerization of more
sterically encumbered monomers such as vinylcyclohex-
ane.[113] Indeed, activation of 39a, b at �10 �C in the presence
of vinylcyclohexane resulted in nearly complete conversion to
polymer (Scheme 25). Despite the achiral, Cs-symmetric
nature of catalyst precursors, the poly(vinylcyclohexane)
microstructures in each case were highly isotactic

Isotactic Poly(vinylcyclohexane)

39a,b
[PhMe2NH][B(C6F5)4]

–10°C or 0°C, PhCl

n

Scheme 25. Isospecific living polymerization of vinylcyclohexane with a
zirconium amidinate catalyst.
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([mmmm]� 95%), indicative of a chain-end control mecha-
nism. The linear kinetic relationship and the narrow poly-
dispersities of the polymers (Mw/Mn� 1.04 ± 1.10) demonstrat-
ed the living nature of the polymerization. This living
polymerization was also applied to the synthesis of a new
triblock copolymer composed of poly(vinylcyclohexane) and
polyhexene domains through a sequential addition approach.

6.4. Amine Bis(phenolate) Complexes

In 1999, a new family of Group 4 complexes bearing amine
bis(phenolate) [ONO]- and [ONNO]-type ligands was intro-
duced by Kol, Goldschmidt, and co-workers.[114] Initial inves-
tigations of the Cs-symmetric zirconium compounds 40a and
41a (Figure 8) demonstrated the dramatic effect of the extra
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Figure 8. Amine bis(phenolate) catalyst precursors for living olefin
polymerization.

donor arm on catalytic activity.[115] When activated with
B(C6F5)3 at room temperature, complex 40a bearing the
tridentate [ONO] ligand displayed low activity toward
1-hexene (23 kgPHmolZr�1h�1), producing only 1-hexene
oligomers (�20 units/chain). On the other hand, complex
41a/B(C6F5)3 based on the tetradentate [ONNO] ligand
was extremely active for the polymerization
(15500 kgPH molZr�1 h�1), giving high molecular weight
poly(1-hexene) with polydispersities consistent with a single-
site catalyst (Mn� 170000 gmol�1,Mw/Mn� 2.2). The catalytic
performance of the titanium complexes 40b and 41b was also
investigated.[116] In this case, the activated complex 40b
bearing the [ONO]-type ligand was slightly more active than
the [ONNO] complex 41b, but the polymerization quickly
attained a maximum value of molecular weight (Mn�

1500 gmol�1, Mw/Mn� 2). However, the polymerization of
1-hexene with 41b/B(C6F5)3 bearing the amine donor pro-
ceeded in a living fashion (Mn� 14000 gmol�1,Mn/Mn� 1.18),
giving poly(1-hexene) with a linear increase in molecular
weight with time (Scheme 26). As anticipated, NMR spectro-
scopy revealed the absence of olefinic end groups and the
atactic microstructure of the polyhexene. In this case, the
presence of the extra donor arm served to suppress chain
transfer reactions.
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Atactic Poly(1-hexene)
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 = 14 000 g mol–1
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x
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Mn
 = 11 600 g mol–1

Mw/Mn = 1.2

42
B(C6F5)3

RT

Scheme 26. Living polymerization of 1-hexene and block copolymeriza-
tion of 1-hexene and 1-octene with amine bis(phenolate)-type catalysts.

With the successes of the extra donor arm of these
complexes, Kol, Goldschmidt, and co-workers recently re-
ported a new ligand in this family.[117] Incorporating an extra
oxygen donor, this [ONOO]-type ligand gave the analogous
Cs-symmetric titanium species 42 (Figure 8). When activated
at room temperature by B(C6F5)3, complex 42 proved
to be active for polymerization of 1-hexene (20 ±
35 kgPHmolTi�1h�1) (Scheme 26). The living behavior of this
system was evident by the narrow polydispersities (Mw/Mn�
1.07 ± 1.12) and the linear increase of molecular weight with
time. Amazingly, this linear relationship was still observed
after extremely long reaction times (31 h), giving a high
molecular weight poly(1-hexene) (Mn� 445000 gmol�1, Mw/
Mn� 1.12). The polymerizations also had living character at
elevated temperatures, with reactions as high as 65 �C giving
relatively monodisperse polymers (Mn� 22000 gmol�1, Mw/
Mn� 1.30). The livingness of this system was also demon-
strated through the synthesis of a block copolymer of
1-hexene and 1-octene (Scheme 26). Addition of 1-hexene
to 42/B(C6F5)3 in chlorobenzene at room temperature gave
poly(1-hexene) after 3.5 h (Mn� 9000 gmol�1, Mw/Mn� 1.2).
After an additional 1.5 h, addition of 1-octene to this living
chain end resulted in formation of a higher molecular weight
polymer (Mn� 11600 gmol�1, Mw/Mn� 1.2) with a 13C NMR
spectrum consistent with atactic poly(1-hexene-block-1-oc-
tene).

Angew. Chem. Int. Ed. 2002, 41, 2236 ± 2257 2253



REVIEW G. W. Coates et al.

With the promising lead of living behavior mediated by an
extra amine donor, Kol and co-workers targeted complexes
with a new type of [ONNO] ligand with similar functionality
but different connectivity, providing catalysts with C2 sym-
metry capable of stereocontrol in �-olefin polymerization.[118]

The diamine bis(phenolate) ligands proved excellent for this
task, providing C2-symmetric complexes (43a,b) analogous to
the ansa-metallocenes. Complex 43a, when activated at room
temperature by B(C6F5)3, proved to be an active catalyst for
the polymerization of 1-hexene (18 kgPHmolZr�1 h�1)
(Scheme 27). The linear increase in molecular weight (Mn

up to 12000 gmol�1) with conversion and the narrow molec-
ular weight distribution of the polymers (Mw/Mn� 1.11 ± 1.15)

Isotactic Poly(1-hexene)
[mmmm] > 0.95

Mn
 = 12 000 g mol–1

Mw/Mn = 1.15

43a
B(C6F5)3

RT

n

Scheme 27. Living isospecific polymerization of 1-hexene with a diamine
bis(phenolate) catalyst.

demonstrated the living nature of the polymerization. Fur-
thermore, 13C NMR spectroscopy revealed that the polymer
possessed a highly isotactic microstructure (�95%). The
bulky tert-butyl substituents of 43a were crucial to both the
livingness and stereoselectivity of the catalytic system;
polymerization of 1-hexene with the methyl-substituted com-
plex 43b/B(C6F5)3 yielded atactic poly(1-hexene) with a
broader molecular weight distribution (Mn� 23000 gmol�1,
Mw/Mn� 1.57).

6.5. Bis(phenoxyimine) and Bis(indolideimine)
Complexes

Scientists at Mitsui have discovered that Group IV
complexes bearing phenoxyimine ligands are a remarkable
class of catalysts for olefin polymerization.[119] Based on these
initial discoveries, several advances in the area of stereo-
selective as well as living olefin polymerization have been
reported. For example, Tian and Coates targeted Mitsui-type
complexes (44a) for isospecific propylene polymerization.
Due to their structural similarities with the ansa-metallocenes,
they reasoned that these C2-symmetric complexes might be
suitable precursors for the isospecific polymerization of �-
olefins through a site-control mechanism. Surprisingly, com-
pound 44a/MAO (Figure 9) produced polypropylenes that
were substantially syndiotactic ([rrrr]� 0.78).[120] Microstruc-
tural analysis of the resulting polymer revealed that a chain-
end mechanism was responsible for the observed stereo-
control. Subsequent studies revealed that this extreme chain
end control was enhanced by an unusual secondary insertion

O

O

N
Ar

R
tBu

N

Ar

R
tBu

Cl
Ti

Cl N

N
Ar

N

ArCl
Ti

Cl

N

44a Ar = C6H5, R = tBu
44b Ar = F5C6, R = tBu
44c Ar = F5C6, R = H

45a Ar = C6H5
45b Ar = 2,6-F2C6H3
45c Ar = 2,4,6-F3C6H2

Figure 9. Bis(phenoxyimine) and bis(indolide-imine) catalyst precursors
for living olefin polymerization.

mechanism.[19, 120, 121] However, GPC analyses revealed the
lack of molecular weight control in this system (Mw/Mn� 2).
In an effort to develop improved versions of these

phenoxyimine catalysts, Coates and coworkers discovered
that simple fluorination of the aniline moiety had a beneficial
effect on both catalytic activity and stereoselectivity.[122] The
catalytic system 44b/MAO was an order of magnitude more
active than 44a and provided highly syndiotactic polypropy-
lene ([rrrr]� 0.96; Scheme 28). The polymer exhibited a peak

MAO
0°C Syndiotactic Polypropylene

[rrrr] up to 0.96
Mn up to 100 000 g mol–1

Mw/Mn ~ 1.1

44b/c

Scheme 28. Highly syndiospecific and living polymerization of propylene
with bis(phenoxyimine) catalysts.

melting temperature of 148 �C, among the highest values
reported for syndiotactic polypropylene. These polymers also
displayed narrow molecular weight distributions (Mw/Mn�
1.1) and were free of olefinic end groups. Not only were �-
hydride and �-methyl eliminations suppressed, but the
polymerization also proceeded without transfer to the alumi-
num cocatalyst, a common source of chain transfer in catalytic
systems activated by MAO. The living nature of the reaction
was demonstrated by the linear relationship of molecular
weight and polymer yield. Although a slight deviation from
the initial linear relationship was observed at longer reaction
times, molecular weight distributions remained narrow (Mw/
Mn� 1.11) to molecular weights approaching 100000 gmol�1.
Furthermore, the molecular weight of the polymer was close
to the value calculated from the monomer/initiator ratio
obtained from the mass of the polymer produced, indicating
that each molecule of catalyst produces exactly one polymer
chain during the polymerization. Remarkably, polymers with
Mn� 300000 gmol�1 were synthesized with fairly narrow
molecular weight distributions (Mw/Mn� 1.34), and the reac-
tions were also living at room temperature (Mw/Mn� 1.13).
Fujita and co-workers concurrently reported that the fluorine-
containing catalyst system (44c/MAO) is also living for
propylene polymerization (Mn up to 108000 gmol�1, Mw/
Mn� 1.07 ± 1.14).[123] Polymers from this bis(phenoxyimine)
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catalyst, which incorporates a single tert-butyl substituent on
the phenoxy moiety, exhibited somewhat lower syndiotactic-
ity ([rrrr]� 0.76) and peak melting temperature (Tm� 137 �C)
than polymers from 44b/MAO, although low molecular
weight oligomers (Mn� 2000 g mol�1) are nearly perfectly
syndiotactic.
Coates and co-workers demonstrated the utility of this

living and stereoselective catalyst system through the
synthesis of well-defined ethylene/propylene copolymers
with crystalline, syndiotactic polypropylene domains
(Scheme 29).[122] Addition of 44b to a solution of propylene

LnTi
P

LnTi
P

MAO
0°C

syn-PP
Mn = 38 400 g mol–1

Mw/Mn = 1.11

44b

syn-PP-block-EPR

Mn = 145 000 g mol–1

Mw/Mn = 1.12

Tm = 131 °C, Tg = –45 °C

Scheme 29. Synthesis of ethylene/propylene diblock copolymers with a
bis(phenoxyimine) catalyst ; EPR� ethylene/propylene rubber.

and MAO at 0 �C resulted in the formation of a living
polypropylene after 2 h (Mn� 38400 gmol�1, Mw/Mn� 1.11).
Addition to a slight overpressure of ethylene to this living
chain end resulted in rapid formation of a higher molecular
weight polymer (Mn� 145100 gmol�1, Mw/Mn� 1.12). The
polymer, a syn-PP-block-EPR diblock copolymer, displayed
a Tm of 131 �C, while the Tg of the EPR domain was �45 �C.
Fujita and co-workers have also reported the remarkable,
above room temperature living polymerization of ethylene[124]

(Mn up to 400000 gmol�1, Mw/Mn� 1.05 ± 1.13) and co-
polymerization of ethylene and propylene using the modi-
fied phenoxyimine system 44c.[125] Monodisperse ethylene/
propylene copolymers with varying propylene content
(15 ± 48 mol%) were prepared with 44c/MAO at 25 �C
(Mn� 80000 gmol�1, Mw/Mn� 1.07 ± 1.13). Diblock and tri-
block copolymers composed of polyethylene, polypropylene,
and ethylene/propylene blocks have also been synthesized
with this catalyst system.[124, 125] For example, a syn-PP-block-
EPR diblock similar to that described above by Coates and
co-workers was prepared from reaction of ethylene with a
living polypropylene chain (Mn� 27000 gmol�1, Mw/Mn�
1.13). The resulting copolymer (Mn� 161000 gmol�1) dis-
played a broader molecular weight distribution (Mw/Mn�
1.51).[125]

Fujita and co-workers have also developed a new class of
compounds bearing indolide-imine ligands for the living
polymerization of ethylene.[126] When activated by MAO at
25 �C, complexes 45a ± c produced polyethylenes with narrow

molecular weight distributions (Mn� 11000 ± 41800 gmol�1,
Mw/Mn� 1.11 ± 1.14). Increasing electrophilicity of the metal
center through fluorination of the ligand led to an increase in
activity, with 45c providing the most active precursor. The
living nature of the polymerization was demonstrated for 45c/
MAO by the linear increase in molecular weight with polymer
yield. Notably, polymerization with 45c/MAO at 50 �C also
produced polyethylene with a fairly narrow polydispersity
(Mw/Mn� 1.24).

7. Outlook and Summary

The last half-decade has witnessed a renaissance in living
olefin polymerization, building rapidly on the foundation set
solidly by Doi and co-workers over two decades ago. Today,
we have many efficient and selective catalysts available for
living olefin polymerization. Polyethylene, as well as atactic,
isotactic, and syndiotactic poly(�-olefins) can now be effi-
ciently synthesized in a living manner, allowing the creation of
unlimited new polymer architectures, such as block copoly-
mers and end-functional macromolecules. The ability to
synthesize such polymers will allow the detailed study of
structure ± property relationships and their influence on
mechanical and physical properties of this new class of
materials.
Perhaps the main challenge facing this new field is that

these sophisticated (and therefore usually expensive) metal
complexes only form one polymer chain during the polymer-
ization reaction, rendering the displacement of current
commodity polyolefins by these new materials economically
nonviable. Therefore, significant research must be conducted
to develop new strategies for the production of multiple
polymer chains per initiator. Such approaches will include the
development of agents that can cleave the growing polymer
chain from the metal but regenerate the catalyst in an active
form that can propagate a new polymer molecule. Alternately,
other methods for the synthesis of block copolymers from
non-living systems must also be pursued. These include: 1) the
development of oscillating catalysts that can change their
geometries during chain growth;[127] 2) the transfer of chains
between catalysts of differing stereospecificities;[128] 3) the
change of polymerization conditions that affect stereochem-
istry or comonomer incorporation on a time scale faster than
chain growth; and 4) the development of stopped-flow
techniques.[129]

Undoubtedly, the future will witness continued research at
this exciting interface of organometallic chemistry and
polymer science to the benefit of both fields. It is clear that
living systems will allow detailed mechanistic studies of
catalysts due to their discrete nature; in return these new
catalysts will allow the synthesis and study of a wide range of
new polymeric materials.
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Chemical Strategies for Iron Acquisition in Plants

Dorothee Staiger*

Introduction

1.1. The Role of Iron in Plant Metabolism

In 1882 the plant physiologist Julius von Sachs became
aware of the importance of iron for plant nutrition. He
investigated the consequences of submerging roots into an
iron-free medium by growing plants in hydroponic cultures.
He observed that newly formed leaves remained white
because they were not able to produce the green pigment,
chlorophyll, and concluded that this disease, chlorosis, is the
result of iron deficiency.[1] This experiment demonstrated that
iron is essential for chlorophyll biosynthesis.

The importance of iron for metabolism is founded upon its
ability to form two stable ions, FeII and FeIII. Accordingly, iron
ions are involved in most redox processes in the electron
transport chains of photosynthesis and respiration which serve
to transform energy from electron transport into ATP, the
energy source of the cell. Iron is also important for symbiotic
nitrogen fixation in root nodules of legumes. Iron is contained
in the subunits of the nitrogenase enzyme that reduces N2 to
NH3, as well as in leghaemoglobin that binds molecular
oxygen in the root nodules.

1.2. Threats of Excess Iron

The property of iron ions to catalyze one-electron tran-
sitions requires a limitation of the cellular iron concentration
since iron promotes the formation of toxic oxygen species.
Superoxide anions are formed as intermediates during the
reduction of molecular oxygen to H2O within the cell. These
anions reduce FeIII to FeII (Scheme 1), which in turn catalyze

Scheme 1. Toxicity of iron ions within the cell. The Haber ±Weiss reaction
is the sum of the reduction of FeIII ions by superoxide anions and the
Fenton reaction, the FeII-catalyzed degradation of H2O2 to highly reactive
hydroxyl radicals.

the decomposition of H2O2 to highly reactive hydroxyl
radicals (the Fenton reaction), which damage cellular compo-
nents such as DNA and lipids. Such an excess of reactive
oxygen species is designated oxidative stress.[2, 3] In pea
mutants that accumulate excess iron, for example, cell death
even occurs, which leads to so-called necrotic lesions in leaves.
This situation is analogous to a hereditary disease in humans
in which enhanced iron uptake correlates with highly en-
hanced incidence of liver cancer.

How do plants cope with excess iron? On the one hand, as a
preventive means, an antioxidative system destroys super-
oxide radicals and H2O2 before they come into contact with
iron. Ironically, iron and heme groups are essential cofactors
of the peroxidase and catalase enzymes which decompose
H2O2. On the other hand, excess iron is stored in a multimeric
protein, ferritin, that can accomodate up to 4500 iron ions.[2]

1.3. Iron Uptake

Control of iron uptake represents another approach the
plant can adopt to balance its iron content. Although iron

[*] Dr. D. Staiger
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Swiss Federal Institute for Technology
8092 Zurich (Switzerland)
Fax: (�41)1-632-1081
E-mail : dorothee.staiger@ipw.biol.ethz.ch

Abstract: Iron is an essential element for plant nutrition.
Although iron is the fourth most abundant element (3%)
of the earth×s crust, it is not readily available because of
its low solubility. Therefore, plants need an active
mechanism to extract iron from the soil. They have
evolved several chemical strategies to acquire iron ions
and the physiology of these mechanisms has been known
for a long time. Only recently, the use of molecular
genetic approaches has led to a biochemical and molec-
ular characterization of the players involved, thus provid-
ing an entry to the manipulation of iron uptake in plants.
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ranks fourth (3%) among the elements in the earth×s crust, it is
not readily available for plant nutrition. Iron primarily occurs
in the form of insoluble oxyhydroxide polymers, such as
goethite (�-FeOOH) and hematite (�-Fe2O3), which are
generated by weathering. Free iron ions occur at neutral
pH values only at a concentration of about 10�17� ; ferrous
ions that are more soluble are readily oxidized to ferric ions,
which again precipitate.[4] The low solubility of ferric
ions therefore does not guarantee a sufficient supply of iron
for the roots. Plants therefore require an active mechanism to
release iron from FeIII oxide hydrates and to absorb it from
the soil.

Iron excess is found mainly on waterlogged soil with
anaerobic conditions, such as rice fields. Here, FeIII ions are
readily reduced to more soluble FeII ions. The excess accu-
mulation of FeII ions in the rice plants results in the
well-known bronzing phenomenon, caused by oxidative
stress.[2, 3]

Plants have evolved three chemical strategies to acquire
iron: release of protons from the root surface to enhance
dissociation of FeIII oxides, reduction, and chelation.[3, 5] These
mechanisms have been well described at the physiological
level and several mutants defective in iron uptake have been
identified during the last few decades. However, the use of
molecular genetic approaches has only recently led to the
biochemical and molecular characterization of the players
involved.

2. Strategy I: Reduction

Most plants, except the grasses, activate a battery of
mechanisms–the so-called strategy I, which should be dis-
tinguished from strategy II of the grasses which will be
discussed subsequently.[5]

2.1. Elements of Strategy I

Strategy I plants excrete protons from the root surface to
lower the pH value in the immediate vicinity of the root, the
so-called rhizosphere. It is likely that this is accomplished by
activation of a proton-pumping ATPase, an enzyme that
transfers protons through the cell membrane to the outside at
the expense of ATP. Acidification of the soil shifts the
equilibrium towards dissociation of [Fe(OH)3] complexes:
lowering the pH value by one unit increases the solubility of
FeIII ions by a factor of a thousand.[6]

Furthermore, the capacity to reduce ferric ions in an
NADH-dependent manner increases at the root surface.
Ferrous ions are about 1016 times more soluble than ferric ions
at neutral pH. Ferrous ions are the substrate for a specific
uptake system.[7] In addition, plants increase the surface
available for iron uptake by an increased formation of root
hairs (appendices of the outermost cell layer). The elements
of strategy I are shown in Figure 1. A sensor that measures
iron concentration within the plant has remained elusive.

Figure 1. Elements of strategy I (adapted from ref. [5]). The outermost cell
layer of the root, the rhizodermis, and the immediate vicinity of the soil, the
rhizosphere, are depicted. All plants, except the grasses, respond to iron
limitation by acidifying the rhizosphere, increased reduction of an FeIII

chelate by an NADH-dependent reductase (R) at the root surface, and FeII

uptake by a specific, inducible uptake systeme (Tr). Moreover, the root
surface is increased through the formation of additional root hairs.

2.2. Identification of FeIII ± Chelate Reductase through a
Genetic Approach in the Model Plant Arabidopsis
thaliana

A genetic approach in the model plantArabidopsis thaliana
(Figure 2) has led to the identification of components of the
iron-uptake system. Arabidopsis is a weed of the cruciferous
plant family. It has developed into the model system of plant
molecular biologists because of its short generation time of a
few weeks and its small genome that has been entirely
sequenced.[8]

Figure 2. Arabidopsis thaliana is a small member of the cruciferous plants.
It has developed into the model plant of plant molecular biologists because
of its short generation time of a few weeks and its small genome, whose
entire sequence is known.[8] The bar corresponds to 5 cm.
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Arabidopsis is a strategy I plant and relies on solubilization
of iron by an increased NADH-dependent FeIII-reducing
capacity at the root surface. A genetic screen for mutants that
do not enhance this FeIII-reducing capacity in times of iron
deficiency has been initiated to identify the reducing activity
molecularly.[9] Towards this end, Arabidopsis seeds have been
treated with ethyl methane sulfonate (EMS), a mutagen that
modifies bases of the genome. In the case where such a
mutation affects an essential amino acid of a particular
protein, a defect is observed in the plant. The offspring of the
mutagenized population was screened for individuals with a
defect in their iron-reducing capacity by a colorimetric test for
the product of the reduction: ferrous ions form a complex with
the ferrozine dye whose appearance can be followed photo-
metrically at 562 nm.

In this way, three mutants have been identified, frd1-1, frd1-2
and frd1-3 (frd� ferric reductase deficient). These mutants do
not show an increased FeIII reductase activity upon iron
depletion, in contrast to wild-type plants.[9] Genetic tests
revealed that the three mutations affected the same gene
locus.

The identification of the defective gene in these mutants
took advantage of a concomitant approach to clone plant
FeIII ± chelate reductase by homology to the known yeast
FeIII ± chelate reductase. Towards this end, chemically synthe-
sized oligonucleotides corresponding to conserved regions of
the yeast gene were used as starting molecules for enzymatic
amplification from the Arabidopsis genome by the polymer-
ase chain reaction.[10]

Indeed, part of an Arabidopsis gene was amplified that
codes for a putative reductase. The predicted protein shows,
among others, homology to human phagocyte NADPH
oxidase. This enzyme catalyzes the reduction of O2 to O2

�

by transferring one electron across the cell membrane onto
O2. The newly identified Arabidopsis protein features hydro-
phobic regions indicative of localization within a membrane
(Figure 3). On the cytosolic sides there are binding sites for
the electron donor NADH and the cofactor FAD. The
membrane-localized part of the molecule contains binding
sites for the heme groups that mediate electron transport to
the outside.[10]

Is this protein indeed connected to the defect in the frd
mutants? The transformation of the wild-type gene for the

Figure 3. Schematic structure of the FeIII ± chelate reductase (adapted
from ref. [10]). The reductase has hydrophobic regions indicative of
membrane-spanning domains. On the cytosolic site there are binding sites
for the electron donor NADH and the cofactor FAD. In the part of the
protein that is localized within the membrane there are two histidine
residues (open circles) which serve as attachment sites for the heme groups
that mediate the electron transport.

FeIII reductase into the frd1 mutants results in their ability to
reduce FeIII ions being restored. Furthermore, point muta-
tions were found in the reductase genes of the mutants that
led to defective proteins, which indicated that the frd
mutations indeed affect the reductase-reducing FeIII centers
at the root surface.[10]

2.3. Identification of Components of the Iron-Uptake
System by Functional Complementation of Yeast Mutants

How do FeII ions formed by this reduction step finally get
into the cell? Functional complementation in yeast was
applied to identify iron transport proteins (Figure 4). This

Figure 4. Identification of an Arabidopsis thaliana iron-transport protein
by functional complementation in yeast. A yeast mutant with a defect in
two FeII-uptake systems grows only poorly on a medium with a low iron
concentration and forms small colonies. A number of Arabidopsis genes
was introduced into this mutant. Colonies that subsequently grow better
express an Arabidopsis protein mediating FeII uptake.[11]

technique relied on a yeast mutant defective in two iron-
uptake systems. It grows only poorly on substrates with
reduced iron content, as indicated by the formation of small
colonies. A collection of Arabidopsis genes was introduced
into this mutant. Colonies that grow better and thus have a
larger diameter should express an Arabidopsis protein
mediating FeII uptake.

In this way the Arabidopsis protein IRT1 (IRT� iron-
regulated transporter) encoding a putative iron-transport
protein was isolated.[11] The derived protein is predicted to
have eight membrane-spanning domains. No homology was
found to known iron-transport proteins from yeast or the
bacterium Escherichia coli, which indicates that IRT1 is the
prototype of a new class of transport proteins.

The transport properties of IRT1 were tested after heter-
ologous expression in yeast. The measurement of the uptake
of radioactive iron ions in the presence and absence of the
reductant ascorbate revealed that FeII ions are the preferred
substrate. This observation is consistent with a physiological
role for IRT1 in the uptake of FeII ions, the product of
NADH-dependent reduction.[11] It is frequently observed that
not only iron, but other toxic ions also accumulate in the plant
in response to iron deficiency. To test whether IRT1 can
transport other ions several transition metals were tested for
their ability to compete with uptake of radioactive iron ions.[11]

A 10-fold excess of CdII ions inhibits FeII uptake, whereas
MnII and ZnII ions are inhibitory only at a 100-fold excess.
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These observations suggest that IRT1 may have a broad
substrate specificity and may transport toxic ions such as
cadmium into the plant.

The importance of single amino acids for the transport
process was investigated by site-specific mutagenesis.[12]

Replacement of three histidine residues and a glutamic acid
residue by alanine eliminates transport activity, thus indicat-
ing that these residues may bind the metal ions during the
transport process. Mutation of glutamic acid103 eliminates
the ability to transport zinc, but does not affect the transport
of iron, manganese, and zinc ions. Mutation of aspartic
acid100 eliminates the transport of iron and manganese ions.
Mutation of aspartic acid136 also eliminates transport of iron
and manganese, and impairs uptake of cadmium ions, thus
leaving only zinc ions as a substrate. Thus, single amino acids
were indeed determined that convey substrate specificity to
the transporter.

This finding represents a first step towards a targeted
modification of the transport profile of a protein mediating
metal uptake in plants. Such a modified protein ultimately
may prove useful to manipulate a plant×s metal content by
selective uptake of specific cations, such as iron, but elimi-
nation of others, such as the toxic cadmium ion.

Recently, a second iron transport protein closely related to
IRT1, namely IRT2, was identified in Arabidopsis.[13] Its
expression in the yeast mutant led to the uptake of iron and
zinc, but not manganese and cadmium. The expression of the
IRT2 gene in the outermost cell layers of the root and in the
root hairs suggests that IRT2 may mediate iron uptake from
the soil.[13]

3. Strategy II: Chelation

Grasses, for example, barley and maize, follow strategy II.
It is based on chelation, and takes advantage of iron×s
propensity to form complexes through coordinative bonds.
When iron deficiency occurs, the plants synthesize and secrete
hexadentate chelators that bind FeIII ions from complexes in
the soil and thus keep it in solution.[3, 5] These chelators are
designated ™phytosiderophores∫, in analogy to iron-uptake
systems of microorganisms that secrete iron chelators des-
ignated as ™siderophores∫, from the Greek ™iron bearers∫.[14]

The complexes of iron with the phytosiderophores are
reimported into the root through specialized transport
systems (Figure 5).[15]

The amount of phytosiderophores released into the soil
correlates with the plant×s tolerance of iron deficiency. Barley
is relatively resistant against iron deficiecy, whereas rice
plants that secrete only a few phytosiderophores are sensitive
to iron deficiency (Figure 6).[5, 16]

3.1. Biosynthesis of Phytosiderophores

Phytosiderophores are produced according to the iron
demand in the cell. Under iron limitation, the corresponding
biosynthetic enzymes are induced (Scheme 2). �-methionine
serves as a precursor molecule that is activated at the expense

Figure 5. Elements of strategy II (adapted from ref. [5]). The outermost
cell layer of the root, the rhizodermis, and the immediate vicinity of the soil,
the rhizosphere, are depicted. Grasses respond to iron limitation by
synthesis of phytosiderophores (PS) from �-methionine via the non-protein
amino acid nicotianamine (NA). The phytosiderophores are released into
the rhizosphere and bind FeIII ions. The entire FeIII ± phytosiderophore
complexes are taken up into the cells of the root surface through a specific,
inducible transport system.

Figure 6. Correlation of the release of phytosiderophores and resistance to
iron deficiency (adapted from ref. [5]). The amount of phytosiderophores
released into the soil correlates with the plant×s tolerance of iron deficiency.
Barley is relatively resistant to iron deficiency whereas rice that secrets only
a small amount of phytosiderophores is very sensitive to iron deficiency.
Black bar: preculture in the presence of iron; gray bar: preculture in the
absence of iron.

Scheme 2. Biosynthesis of phytosiderophores (refs. [17 ± 19]). SAM� (S)-
adenosylmethionine; NAS�nicotianamine synthase; NAAT�nicotiana-
mine aminotransferase.

of ATP to (S)-adenosylmethionine.[17, 18] Polymerization of
three molecules of (S)-adenosylmethionine and formation of
an azetidine ring yields the non-protein amino acid nicotian-
amine. The enzyme nicotianamine synthase was purified from
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barley and cloned. It is a novel protein.[19] Nicotianamine is
converted into the keto form through a transamination
catalyzed by nicotianamine aminotransferase and subse-
quently reduced to 2�-deoxymugineic acid.[20] The six func-
tional groups serve to bind the FeIII ions as chelates. The
introduction of additional hydroxy groups into 2�-deoxymu-
gineic acid yields species-specific derivates of mugineic acid
that are collectively designated phytosiderophores.[21] The
additional hydroxy groups can increase the stability of the
FeIII ± chelate complexes.[22]

Interestingly, nicotianamine was found not only in strat-
egy II plants but also in all the plants examined. A mutant
with iron-deficiency symptoms has been found in tomato. This
mutant is unable to synthesize nicotianamine. Nicotianamine
is thought to play a role in the transport of iron ions in
strategy I plants such as tomato. It was shown that the mutant
has a defect in nicotianamine synthase.[23] The products of the
subsequent reactions are found only in grasses. The transfer of
the amino group by nicotianamine aminotransferase is thus
the key reaction that distinguishes grasses from the remainder
of the plants.[24]

3.2. Identification of the Uptake System in FeIII ±
Phytosiderophore Chelate Complexes

Whereas FeIII ions are reduced to the more soluble FeII

form and taken up by transport proteins such as IRT1 in
strategy I plants, strategy II plants take up FeIII ions com-
plexed with phytosiderophores.[5] Recently, the special uptake
system for phytosiderophores was identified by taking ad-
vantage of the maize yellow stripe mutant that cannot take up
FeIII phytosiderophores.[25] Thus, it suffers from iron deficien-
cy and impaired chlorophyll biosynthesis, which results in the
characteristic yellow stripes on the leaves. The mutation is
caused by insertion of the transposon Ac (activator) into a
gene essential for iron uptake. Transposons are DNA
sequences that can change their position in the genome. By
using this genetic element as a tool, the affected gene was
isolated. It codes for a protein with 12 transmembrane
domains. Its role in iron transport was investigated in the
above-mentioned yeast mutant that is deficient in iron uptake
and thus grows poorly under iron limitation. Upon expression
of the maize YS1 gene in the yeast mutant, the mutant is able
to form colonies on medium containing FeII-deoxymugineic
acid, which suggests that YS1 indeed encodes a transporter for
FeIII siderophores.[25]

4. Summary and Perspecitve

Under iron limitation, strategy II plants, such as the grasses,
rely on the production of phytosiderophores, hexadentate
ligands, that are able to form complexes with FeIII ions. The
FeIII ± phytosiderophore complexes are subsequently taken up
by the plants with the help of highly specific root-transport
systems.[15] All other plants release protons into the soil to
solubilize FeIII ions, which are the substrate of an inducible
FeIII ± chelate reductase. The product FeII ion is taken up into

root cells through a specific metal transport protein such as
Arabidopsis IRT1.[11] Strategy I is severely impaired on
calcareous soils because of the high pH values and the low
solubility of FeIII ions. In contrast, phytosiderophores are
capable of chelating iron even at higher pH values. This offers
an ecological advantage to grasses on calcareous soils relative
to strategy I plants.

What are the implications of an increased understanding of
iron-uptake processes in plants for human nutrition? Iron
deficiency is the most prominent of nutritional disorders.[26]

As plants are the main iron source for the majority of the
world×s population, enhancing the iron content of crop plants
could contribute to alleviate iron deficiency.

A prerequisite to manipulate the iron content is to under-
stand the fate of iron in the entire plant: further issues include
details about the translocation of iron within the plant, the
distribution of iron to the organelles within the cell as well as
regulation of the genes whose products are involved in
uptake, distribution, and storage of iron.

To increase the iron content in a useful form for human
nutrition iron has to be targeted to those plant organs that
provide nutrition. Moreover, an increase in iron uptake by
enhanced expression of transport proteins in transgenic plants
requires that the simultaneous uptake of unwanted ions such
as toxic CdII is avoided. Another process that relies on the
uptake of toxic metal ions is known as phytoremediation, the
decontamination of soil and water polluted with heavy metals
with the aid of metal-accumulating plants.[26] In this case,
plants should not transport the metal ions from the roots to
the shoot in order to keep the biomass for disposal small.
Progress in understanding iron uptake obtained with the
model plant Arabidopsis thaliana provides an entry to these
applications.
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Small Interfering RNAs and Their Chemical Synthesis

Ronald Micura*

Only few years ago, it was discovered that RNA plays a
fundamental role in post-transcriptional regulation of gene
expression. When double-stranded RNA (dsRNA) of around
300 to 1000 base pairs (bp) in length was injected into the
nematode Caenorhabditis elegans, the specific silencing of
genes highly homologous in sequence to the delivered dsRNA
was induced.[1] This phenomenon, termed RNA interference
(RNAi), paved the way for a straightforward determination
of gene function, once the sequence of the gene was
known.[2]

Mechanism of RNA Interference

Elucidation of the mechanism of RNAi is subject to
intensive research. Transfection with dsRNA results in the
degradation of the sequence-homologous mRNA, even in
only substoichiometric amounts. The initial step is the
processing of the dsRNA into fragments of 21 ± 23 nucleotide
(nt) strands. These short interfering RNA molecules (siRNA)
are the mediators of mRNA degradation, as was recently
established by T. Tuschl and co-workers, who demonstrated
that chemically synthesized RNA duplexes with the fragment
pattern mentioned above are capable of guiding mRNA
cleavage.[3]

These siRNA duplexes readily associate to form target-
cleaving RNA protein complexes (target� sense or anti-
sense), which have not been well characterized to date. These
complexes are referred to as small interfering ribonucleopro-
tein particles (siRNPs; Figure 1). The model of Tuschl and co-
workers discriminates between two classes of siRNPs; namely,
one that cleaves only the antisense and another that cleaves
only the sense strand. Depending on the orientation of the
duplex within an siRNP, only one of the two siRNA strands is
capable of target-RNA recognition (the siRNAs at the
proteins which are represented by black rounded rectangles
in Figure 1). This model corresponds to earlier findings that
certain chemical modifications, such as 2�-aminouridine or 2�-
deoxythymidine, are well tolerated in the sense strand, but not
in the mRNA cleavage-guiding antisense strand.[4]

Figure 1. Model for RNA interference (RNAi) proposed by T. Tuschl and
co-workers. Small interfering RNAs (siRNA) are the key molecules for
targeted RNA cleavage (Figure adapted from reference[3]).

It is suggested that the relative orientation of the siRNA
duplex within the siRNP is preserved from the preceding step
of dsRNA processing.[3] The proteins involved, among them a
nuclease of the RNase III family, assemble on the dsRNA in
an asymmetric fashion and remain at least partly associated
with the siRNA products. Thus, the molecular information of
directionality is passed on, which results in distinct roles of the
siRNA strands, only one being capable of guiding targeted
RNA cleavage. The siRNA duplex is thought to be tempo-
rarily disrupted during target recognition and reformed after
release of the cleaved target RNA. The position of RNA
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cleavage relative to the guide siRNA is near the center of the
region covered by the 21 or 22 nt siRNA.

Synthetic oligoribonucleotides were also valuable, as it was
observed that 21 or 22 nt siRNA duplexes with double
nucleotide 3�-overhangs were more efficient in degrading
target RNA than similar blunt-ended duplexes.[3] This obser-
vation is consistent with the cleavage pattern of an RNase III-
like nuclease activity during dsRNA processing.[5] It is of
further note that dsRNAs of less than 38 bp are inefficient
mediators of RNAi, as the reaction rate of siRNA formation is
significantly reduced compared with longer dsRNA.[3]

siRNA in Mammalian Cells

Although RNAi has become routine in many laboratories
and has been studied for a wide range of organisms, its use in
mammalian cells has long been considered problematic.
However, with the understanding of siRNAs as key compo-
nents in RNAi, the breakthrough for RNAi applications in
mammalian cells has followed. The problem was that dsRNA
in mammalian cells activates a nonspecific viral defense
mechanism, the interferon response, which results in a global
shutdown of protein synthesis and leads to cell death.[6] This
pathway masks any sequence-specific effects that might arise
from an RNAi pathway. However, the nonspecific pathway
requires longer dsRNA, and does not occur with dsRNAs
shorter than 30 bp. So, Tuschl and co-workers tested the
ability of siRNA to target various luciferase transgenes in
mammalian cell cultures (COS-7, NIH/3T3, HeLa, and
293 cells) and indeed observed reproducible, sequence-spe-
cific siRNA inhibition, which was easily assayed by lumines-
cence spectroscopy.[7] In addition, siRNAs were also effective
when targeting endogenous genes. Non-sequence-specific
effects started to emerge for the transfection with 50 bp and
longer RNAs, which suggested that both pathways (RNAi and
interferon response) can operate simultaneously. However,
gene expression in mammalian cells was not eliminated
completely, as it was observed in the reference system of
Drosophila cells.[7] That apart, the work above represents a
landmark for siRNA as the upcoming gene-silencing method-
ology which, at this time, seems to be more promising than the
alternatives, which include antisense and ribozyme-based
strategies.

Two Major Improvements in the Chemical Synthesis of RNA

Chemically synthesized RNA oligonucleotides are key
components of RNAi technology. Although the widespread
5�-O-dimethoxytrityl(DMT)-2�-O-tert-butyldimethylsi-
lyl(TBDMS) phoshoramidite chemistry enables their syn-
thesis, this method has not reached the level of chemical DNA
synthesis in terms of product quality and the accessible
oligonucleotide length.[8, 9] In the need for more robust RNA
routine-synthesis strategies, two novel methodologies have
been developed and demonstrated to be successful.

The 2�-O-TOM Method

The first improvement was achieved by S. Pitsch and co-
workers and maintains the principle of 5�-O-DMT-protection
and 3�-O-(2-cyanoethyl)diisopropylphosphoramidite coupling

(Scheme 1a,c, Table 1). The key feature is the 2�-O-triisopro-
pylsilyloxymethyl (TOM) protecting group of the nucleotide
building blocks which was first introduced in 1998, but was
recently published with the synthetic details.[10] The TOM
protecting group guarantees an average coupling yield of
99.4% under DNA coupling conditions and the usage of
benzylthiotetrazole as activator. This superior coupling be-
havior, compared to the 2�-O-TBDMS building blocks (typical
coupling yield: �98%), can be attributed to the minimal
steric demand of the TOM protecting group and allows the
synthesis of up to 80mers. Furthermore, the combination of
this coupling with the simple N-acetyl protection at the
exocyclic amino groups of the nucleobases enables a reliable
and complete two-step deprotection, first with MeNH2 in
EtOH/H2O, followed by Bu4NF in THF, without concomitant
degradation of the RNA products. The HPLC chromatograms
of these RNA species are comparable to those obtained for
the corresponding DNA sequence homologues. The TOM
method is offered commercially as an oligoribonucleotide
production service, and the nucleotide building blocks are also
available commercially, which has contributed to the fast
propagation of the method.[11] This availability resulted, for
example, in the development of a solid-phase approach for the
preparation of small circular RNA species, and in the usage of
a variety of TOM-protected modified nucleoside building
blocks.[12] A further strength of the TOMmethod is that it can
be easily combined with the existing large pool of nucleoside
labelling and marker building blocks.

The 2�-O-ACE Method

The second novel method for the chemical synthesis of
RNA was introduced by S. Scaringe and co-workers, and
represents an impressive strategy which was first communi-
cated in 1998, recently followed by the detailed procedures.[13]

Based on the literature, mildly acidic aqueous conditions were
considered the most desirable for the final 2�-O deprotection
of the synthesized RNA. The loss of orthogonality in the
combination with the 5�-O-DMT group was an obstacle to
using a mildly acid-labile 2�-O protecting group. The new
RNA synthesis strategy is therefore based on the fluoride-
labile 5�-O-bis(trimethylsiloxy)cyclododecyloxysilyl ether
(DOD), together with the 2�-O-bis(2-acetoxyethyloxy)methyl
(ACE) orthoester (Scheme 1b,c, Table 1). The 3�-OH group is
derivatized as the methyl-N,N-diisopropylphosphoramidite,
as the cyanoethyl group turned out to be unstable with
fluoride reagents. The coupling yields are higher than 99%, in
less than 90 s and are therefore also superior to those
observed for the TBDMS building blocks.

After the oligonucleotide assembly, the phosphate methyl
protecting groups are removed with disodium 2-carbamoyl-2-
cyanoethylene-1,1-dithiolate trihydrate (S2Na2) in DMF
(Scheme 2). Then basic conditions (40% aqueous MeNH2)
cause oligonucleotide cleavage from the solid support, along
with the removal of the acyl protecting groups on the
exocyclic amino groups and, importantly, of the acetyl groups
on the 2�-orthoesters. The resulting 2�-O-bis(2-hydroxyethyl-
oxy)methyl orthoesters are ten times more acid labile than
prior to the removal of the acetyl groups; very mild acidic
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conditions (pH 3.8, 30 min, 60 �C) are therefore required
for the final deprotection step. The HPLC chromatograms
of the crude RNAs impress by showing hardly any by-
products.

Unequivocally, the access to the 2�-O-bis(2-hydroxyethyl-
oxy)methyl oligoribonucleotide is a major strength of the new

approach as this precursor RNA is water soluble, can be
analyzed by HPLC, and purified if necessary. Of further
significance is that the 2�-O-bis(2-hydroxyethyloxy)methyl
protection of the precursor oligoribonucleotide appears to
interrupt secondary structures. This was demonstrated by the
synthesis of a 23mer homopolymer of guanosine.[13d]

Scheme 1. a) Nucleoside building blocks used in the 2�-O-TOM method (other nucleobases: N4-acetylcytosine, N2-acetylguanine, uracil); b) nucleoside
building block used in the 2�-O-ACE method (other nucleobases: N4-acetylcytosine, N2-isobutyrylguanine, uracil) ; c) General scheme for the automated
synthesis of oligoribonucleotides. PG�protecting group.
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The 2�-O-ACE method can be used on commercial
automated DNA synthesizers after some technical adjust-
ments. This chemistry has been commercialized as an
oligoribonucleotide production service, however, the corre-
sponding nucleotide building blocks are not yet commercially
available. First reports on the incorporation of nucleoside
modifications also exist and, just recently, the combined
chemical and enzymatic synthesis of tRNAs for high-through-
put crystallization was published.[14]

Both methodologies, the 2�-O-TOM method and
the 2�-O-ACE routes are major improvements in the
synthesis of RNA oligonucleotides and offer unpre-
cedented product quality. With respect to the incor-
poration of modifications, the TOM chemistry ap-
pears to have a slight advantage at the moment, as it
benefits from the large existing ™modifier∫ pool
developed for use with TBDMS. It will be interesting
to see if, in the long term, the 2�-O-ACE method is
able to take the place of the 5�-O-DMTmethod, which
is now strengthened by the TOM protecting group.
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Hydrides and Iodides of Gold

Margaret-Jane Crawford* and Thomas M. Klapˆtke*

The synthesis of gold hydrides in the solid state has long
been desirable. Despite early investigations by Wiberg
et al. ,[1] to prepare AuH3 utilizing a variety of reducing agents
such as LiAlH4, AlH3, and LiBH4, no direct evidence for the
elusive AuH3 could be obtained and only decomposition
products, that is, Au and H2 could be detected. Despite, or
possibly because, of the lack of experimental evidence for
gold hydrides in the solid state, a considerable number of
theoretical studies have probed the structure of AuH and by
using density functional methods.[2±6] Moreover, in the past
few years, the chemistry of the gold halides and hydrides has
received a great deal of attention, and utilizing a combination
of computational and experimental techniques, the structures
of many of the gold halides have been shown to agree with
earlier structural predictions made by Schwerdtfeger et al.[5±7]

The similar electronegativities (�ARI� 2.2; �ARH� 2.2;
�ARAu� 2.4)[6b] of I and H, makes a comparison between
gold hydride and iodide compounds relevant.Whereas AuH is
a stable diatomic molecule that has been characterized in the
gas phase, and although the analogous diatomic AuX species
(X�F, Cl, Br) have been know in the gas phase for some time,
it was only very recently that the gas-phase structure of AuI
was determined by microwave spectroscopy.[8] However,
whereas AuH was until very recently unknown in the solid

state, AuI is a well-known and
even commercially available (!)
polymer, which is constructed of
a zigzag chain with linear I-Au-I
units (Figure 1).[9] The unusual
chainlike structure found for AuI
can be explained by relativistic
effects (as opposed to correlation
effects) which show an increased
covalency in the Au�I interac-

tions.[10] The structures of AuI3 and AuH3, however, were
found to be a complex problem, not least because of the
decreasing stability of the gold trihalides with increasing mass
of the halide.[11±14] For AuH3, the lowest-energy isomer was
found not to be either the T-shaped or linear structure, but
rather, a Y-shaped structure (singlet electronic state) which is
better viewed as an adduct between AuH and H2.

Bayse recently reported detailed quantum-chemical DFT
studies of the AuH3/Au2H6 system, and suggested that in
AuH3 the AuH and H2 units would be only loosely bound
together [Eq. (1)].[3]

HAu(�2-H2) ���Ediss�kJmol�1 AuH�H2 (1)

Moreover, with respect to the dimerization of AuH3 to form
Au2H6, the ™classical∫ square-planar, D2h structure of Au2H6

was reported to be the only isomer located. The dimerization
of both the Y- and T-shaped isomers of AuH3, which formed
D2h Au2H6, was found in both cases to be an exothermic
process by �84 and �305 kJmol�1, respectively (Figure 2).
The bonding in the lowest-energy Y-shaped isomer of AuH3

Figure 2. Relative energies of various gold hydride species (TS� transi-
tion state).
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Figure 1. Solid state struc-
ture of gold(�) iodide.
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can be rationalized as consisting of two major donor± accep-
tor interactions:[2]

a) donation of electron density from the bonding H2 � orbital
into an empty orbital on the metal center (M),

b) back donation of electron density from a filled d� metal
orbital into the antibonding �* H�H orbital.
The ��M interaction results in both a decrease of the H�H

bond strength, and an increase in the H�H bond length with
respect to the free H2 molecule. However, if the back
donation M��* is particularly strong, the H2 units can be
cleaved by oxidative addition, which results in formal
oxidation of the metal from M(n) to M(n� 2). However, in
the case of AuH3, oxidative addition does not occur, that is,
the H�H bond in the H2 ligand remains intact.

Recent ground-breaking solid-matrix investigations by
Andrews and Wang,[15] have provided the first experimental
evidence for not only (H2)AuH, but also for AuH5 and the
corresponding deuterated analogues. The excellent agree-
ment between calculated and experimentally observed vibra-
tional spectra confirm the existence of the metal ± hydride ±
dihydrogen complex for AuH3 as opposed to the T-shaped C2v

structure which represents a first-order transition state, or the
also postulated, but not observed, planar D3h Y-shaped
structure (also not a true minimum), or linear C�v form of
AuH3, with the triplet-electronic-state analogues being higher
in energy in all cases than the singlet state. The effective
stabilization of (H2)AuH by addition of H2 forming
(H2)AuH3, resulted in the experimental observation of a
further, previously unknown gold hydride.

Certainly, establishing the first gold hydride in the con-
densed phase was a remarkable experimental achievement
and now raises the question, as to whether the synthesis and
characterization of one of the last missing members of the
AuX/AuX3 (X�H, F ± I) series AuI3 can be achieved.
Recently, detailed computational investigations building on
initial investigations by Schwerdtfeger et al.[12] have probed
the question as to the structure and stability of gold iodides in
the � ��� oxidation state.[14] The calculated isomers and their
relative energies are shown in Figure 3. Whilst Au2I6 was
calculated to adopt a D2h gas-phase structure, the potential-
energy surface for the monomer AuI3 is particularly flat. Thus,
the Y-shaped form of AuI3 is a true minimum at B3LYP level

Figure 3. Relative energies of gold(���) iodide species.

of theory, but a first-order transition state at the MP2 level. In
contrast to the lighter gold trihalide homologues, the Y-shap-
ed structure is lower in energy than the T-shaped species
(B3LYP level) which in turn corresponds to a first-order
transition state (global minimum for AuF3, AuCl3, AuBr3 is
the T-shaped isomer; the Y-shaped form is a first-order
transition state). The Y-shaped molecule (which is favored
over the T-shaped form by 3 ± 8 kJmol�1) in AuI3 can best be
described as (I2)AuI in an analogous manner to AuH3, that is,
an I2 unit is loosely bound to an Au-I moiety. Again, the I�I
bond length is only slightly longer than that found in free I2,
however, the dissociation energy of non-relativistic (I2)AuI
(forming I2 and AuI) is only �28 kJmol�1, and as for
(H2)AuH, the dissociation energy is only mildly endothermic.
However, with relativistic considerations at the CCSD(T)
level of theory this value is considerably higher at
97.3 kJmol�1. However, when a consideration of relativistic
effects is taken into account, the Au�I bond length is
considerably shortened (by �0.5 ä) and is rationalized as
an increase in the oxidation state of the central Au atom from
� � to � ���, thus the higher oxidation state is stabilized by
relativistic effects.

Static and dynamic Jahn ±Teller systems have been used to
explain the paradox between the gold trihalides. In AuI3 the
difference in energy between the Y- and T-shaped species is
considerably smaller than in AuF3, thus making AuI3 a
dynamic Jahn ±Teller system. Such distortions are, of course,
further increased by relativistic effects. Recently, the global
minimum for AuI3 has been elucidated to be that of a further
isomer, the L-shaped form (Cs symmetry), which is a true
minimum for all AuX3 (X�F ± I) species, but only for AuI3 is
this the lowest energy form.[14] In the L-shaped isomer the
charge transfer from the X2 unit to the AuX moiety has been
calculated to be most pronounced for AuI3.

With the successful preparation of gold hydrides in the solid
state for the first time, an obvious synthetic target must now
be the solid state characterization of a free trialkyl gold
compound, such compounds have been extensively investi-
gated both theoretically and experimentally by Hoffmann
et al. although never isolated in the solid state.[16] Finally, very
exciting advances have also recently been made in gold
chemistry by M. Jansen et al. in the chemistry of auride
compounds with the synthesis, isolation, and characterization
of cesiumauride ammonia, CsAu ¥NH3, a crystalline analogue
of alkali metals dissolved in ammonia[17] and K. Seppelt and
co-workers with the successful preparation of several binary
and ternary gold-xenon complexes.[18, 19]

[1] E. Wiberg, H. Neumaier, Inorg. Nucl. Chem. Lett. 1965 1, 35 ± 37.
[2] C. A. Bayse, M. B. Hall, J. Am. Chem. Soc. 1999, 121, 1348 ± 1358.
[3] C. A. Bayse, J. Phys. Chem. A 2001, 105, 5902 ± 5905.
[4] K. Balasubramaniian, M. Z. Liao, J. Phys. Chem. 1988, 92, 361 ± 364.
[5] P. Schwertdfeger, P. D. W. Boyd, A. K. Burrell, W. T. Robinson, M. J.

Taylor, Inorg. Chem. 1990, 29, 3593 ± 3607.
[6] a) P. Schwerdtfeger, P. D. W. Boyd, S. Brienne, A. K. Burrell, Inorg.

Chem. 1992, 31, 3411 ± 3422; b) P. Schwerdtfeger, Heteroatom Chem. ,
in press.

[7] P. Schwerdtfeger, M. Dolg, W. H. E. Schwarz, G. A. Bowmaker,
P. D. W. Boyd, J. Chem. Phys. 1989, 91, 1762 ± 1774.

[8] L. M. Reynard, C. J. Evans, M. C. L. Gerry, J. Mol. Spectrosc. 2001,
205, 344 ± 346.
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Comment on the Communication ™Highly Efficient White Organic
Electroluminescence from a Double-Layer Device Based on a Boron

Hydroxyphenylpyridine Complex∫ by Wang et al.

Pi-Tai Chou,* Chung-Chih Cheng, Chau-Shuen Chiou, and Guo-Ray Wu

Recently, Liu et al.[1] developed a new luminescent materi-
al, 1,6-bis(2-hydroxy-5-methylphenyl)pyridine, ((mdppy)BF)
and investigated its electroluminescent (EL) properties. They
claimed that a highly efficient ™white-light∫ device could be
produced based on molecular structures incorporating ITO/
NPB/(mdppy)BF/LiF/Al configurations (ITO� indium ± tin
oxide; NPB�N,N�-bis(�-naphthyl)-N,N�-diphenyl-1,1�-bi-
phenyl-4,4�-diamine). Knowing that the photoluminescence
(PL) spectra of solid film for individual (mdppy)BF and NPB
were maximized at 445 and 450 nm, respectively, they further
attempted to rationalize the results of white-light EL based on
the exciplex formation at the interface between NPB and
(mdppy)BF. Support for this viewpoint was rendered by the
PL spectra of the single-layer co-deposited NPB/(mdppy)BF
film in which the emission is qualitatively similar to the EL
spectrum at a high ratio of the interface versus the bulk of the
two materials.

While the results and interpretation are sound, the EL
spectrum illustrated in Figure 4, which is the main frame of
ref. [1], deserves more careful examination. Through the
course of studies on the weak chemiluminescence and/or
electroluminescence we have gained a lot of experience in
dealing with the interference of stray, dim light, particularly
when the sample emission consists of broad spectral features.
When we compared Figure 4 of the article with the spectrum
acquired from dim room light (fluorescent lamp) a striking
resemblance was apparent. Four major Hg lines (Figure 1b;
405, 437, 546, and 577 nm) exactly overlap with the peaks in
the EL spectrum shown in Figure 4 of ref. [1] (Figure 1a). The
ratios for the respective peaks of Figures 1a and b are slightly
different. This is possibly a result of the different spectral
response of the charge coupled detector (CCD, Princeton
Instrument, Model 576G/1) and the PR650 spectrometer used
in ref. [1].

The much more sensitive CCD system led to the use of a
smaller slit and hence increased the spectral resolution (note
the doublet feature on the 577-nm line). Figure 1c demon-
strated the low-resolution spectrum of room light in which the
slit had been adjusted so that the bandwidth of the spectral
line was similar to that shown in ref. [1]. Again, the match of
four spectral lines in Figure 1a and c is apparent.

The exact match in wavelength for four Hg atomic lines led
us to conclude that there existed certain interference from the
stray light in the EL spectrum shown in Figure 4 of ref. [1].
Furthermore, there is a lack of photophysical basis to
anticipate sharp spectral lines in an EL device consisting of
organic dyes in the solid film.

Certainly, without performing a similar EL experiment as
that in ref. [1], we cannot and do not intend to make any
conclusions regarding the capability of the white-light gen-
eration based on the aforementioned device. However, the
significance of ref. [1] is mainly in the white light generation
using a very simple organic array which is of current
importance in developing a light-emitting device. We thus
feel this comment is appropriate and timely.

[1] Y. Liu, J. Guo, H. Zhang, Y. Wang, Angew. Chem. 2002, 114, 190 ± 192;
Angew. Chem. Int. Ed. 2002, 41, 182 ± 184.
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E-mail : chop@ccms.ntu.edu.tw

C.-C. Cheng
Department of Chemistry, Fu-Jen Catholic University
No. 510, Chung Cheng Road, Shin Chuang, Taiwan (ROC)

C.-S. Chiou, G.-R. Wu
Department of Chemistry, National Chung-Cheng University
No. 160, San-Hsing, Ming-Hsiung, Chia-Yi, Taiwan (ROC)

Figure 1. a) The EL spectra taken from Figure 4 of ref. [1]; b) spectrum of
the dim room light from a Hg fluorescence lamp; c) similar experimental
conditions as in b, except that the slit was adjusted to achieve similar
spectral resolution as in a.
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Reply

Yu Liu, Jianhua Guo, Huidong Zhang, and Yue Wang*

Recently, we reported a new luminescent complex,
boron 1,6-bis(2-hydroxy-5-methylphenyl)pyridine fluoride
((mdppy)BF), and a white electroluminescent (EL) device
based on (mdppy)BF.[1] Figure 4 in ref. [1] needs a more
careful examination. In fact, we are also trying to explain the
EL spectrum feature. Figure 4 was recorded at lower lumi-
nance (10 cdm�2). The comment of Chou et al. made us
realize that stray light could disturb the EL spectrum feature.
In ref. [1] we only presented an EL spectrum at low
luminance. We also recorded the EL spectra at higher
luminance. Figure 1 shows the EL spectra of the ITO/NPB/
(mdppy)BF/LiF/Al device recorded at 30 and 120 cdm�2,
respectively. The EL spectrum at the higher luminance level
showed a different line shape than that at low luminance
because stray light interference is negligible at higher
luminance. Before reading the comment of Chou et al. , we
believed that the EL spectra at low luminance were different
to those at higher luminance because exciplex emissions
exhibit different characteristics at different luminance levels.
Exciplex emission often contains quite complex mechanisms
and thus the EL devices that have exciplex emission often
show different EL spectra with varying luminance.

The minimum luminance that our PR 650 spectrometer can
detect is 1 cdm�2 and its measurement error is 2%. The
PR 650 spectrometer could not detect the luminance of stray
light, so the luminance of the stray light was lower than
1 cdm�2. The EL efficiency and Commission Internationale
de l×Eclairage (CIE) coordinates, which were described in
ref. [1], were obtained at higher luminance (�100 cdm�2).
The performance data of the white EL device was precise.
Recently, we developed five other boron hydroxyphenyl ±
pyridine complexes and investigated their EL properties.
The five complexes showed similar EL performance to

(mdppy)BF. Boron hydroxyphenyl ± pyridine complexes
could be used to develop highly efficient white EL devices
with simple device structure and material system. We will
report our new results in the near future. Finally, we thank
Chou et al. for their comment, which helped considerably to
clarify the EL spectra that we obtained.

[1] Y. Liu, J. Guo, H. Zhang, Y. Wang, Angew. Chem. 2002, 114, 190;
Angew. Chem. Int. Ed. 2002, 41, 182.

[*] Prof. Dr. Y. Wang, Y. Liu, J. Guo, H. Zhang
Key Laboratory for Supramolecular Structure and Materials of the
Ministry of Education
Jilin University
Changchun 130023 (P. R. China)
Fax: (�86)431-898-0729
E-mail : yuewang@mail.jlu.edu.cn

Figure 1. The EL spectra of the ITO/NPB/(mdppy)BF/LiF/Al device at a
luminance of a) 30 cdm�2 and b) 120 cdm2�.
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The Stable Pentamethylcyclopentadienyl Cation Remains Unknown**

Michael Otto, David Scheschkewitz, Tsuyoshi Kato, Mark M. Midland,
Joseph B. Lambert, and Guy Bertrand*

For several years we have been interested by the stabiliza-
tion of highly reactive species, such as silyl cations,[1]

carbocations,[2a] carbenes,[2b] diradicals,[2c] and antiaromatic
heterocycles;[2d] thus, cyclopentadienyl cations are of special
interest for us. The parent compound (C5H5

�) is supposed to
have antiaromatic character,[3] and the triplet ground state
predicted from simple H¸ckel theory has been confirmed by
ESR spectra[4] and by the latest ab initio calculations.[5] Like
the C5H5

� ion the pentamethylcyclopentadienyl cation
(C5Me5�) is predicted to have a triplet ground state, with the
singlet state being 4.2 kcalmol�1 higher in energy.[5b] Jutzi and
Mix[6] reported that the reaction of bromopentamethylcyclo-
pentadiene with silver tetrafluoroborate or hexafluoroantim-
onate below �30 �C, led to a deep violet solution. In the
13C NMR spectrum, only a broad signal attributed to the
solvent was observable, which indicated the triplet nature of
the cation. Polymers were formed upon warming this solution,
but the pentamethylcyclopentadienyl cation has been trapped
by various nucleophiles.

Based on this prior literature, the recent report on the
isolation of the pentamethylcyclopentadienyl cation 1 by one
of us[7] was therefore really fascinating and unexpected. The
tetrakis(pentafluorophenyl)borate salt of 1 was described as a
crystalline material, stable for weeks at room temperature,
and that can be left open to the atmosphere without serious
decomposition.

There were two major differences between the calculations
and observations: the observed C4�C5 bond length (1.51 ä)
was 11% longer than the calculated one (1.36 ä), and in
contrast to the calculated geometry, which predicted no
pyramidalization of C4 and C5, their attached methyl groups
protruded appreciably from the plane (CH3-C4-C5-CH3

dihedral angle� 106.9� ; Figure 1). These differences were
explained by crystal packing between the anion and the
cation, which would pyramidalize C4 and C5, a distortion
permitted by the weak � bonding. These would have been
noncovalent nonbonded interactions. The resulting deforma-
tions would have been a trade off between coulombic
attractions and nonbonded repulsions.

Figure 1. Comparison of 13C NMR chemical shifts and geometric param-
eters for 1 and 2 (1: solid-state NMR spectroscopy and X-ray diffraction
study; 2 : solution NMR and calculations).

Although reasonable these explanations were not totally
convincing. Moreover, the observed dihedral angle between
the methyl groups bonded to C4 and C5 and the C4�C5 bond
length were in perfect agreement with a saturated fragment
(C4�C5 single bond and the methyl groups in trans position).
In other words, hydrogen atoms (difficult to observe by X-ray
diffraction studies) might have been present on C4 and C5 and
therefore the actual structure would be the already known[8]

pentamethylcyclopentenyl cation 2. This assumption was
reinforced by the 13C NMR chemical shift for the C4 and C5
carbons of 1 (�� 60), which are in the expected range for the
corresponding sp3 carbon atoms of 2 (Figure 1).[9]

To confirm our hypothesis, we first treated a CD2Cl2
solution of pentamethylcyclopentadiene with trifluorome-
thylsulfonic acid at room temperature (Scheme 1). According
to 1H and 13C NMR spectroscopy, the protonation reaction
was extremely clean. The 1H NMR spectrum fits perfectly
with that reported for compound 2,[8b] while the 13C{1H} NMR
spectrum (�� 244.5, 153.6, 60.6, 23.6, 14.6, 10.8 ppm) is also in
good agreement with that reported for 1 (Figure 1).[7]

Interestingly, the 13C NMR proton-coupled spectrum indi-
cates that the signal at 60.6 ppm arises from a CH carbon atom
[1J(CH)� 129.6 Hz]. Ab initio calculations (B3LYP/6-
31G**)[10] were also carried out on compound 2 and the
optimized geometry reproduces reasonably well the exper-
imentally observed parameters for 1 (Figure 1).

CF3SO3H

CF3SO3

HH

H

BF4

Ph3C   X

CD2Cl2, 20oC

2

CD2Cl2, 20oC
2 or  B(C6F5)4

Scheme 1.
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We have checked that Cp*H (Cp*�C5Me5) reacts with
triphenylmethyl tetrafluoroborate and tetrakis(pentafluoro-
phenyl)borate salts to afford derivative 2 (�50% yield;
Scheme 1). This reaction is quite unexpected. Performing the
previous experiments in deuterated solvents, or using Cp*D
as a precursor, also leads to 2, without deuterium atoms on C4
and C5. Therefore, we have to admit that the mechanism of
this reaction is still obscure and requires further investigation.

In conclusion, there is no doubt that the reported penta-
methylcyclopentadienyl cation 1[7] is actually the pentame-
thylcyclopentenyl cation 2. However, these recent develop-
ments will stimulate further research in this challenging area.
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Comment on the X-Ray Structure of Pentamethylcyclopentadienyl Cation

Thomas M¸ller*

In a recent communication Lambert and co-workers
reported the unusual X-ray structure of singlet pentamethyl-
cyclopentadienyl cation 1.[1] Its molecular structure (1a,
Figure 1) is highly localized with C1�C2 and C2�C3 distances
expected for allyl cations (139.3 and 140.5 pm, respectively)
and relatively long C1�C5 and C3�C4 bonds (148.2 and
150.0 pm, respectively). The most unusual and striking
structural feature of this cation is, however, a very long
formal C�C bond (151.0 pm) with strongly trans pyramidal-
ized carbon atoms (dihedral angle �(H3C-C4-C5-CH3)�
107�). It is noteworthy that the sum of the bond angles
around the pyramidalized carbon atoms, C4 and C5, are 327.8�
and 327.7�, very close to that expected for tetravalent carbon
atoms.[2] Although the authors noted that this unusual
geometry of the claimed cation 1 is not supported by theory,[1, 3]

they attribute this distortion to crystal packing forces ™permit-
ted by the weak � bonding∫ between C4 and C5.[1]

Solid-state 13C NMR spectroscopy of the crystalline mate-
rial gives 13C NMR chemical shifts for C1 ±C3 characteristic
for allyl cations (�� 250, 243 (C1 and C3), 153 ppm (C2)).[1, 4]

A resonance at � 13C� 60 ppm was attributed to C4 and C5
(Table 1, entry 9),[1] a very unusual upfield shifted 13C NMR
signal for a formally sp2-hybridized carbon atom.

The close structural and magnetic similarity of 1a to allyl
cations prompted us to reinvestigate the structure and NMR
spectroscopy parameters of 1 and related allyl cations by

Figure 1. Experimental molecular structure of the cation 1a[1] and
calculated structures of singlet 1b (B3LYP/6 ± 31G(d)) and singlet 1c
(CASSCF(4/5)/6 ± 31G(d)) and 2 (B3LYP/6 ± 31G(d)); bond lengths [pm],
dihedral angle � (Me-C4-C5-Me) [�].
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quantum-mechanical calculations.[5] The results suggest that the
X-ray structure reported by Lambert and co-workers[1] is not
that of 1 but that of the pentamethylcyclopentenyl cation, 2.

Pyramidalization of a C�C bond is energetically a very
unfavorable process. For example, tetramethylethene (3) in its
equilibrium geometry (3a) is lower in energy by
54.4 kcalmol�1 than in the pyramidalized structure 3b (Fig-
ure 2, Table 1). The C�C bond in 3b is slightly elongated upon
pyramidalization (134.9 pm (3a); 139.9 pm (3b) at B3LYP/6-
31G(d)[6]). It is, however, still markedly shorter (by 11.1 pm)
than the C4�C5 bond in the crystal structure 1a. In addition,
NMR calculations at the GIAO/B3LYP/6-311G(d,p) level of
theory[7] reveal that this distortion of the C�C bond is
connected with a significant downfield shift of the 13C NMR
chemical shift of the unsaturated carbon atoms (���
48.1 ppm, see Table 1, entries 1 and 2). This is in contrast to
the finding by Lambert et al. who report a significant upfield
shift for the resonance signals of C4 and C5 compared to the
expected range for tricoordinate carbon atoms.[1] Even in the
case of a weak � bond, modeled by 3with a fixed C�C bond of
151 pm (3c), the pyramidalization is a quite unfavorable
process, (energy difference 3c/3d : 46.4 kcalmol�1) and it
results in a downfield shift of the 13C NMR resonance of the
tricoordinate carbon atoms (��� 44.3 ppm).

In Figure 1 the theoretical structures of singlet penta-
methylcyclopentadienyl cation (1b,c) obtained at different
levels of theory are compared with the molecular geometry
derived from Lambert and co-worker×s X-ray structure (1a).
In agreement with previous ab initio calculations,[3c] the DFT
optimization of singlet 1 results in a Jahn ±Teller-distorted
bisallylic structure, 1b,[3e] while multi configuration self-con-
sistent-field (MCSCF) calculations[8] predict the allyl ± ene
isomer, 1c, to be more stable.[1] It is important to notice that

Figure 2. Pyramidalization of 3.

both theoretical singlet structures differ significantly from the
experimental geometry 1a. In particular, the distortions
apparent in 1a destabilize it considerably compared to both
isomers 1b and 1c. That is, 1a is higher in energy by
61.3 kcalmol�1 and 47.8 kcalmol�1 compared to 1b and 1c,
respectively (at B3LYP/6-311G(d,p)//B3LYP/6-31G(d)(1a/
1b) and at CASSCF(4,5)/6-31G(d)(1a/1c)).[9] This situation
suggests that � bonding in both isomers is no less important
than in the regular alkene 3. Also the calculated 13C NMR
chemical shifts for singlet 1b and 1c deviate noticeably from
the experimental data (Table 1), which indicates that neither
1b nor 1c have been obtained.

In sharp contrast, not only the theoretical structure for the
permethylated allyl cation 2 closely matches the experimental
structure (Figure 1), also the calculated 13C NMR chemical
shifts compare favorably with the 13C NMR data provided by
Lambert and co-workers (Table 1). The agreement between
the calculated NMR chemical shifts for 2 and those deter-
mined experimentally is further improved when the NMR
calculations employ not the theoretical gas-phase structure,
but the experimental structure with hydrogen atoms attached
to the carbon atoms C4 and C5,[10] thus transforming the
alleged cation 1 into the cyclopentenyl cation 2 (Table 1).

Quantum-mechanical calculations show that the distortions
which are apparent in the unusual structure 1a strongly
destabilize 1. Therefore, it is unlikely that relatively weak
crystal-lattice forces are responsible for the elongated, trans
pyramidalized formal C�C bond in 1a. On the other hand,
calculations of geometry and 13C NMR chemical-shift param-
eters for the pentamethylcyclopentene cation 2 are in good
agreement with the experimental data reported by Lambert
et al. In conclusion, our computational results provide strong
evidence that the species obtained by Lambert and co-
workers is indeed the pentamethylcyclopentene cation 2.

[1] J. B. Lambert, L. Lin, V. Rassolov, Angew. Chem. 2002, 114, 1487;
Angew. Chem. Int. Ed. 2002, 41, 1429.

[2] Geometrical data are extracted from the Cambridge data base file
CCDC-178042.

[3] a) A detailed review is given by V. I. Minkin, M. N. Glukhovtsev, B. Y.
Simkin, Aromaticity and Antiaromaticity, Wiley, New York, 1994,
p. 230; b) M. N. Glukhovtsev, B. Reindl, P. v. R. Schleyer Mendeleev
Commun. 1993, 100; c) B. Reindl, P. v. R. Schleyer, J. Comput. Chem.
1998, 19, 1402; d) Y. Shiota, M. Kondo, K. Yoshizawa, J. Chem. Phys.
2001, 115, 9243; e) The triplet state, 1(T), is however lower in energy
than 1b by 6.1 kcalmol�1 (B3LYP/6 ± 31G(d)).

Table 1. Relative energies of compounds 3 and calculated 13C NMR chemical shifts for compounds 1 ± 3 (GIAO/B3LYP/6 ± 311G(d,p)//B3LYP/6 ± 31G(d)).

Entry Compound Erel [kcalmol�1] � 13C(C1)[a] � 13C(C2)[a] � 13C(C3)[a] � 13C(C4)[a] � 13C(C5)[a]

1 3a 0.0 133.0 133.0
2 3b 54.3 181.1 181.1
3 3c 12.6 163.4 163.4
4 3d 58.9 207.7 207.7
5 1b 144.3 282.0 144.2 191.0 204.4
6 1c[b] 258.2 154.9 282.6 164.9 176.8
7 2 256.7 158.6 256.7 67.8 69.3
8 2 (X-ray)[c] 253.3 156.1 251.1 63.6 62.7
9 1a (exp)[d] 243/250 153 243/250 60 60

[a] Calculated relative to tetramethylsilane (TMS):�(13C)� 183.8. [b] A CASSCF(4/5)/6 ± 31G(d) optimized geometry was used. [c] Heavy-atom geometry
taken from ref. [1], all 15 methyl hydrogen positions and the C(4)- and C(5)-methin hydrogen positions optimized at B3LYP/6 ± 31G(d). [d] Experimental
data for 1a reported in ref. [1].
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[4] 13C NMR data for allyl cations: a) G. A. Olah, G. Liang, J. Am. Chem.
Soc. 1972, 94, 8071; b) H. Mayr, G. A. Olah, J. Am. Chem. Soc. 1977,
99, 510; c) G. A. Olah, H. Mayr, J. Am. Chem. Soc. 1976, 98, 7333;
d) G. A. Olah, P. R. Clifford, Y. Halpern, R. G. Johanson, J. Am.
Chem. Soc. 1971, 93, 4219; e) G. A. Olah, R. J. Spear, J. Am. Chem.
Soc. 1975, 97, 1539.

[5] All calculations were performed with Gaussian98 Revisions A3 ±A9,
Gaussian, Inc., M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo,
S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K.
Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B.
Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.

Nanayakkara, C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G.
Johnson, W. Chen, M. W. Wong, J. L. Andres, M. Head-Gordon, E. S.
Replogle, J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 1999.

[6] a) A. D. Becke, Phys. Rev. A 1988, 38, 3098; b) A. D. Becke, J. Chem.
Phys. 1993, 98, 5648; c) C. Lee,W. Yang, R. G. Parr,Phys. Rev. B. 1988,
37, 785.

[7] a) R. Ditchfield, Mol. Phys. 1974, 27, 789; b) K. Wolinski, J. F. Hilton,
P. Pulay, J. Am. Chem. Soc. 1982, 104, 5667; c) J. R. Cheeseman, G. W.
Trucks, T. A. Keith, M. J. Frisch, J. Chem. Phys. 1996, 104, 5497.

[8] For an introduction in the methodology see: W. J. Hehre, L. Radom,
P. v. R. Schleyer, J. A. Pople, Ab initio molecular orbital theory, Wiley,
New York, 1986.

[9] Calculated from single-point energies using the heavy-atom geometry
of 1a with all 15 hydrogen positions of 1 optimized at B3LYP/6 ±
31G(d).

[10] Calculated by using the heavy-atom geometry of 1a with all
17 hydrogen positions of 2 optimized at B3LYP/6 ± 31G(d).

Statement

Joseph B. Lambert*

As we conclude in the accompanying Correspon-
dence,[1] the X-ray structure described recently[2] is of
the pentamethylcyclopentenyl cation (A) rather than
the pentamethylcyclopentadienyl cation (B). The

key resonance of the CH protons in the NMR
spectrum of A is broad and featureless, inexplicably
lacking the expected quartet splitting. In the 1H/13C
2D spectrum, the CH group exhibits a weak to
negligible cross peak, in contrast to the strong cross
peaks for all the methyl groups. Consequently, the
methine carbon appears to show no hydrogen
connectivity.

In addition to the method of formation described
in ref. [2], we previously prepared the same cation by
five other methods (Scheme 1), all of which admit of
logical pathways to B rather than to A. Triphenyl-
carbinol is not a product, only triphenylmethane in
each case. We are currently exploring mechanistic
pathways that can explain these unusual observations.

Because of the evidence presented in ref. [1], I am
retracting the conclusions of ref. [2], which were entirely my

own and imply no reflection on the part of my co-workers
(whose experimental and theoretical work is valid).

[1] M. Otto, D. Scheschkewitz, T. Kato, M. M. Midland, J. B. Lambert, G.
Bertrand, Angew. Chem. 2002, 114, 2379; Angew. Chem. Int. Ed. 2002,
41, 2275.

[2] J. B. Lambert, L. Lin, V. Rassolov, Angew. Chem. 2002, 114, 1487;
Angew. Chem. Int. Ed. 2002, 41, 1429.

[*] Prof. Dr. J. B. Lambert
Department of Chemistry
Northwestern University
Evanston, Illinois, 60208 (USA)
Fax: (�1)847-491-7713
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Supramolecular-Wire Confinement of I2
Molecules in Channels of the Organic Zeolite
Tris(o-phenylenedioxy)cyclotriphosphazene**
Tino Hertzsch, Felix Budde, Edwin Weber, and
J¸rg Hulliger*

1D arrays of atoms or molecules with the property of
conducting charge or photonic energy are considered major
components for setting up future devices based on molecular-
sized functional units.[1] Molecular wires typically include
conjugated chain-type molecules in solution[2] and carbon
nanotubes.[3] By use of scanning-probe microscopy tech-
niques, it is possible to prepare atomic arrays in chains or
other structures on a substrate.[4] Recently, potassium-doped
fullerene chains were found in channels of an inorganic
material.[5] In crystals of inorganic zeolites, dyes can transport
photonic energy.[6] Dielectric crystalline host structures that
provide an ordered array of aligned functional molecules are
therefore of general interest to investigate transport proper-
ties along or perpendicular to chains of guest molecules.

Here, we report on the synthesis of inclusion crystals of
tris(o-phenylenedioxy)cyclotriphosphazene (TPP, Figure 1)[7]

and I2, as well as on the conductivity properties of single TPP ¥
y(I2) crystals, measured parallel (�) and perpendicular (�) to
the channel axis of this organic zeolite.

TPP belongs to a growing family of cyclophosphazenes,
some of which form channel-type inclusion compounds.[8] A
quasicylindrical channel topology was reported for an inclu-
sion complex with benzene as the guest molecule. Unit cell
parameters of a� 1.804, c� 10.054 ä (P63 for benzene guest)
suggest a channel diameter of �5 ä[9] and an interchannel
distance of about 12 ä. After the release of benzene, the
channel structure was found to be metastable up to a
temperature of about 150 �C.[10] Because of a reversible
uptake of guest molecules, hexagonal TPP was recognized
as one of the first organic zeolites.

Iodine is a 2D semiconductor[11] and one of the best
characterized n-type molecular donors for the formation of
n��* charge-transfer complexes.[12] The electrical conduc-
tivity in the (b,c) plane, where I2 molecules form a 2D
network, is about 3400 times larger than the conductivity
perpendicular to this plane. In supramolecular solid-state
structures, chain formation, intercalation, and inclusion in
cavities are known.[13] Sorption and mass-transport properties
of a 1D inclusion complex of I2 in the zeolite MFI were

Figure 1. Molecular structure of TPP and the channel topology viewed
along the c axis (channels with a diameter of about 5 ä). From data in
ref. [8].

investigated.[14] , and inclusion of a number of solvents in TPP
is known.[8] Diffusive guest exchange and cocrystallization
with nonlinear-optical molecules has recently produced new
materials, whose polarity can be explained by a Markov
model.[15] Previous and present results support promising
inclusion and zeolite-type properties of TPP, even for atoms
(Xe[10]) and other small species (H2O, Br2, CH3I).

The investigations herein were based upon a single
observation: Colorless, transparent, needle-shaped (1 ± 2 mm
long) single crystals of TPP ¥ 0.6(THF) (Figure 2a) and some
crystals of iodine were brought together in a closed system at
room temperature (p(I2)� 0.3 Torr). A few seconds after I2
was brought into the system (Figure 2b), staining started from
the capping faces and extended continuously into the volume
of the crystals. After 1 ± 2 days, most crystals were entirely
colored (Figure 2c). I2 inclusion in the crystal with TPP was
also obtained by cocrystallization from the vapor phase and
from a mesitylene solution. All reactions (I, II, III, see
Figure 3) produced hexagonal, dichroitic, purple to black
single crystals. The optical density of the crystals varied,
depending on the conditions of preparation; hence, the degree
of loading could be varied.

With regard to the above-mentioned electronic properties
of iodine, it would be desirable to form a closed chain of
interacting I2 molecules along the channels in the TPP.
Assuming a van der Waals contact between the I2 molecules

[*] Prof. Dr. J. Hulliger, T. Hertzsch, F. Budde
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University of Berne
Freiestrasse 3, 3012 Berne (Switzerland)
Fax 00 41 31 631 3993
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Figure 2. Crystals of TPP ¥ x�(THF) ¥ y(I2) (typical size: 2 mm) featuring
three states of the process of diffusion in and diffusion out of iodine and
THF, respectively. a) Initial state; b) early state, in which only capping faces
were colored; c) final state, in which iodine has stained crystals up to the
center. The figure supports the concept of the counterdiffusion of THFand
iodine.

Figure 3. Different routes to the inclusion of I2 molecules into channels of
the TPP zeolite. sol� solvated.

aligned along the channels, the maximum I2 content would
yield TPP ¥ y(I2) crystals, with a value of y� 0.75.

Table 1 summarizes the chemical composition of all the
TPP ¥ x�(THF) ¥ y(I2) and TPP ¥ y(I2) inclusion crystals we
obtained. When diffusion experiments were performed using
of TPP ¥ 0.6(THF) single crystals (Ia), most THF (x� 0.4)
remained in the channels. It was also possible to increase the I2
content by a partial desorption of the template solvent prior to
the diffusion of iodine into the crystal: TPP ¥ 0.35(THF)
crystals (route Ib) contained more iodine than the TPP ¥
0.6(THF) material which was exposed to I2 at the same
temperature.

Given that 1 mm-long single crystals of TPP ¥ x(THF) did
not disintegrate or crack after diffusion of I2 into the crystals,
we wondered by what type of mechanism the staining and the
release of THF might occur simultaneously. Counterdiffusion
of THF and I2 is likely, because it was observed that staining
started and progressed from the capping faces only. A
mechanism of counterdiffusion was recently proposed[15] to
explain the staining of the volume of TPP ¥ x(THF) crystals by
much larger guest molecules than I2 (phenyls, biphenyls,
stilbenes). However, such a mechanism would involve the
channel wall showing some flexibility. A mechanism for solid-
state reactions in molecular crystals was recently proposed,
which assumed considerable flexibility of molecular lattices.[16]

Cocrystallization from the vapor phase (route II; Figure 3)
needed temperatures of 180 �C to provide a sufficiently
high vapor pressure of TPP. These crystals obtained
by this method were very small and showed a consider-
ably lower I2 content than those from route Ib. Explora-
tion of reactions I, II, and III showed that cocrystalliza-
tion from mesitylene (route III) gave rise to the maximum
loading. The TPP ¥ y(I2) crystals formed at a starting T of 80 ±
100 �C had an I2 content in the range of x� 0.65 ± 0.75. Here,
it is important to note that mesitylene was not co-included
with I2.

All TPP ¥ y(I2) crystals obtained showed a remarkable
thermal stability; according to thermogravimetric (TG) and
differential-scanning calorimetry (DSC) measurements, an
efficient I2(g) loss started above 150 �C and decomposition
(melting) was observed near T� 250 �C. No significant weight
loss caused by I2 desorption was observed at 25 �C, under
vacuum, over 12 h of treatment.

Structurally, I2 molecules are aligned in a parallel fashion
(confirmed by the dichroism), and are surrounded by two sets
of three phenyl rings, which form a �-electron wall around the
I2 molecule (Figure 1). As reported for complexes with
aromatic molecules,[17] a stabilizing interaction of �Ho

f � 8 ±
15 kJmol�1 is expected to support inclusion-crystal formation.
A van der Waals length of 6.8 ä (I2) and stacking along a
period of TPP molecules of c� 10 ä will most likely result in
an incommensurate structural relationship between the guest
and the host sublattices. Partial loading (y� 0.75) can be a
source of translational disorder of I2 along individual chan-
nels. X-ray single-crystal and powder data confirmed the
structure of the TPP host lattice.[18]

Electrical measurements on single crystals were performed
by contacting them with liquid Ga. A special cell for mounting

Table 1. Synthetic routes to and chemical compositions of TPP ¥ x�(THF) ¥
y(I2) and TPP ¥ y(I2) crystals.

Synthetic
route

Reaction conditions Composition of Decomposition
TPP ¥ x(THF) ¥ y(I2) temperature [�C]

Ia TPP ¥ 0.6(THF), x�� 0.4, y� 0.16 230 ± 248
I2, 25 �C, 24 h

Ib TPP ¥ 0.35(THF), x�� 0.25, y� 0.45 238 ± 249
I2, 25 �C, 24 h

II TPP, I2, 180 �C x�� 0, y� 0.40 244 ± 249
evacuated

III TPP, I2, mesitylene, x�� 0, y� 0.65 ± 0.75 247 ± 250
100 �C, slow cooling
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Trapping Energy from and Injecting Energy
into Dye±Zeolite Nanoantennae**
Huub Maas and Gion Calzaferri*

The light-harvesting system in green plants is a supra-
molecular machine that collects light energy for photosyn-
thesis. The beauty of this photonic antenna has inspired many
researchers to examine and even try to mimic it. Different
approaches have been used to build artificial photonic
antennae.[1±5] Exciting results based on a host ± guest system
have been obtained in our group[6±10] with the host material
zeolite L, a hexagonal crystal with one-dimensional channels

small crystals between copper electrodes was constructed,
which allowed the crystals to be monitored during measure-
ments. An atmosphere of 1 ± 2 bar SF6(g) was used, and
conductivity measurements (Keithley electrometer 6517A)
were performed on six single crystals of TPP ¥ y(I2) (y� 0.65 ±
0.75, T� 25 �C), which were obtained from two different
crystallization attempts (route III, Figure 3). �� values in the
order of 10�6 ± 10�8 ��1m�1 were found for a potential of 50 V.
However, three of these crystals were exposed to a voltage of
50 V, an increase in the current I (up to a factor of two) was
observed with time. In cases where the voltage was 500 ±
1000 V, the conductivity could be enhanced by a factor of
30 ± 300, depending on the individual crystals. For crystals in
which a stable current was established after several hours, an
anisotropy factor (��, ��) of about 30 was measured. This
factor provides evidence for a preferred conductivity along I2
chains in the TPP channels. Further investigation of the
nonlinearity and the time dependence of the I(U) function is
in progress.

In summary, we present the first example of I2 molecules
being brought into a chainlike configuration, surrounded by a
�-donor-type environment, which separates chains laterally.
Observed values of the conductivity of TPP ¥ y(I2) are of the
same order as those in the (b,c) plane[11] of iodine (1.7�
10�6 ��1m�1, 25 �C). Efficient sorption of I2 by the TPP ¥
x(THF) zeolite crystals may find application in the sensing
and removal of radioactive 129I2.[19]

Experimental Section

1H NMR spectra were recorded on a Bruker-Spectroscopin AC 300
spectrometer. The UV/Vis spectra were measured on a Cary spectrometer.

Preparation of TPP: Hexachlorocyclophosphazene (recrystallized in hep-
tane), sublimed pyrocatechol, and anhydrous sodium carbonate were
mixed in dry THF. The resulting precipitate was filtered off and dried. The
product was purified by recrystallization (toluene) and a double sublima-
tion (p� 10�2 mbar, T� 210 �C).

Preparation of the TPP ¥ x(THF) clathrate: TPP was dissolved in THF at
60 �C. Single crystals up to several millimeters long were obtained by slow
cooling (1 �Ch�1). The ratio of TPP/THF was determined by 1H NMR
spectroscopy (x� 0.60, Ia). Partially desolvated clathrate crystals were
obtained when exposed to vacuum at room temperature for 24 h (x� 0.35,
Ib).

Preparation of inclusion compounds TPP ¥ x�(THF) ¥ y(I2) (route I): TPP ¥
x(THF) crystals were sealed in ampoules (V� 3 cm3) with an excess of
iodine and placed into the homogeneous hot zone of a glass oven at a
temperature of 25 ± 100 �C.

Preparation of inclusion compounds TPP ¥ y(I2), route II: Cocrystallization
was performed in the gas phase in ampoules (V� 3 cm3), up to 180 �C, with
a small temperature gradient between iodine(l) and TPP(s).

Route III: Sublimated TPP and an excess of iodine were dissolved in
mesitylene at 80 ± 100 �C. Black single crystals (III), were obtained by slow
cooling (1 �Ch�1). The ratio of TPP/iodine was measured by UV/Vis
spectroscopy, by using three independent series of crystals and standard
solutions for iodine. The average content (y) of I2 varied between 0.65 ± 0.75
for different batches. A value of y� 0.75 demonstrates that batches with a
maximum concentration of iodine could be prepared.
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along the crystal axis.[11±13] As guests we have used a
wide range of highly fluorescent dye molecules. The
size and shape of these dyes is such that they can
enter the free open diameter of the zeolite L
channels but they are prevented from forming
dimers once inside. In this way we are able to build
highly organized systems in which monomeric dyes
are present in a high concentration. The distance
between the individual dye molecules is in the order
of magnitude of the Fˆrster radius for energy
transfer,[14] which enables efficient energy transport
in such dye-loaded zeolite L crystals. We have made
photonic antennae with two (see Figure 1A)[7] and
three dyes,[9] and inverse antennae in which the
donors are located at both ends of the crystals and
the acceptors in the middle.[15]

The systems reported so far are able to transport
electronic excitation energy radiationless within the
zeolite crystal structure. To mimic the natural supra-
molecular machine and for a number of technolog-
ically interesting applications it would be desirable to
lead the collected energy out of the crystals, or to
inject energy from the exterior into the dye-loaded
crystals. Our suggestions to reach this goal involve
stopcock molecules (as shown in Figure 1B).[6, 16] These
molecules have a stopcock shape with a head that is too big
to penetrate the free open diameter of the zeolite channels
and a label that is smaller and can enter. The head and the
label are connected by a flexible spacer. Herein we show for
the first time that such stopcocks can trap electronic excitation
energy at the zeolite crystal surface, and inject excitation
energy into dye-loaded zeolite L crystals in a complementary
arrangement.

The ratio between the internal and the external surface of
the zeolite L crystals is proportional to the ratio between the
number of molecules that can be inserted in the crystal
channels and the number of molecules that can be adsorbed as
a monolayer on the external surface. One way of keeping this
ratio small is by using small zeolite L crystals; the synthesis of
zeolite L crystals with a size of about 30 nm has been
reported.[7, 17] The large external surface of these nanocrystals
makes them suitable hosts to show energy transfer from
molecules inside the crystals to molecules on the surface and
vice versa.

Because the zeolite L crystals have a cylindrical shape, one
can distinguish between two external surfaces: the coat, and
the base. The coat is vaulted and lacks channel entrances,
while the base is flat and contains the channel entrances.
These differences give rise to different adsorption affinities.

Scheme 1 shows the dye molecules BTRX and B493/503 we
have used as stopcocks. Their head consists of a BODIPY
fluorophore, and their label is a succinimidyl ester.[18] The
succinimidyl ester makes the label polar and we know that
keto groups form specific interactions to sites inside the
channels. Although BTRX and B493/503 have polar groups it
is possible to dissolve small amounts in an apolar solvent such
as cyclohexane. If a suspension of nanocrystals in the same
solvent is then added to this solution, the stopcocks are
extracted from the solution onto the polar zeolite surface.

Scheme 1. Dyes examined: BODIPY TR-X SE (BTRX), BODIPY 493/
503 SE (B493/503), pyronine� (Py�), and oxonine� (Ox�).

Owing to the adsorption equilibrium, the more preferred
adsorption sites will after some time be predominantly
occupied. Thus a difference in adsorption affinity between
the coat and the base of the crystals will be pronounced after
the adsorption process has reached its equilibrium state. If the
dye concentration on the crystal surface becomes too high,
aggregation will occur. Aggregates usually quench fluores-
cence[19] and it is therefore necessary to work with well-
controlled amounts of dye so that only monomers are present.

Figure 1. Dye-loaded zeolite L antenna; A) blue-emitting donor molecules inside the
zeolite transfer electronic excitation energy to red-emitting acceptor molecules at the
left and right of the cylindrical crystal. B) Antenna system with stopcock molecules as
external traps and a schematic picture of a stopcock at the end of a zeolite L channel.
The stopcock contains a head, a spacer, and a label.
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Energy-transfer experiments were
done on the two different systems
shown in Figure 2. The Py�/BTRX
system was used to investigate energy
transfer from Py� molecules inside
the zeolite channels to the BTRX
stopcocks, and the Ox�/B493/503 sys-
tem to investigate energy transfer
from B493/503 stopcocks to Ox�

molecules inside the zeolite channels.
For these experiments zeolite nano-
crystals with a size of about 30 nm
were used.

The optical properties of Py�-load-
ed and of BTRX modified nanocrys-
tals are shown in Figure 3A. The
spectral overlap integral between
the fluorescence spectrum of Py�

and the excitation spectrum of BTRX
is large–a prerequisite for effective
energy transfer. Py� ± zeolite L crys-
tals with different occupational prob-
abilities, pPy, were modified with
two BTRX stopcocks per channel.
Py� was selectively excited at
22000 cm�1. Figure 3B shows the re-
sulting fluorescence spectra for dif-
ferent Py� loads. After Py� excitation,
we can clearly see the fluorescence
band of BTRX around 16000 cm�1. It
is the result of energy transfer from
Py� molecules inside the crystals to
BTRX molecules on the external
surface (Figure 2 top). The dotted
spectrum in Figure 3B arises from a
sample in which the amount of Py� inside the channels is twice
the amount of BTRX on the external surface. An increase of
the donor concentration leads to a decrease of the mean

Figure 2. Top: Py�-filled zeolite L channels; the ends of the channels are
modified with BTRX stopcocks for external trapping of electronic
excitation energy. Bottom: Ox�-filled zeolite L channels; and the ends of
the channels are modified with B493/503 stopcocks for electronic excitation
energy injection.

donor ± acceptor and mean donor ± donor separation. It is
expected that this results in more effective energy transfer,
which is what we observe (Figure 3B). We attribute the
bathochromic shift of the Py� emission band to self-absorp-
tion and re-emission.[8]

The reverse of this external trapping is injection of
electronic excitation energy. For this, we need a system, such
as the chosen B493/503-modified Ox�-zeolite L, in which the
donor stopcocks are at both ends and the acceptor molecules
are inside the zeolite channels (Figure 2 bottom). We first
characterized the Ox�-zeolite nanocrystals and the nano-
crystals modified with B493/503 separately (Figure 3C).
Again the spectral overlap integral between the emission
spectrum of B493/503 and the excitation spectrum of Ox� is
large. The B493/503 stopcocks are excited selectively at
21740 cm�1. We modified Ox�-zeolite L crystals with one
molecule of B493/503 per channel. The occupational proba-
bility of Ox� was chosen to be very small (0.008) so that 3.5
times more donor molecules were present than acceptor
molecules. After specific excitation of the B493/503 stopcocks
at 21740 cm�1 the emission spectrum of Figure 3D was
obtained, which shows that impressive energy transfer takes
place from the B493/503 stopcocks to the Ox� molecules. The
emission band at 16000 cm�1 is due to energy injection from

Figure 3. A) Fluorescence (±±±) and fluorescence excitation (––) spectra of Py� in, and BTRX on the
external surface of zeolite L nanocrystals; �Py� (�max)� 83200 cm�1��1, �BTRX (�max)� 68000 cm�1��1;
JPy�-BTRX� 3� 10�10 cm3��1, pPy� 0.06; the crystals with BTRX were modified with two molecules per
channel. B) Fluorescence spectra of Py�-zeolite L nanocrystals modified with two BTRX per channel. ––
: pPy� 0.02, ±±±: pPy� 0.06, - - - -: pPy� 0.10. C) Fluorescence (±±±) and fluorescence excitation (––)
spectra of Ox� in, and of B493/503 on the external surface of zeolite L nanocrystals; �Ox� (�max)�
84100 cm�1��1, �B493/503 (�max)� 84000 cm�1��1; JB493/503-Ox� 1.5�10�10 cm3��1, pox�0.008; the crystals
with B493/503 were modified with one molecule per channel. D) Fluorescence spectra of Ox�-zeolite L
nanocrystals modified with one B493/503 per channel. All spectra have been scaled to the same height
Imax�1.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 13 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2287 $ 20.00+.50/0 2287

B493/503. This energy injection works even better than the
energy trapping of excited Py� molecules by BTRX. The
length of the tail of BTRX is 1.8 nm and that of B493/503 is
0.9 nm. The shorter tail of B493/503 allows shorter donor ±
acceptor separationsRDA. Because the Fˆrster energy transfer
rate falls off with R�6DA the shorter distance is presumably the
main reason for the higher transfer efficiency.

Although the nanocrystals are a good choice for energy-
transfer experiments, it is at the present time technically not
feasible to examine the organization of the individual dyes
with an optical microscope. To visualize this we therefore used
large zeolite L crystals of about 2 �m length. Our aim was to
establish on which zeolite surface the stopcocks preferably
bind and to try to image the energy transfer. Modification of
large Py�-zeolite L crystals with two BTRX molecules per
channel led to the fluorescence microscope images shown in
Figure 4. The zeolite crystals were exchanged with Py� for
very short periods so that the Py� molecules could not diffuse
far into the zeolite channels. This accounts for why the middle
part of the crystals in Figure 4 are dark.

Figure 4. Fluorescence microscope images of 2 �m Py�-zeolite L crystals
modified with 2BTRX molecules per channel. The white rectangles
indicate single zeolite L crystals. 1, 2) Images of BTRX-modified zeolites
after excitation at 545 ± 580 nm and detection with a 610 nm cut-off filter
using a polarizer (the direction of the transmitted polarization is indicated
by the arrows); 3) image of a crystal detected without polarizer. 4 ± 7)
images of the same crystal as in 3) after excitation at 470 ± 490 nm and
detection with a 515 nm cut-off filter at different polarizations.

Images 1 and 2 in Figure 4 show the emission after BTRX
excitation of two perpendicular lying crystals; the transmitted
polarization direction is indicated by the arrows. It is clear that
the stopcocks are located at the bottom and top of the
cylindrical crystals and that the BTRX emission is polarized
perpendicular to the crystal axis. The S0� S1 transition dipole
moment of the BODIPY fluorophore is polarized along the
chromophore axis.[20] Molecular orbital calculations[10c, 21]

reveal that the S0�S1 transition dipole moment of BTRX is
similarly polarized. One would therefore expect an emission
perpendicular to the crystal axis when the molecules partly
penetrate the zeolite L channels. Images 3 ± 7 in Figure 4 all
show the same crystal. Image 3 shows the emission after
BTRX excitation and images 4 ± 7 show the emission after Py�

excitation. The color of the emitted light changes significantly
with polarization. Depending on the polarization a green to
yellow emission dominates. The yellow color is a mixture of
green (Py�) and red (BTRX) emission. If the Py� and the
BTRX molecules are differently oriented, different contribu-

tions of red and green occur for the different polarization. For
the polarization perpendicular to the crystal axis (as approx-
imately is the case in image 5), the red contribution is largest
and the crystals appear yellow.

In conclusion we have shown that electronic excitation
energy can be trapped outside and injected into nanoantennae
by stopcock molecules that preferably adsorb at the base of
the cylindrical zeolite L crystals. This opens the door to a wide
range of applications, for example, for mimicking the natural
photosynthesis apparatus, for supramolecular nanoprobes,
and in dye-sensitized solar cells and light-emitting diodes.[16]

Experimental Section

Chemically pure zeolite L materials were synthesized and characterized as
described in reference [7]. The potassium zeolite L crystals were pretreated
by stirring in a buffer of pH 6 for 1 h followed by washing with doubly
distilled H2O three times. Py� and Ox� were synthesized and purified
according to the procedure in reference [10b]. BTRX (BODIPY TR-X SE)
and B493/503 (BODIPY 493/503 SE) were obtained from Molecular
Probes Inc. and used as received. Py� and Ox� molecules were inserted in
the zeolite L channels by ion exchange from H2O. An aqueous zeolite L
suspension was treated in an ultrasonic bath for 20 min and then added to
an aqueous dye solution containing the appropriate amount of dye. The
mixture was refluxed for 1 h. Afterwards the dye-loaded crystals were
washed twice with MeOH by ultrasonic treatment for 15 min to remove
dyes from the external surface. For the adsorption of BTRX and B493/503
the zeolite L crystals were suspended in cyclohexane and sonicated for
20 min. Then a dye solution in cyclohexane with the appropriate amount of
dye was added and the mixture was sonicated for 30 min at room
temperature. Adsorption of BTRX and B493/503 onto the dye-loaded
zeolites did not extract any cationic dyes from inside the zeolite. Solid-state
samples were prepared on 16 mm diameter quartz plates for fluorescence
measurements which were carried out the same day.

Fluorescence spectra were measured with a Perkin Elmer LS 50B
luminescence spectrometer using suitable cut-off filters (Py� was excited
at 455 nm and detected at 550 nm; BTRX was excited at 550 nm and
detected at 690 nm; Ox� was excited at 560 nm and detected at 670 nm;
B493/503 was excited at 460 nm and detected at 575 nm). Absorption
spectra were recorded on a Perkin Elmer Lambda 900 spectrophotometer.
Optical microscopy images of fluorescent samples were recorded under an
Olympus BX 60 microscope combined with a Kappa CF 20 DCX Air K2
CCD camera with 100� magnification using an immersion oil. The light
stemming from a mercury lamp was first passed through a 438 nm cut-off
filter. It was then passed through appropriate excitation cubes comprising a
narrow-band excitation filter, a dichroic mirror, and a cut-off filter. Py� was
excited between 470 and 490 nm and detected with a cut-off filter at
515 nm, BTRX was excited between 545 and 580 nm and detected with a
cut-off filter at 610 nm. By inserting a polarizer in front of the camera the
fluorescence images could be examined at different polarizations.
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Sr4N3: A Hitherto Missing Member in the
Nitrogen Pressure Reaction Series
Sr2N	Sr4N3	SrN	SrN2**
Yurii Prots, Gudrun Auffermann, Michael Tovar, and
R¸diger Kniep*

In the course of our investigations on the formation and
existence of diazenides of strontium,[1] we developed an
analytical method for quantitative nitrogen speciation.[2] By
means of this technique (carrier-gas hot extraction with a
controlled temperature program), we could confirm the
results of the structure determinations on SrN ( �� (Sr2�)4
[N3�]2[N2

2�]) and Sr[N2] ( �� (Sr2�)[N2
2�]). The system was

calibrated by using, for example, Sr2N[3] (the starting material
of the high-pressure synthesis of diazenides).[1] In the course
of our studies, it turned out that Sr2N, synthesized at ambient
pressure, often contains significant portions of diazenide

which were not clearly visible by X-ray or spectroscopic
investigations.[4] In principle, these experimental results would
be consistent with a homogeneity range of Sr2N towards SrN
according to (partial) formation of mixed crystals Sr2�xN
(complete miscibility in the limits 0
 x
 1), although pre-
vious studies[1] had provided ™no indication for homogeneity
ranges∫ of the nitride diazenides. In fact, we now find that at
lower N2 reaction pressure (already above 1 bar), Sr2N reacts
to the hitherto ™overlooked∫ nitride ± diazenide Sr4N3.

Sr4N3, a dark gray powder with metallic luster, was
synthesized in autoclaves[5] by the reaction of Sr2N with
molecular nitrogen (9 bar) at 650 �C for 6 h.[6] No impurities
were detected by X-ray and neutron diffraction investiga-
tions[7] at ambient pressure nor by chemical analysis.[9] The
contents of oxygen, hydrogen, and carbon were below the
limits of detection. At constant reaction temperature (650 �C)
and time (6 h), the diffraction pattern of Sr4N3 was observed
up to a reaction pressure of 100 bar amongst the characteristic
reflections of SrN. The lattice parameters of Sr4N3 and SrN,
determined at ambient pressure, remained unchanged within
the standard deviations.

The crystal structure of the air- and moisture-sensitive
microcrystalline powder of Sr4N3 was solved by a combination
of X-ray and neutron diffraction.[7] The observed and
calculated neutron diffraction diagram, as well as the differ-
ence profile, are given in Figure 1. The crystal structure of
Sr4N3 is depicted in Figure 2 (center) showing the close

Figure 1. Neutron diffraction diagram of Sr4N3 ��Sr8[N]4[N2] (powder
diffractometer E9, HMI Berlin) at 298 K: Observed (red dots), calculated
(black solid line), and difference profiles (blue line). The green ticks mark
the positions of the Bragg reflections of the monoclinic C-centered cell.[7]

relation to the starting material Sr2N (left) and the next higher
™pressure stage∫ SrN (right). The evident structural relation
makes it reasonable to suppose the reaction paths during the
formation of Sr4N3 via an intercalation step.[10] Thus, these
structural chemical facts can easily be described when starting
with the subnitride Sr2N[3] as the host structure (CdCl2 type).
In the first step of the N2-pressure induced intercalation which
occurs already at about 1 bar (pN2

), one half of the octahedral
holes (�(o)) between two adjacent layers 2�(Sr6/3N) along [001]
in the host structure, are occupied by N2. Thus, packages of
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layers {(Sr6/3N)��o�0�5[N2]
�o�
0�5(Sr6/3N)} are formed leading to the

composition Sr4N3. These packages contain the diazenide ion
N2

2� (N�N bond length: 1.22 ä), and the closely coordinating
strontium ions are oxidized from oxidation state �1.5 (host:
(Sr�1.5)2 [N3�]) to�2. This results in layered packages with the
ionic formula 1:

. . .��o�0�5
��o�

0�5{(Sr
�1�5
3�3 N3�Sr2�3�3���o�0�5[N2

2�]��o�0�5(Sr
2�
3�3N3�Sr�1�53�3 �}��o�0�5

��o�
0�5. . . 1

The strontium ions at the boundaries of the packages are in
the low-valent oxidation state �1.5 and form together with
the adjacent Sr�1.5 layers the (metallic) subregions with
unoccupied octahedral holes.

In the first intercalation step (formation of Sr4N3), the
diazenide dumbbells can, in principle, occupy two octahedral
holes within the layers (Figure 2 (center); see also ionic
formula 1). Evidently, the spatial separation of the diazenide
layers (c� 13.76 ä) makes an alternative occupation of the
octahedral holes possible although, within every layer, the
same kind of octahedral holes are always occupied. In fact, the
diffraction pattern indicates a C-centered space group, thus
leading to a half-occupation of all the octahedral holes by the
N2 species.[7] The octahedral holes between neighboring Sr�1.5

layers remain empty.
X-ray investigations showed that, already at a N2 reaction

pressure of 10 bar (T� 650 �C) the second intercalation stage
(SrN;[1] Figure 2, right) can be identified besides Sr4N3. For
the formation of this state, additionally, one half of the empty
octahedral holes between the Sr�1.5 double layers are
occupied in an ordered manner: {Sr�1�54 Sr2�4 [N3�]4[N2

2�]}�
N2�{Sr2�8 [N3�]4[N2

2�]}[N2
2�]. The stepwise oxidation of

strontium is now finished. At higher N2 reaction pressure
(above 500 bar), besides SrN, the tetragonal diazenide
Sr[N2][1] is formed (close structural relationship to the
monoclinic Ba[N2]),[11] which is obtained as a single-phase
product above 5000 bar (pN2

).

It has already been reported[1] that SrN and Sr[N2]
thermally decompose (300 ± 400 �C) at ambient pressure
under argon to give Sr2N (release of molecular nitrogen).
Sr4N3 reacts in the same way. Interestingly, in this connection,
the analytically ascertained contents of diazenides in Sr2N[2]

are obviously caused by ™impurities∫ of Sr4N3. Analytically
pure Sr2N, prepared from the elements at ambient pressure,
will certainly be obtained only after additional treatment
(650 �C) in vacuum (10�6 bar). This finding would be consis-
tent, on the basis of the close structural relations, with a
deintercalation process, although our investigations on the
preservation of topochemical host ± guest relations for inter-
calation and deintercalation in the system Sr�N, are not yet
finished.[10]

Sr4N3 belongs to the class of subcompounds with metallic
character, a property which, for example, for the binary
subnitride Ba3N[12] is described with the following formula:
[Ba2�]3[N3�] ¥ 3e�. Applying this to the strontium ± subni-
tride ± diazenide results in the formula (Sr2�)8[N3�]4[N2

2�] ¥
2e�, which does not reflect the peculiarity of the crystal
chemistry of strontium (1 and Figure 2, center). Therefore, we
prefer, for the elucidation of the obviously mixed-valent Sr
compound, the formula (Sr�1.5)4(Sr2�)4[N3�]4[N2

2�]. This for-
mula is not only consistent with the crystal structure, it also
makes it readily apparent which of the Sr species, in the course
of the reduction process of molecular nitrogen, are oxidized to
Sr2� during the formation of the second intercalation stage
(SrN; see Figure 2 right). To answer the question of the real
existence of ™low-valent∫ strontium, additional experimental
and theoretical studies are necessary.

Received: February 28, 2002 [Z18792]

[1] G. Auffermann, Yu. Prots, R. Kniep, Angew. Chem. 2001, 113, 565 ±
567; Angew. Chem. Int. Ed. 2001, 40, 547 ± 549.

[2] G. Auffermann, U. Schmidt, B. Bayer, Yu. Prots, R. Kniep, Anal.
Bioanal. Chem. , in press.

[3] N. E. Brese, M. O×Keeffe, J. Solid State Chem. 1990, 87, 134 ± 140.

Figure 2. Crystal structures of Sr2N �� (Sr�1.5)2[N3�] (left), Sr4N3 �� (Sr�1.5)4(Sr2�)4[N3�]4[N2
2�] (center) and SrN �� (Sr2�)4[N3�]2[N2

2�] (right). The top and
bottom boundaries of the figures are represented by layers of Sr6�3N octahedra centered by [N3�] (polyhedral representation). Ball-and-stick representation
between the polyhedral layers: Sr�1.5/2� : red; [N3�]: light green; [N2

2�]: dark green. Transparent octahedra allow a better orientation. On the assumption of
ordered N2 occupation, the two limiting primitive structures of Sr4N3 are emphasized by the gray background; in fact, a C-centered cell with half-occupation
of the octahedral holes is found (see text and [7]). The numbers (in ä) correspond to the d values of neighboring Sr layers. Although the thicknesses of the
layers of the unoccupied octahedral layers in Sr4N3 (4.36 ä) are significantly larger than those in Sr2N (4.17 ä), the interatomic distances Sr�Sr between the
Sr layers are in a comparable order of magnitude (Sr2N: 4.73; Sr4N3 : 4.73, 4.78, and 4.83 ä).
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The inhibition of the proinflammatory cytokines interleu-
kin 1� (IL-1�) and tumor-necrosis factor � (TNF-�) has been
recognized as a rewarding target for the development of
tailor-made anti-inflammatory drugs.[1] Among the most
promising small-molecular anticytokine agents are inhibitors
of p38 MAP kinase, a serine/threonine-specific kinase in-
volved in the biosynthesis and release of cytokines from
immunocells.[2a] Like other potent inhibitors of p38 MAP
kinase, our lead compound ML 3163 was derived from
5-(pyridin-4-yl)imidazole (SB 203580; Scheme 1), which

Scheme 1. Structural requirements for inhibition of p38 MAP kinase.

binds to the ATP-binding site of the p38 kinase,[2b] and has
demonstrated efficacy in various models.[2c] In the develop-
ment of pharmaceuticals, in addition to bioactivity, the issues
of bioavailability and toxicity must be addressed. For exam-
ple, further development of SB 203580 itself has been
obstructed by its liver toxicity, which is caused by interaction
with cytochrome P450 (P450).[2d] Therefore, it is of general
interest to the medicinal chemist to have a straightforward
synthetic methodology which provides access to a large
number of bioactive candidate molecules.

Herein we describe such a versatile synthetic strategy for
the ready preparation of numerous structurally diverse
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ML 3163 analogues. In this class of compounds (Scheme 1),
substituents at the 4 and 5-position of the imidazole core are
essential for efficient and selective inhibition of p38 MAP
kinase,[2b,e,f] while substituents at the 1 and 2-position primar-
ily serve to reduce interaction with P450 and to improve cell
permeability. To find p38 MAP kinase inhibitors with en-
hanced cellular activity and diminished toxicity, we have
developed a synthetic methodology which provides 1,2,4,5-
tetrasubstituted imidazole derivatives, with maximum flexi-
bility in the type of substituents. Most importantly, this
synthetic route also allows for the regioselective placement of
substituents at the imidazole nitrogen atom; the regiochem-
istry of substituents at the ring nitrogen atoms being decisive
for inhibitory potency (Scheme 1).[2e,f] As a result of these
efforts, several analogues of ML 3163 were identified as
anticytokine agents well suited for further development.
Moreover, this general method may be applied in the quest
for novel ATP-competitive inhibitors for other kinases.

Synthetic approaches towards highly substituted imidazoles
are few and often restricted to a fixed pattern of substitu-
tion.[3a±c] Preliminary experiments revealed that direct N-
methylation of 5-(pyridin-4-yl)imidazoles by various methods
predominantly yields the ™wrong∫ regioisomer.[3d] To obtain
tetrasubstituted imidazole derivatives of the desired regio-
chemistry, and to extend the scope of substituents at the
1-position beyond simple alkyl moieties, we attempted the
introduction of N-substituents at an earlier synthetic stage.
The synthesis of 4/5-alkyl/aryl-substituted imidazole-2-thio-
nes with simple alkyl substituents at the 1-position has been
reported, from the corresponding N-oxides.[4a] However,
initial attempts to extend the scope of this reaction to the
preparation of 5-(pyridin-4-yl)imidazole-2-thiones failed
(Scheme 2, Method A). The required N-oxides 2 could not
be synthesized from 1-(4-fluorophenyl)-2-(pyridin-4-yl)hy-
droximino-ethan-2-one (1) under acidic conditions. Com-

pounds 2 were obtained in good yields only when 1 was
treated with the appropriate triazinanes under neutral con-
ditions.[4b] Unfortunately, this approach was not successful in
the case of N-phenyl- or N-pyridinyltriazinanes (Scheme 2,
R�Ph, 3-Pyr). Imidazole N-oxides 2 were converted into
imidazole-2-thiones 3 by treatment with 2,2,4,4-tetramethyl-
cylobutane-1,3-dithione.[4a] Here, a much wider array of
different substituents in the 1-position was tolerated than
previously reported;[4a] these included favorable functional-
ities for biological activity (R� cyclopropyl, 3-morpholino-
propyl) or toxicity (R� tetramethylpiperidin-4-yl). Subse-
quent alkylation of imidazole-2-thiones 3, according to
the protocol we had applied in the preparation of
ML 3163,[5] yielded the corresponding 2-alkylsulfanyl imida-
zoles 4 and 5.

A second general synthesis of imidazole-2-thiones had to be
devised to provide N-aryl and N-pyridinylimidazole deriva-
tives. This synthetic pathway was based on the conversion of
imidazole-2-ones into imidazole-2-thiones via 2-chloroimida-
zoles (Scheme 2, Method B). According to Lettau, simple N-
aryl imidazole-2-ones can be prepared from the correspond-
ing �-hydroximinoketones.[6] However, this method has been
limited to imidazole-2-ones bearing at least one simple alkyl
substituent at the 4 or 5-position, and was unsuitable for the
preparation of 4,5-diphenyl-imidazole-2-ones.[6] We managed
to overcome these restrictions and application of this strategy
afforded 4,5-diphenylimidazole-2-ones as well as the 5-(pyr-
idin-4-yl)imidazole-2-ones 6. However, under the reaction
conditions reported by Lettau, only the starting material was
recovered.[6] A change in the solvent from ethanol to
acetonitrile or glacial acetic acid gave the imidazole-2-ones 6
in moderate to high yields. A wide range of different
substituents at position 1 was tolerated, including alkyl,
cycloalkyl, aryl, heteroaryl, and substituted alkyl, for example,
3-chloropropyl. The latter compound (6, R� 3-chloropropyl)

served to generate further analogues by nucleo-
philic modification of the side-chain (e.g. 6, R�
3-morpholinopropyl).

As immediate synthetic precursors for imida-
zole-2-thiones, we required the corresponding
2-chloroimidazoles 7 which were readily ob-
tained by chlorination of imidazole-2-ones 6with
phosphorylchloride (Scheme 2).[7a] The conver-
sion of chloro-substituted (hetero)aromatics into
the corresponding aromatic thiols by nucleophil-
ic substitution has been described for electron-
deficient polychlorobenzoles, 4-chloropyridine,
and 2- and 4-chloroquinolines.[7b] Much to our
surprise, this approach was also successful in the
case of the electron-rich 2-chloro-5-(pyridin-4-
yl)imidazoles 7. When compounds 7 were react-
ed with sodium (4-chlorophenyl)methanethio-
late (4.5 equiv), the corresponding imidazole-2-
thiones 3 formed in good to moderate yields.
This reaction proceeds in two consecutive steps
(Scheme 3): First, nucleophilic aromatic substi-
tution affords the 2-(4-chlorobenzylsulfanyl)imi-
dazole. Second, nucleophilic aliphatic substitu-
tion effects the cleavage of these thioethers. Bis-

Scheme 2. Preparation of imidazole-2-thiones from imidazole-N-oxides (Method A) or
imidazole-2-ones (Method B). The imidazole derivative 4c has a 2-acetylaminopyridinyl
group in the 5-position, in place of the shown pyridinyl group.
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Scheme 3. Proposed mechanism for the conversion of 2-chloroimidazoles
into imidazole-2-thiones, by treatment with (4-chorophenyl)methanethio-
late.

(4-chlorobenzyl)sulfide could be identified by GC±MS as the
elimination product of the second step. This observation
strongly supports the proposed mechanism. However, this
reaction failed in the presence of sterically demanding
substituents at the 1-position of 2-chloroimidazoles 7 (R� 2-
dimethylaminoethyl, tetramethylpiperidin-4-yl, 3-morpholi-
nopropyl). In one case, 2-(4-chlorobenzylsulfanyl)imidazole
was isolated in a very low yield, which indicates that
nucleophilic aromatic substitution indeed takes place during
the first reaction step. This result prompted us to investigate
the general applicability of this reaction to the preparation of
imidazolyl sulfides. Compound 7a (R� propyl) was treated
with a reduced amount (2.2 equiv) of sodium (4-chlorophe-
nyl)methanethiolate, to halt the reaction at the level of the
corresponding 2-(4-chlorobenzylsulfanyl)imidazole. Howev-
er, examination of the crude product by GC±MS did not
reveal the expected sulfide, but a 4:5 ratio of 7:3a (R�
propyl). This result suggests that nucleophilic heteroaromatic
substitution is the rate-limiting step in this reaction scheme.
Replacement of sodium (4-chlorophenyl)methanethiolate
with three equivalents of sodium ethanethiolate afforded
ethylsulfanylimidazole as the only product (yield 74%). We
reasoned that cleavage of the imidazolyl sulfides by nucleo-
philic aliphatic substitution (step 2) is favored by activating
substituents such as a benzyl group, while a simple alkyl group
is not sufficient. This finding led us to the synthesis of
phenylimidazolyl sulfides 8, which are not readily accessible
by other methods. Treatment of 7 with thiophenol derivatives
(2.5 equiv) gave the corresponding phenylimidazolylsulfides 8
in good yields (Scheme 4). Apart from this additional benefit,
the strategy of preparing 3 from 6 (Scheme 2, Method B) was
complementary to the imidazole-N-oxide pathway (Scheme 2,
Method A) for two reasons: 1) While Method A fails in the
case of (hetero)aromatic amines, these substituents are read-
ily introduced by Method B, and 2) the problems which
are encountered with Method B in the case of sterically
demanding substituents at the 1-position do not occur in
Method A.

During the course of our work directed at the regioselective
synthesis of the 1-substituted imidazole-2-thiones 3 via the
imidazole-N-oxides 2 (Scheme 2, Method A), it became ap-
parent that theseN-oxides are extremely useful intermediates

Scheme 4. The scope of synthetic transformations of 5-pyridin-4-yl-
imidazole-N-oxides. In the case of 7, 8, and 9, only the derivatives with
R� propyl were synthesized.

in the synthesis of structurally diverse 5-(pyridin-4-yl)imida-
zole derivatives modified at the 2-position (Scheme 4).
Compound 2a (R� propyl) was converted into the imida-
zole-2-carbonitrile 9 with trimethylsilylcarbonitrile.[8a] Deoxy-
genation of 2 with PCl3 yielded the imidazole 10 with only a
hydrogen atom in the 2-position.[8b] This method provides an
alternative pathway for the synthesis of known p38 MAP
kinase inhibitors such as SB 210313 (10, R� 3-morpholino-
propyl).[2f] As with the corresponding imidazole-2-ones 6, the
imidazole-1N-oxide 2a (R� propyl) was chlorinated with
phosphorylchloride to give the 2-chloroimidazole 7a.[8b] Fur-
thermore, bromination of several N-oxides 2 with phosphoryl
bromide led to the 2-bromoimidazole derivatives 11. The
crude product of these reactions was a mixture of 10 and 11,
which was separated by column chromatography. Although 11
was obtained in only moderate yields, this approach was the
most successful attempt in the preparation of 2-bromo-5-
(pyridin-4-yl)imidazole. Alternative methods, for example,
treatment of 10 with N-bromosuccinimide in acetonitrile,
treatment of 10 with Br2, or reaction of 6 with SOBr2,
afforded only traces of 11. The 2-bromoimidazoles 11 were
suitable synthetic precursors for the 1-substituted 2-aryl
imidazoles 12, as 11 underwent nearly quantitative Suzuki
coupling with different boronic acids.[8c] The synthetic im-
portance of 11 in this reaction is underlined by the failure of
the corresponding 2-chloroimidazoles 7 to provide 2-aryl
imidazoles under Suzuki conditions.

The above synthetic methodology enabled us to prepare a
plethora of highly diverse and highly substituted imidazole
derivatives from a comparatively small number of starting
compounds. In the p38 MAP kinase assay, analogues 4b ± d
exceeded the reference compound ML 3163 in biological
potency (Table 1). These compounds also efficiently inhibited
cytokine release from human monocytes because of their
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Photoaffinity labeling has been demonstrated to be a
remarkably efficient method for studying the interactions of
biologically significant compounds (ligands) with their target
macromolecules.[1] The method allows the identification of the
targets (for example, binding proteins) and, also the binding
domain within the target protein. An appropriate photo-
affinity-labeling compound should contain three structural
elements:
a) a ligand which directs the label to the binding site on the

protein,
b) a photolabile group for attaching to the protein,
c) an indicator that allows the identification of the labeled

peptides after enzymatic digestion of the labeled protein.

favorable cell-penetration properties. In the whole-blood
assay, IC50 values (��) for the most active derivatives 4b
(TNF-� : 5.6� 0.95, IL-1� : 1.5� 0.7), 4c (TNF-� : 0.51� 0.24,
IL-1� : 0.11� 0.03), and 4d (TNF-� : 5.1� 0.4, IL-1� : 1.1� 0.7)
were lower than those of lead compound ML 3163 (TNF-� :
20.3� 4.8, IL-1� : 2.78� 0.13), and close to the nanomolar
range. Finally, the most promising results came from the
toxicity screen, in which 4b ± d (Table 1) only moderately
interacted with those P450 isoforms most important for drug
metabolism.[9] This profile gives 4b ± d a clear advantage over
both SB 203580 and ML 3163, and makes them strong
candidates for further development as anti-inflammatory
drugs.
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Table 1. Inhibition of p38 MAP kinase, cytokine release, and cytochrome P450
isoforms by selected compounds.

IC50� SEM [��][a] Inhibition [%] of
P450 isoforms[b]

Compound p38 TNF-� IL-1� 2D6 3A4

SB 203580 0.29� 0.03 (7) 0.59� 0.09 (21) 0.037� 0.006 (20) 73.1 76.6
ML 3163 4.0� 1.0 1.1� 0.4 (4) 0.38� 0.13 (4) 71.8 87.1
4b 2.2 (1) 2.2� 0.9 0.45� 0.03 7.8 28.3
4c 0.50 (1) 0.51� 0.24 (4) 0.11� 0.03 (4) 13.4 16.5
4d 2.2 (1) 1.1� 0.3 0.38� 0.04 0.7 28.8

[a] Tests were carried out in duplicate, except where the number in brackets denotes
otherwise. SEM�Standard error of measurement. [b] Results are from one
experiment each, carried out at a test-compound concentration of 10 �� in
phosphate buffer (pH 7.4) with DMSO (0.1%).
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Such an indicator may be a radioactive ligand or a
nonradioactive tag such as a biotin group. The latter has the
great advantage that it enables the labeling of the target
protein and labeled protein fragments to be demonstrated by
means of their interaction of biotin with avidin or streptavidin
and isolating them by affinity chromatography.[2] Usually, the
probes have the general appearance of 1, that is, the photo-
labile group is attached to the ligand to which in turn the
biotin tag is connected in a linear arrangement. Thus, the
syntheses of these probes are linear and of limited efficiency.

We have now developed the two photoaffinity labeling
reagents 7 (Scheme 1A) and 18 (Scheme 3) which can
accommodate the photophore, here an aryl trifluoromethyl-
diazirine (a carbene precursor first introduced by Brun-
ner[3, 4]), the biotin tag, and the ligand attachment site
independently.[5] Any desired ligand can be coupled to the
free OH group of 7 and to the squaric ester function of 18 by
an appropriate method. In addition, these compounds have
two photolabile groupings, the diazirine moiety which gen-
erates the carbene intermediate on irradiation at 350 nm[6]

and an alkyl m-nitrophenyl ether which undergoes a photo-
substitution reaction to yield the corresponding m-nitrophe-
nol on irradiation at the same wavelength in mildly basic
solution.[7] As suggested by Nakanishi and co-workers,[8] the
latter reaction can be used to remove both the ligand and the
biotin tag from the peptide before mass spectrometric
sequencing to avoid complications in its mass spectrometric
analysis.

Amine 3 was prepared starting from dimethyl 5-hydroxy-
isophthalate (2) as described by Nakanishi and co-workers
(Scheme 1A).[8] The oxidation of 3 with dimethyldioxirane
was already known to give the corresponding nitro compound
4a in a reported yield of 66%. We found the reaction to be
rather capricious. In our hands, the method of Krohn et al.[9]

(Zr(OtBu)4-mediated oxidation with tert-butyl hydroperox-
ide) gave far more reliable results. The yields of 4a were
uniformly in the range of 80%. Oxidative degradation of 4a[10]

provided aldehyde 4b, and reduction of the latter with NaBH4

furnished primary alcohol 4c in 84% yield. Isocyanate 6 was
obtained from (R)-malic acid (5) as described previously.[11]

The coupling of 6 with primary alcohol 4c gave urethane 9,
which reacted with the biotin derivative 8 (obtained from the
corresponding, commercial diamine and biotin activated with
N,N�-carbonyldiimidazole (CDI) in pyridine) to give 7
through amide formation and concomitant loss of the
protecting group. The 1H and 13C NMR spectra of 7 were
fully assigned by H,H COSY and 13C,1H COSY experiments.
The 19F NMR signal was found at �� 12.65 ppm (CDCl3
solution, trifluoroacetic acid (TFA) �� 0 ppm). The ESI mass
spectrum[12] showed the expected quasi molecular ion
peaks.[13] Compound 7 can be regarded as a broadly applicable
biotin-tagged photoaffinity label. We attached 7 to the
moenomycin derivative 11b (obtained from moenomycin A
by the azo-coupling/Japp Klingemann route described pre-

viously[14]) to give 12 (Scheme 1B), which was fully charac-
terized by 1H and 13C NMR spectroscopy as well as mass
spectrometry.[15]

The photochemistry of the system was studied with model
compounds 4c and 7. Thus, experiments on an analytical scale
(0.76 mmolL�1 in methanol, mercury high-pressure lamp,
monochromator, 350 nm) indicate (see the isosbestic points in
Figure 1) that 4c is cleanly converted into the methoxy

Figure 1. UV/Vis spectroscopic control of the conversion of 4c into to 13.

derivative 13 (Scheme 2). On a preparative scale, irradiation
of 4c (0.7 m� in methanol, 10 �C, argon atmosphere, 350 nm,
Rayonet reactor) furnished the methoxy compound 13 in
70% yield (according to the 19F NMR spectrum of the
reaction mixture). After chromatographic purification, 13 was
fully characterized by NMR spectroscopy and mass spec-
trometry.

The aromatic photosubstitution by which them-nitroalkoxy
derivatives are converted into the corresponding m-nitro-
phenols offers the very promising opportunity to assist mass
spectrometric structural elucidation by simply executing the
photosubstitution in a mixture of H2

16O and H2
18O. We

performed the cleavage reaction of 13 in 0.01 molL�1 NaOH
in a 4:1 mixture of H2

16O and H2
18O. As Figure 2 shows the 4:1

ratio of H2
16O and H2

18O is nicely translated into a 4:1 ratio of
the intensities of the molecular ions of the substitution
products 14a and 14b. Thus, after a photoaffinity labeling
experiment, all labeled peptides should be easily recognized
by doublets with a mass difference of two in the mass spectra.

We also studied the photodegradation of photolabel 7 on an
analytical scale (1.34 m� in methanol) under the conditions
described above. The UV spectra are more complicated
because of overlapping bands. The difference spectra (A(t)�
A(t�0)) displayed in Figure 3 have been calculated to separate
the absorptions of the reaction site. Figure 3 again nicely
shows two isosbestic points indicative of a clean conversion of
7 into 15.

A second broadly applicable photoaffinity reagent based on
a m-nitroalkoxy-substituted phenyltrifluoromethyldiazirine
(Nakanishi diazirine) was obtained from aldehyde 4b and
amino compound 16 by reductive amination to give secondary
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Scheme 1. A) Synthesis of 7: a) 3, Zr(OtBu)4 (0.1 equiv), tert-butyl
hydroperoxide (3 equiv), molecular sieves (3 ä), CH2Cl2, 20 �C, 19 h,
flash chromatography (ethyl acetate/cyclohexane 2:8, Rf� 0.7), 80%;
b) OsO4 (4% in H2O, 0.04 equiv), N-methylmorpholine-N-oxide
(1.2 equiv), acetone/water 8:1, 20 �C, 3 h, flash chromatography
(chloroform(methanol 30:1, Rf� 0.2), NaIO4 on silica gel (obtained
from a 0.65 molL�1 aqueous solution, 14 equiv), RT, 24 h, flash
chromatography (chloroform/methanol 8:2,Rf� 0.8), 74%; c) NaBH4

(1 equiv), THF/MeOH 4:1, 10 �C, 30 min, flash chromatography
(ethyl acetate/toluene/cyclohexane 3:4:3, Rf� 0.4), 84%; d) 6
(1.5 equiv) in several portions, until TLC analysis showed complete
consumption of 4c, chloroform, RT, 5 d, flash chromatography (ethyl
acetate/cyclohexane 1:1, Rf� 0.5), 88%; e) 8 and 9 (1.5 equiv), DME/
water 1:1, 0 �C, 2.5 h�RT, 12 h, flash chromatography (chloroform/
methanol 8:2, Rf� 0.35), 65%. B) Synthesis of 12 : 7 and 10 (1 equiv),
dimethylaminopyridine (0.9 equiv), pyridine, 0 �C, then water
(1 equiv), 11b (1.7 equiv) RT, 30 h, filtration through RP18 (acetoni-
trile/water 1:1, Rf� 0.9), flash chromatography (methanol/chloroform
2:8, Rf� 0.1, water/1-propanol 3:7, Rf� 0.7, RP18 (acetonitrile/water
3:7), 10%.
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Figure 2. Molecular ions of the photo-substitution product(s) of 13. Light
gray: reaction in H2

16O, black: reaction in 4:1 H2
16O/H2

18O.

amine 17 in 60% yield (Scheme 3). Reaction of 17 with
diethyl squarate[16±18] provided squaric acid ester amide 18.[19]

As usual for squaric acid amides,[16] two 13C NMR signals
appeared for many carbon atoms, thus indicating the presence
of two conformers. Compound 18 can be attached to any
suitable ligand with a primary or secondary amino group.
Thus, the reaction of 18 with the moenomycin derivative 11a
in a 1:1 mixture of water and methanol at pH 9 furnished

Figure 3. UV/VIS spectroscopic control of the conversion of 7 into
15, difference spectra A(t)�A(t�0) .

compound 19, which was characterized by NMR spec-
troscopy and mass spectrometry.[20]

Both 12 and 19 have been found to be antibiotically
active against a number of Staphylococcus aureus strains
(minimum inhibitory concentration (MIC): 4.8� 10�7

and 3.2� 10�7 molL�1, respectively)[21] although to a
lower degree than moenomycin A itself.[22]

In conclusion, we have developed two biotinylated
photoaffinity labels based on Nakanishi×s diazirine that
can be attached to any suitable ligand. The photo-
chemical removal of the ligand and biotin from labeled
peptides can be used to introduce a 16O/18O tag. This
should greatly facilitate identification of cross-linked

peptides by mass spectrometry. Compounds 12 and 19 are
fully equipped for photoaffinity studies. In addition, they have
been found to be antibiotically active, and their use in the
photoaffinity labeling of their target protein, the transglycos-
ylase domain of penicillin-binding protein 1b,[23] will be
reported in due course.
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Sphingolipids are ubiquitous constituents of animal and
plant cell membranes. In addition to their role as membrane
components, sphingolipids act as secondary messengers by
controlling metabolism and cell growth.[1, 2] Unlike animal cells,
in which (4E)-sphingenine is the characteristic sphingolipid,
plant tissue produces the E,Z isomers of 4-hydroxy-8-sphinge-
nines (phytosphingenine) and (4E)-4,8-sphingadienine.[3]

The properties of unsaturated sphingolipids, acyl lipids, and
other fatty acid derived metabolites are determined by the
number, position, and configuration of their double bonds.
However, the first stereospecifically operating enzymes have
only recently been cloned and characterized.[4, 5] All enzymes
known to date contained a diiron center with carboxylate and/
or histidine ligands as the catalytic unit and allow the oxygen-
dependent introduction of double bonds in nonactivated alkyl
chains. Both soluble and membrane-bound desaturases are
known; these have different consensus motifs, which deter-
mine the ligand environment of their diiron centers.[6] As a
result of studies with labeled precursors,[7, 8] and from the first
crystallographic analysis of a soluble �9-18:0-ACP desaturase
from castor seed[9]–together with mechanistic and spectros-
copic studies[10, 11]–a uniform mechanistic scenario emerged.
Most, if not all, desaturases convert the saturated substrate
into an olefin through a highly conserved two-step radical
mechanism.[12, 13] In the case of membrane-bound desaturases,
removal of the first hydrogen atom by an iron ± oxo species at
the reactive center of the enzyme (Scheme 1) is rate-limiting
and displays a high primary kinetic isotope effect (KIE, kH/

D� 5 ± 8). The second hydrogen atom is lost without a
significant KIE.[14±16] In contrast, the soluble stearoyl ACP
desaturase exhibits no pronounced KIE for the removal of the
first hydrogen atom. Contributions from electron transport,
substrate binding, and product release have been discussed as
masking factors.[17]

Desaturation proceeds suprafacially[8, 18±21] and removes
two syn-oriented vicinal hydrogen atoms from an enzyme-

controlled conformation of the substrate (Scheme 1). Thus,
the products are configurationally pure E or Z alkenes. With
respect to this uniform stereochemical course, enzymes which
convert a substrate into a mixture of E and Z isomers are of
special interest.[15, 19] The recently cloned �8-sphingolipid
desaturase from higher plants falls into this category.[22, 23]

The corresponding gene cloned from sunflowers (Helianthus
annuus) was heterologously expressed in yeast (Saccharomy-
ces cerevisiae), which does not produce unsaturated long-
chain sphingobases.[22] The expressed enzyme converts 4-hy-
droxy-sphinganine (phytosphinganine) into a 7:1 mixture of
(8E)- and (8Z)-4-hydroxy-8-sphingenine (Figure 1). The in-
hibition of fatty acid biosynthesis in the yeast with cerulenin[24]

allows exogenous labeled palmitic acids to be channelled with
high efficiency into the sphingolipid metabolism of the cell,
thus yielding deuterated 4-hydroxysphinganine (�95% la-
beled). Owing to the ease of incorporation, administration of
stereospecifically deuterated palmitic acids should give the
first stereochemical and mechanistic information (KIEs) on
the mode of simultaneous production of E and Z olefins by a
single desaturase.

Herein we report that the �8-sphingolipid desaturase from
H. annuus produces both the (8E)- and (8Z)-4-hydroxy-8-
sphingenine in a stereospecific manner by syn elimination of
two vicinal hydrogen atoms. Interestingly, both transforma-
tions display different KIEs. Stereospecifically deuterated
palmitic acids, which were required for analysis of the
desaturation process, were synthesized following a modified
protocol of Thum et al.[25] [5,5,6,7-D4]-(6R,7R)-palmitic acid
(� 98% ee per center) and racemic [5,5,6- and 5,5,7-D3]-
palmitic acids were synthesized; the latter were used for the
determination of KIEs. The fatty acids were obtained by
alkylation of chiral alkyl iodides (Scheme 2) with functional-
ized organocuprates.[26] The alkylation proceeded without loss

Scheme 2. Synthesis of labeled palmitic acids from deuterium-labeled
alkyl iodides and functionalized organozincates.
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an alkyl chain of a saturated precursor.
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or scrambling of deuterium (�98% D substitution per
center). The protocol is highly flexible and the combination
of appropriate starting materials allows almost any position to
be labeled with hydrogen isotopes. The two additional
deuterium atoms at C5 were required to secure the origin of
metabolites in the event that both deuterium atoms from C6
and C7 of the precursor acids were removed.

Cells of the transgenic yeast, which express the gene of the
�8-sphingolipid desaturase from sunflower, were grown in the
presence of cerulenin and labeled palmitic acids. After
alkaline hydrolysis, the released sphingobases were converted
by Sanger×s reagent into their dinitrophenyl (DNP) deriva-
tives and preseparated by TLC.[23] The derivatives could be
analyzed as negative ions by ESI MS with very high sensitivity
and essentially free from background. By passing through a
reversed-phase silica HPLC column (RP-18), the E and Z
isomers of the DNP-modified 4-hydroxy-8-sphingenine were
separated and analyzed individually (Figure 1). Both isomers

from the transformation of [5,5,6,7-D4]-(6R,7R)-palmitic acid
displayed spectra with an intense [M�H]� pseudomolecular
ion, with no further fragmentation. The major isomer, (8E)-4-
hydroxy-8-sphingenine gave rise to a single [M�H]� ion
(m/z� 483); the 8Z isomer also gave rise to a single ion
(m/z� 482). In addition, both isomers displayed a weak signal
at m/z� 480, which corresponded to the [M�H]� ion of
unlabeled, natural 4-hydroxy-8-sphingenine. The E isomer
was formed stereospecifically by the loss of a single deuterium
atom along with a single hydrogen atom from C8 and C9,
respectively, of the saturated 4-hydroxysphinganine precur-
sor. In contrast, the 8Z isomer was generated with simulta-
neous removal of two deuterium atoms (C8-DR and C9-DR) of
the saturated precursor.

To determine the position of the remaining deuterium
atoms in (8E)-4-hydroxy-8-sphingenine, the double bond was
oxidized with OsO4

[27] and the resulting diol cleaved with
NaIO4 under phase-transfer conditions.[28] The aliphatic
cleavage product, decanal, was then analyzed by GC/MS
(chemical ionization, i-butane). Decanal from the oxidative
degradation of (8E)-4-hydroxy-8-sphingenine was found to
possess one deuterium atom at the carbonyl group,[29] which
demonstrates the simultaneous removal of the C8-DR and the
C9-HS atoms. Decanal from the oxidative degradation of
(8Z)-4-hydroxy-8-sphingenine possessed no deuterium atom,
which confirmed that the two remaining deuterium isotopes
on the metabolite (m/z� 482) were located in the polar head
of the 4-hydroxy-8-sphingenine at C7 (marker isotopes at C5
of the administered palmitic acid). These findings suggest that
both desaturation steps leading to either the 8E or the 8Z
isomer of 4-hydroxy-8-sphingenine involved the syn elimina-
tion of two vicinal hydrogen atoms. Any influence from

unspecific isomerases of the yeast cells on the
E/Z ratio of the products could be excluded,
since the expression of desaturases from other
plants in the same system resulted in different
and characteristic E/Z mixtures of the unsatu-
rated products.[22, 23] Moreover, the resulting E/Z
ratio proved to be sensitive to isotopic substitu-
tion at C8 and/or C9 on the saturated precursor
and hence is intrinsically linked to the mecha-
nism of desaturation.[30]

The KIEs of the removal of the hydrogen
atoms from C8 and C9 of the sphingolipid
precursor were determined by mass spectromet-
ric analysis of the metabolites from racemic
[5,5,6- and 5,5,7-D3]palmitic acids (Scheme 2)
fed to the transgenic yeast. All experiments
followed the above protocol and were carried
out at least in triplicate. Average values of the
resulting KIEs are compiled in Table 1.

In contrast to previously studied systems, two
distinct and different KIEs were found for the
removal of the two hydrogen atoms from C8 and
C9 of the saturated precursor en route to the 8Z
isomer. The KIEs associated with the produc-
tion of the (8E)-isomer follow the usual trend: a
large KIE for the removal of the hydrogen atom
attacked initially and a low KIE for the subse-

quent loss of the second hydrogen atom, which is in agree-
ment with the two-step radical mechanism of previously
studied desaturases.[31, 12] Since both isomers are generated by
the same enzyme, a uniform mechanism that involves a

Figure 1. Biosynthesis and desaturation of 4-hydroxysphinganine. Deuterium-labeled
palmitic acid from the culture medium enters the transgenic yeast cell and is metabolized
via N-acyl-4-hydroxysphinganine into acylated (8E)- and (8Z)-4-hydroxy-8-sphingenine.
The E/Z isomers of their DNP derivatives were separated by reversed-phase HPLC (RP 18)
with UV detection (350 nm).

Table 1. KIEs of the desaturation of specifically deuterated sphingolipids.

�8-Phytosphingenine Atom kH/D

E isomer C8 1.91� 0.14
C9 1.16� 0.04

Z isomer C8 2.07� 0.16
C9 3.79� 0.59

KIEs were calculated from the ratio of the intensities of the pseudomo-
lecular ions of [D3]- and [D2]phytosphingenine after correction for the
abundance of their 13C satellite peaks.
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transient C-centered radical should hold for both isomers (as
shown in Scheme 1). Thus, the C8-HR atom of a staggered
alkyl segment should be exposed directly to the active center
of the desaturase if an E isomer is to be formed. Following
removal of this hydrogen atom, the radical intermediate at C8
could suffer a second electron transfer or undergo a direct �-
cleavage with simultaneous transfer of the C9-HS atom to the
reactive center without a significant KIE (Table 1, kH/D�
1.16� 0.04). The production of the 8Z isomer requires a
gauche conformation of the substrate in the relevant area and
proceeds with initial hydrogen abstraction from C9 (Figure 1).
Since the initial attack on the hydrogen atoms en route to the
E or Z isomers occurred at different methylene groups, a
common reactive intermediate (radical) is ruled out. Our data
support a mechanism by which the �8-sphingolipid desaturase
directly and independently converts two differently populated
conformations of the same substrate with either anti or gauche
orientation about the C8 ±C9 axis into E or Z alkenes.

Owing to the simultaneous production of 8E and 8Z double
bonds and to the different KIEs for the production of the two
isomers (Table 1), the �8-sphingolipid desaturase is different
from the hitherto studied and stereospecifically operating
fatty acid desaturases. Moreover, in the case of the 8Z isomer,
initial attack is directed onto a hydrogen atom distal to the
polar head (C9), while all previously studied desaturases,[31, 12]

including the recently described �4-trans-dihydroceramide
desaturase from rat liver,[32] attack a hydrogen atom of the
proximal C atom. Despite these differences, the �8-sphingo-
lipid desaturase removes, en route to the E and Z isomers, the
hydrogen atoms from exactly the same spatial positions as all
other previously studied E- or Z-selective fatty acid desatur-
ases.[18, 19] It remains to be seen whether or not E/Z mixtures of
other desaturases, for example, those from pheromone glands
of insects,[15, 19] follow similar principles and also rely on single
enzymes, or whether in these organisms two stereospecifically
operating enzymes generate the isomeric mixtures. More
work on the mechanistic basis of the �8-sphingolipid desatur-
ase is required and will be reported soon.

Experimental Section

The open reading frame of a �8-Sphingolipid desaturase cDNA from
Helianthus annuus was cloned behind the constitutive ADH1 promotor of
the yeast expression vector pVT-U-102 and transformed in Saccharomyces
cerevisiae INVSc1.[22] Transgenic yeast cells were cultured for 4 d at 30 �C at
OD600� 1.0 in a medium containing Cerulenin (25 �� ; Sigma) and
[D]palmitic acid (0.25 m�) in complete minimal medium-dropout-uracil
(100 mL) with 2% raffinose and 1% tergitol-NP40 (Sigma). Cells were
harvested by centrifugation, washed, and directly hydrolyzed (10%
Ba(OH)2 (w/v) in H2O/Dioxan (1:1), 24 h, 110 �C). The released long-
chain sphingobases (LCB) were converted into the DNP derivatives and
prepurified by TLC (silica gel 60, CHCl3/MeOH 9:1 v/v). The configura-
tional isomers of the DNP derivatives were separated by HPLC on
reversed-phase silica (RP 18, GROM-SIL 120 ODS-5, 3 �m, 125� 2 mm,
ST, Grom, Herrenberg) with a gradient of 0.2 mLmin�1 from 60%MeOH/
CH3CN/2-propanol (10:3:1 v/v/v) and 40% water (10 min) to 20% water
and, finally 0% water (40 min). The DNP derivatives were analyzed by
ESI MS on a Micromass Quattro II mass spectrometer (Micromass,
Manchester, UK). Spectra were recorded in the negative-ion mode (source
temperature: 100�C, desolvation temperature: 250�C, cone voltage: 35 Volt).
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In the context of our studies on the reactivity of
square-planar carbenerhodium(�) compounds trans-
[RhCl(�CRR�)(L)2] with L�PR3, AsR3, SbR3,[1] we previ-
ously observed that the bis(stibane) derivatives trans-
[RhCl(�CRR�)(SbiPr3)2] generate upon heating dinuclear
rhodium(�) complexes with [Rh(�-SbiPr3)Rh] as a building
block.[2] After initial attempts to substitute the triisopropyl-
stibane in 1 by a tertiary phosphane or arsane failed,[2] we
circumvented the difficulties by the sequence of reactions
shown in Scheme 1. The crucial observation was that replacing

one of the chloro ligands in 1 by acetylacetonate (acac)
changes the reactivity of the starting material significantly and
provides the opportunity to substitute SbiPr3 for PMe3
without fragmentation of the dinuclear molecular core.
Subsequent reaction of 3 with [Tl(acac)] affords the sym-
metrical bis(acac) complex 4 in virtually quantitative yield.[3]

While both the NMR spectra and the X-ray structure
analysis of 3 clearly indicate that the phosphane ligand is in a
™semibridging∫ position,[3, 4] the data for 4 are somewhat

different. The 31P NMR spectrum of 4 displays a sharp triplet
(due to 31P ± 103Rh coupling) which does not broaden or split
into a doublet of doublets upon cooling the solution in
[D8]toluene at �80 �C. However, the two Rh�P bond lengths
(2.2707(7) and 2.5700(8) ä) are not exactly the same, which
we explained, taking the NMR data into consideration, by
packing effects in the lattice.[3]

To find out how strongly the anionic ligands influence the
binding of the bridging moieties to the metal centers, we
studied a variety of substitution reactions of the phosphane-
bridged compounds 3 and 4 of which those with Me3SiCl
furnished a breakthrough (Scheme 2). Treatment of 3 with an
excess of the chlorosilane in benzene led to a smooth
replacement of acac by chloride and gave a red solid 5, which
correctly analyzed as [Rh2Cl2(CPh2)2(PMe3)], in 92% yield.
The reaction of 6[3] with Me3SiCl in the molar ratio of about
1:200 proceeded analogously and gave the PEt3-bridged
species 7 in 85% yield. While we anticipated, owing to the
1H and 13C NMR spectra of 5 and 7, that both compounds

would possess a structure analogous to that of the
stibane-bridged complex 1, the X-ray crystal struc-
ture analysis of 5 revealed that in the lattice two
dinuclear moieties are connected through two
bridging chloro ligands to give a Rh4 species with
a chainlike {ClRh2Cl2Rh2Cl} core (Figure 1).[5]

Moreover, the midpoint of the planar Rh(�-Cl)2Rh
fragment is a center of symmetry. Besides the
Rh1�Rh2 distance of 2.5054(2) ä, which differs
only slightly to that of the stibane-bridged com-
pound 1 (2.5349(5) ä),[2] the most important struc-
tural features of 5 are the Rh�P bond lengths of
2.3625(6) ä and 2.4826(6) ä. The difference be-
tween these two distances is much less than for the
bis(acac) complex 4 indicating that–at least in the
crystal lattice–the type of the anionic ligands
bonded to the rhodium center influences the
position of the bridging phosphane unit. Owing to
the similarity of the Rh�Rh and Rh�P distances, the
bond angles of the Rh2P triangle are nearly the same
and deviate only marginally from the 60� value.

[*] Prof. Dr. H. Werner, Dipl.-Chem. T. Pechmann,
Dipl.-Chem. C. D. Brandt, C. Rˆger
Institut f¸r Anorganische Chemie
Universit‰t W¸rzburg
Am Hubland, 97074 W¸rzburg (Germany)
Fax: (�49)931-888-4623
E-mail : helmut.werner@mail.uni-wuerzburg.de

[**] This work was supported by the Deutsche Forschungsgemeinschaft
(SFB 347) and the Fonds der Chemischen Industrie.

Scheme 1. Indirect substitution of the SbiPr3 ligands in 1 by PMe3 and subsequent
reaction to give 4.

Scheme 2. Synthesis of the tetranuclear rhodium complexes 5 and 7, which
are in equilibrium with the dinuclear complexes 5� and 7�.
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Figure 1. Molecular structure of 5 in the crystal. Selected bond lengths [ä]
and angles [�]: Rh1-Rh2 2.5054(2), Rh1-P1 2.4826(6), Rh2-P1 2.3625(6),
Rh1-C1 1.988(2), Rh1-C2 1.968(2), Rh2-C1 2.044(2), Rh2-C2 2.051(2),
Rh1-Cl1 2.3088(6), Rh2-Cl2 2.4961(5); Cl1-Rh1-Rh2 167.894(19), Cl1-Rh1-
P1 135.51(2), Cl1-Rh1-C1 122.43(6), Cl1-Rh1-C2 119.98(6), Rh1-C1-Rh2
76.83(7), Rh1-C2-Rh2 77.08(7), Rh1-P1-Rh2 62.217(15), C1-Rh1-C2
91.09(8), C1-Rh2-C2 87.19(8), C1-Rh1-P1 87.06(6), C2-Rh1-P1 88.43(6),
C1-Rh2-P1 89.11(6), C2-Rh2-P1 89.88(6), Rh1-Rh2-Cl2 137.252(14), C1-
Rh2-Cl2 170.77(6), C2-Rh2-Cl2 96.33(6), P1-Rh2-Cl2 99.41(2).

Although cryoscopic measurements with a saturated solu-
tion of 5 in benzene confirm that under these conditions the
tetranuclear compound is present (calcd: Mr� 1370.4; found:
Mr� 1310), the 31P NMR spectrum of 5 at room temperature
(in C6D6) is concentration-dependent. The spectrum of a
nearly saturated solution (4 mmolL�1) exhibits a somewhat
broadened triplet at ���24.6 ppm which after lowering the
concentration to 0.1 mmolL�1 transforms into a sharp triplet
with a chemical shift of ���20.4 ppm. Since the data in
CD2Cl2 are quite similar (a broadened triplet being observed
at ���23.1 ppm for a concentrated and a sharp triplet at ��
�15.7 ppm for a diluted solution), we conclude that both in
benzene and dichloromethane a rapid equilibrium between
the Rh4 and the Rh2 species exists (see
Scheme 2), and that at low concentrations
the Rh2 species 5� dominates. At �80 �C in
[D8]toluene, the 31P NMR spectrum of 5
displays a doublet of doublets at ���30.4
(with 31P ± 103Rh coupling constants of
128.4 and 95.4 Hz) indicating that under
these conditions the conversion of 5 to 5� is
inhibited.

After attempts to generate a dinuclear
rhodium(�) complex with a trialkylarsane as
a bridging ligand by treatment of the
stibane derivative 1 with AsMe3 or AsiPr3
failed, we succeeded in preparing the
™missing link∫ between the [Rh(�-
SbR3)Rh] and [Rh(�-PR3)Rh] compounds
in a stepwise manner. Whereas the reac-
tion of 8[6] even with a large excess of
AsMe3 in benzene leads to a equilibrium

mixture of 8 and 9, in hexane as solvent (in which 9 is only
sparingly soluble) the arsane-bridged complex 9 is obtained
(6 h, 25 �C) as a light-brown solid in 85% yield (Scheme 3).
Although 9 can be stored under argon at �25 �C for weeks, in
solution (benzene or acetone) it decomposes quite rapidly.

Despite its lability, compound 9 reacts with Me3SiCl (molar
ratio 1:1.1) to give the dinuclear complex 10, which possibly
contains the arsane in a semibridging coordination mode. As
already observed with the PMe3 counterparts 3 and 4, the
unsymmetrical species 10 is significantly more stable than 9
and does not decompose in benzene even after storing for
three days. Replacing the remaining acac ligand of 10 by
chloride is more difficult and, even with a large excess of
Me3SiCl, the formation of 11 occurs only slowly at room
temperature. After removal of the volatiles, the dichloro
derivative was isolated as a red-brown solid in 91% yield. As
shown by the X-ray crystal structure analysis,[5] the sym-
metrical AsMe3-bridged compound 11 is isomorphous to 5
and also possesses the midpoint of the Rh(�-Cl)2Rh unit as a
center of symmetry (Figure 2). For both 5 and 11, each half-
dimer structure is found twice in the asymmetric unit.
However, the most noteworthy structural feature of 11 is that
in contrast to 5 the terminal Cl�Rh bond length is longer than
the Cl�Rh distances in the bridge. For this observation there is
no precedence. The two Rh�As bond lengths of 11 differ
slightly (2.5475(4) and 2.6731(4) ä) reflecting the inequiva-
lence of the ™outer∫ and ™inner∫ metal centers of the
{ClRh2Cl2Rh2Cl} chain. Since the 1H as well as the 13C NMR
spectra of 11 (in CD2Cl2) remain unchanged in the temper-
ature range between 193 K and 333 K, we assume that under
these conditions no dissociation of the dimeric Rh4 to the
monomeric Rh2 species takes place.

The results of the present investigation close a gap in the
field of coordination chemistry. After it had been supposed
for decades that tertiary phosphanes, arsanes, and stibanes
behave exclusively as terminal ligands, it was only recently
that this postulate became weakened. The preparation of
compound 1 (the first ™outsider∫)[7] and its SbMe3 and SbEt3
analogues[2] was followed by the isolation and structural
characterization of 3 and 4 and has now culminated in the

Scheme 3. Substitution of the SbiPr3 ligands in 8 by AsMe3 and subsequent reaction to give 11.
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Figure 2. Molecular structure of 11 in the crystal. Selected bond lengths
[ä] and angles [�]: Rh1-Rh2 2.8407(3), Rh1-As1 2.5475(4), Rh2-As1
2.6731(4), Rh1-C1 2.129(3), Rh1-C14 1.934(3), Rh2-C1 1.862(3), Rh2-C14
2.157(3), Rh1-Cl1 2.5589(8), Rh2-Cl2 2.3667(7); Cl1-Rh1-Rh2 171.03(2),
Cl1-Rh1-As1 129.62(2), Cl1-Rh1-C1 136.21(7), Cl1-Rh1-C14 124.40(8),
Rh1-C1-Rh2 90.53(10), Rh1-C14-Rh2 87.78(10), Rh1-As1-Rh2 65.881(10),
C1-Rh1-C14 77.91(10), C1-Rh2-C14 78.73(10), C1-Rh1-As1 80.97(7), C14-
Rh1-As1 90.24(8), C1-Rh2-As1 82.53(9), C14-Rh2-As1 82.40(7), Rh1-Rh2-
Cl2 141.653(18), C1-Rh2-Cl2 168.26(9), C14-Rh2-Cl2 196.61(7), As1-Rh2-
Cl2 108.32(2).

synthesis of the first arsane-bridged species 9 ± 11. As
Braunstein and Boag pointed out last year,[8] a bonding mode
such as {M(�-ER3)M} (E�P, As, Sb) should not be regarded
as thermodynamically unfavorable and, taking both the
isolobal analogy of SiR3

� and PR3 and the existence of silyl-
bridged transition-metal complexes into consideration,[8] the
preparation of 1, 4, 5, 9, and 11might only be the first step into
a new field. The recent discovery by Reau and Halet et al.[9]

that the phosphorus atom of substituted phospholes is able to
bridge two palladium centers undoubtedly supports this
prediction.

Experimental Section

5 : A solution of 3 (518 mg, 0.69 mmol) in benzene (70 mL) was treated with
Me3SiCl (1 mL, 7.9 mmol) and stirred for 24 h at room temperature. The
solvent and excess silane were evaporated in vacuo, the red solid was
washed with diethyl ether (2� 5 mL) and dried: yield 436 mg (92%); m.p.
126 �C (decomp); 1H NMR (400 MHz, C6D6, 4 mmolL�1, 293 K):[10] ��
0.88 ppm (d, 2J(P,H)� 10.6 Hz; PCH3); 13C NMR (100.6 MHz, C6D6,
4 mmolL�1, 293 K): �� 187.8 (m; CPh2), 23.5 ppm (d, 1J(P,C)� 40.0 Hz;
PCH3); 31P NMR (81.0 MHz, C6D6, 4 mmolL�1, 293 K): ���24.6 ppm (br
t, 1J(Rh,P)� 109.4 Hz); 31P NMR (81.0 MHz, C6D6, 0.1 mmolL�1, 293 K):
���20.4 ppm (t, 1J(Rh,P)� 109.3 Hz); 31P NMR (81.0 MHz, [D8]toluene,
2 mmolL�1, 293 K): ���21.3 ppm (t, 1J(Rh,P)� 111.9 Hz); 31P NMR
(81.0 MHz, [D8]toluene, 2 mmolL�1, 193 K): ���30.4 ppm (dd,
1J(Rh,P)� 128.4 and 95.4 Hz).

Compound 7 was prepared as described for 5, by using 6 (132 mg,
0.17 mmol) and Me3SiCl (5 mL, 39.4 mmol) as starting materials. Red
solid: yield 103 mg (85%); m.p. 85 �C (decomp); 1H NMR (400 MHz,
C6D6):[10] �� 0.77 ppm (m; PCH2CH3); 13C NMR (100.6 MHz, C6D6): ��
186.7 (m; CPh2), 22.0 (d, 1J(P,C)� 34.3 Hz; PCH2), 9.3 ppm (d, 2J(P,C)�
4.8 Hz; PCH2CH3); 31P NMR (162.0 MHz, C6D6, 293 K): �� 4.8 ppm (t,
1J(Rh,P)� 102.5 Hz).

Compound 9 was prepared from 8 (553 mg, 0.56 mmol) and AsMe3
(108 �L, 1.0 mmol). Light brown solid: yield 408 mg (85%); m.p. 105 �C
(decomp); 1H NMR (200 MHz, C6D6, 293 K):[10] �� 5.50 (s; CH of acac),
1.95 (s; CH3 of acac), 0.88 ppm (s; AsCH3); 13C NMR (100.6 MHz, CD2Cl2,

233 K): �� 188.0 (s; CO of acac), 172.7 (t, 1J(Rh,C)� 22.4 Hz; CPh2), 99.5
(s; CH of acac), 27.8 (s; CH3 of acac), 18.0 ppm (s; AsCH3). Compound 10
was prepared analogously as described for 5, by using 9 (76 mg, 0.09 mmol)
and Me3SiCl (12 �L, 0.10 mmol) as starting materials; reaction time 1 h.
Brown solid: yield 62 mg (88%); m.p. 105 �C (decomp); 1H NMR
(400 MHz, C6D6, 293 K):[10] �� 5.41 (s; CH of acac), 1.89 (s; CH3 of acac),
0.62 ppm (s; AsCH3); 13C NMR (100.6 MHz, C6D6): �� 189.1 (s; CO of
acac), 178.2 (dd, 1J(Rh,C)� 27.2 and 20.0 Hz; CPh2), 101.0 (s; CH of acac),
28.0 (s; CH3 of acac), 18.6 ppm (s; AsCH3).

Compound 11 was prepared from 10 (75 mg, 0.09 mmol) and excess
Me3SiCl (2 mL, 15.7 mmol) in benzene (2 mL). Red-brown solid: yield
63 mg (91%); m.p. 120 �C (decomp); 1H NMR (400 MHz, CD2Cl2,
293 K):[10] �� 1.19 ppm (s; AsCH3); 13C NMR (100.6 MHz, CD2Cl2,
293 K): �� 20.5 ppm (s; AsCH3).
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Complexes of cyclopentadienyl (Cp) ligands with func-
tional amino or amido side chains are currently receiving
enormous attention in organometallic chemistry.[1, 2] While the
donor substituent tethered to the Cp moiety usually serves a
hemilabile chelate function in generic type A complexes, we
recently put forward a novel approach in which a pyrazolate
group in complexes of type B links two Cp units and acts both
as an intramolecular N donor and as a bridging group
spanning two metal ions .[3] Such a strategy, that is the formal

coupling of two N-containing ligand compartments through a
functionalized pyrazolate bridge to constitute a preorganized
dinuclear scaffold, has successfully been employed for mim-
icking cooperative effects in biomimetic coordination com-
pounds.[4] Accordingly, type B systems are now expected to
give rise to novel organometallic chemistry in which two
adjacent metal ions might work in concert. Here we report the
first transition metal complex of type B, its unusual structural
features in the solid state, and characteristics of the metal ±
metal interaction in the mixed-valent form.

It proved difficult to introduce the parent Cp into the side
arms of functionalized pyrazole derivatives such as 1,[5] and
thus we employed a ™protected∫ form of Cp: attachment of
[CpMn(CO)3] to the pyrazole nucleus was achieved in a
[Pd(PPh3)2]/ZnCl2-catalyzed cross-coupling reaction[6] yield-
ing 2 (Scheme 1).

A single-crystal structure analysis[7] showed that 2 contains
a protonated (noncoordinating) 1H-pyrazole heterocycle
suitably arranged to potentially interact with the pendant

Scheme 1. Synthesis of the complex K�3�.

metal carbonyl fragments. Photolytic decarbonylation of 2
and deprotonation using KOtBu gave K�3�, the first bimet-
allic complex of type B. Its formation can be monitored by IR
spectroscopy through the characteristic changes of the
CO stretching frequencies (2015/1927 cm�1 for 2 versus
1919(1896)/1848(1816) cm�1 for 3�).[8]

Single crystals of K�3� ¥ 0.9THF obtained from THF/light
petroleum were analyzed by X-ray crystallography.[9] The
asymmetric unit contains four (very similar) dimanganese(�)
units of the anticipated constitution–one of which is depicted
in Figure 1. The N-Mn-CC�O angles in 3� are rather large
(mean value 101.9�) compared to those in other
[CpMn(CO)2L] complexes (L�N-donor ligand; 92.6 ± 98.1�
according to a CSD search), indicating a somewhat strained
situation in the chelate complex 3�.

Figure 1. Molecular structure of 3� (30% probability ellipsoids). Selected
interatomic distances [ä] and range of selected bond angles and dihedral
angles [�]; values for the other three independent molecules in square
brackets: Mn1-N1 2.034(4) [2.032(4), 2.066(3), 2.047(4)], Mn2-N2 2.053(4)
[2.060(4), 2.053(4), 2.033(4)]; CC�O-Mn-N 98.6(2)-102.9(2) [100.0(2)-
103.8(2), 102.3(2)-104.7(2), 96.3(2)-102.8(2)], Mn1-N1-N2-Mn2 27.9(1)
[22.3(1), 10.3(1), 34.3(1)].
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The bimetallic entities are connected through potassium
ions to form a three-dimensional coordination polymer in the
solid state. All K� ions are involved in unusual �5 �

interactions with the pyrazolate heterocycle (Figure 2;
d(K�N) 2.83 ± 3.07, d(K�C) 3.14 ± 3.52 ä).[10] Such �5 coordi-
nation to a pyrazolate group is very rare and has only recently
been reported in a few cases,[11] while to the best of our
knowledge the �1:�1:�5 pyrazolate binding mode observed in 3
is unprecedented.[12]

Figure 2. Part of the solid-state structure of (K�3�) ¥ 0.9THF.

The coordination sphere of two of the four crystallograph-
ically distinct K� ions is completed by three O atoms of
CpMn-bound CO groups and by one THF solvent molecule,
while the other two K� ions are coordinated to four
neighboring carbonyl-O atoms. These latter K� ions display
a further open coordination site and exhibit a remarkably
short additional side-on � contact with one CO ligand that is
already end-on-bound to a second K� ion (see Figure 2:
d(K1 ¥¥ ¥ C20/O20) 3.07/3.14, d(K2 ¥¥¥ C310/O310) 3.02/2.95 ä).
According to a CSD search these are among the shortest side-
on K� ¥ ¥ ¥ CO contacts detected thus far.[13]

The MnIMnI compound 3� is easily oxidized, for example,
by air. The cyclic voltamogram of 3� in THF reveals two well-
separated reversible redox waves at E1/2��0.37 and E1/2�
�0.14 V (Figure 3),[14] corresponding to the formation of the

Figure 3. Cyclic voltammogram of 3� (Pt electrode, solvent THF, electro-
lyte 0.1� NnBu4

�PF6
� ; scan speed 200 mVs�1).[14]

MnIMnII (d5/d6) and the oxidized MnIIMnII (d5/d5) species. The
rather large separation of these single-electron processes
(�E1/2� 509 mV) suggests strong electronic coupling and
significant stabilization of the mixed-valent compound 3
(Kcomp� 3.8� 108). A related MnIZnII complex with only one
redox-active Mn ion gave a single wave at E1/2��0.20 V in
CH2Cl2.[6c]

Complex 3 can be prepared on a preparative scale by
stoichiometric oxidation of 3� with AgBF4 and was isolated as
a red powder. It should be noted that 3 is a rare example of a
neutral d5/d6 mixed-valent
complex, which is of particu-
lar interest because the ab-
sence of charge trapping in
nonpolar solvents is expected
to favour a high degree of
delocalization. The EPR
spectrum of 3 in 2-methyltet-
rahydrofuran at 293 K shows
an 11-line pattern (giso�
2.028; a(55Mn)iso� 28.3�
10�4 cm�1; Figure 4), confirm-
ing the equivalence of the two
metal centers on the EPR
time scale. A spectrum in
frozen solution (123 K), how-
ever, indicates localized va-
lency with electron coupling
to only one 55Mn nucleus.
Variable-temperature EPR
spectra were measured to lo-
cate the coalescence temper-
ature, that is the transition
between EPR-localized and -
delocalized states (Figure 4).
Transition between the iso-
tropic 11-line pattern and a
6-line profile occurs around 185 K, where the solution (2-
methyltetrahydrofuran/3-methylcyclopentane 1:4) still retains
its fluidity. If one assumes sufficiently slow intramolecular
electron transfer at low temperature as the reason, a rough
estimate of the activation energy E�

th and the thermal electron
transfer rate kth can be derived from Gagne¬ ×s approximation
[Eq. (1)]:[15] E�

th � 13.6 kJmol�1 and kth� 2.5� 1010 s�1 at
298 K.

kth� (kT/h)exp(�E�
th /RT) (1)

Based on these initial results, a Robin ±Day class II assign-
ment may be proposed for 3. Accordingly, four CO absorp-
tions are observed for the neutral mixed-valent MnIMnII

compound 3 (2027, 1952, 1899, and 1827 cm�1), confirming
that 3 is a valence-trapped species on the short vibrational
time scale (ca. 10�12 s).

While the kinetically inert CpMn(CO)2 fragment has
frequently been used for the stabilization of unusual mole-
cules[16] and for the construction of d5/d6 mixed-valent
systems,[17] the notorious lability of [CpMn(CO)2(L)] com-
plexes has generally hampered the isolation and detailed

Figure 4. EPR spectra of the
mixed-valent complex 3 in
2-methyltetrahyrofuran/3-meth-
ylcyclopentane (1:4) at selected
temperatures.
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characterization of systems with ™inorganic∫ ligands L, in
particular in the oxidized MnII forms. In 3, the rigid chelate
arrangement now precludes dissociation, and the � plane of
the bridging pyrazolate roughly coincides with the mirror
plane of the MnII(CO)2 fragment, which is a favorable
situation for stabilizing electronic � interactions. A more
detailed study of the electronic properties of 3�/0/� will be
reported in due course.

Experimental Section

2 : [CpMn(CO)3] was dissolved in THF and deprotonated with nBuLi at
�78 �C. The solution was sequentially treated with ZnCl2, [Pd(PPh3)2]
(prepared by the reduction of [PdCl2(PPh3)2] with diisobutylaluminum
hydride (DIBAH)) and 1, and stirred for 1 h at �78 �C and at room
temperature under exclusion of light for a further 72 h. Following
hydrolysis with brine, the tetrahydropyran(THP)-protected product was
purified by column chromatography (diethyl ether/light petroleum 1:1,
Rf� 0.33, yield 44%). The THP protecting group was cleaved with
ethanolic HCl, and the product 2 obtained as yellowish crystals from
CH2Cl2/light petroleum (yield 66% for the second step). Details of the
synthetic procedures and full characterization of the compounds will be
reported elsewhere.[7]

K�3� : A solution of 2 (0.29 g, 0.58 mmol) in THF (200 mL) was irradiated
with a high-pressure mercury lamp in a quartz apparatus for 15 min at
�40 �C, which caused the reaction mixture to turn deep red. The progress
of the reaction was monitored by IR spectroscopy in the CO stretching
region (2015, 1927 before irradiation; 1916, 1843 after irradiation). After
the mixture had been warmed to room temperature, KOtBu (0.65 g,
0.58 mmol) was added and the reaction mixture was left to stir for 1 h. All
volatile material was then removed under vacuum and the red residue
washed with light petroleum and dissolved in a small amount of THF. Slow
diffusion of light petroleum into the solution deposited red crystals of
K�3� ¥ 0.9THF (yield: 0.18 g, 0.37 mmol, 64%). IR (KBr): �� � 1911vs,
1885m, 1844vs, 1804m cm�1; IR (THF): �� � 1919vs, 1896m, 1848vs,
1816m cm�1; UV/Vis (THF): �max(�)� 400 nm (460m�1 cm�1); MS
(FAB): m/z (%): 482 (10) [M�], 443 (20) [M��K], 387 (45) [M��K�
2CO]; elemental analysis: calcd (%) for C19H13KMn2N2O4 (482.29): C
49.82, H 3.81, N 5.05; found: C 49.24, H 3.81, N 5.04.
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Total Synthesis of the Nematicidal
Cyclododecapeptide Omphalotin A by Using
Racemization-Free Triphosgene-Mediated
Couplings in the Solid Phase**
Bernd Thern, Joachim Rudolph, and G¸nther Jung*

In memory of Ernst Bayer

The natural product omphalotin A (1) belongs to a family
of cyclic dodecapeptides from the basidiomycete Omphalotus
olearius.[1] and shows a selective activity against phytopatho-
genic nematodes such as Meloidogyne incognita.[1] Under
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in vitro conditions, omphalotin A outreaches known nemati-
cides such as ivermectin in potency and selectivity.[2] The high
specificity and structure of 1, which are unusual for a
nematicide, lead to the assumption that a hitherto unknown
biological target is responsible for the activity of 1. To
elucidate this target, high amounts of the cyclopeptide are
required which cannot be produced by fermentation alone.[2]

Structurally, the highly lipophilic omphalotin A is closely
related to the immunosuppressive cyclosporin therapeutics;
nine of its twelve amino acids are N-methylated. This high

degree of methylation results in conformational freedom and
complicates chemical syntheses considerably, as the experi-
ence from syntheses of cyclosporins illustrates.[3] The main
problems are low coupling yields, side reactions such as
diketopiperazine formation or racemization,[4] and the lability
of N-alkylated peptides towards acids.[5] Despite numerous
reports on reagents for the coupling of sterically hindered N-
methyl amino acids,[6] a satisfactory solution for this problem
has not yet been found.[7]

Here we report on the synthesis of 1 using Fmoc amino
acids on a polystyrene support with a trityl linker (TCP resin).
This linker allows product cleavage under very mild con-
ditions using hexafluoroisopropanol (HFIP).[8] In view of the
acid lability of the products, these mild conditions were
crucial.

First, we did model reactions to form all N-methylated
peptide bonds in 1 using four different reagents
(dicyclohexylcarbodiimide�DCC, triphosgene�BTC, diiso-
propylcarbodiimide/hydroxyazabenzotriazole�DIC/HOAt,
tetramethylfluoroformamidinium hexafluorophosphate�
TFFH). As far as coupling efficiency is concerned, the
BTC method of Falb et al.[9] turned out to be far superior
(Table 1).

HPLC±MS, however, showed considerable amounts of by-
products in the cleavage products from the BTC couplings, as
did the HPLC chromatograms published by Falb et al.[9]

Furthermore, the BTC coupling turned out to be useless for
the synthesis of longer peptides. After only a few such
couplings, no product could be isolated from the TCP resin.
OnWang resin with the less acid-labile p-alkoxybenzyl linker,
quantitative diketopiperazine formation resulted upon Fmoc
removal from the dipeptidyl resin with piperidine. Therefore,
we decided to use the TCP resin, and to adapt the method-
ology of the BTC coupling to the properties of this resin.[10]

For the first successful synthesis of 1, the following protocol
was developed: The N-Fmoc-deprotected peptidyl ± TCP
resin is pretreated with diisopropylethylamine (DIEA) and
the activation of the Fmoc-N-methyl amino acid is carried out
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Table 1. Each of the eight N-methylated amide bonds of omphalotin A
were formed using four different reagents. In the case of complete
conversion, a negative chloranil test showed the absence of secondary
amines after one (� � ) or two (�) coupling cycles, respectively. In the case
of incomplete conversion ( ± ), the chloranil test was positive even after
double coupling cycles. The results were verified by HPLC or HPLC±MS
after cleavage from the resin.

N-methylated amide bond[a] TFFH[b] DIC/HOAt[c] DCC[d] BTC[e]

Fmoc-Trp-OH�H-MeVal-R ± � � ��
Fmoc-Ile-OH�H-MeVal-R ± ± � ��
Fmoc-Sar-OH�H-MeVal-R ± �� �� ��
Fmoc-MeVal-OH�H-MeVal-R ± ± ± ��
Fmoc-MeVal-OH�H-MeIle-R ± ± ± ��
Fmoc-Val-OH�H-MeIle-R ± ± � ��
Fmoc-MeVal-OH�H-MeGly-R �� �� �� ��
Fmoc-MeIle-OH�H-MeGly-R �� �� �� ��
[a] R�Phe-TCP-resin; [b] Fmoc AA, TFFH: 5 equiv, DIEA: 10 equiv, 1 h
in DMF (AA� amino acid); [c] Fmoc AA, HOAt, DIC, DIEA: 3 equiv,
1 h in DMF; [d] Fmoc AA: 6 equiv, DCC: 3 equiv, 1.5 h in DMF; [e] see
ref. [9].
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at room temperature in THF by addition of BTC and
collidine.[11] This procedure enables us to use BTC on acid-
labile TCP resin. Premature cleavage from the resin, which
was initially observed during syntheses starting from resin-
bound sarcosine, was prevented by limiting the pretreatment
of the resin with DIEA, as well as the Fmoc deprotection with
piperidine, to the shortest possible duration. An elevated
temperature during the coupling reaction was unnecessary, as
the presence of the strong base DIEA appears to accelerate
the coupling reaction.[12] By use of these modifications, the
formation of by-products was almost completely eliminated.
Furthermore, the amount of Fmoc amino acid needed per
coupling reaction could be reduced from 5 to 3.5 equivalents
without any loss of coupling efficiency.

Even in the exceedingly difficult coupling of Fmoc-MeVal
to resin-bound MeVal, quantitative conversion can be ob-
served when the modified BTC activation is used. The
coupling of unmethylated Fmoc amino acids, on the other
hand, often gave insufficient coupling yields. In these cases,
DIC/HOAt or HATU activation led to better results.

Starting from TCP resin preloaded with Fmoc-sarcosine,
and using a combination of BTC, DIC/HOAt, and HATU -
couplings, the linear dodecapeptide with C-terminal Sar6

[OmA(7-6)] was obtained in 84% yield and 90% purity
(HPLC, �� 214 nm). Only three coupling reactions had to be
repeated, whereas the remaining eight were complete after a
single coupling cycle (Figure 1). The crude product of the
coupling reaction was purified by flash chromatography on
silica gel. Diastereomerically pure[13] omphalotin A was
obtained in a cyclization yield of 37% and in an overall yield
of 31% with respect to the first loading of the resin with
Fmoc-sarcosine.

Analogous syntheses starting from resin-bound Sar9 or Sar12

also yielded 1 in a diastereomerically pure form. A total of
102 mg of pure 1 was synthesized.

The high-resolution 1H and 13C NMR spectra correspond to
the data given in the literature.[1b] The molecular mass
determined by ES-FTICR-MS in the ultrahigh-resolution
mode corresponds to the theoretical value up to a relative
mass error of 2 ppm (Figure 2). Additionally, the identity of
the synthetic product was confirmed by co-elution with the
natural compound in the analytical HPLC and by comparison
of their ES-FTICR-MS fragmentation spectra.

The modified BTC coupling was thus demonstrated to be a
highly efficient, experimentally simple and very low-cost
method for the coupling of N-methyl amino acids. We showed

Figure 2. ES-FTICR-mass spectrum of synthetic omphalotin A
([M�2H]2�). The upper trace shows the simulation, the lower trace shows
the spectrum recorded in the ultrahigh-resolution mode. The relative mass
error is 2 ppm.

that the novel BTC activation is racemization free.[13] Using
this solid-phase coupling, we developed a methodology which
allows the synthesis of omphalotin A in a very short time and
in high yields compared to both solid-phase and solution-
phase syntheses of the structurally related cyclosporins. This
method is expected to facilitate greatly the synthesis of
numerous other N-alkylated peptides such as cyclosporins,[14]

tentoxins, dolastatins, jaspamides, and didemnines.[7] It has a
high potential for automation in the multiple, parallel peptide
synthesis[15] which we are currently investigating. Experiments
to improve the efficiency of the BTC method for the coupling
of nonmethylated amino acids are also currently under way in
our laboratory.

Experimental Section

Fmoc-N-methyl amino acids were prepared according to Freidinger et al.[16]

HOAt and HATU were purchased from Applied Biosystems (Foster City,
CA, USA). TFFH was purchased from Advanced ChemTech (Bamberg,
Germany). TCP resin was obtained from PepChem (T¸bingen, Germany).
Preparative HPLC was performed on the ™high-throughput purifier∫
(HTP) coupled to the M-8000 ES-MS (Merck-Hitachi, Darmstadt,
Germany) using a C18-RP column (isocratic elution, 62% acetonitrile in
H2O, 0.1% TFA; TFA� trifluoroacetic acid) with MS and UV detection
(diode array). ES-FTICR-MS measurements were performed on a

Daltonic APEX II spectrometer (Bruker, Bre-
men, Germany).

The synthesis of 1 starting from Sar6 was
performed on 238 mg of TCP resin preloaded
with Fmoc-sarcosine (0.58 mmolg�1; 138 �mol;
1 equiv).

BTC coupling: Fmoc-peptidyl resin was depro-
tected with 20% piperidine/DMF (2 min �
8 min). After washing, the resin was treated
with dry THF (1 mL) for 15 min. Meanwhile,
the following Fmoc amino acid (483 �mol;
3.5 equiv) was added to a 68 m� solution of
BTC in dry THF (2.4 mL; 1.15 equiv BTC).
Sym-collidine (180 �L; 10 equiv) was added to
the clear solution, upon which a precipitate of

Figure 1. Synthesis outline for the linear dodecapeptide with Sar6 [omphalotin A(7-6)]. After the times
given, the respective couplings were quantitative (chloranil test, Kaiser test, and/or HPLC). Peak area of
the Fmoc-deprotected dodecapeptide (crude product): 90% (HPLC, �� 214 nm).
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Synthesis of the Dibismuthene Complex
[{�-�2-(cis-Me3SiCH2Bi)2}{W(CO)5}2] from a
Cyclobismuthane and [W(CO)5(thf)]
Lucia Bala¬zs, Hans Joachim Breunig,* and Enno Lork

Owing to relativistic effects it is expected that two valence
electron pairs of bismuth should be inert.[1, 2] Consequently,
BiI compounds should be relatively stable and their reactivity
should differ considerably from that of corresponding com-
pounds the lighter homologues. To date there is little evidence
for these effects because true BiI compounds are rare.[2] The
first organometallic examples are trans-dibismuthenes,
RBi�BiR[3] and two cyclobismuthanes, (RBi)n (n� 3,4),[4a]

which are protected by very bulky aryl groups or by the
(Me3Si)2CH group, respectively. Recently, the ring com-
pounds (RBi)4 (R� (Me3Si)3Si) and R6Bi8 (R� (Me3Si)3Sn)
were described.[4b]

Searching for less hindered BiI compounds, for which the
specific properties might emerge more clearly, we have
studied the bismuth ring system trimethylsilylmethylbismu-
th(�) (1), whose main components are the new cyclobismu-
thane 1a, a three-membered ring, and 1b, the first bismuth
five-membered ring. Three- and five-membered rings are well
known in the chemistry of P, As, and Sb.[5]

collidinium chloride was formed. DIEA (190 �L, 8 equiv) was added to the
resin, immediately followed by addition of the suspension. The mixture was
shaken for the reaction times given in Figure 1, filtered, and washed.

DIC/HOAt coupling: Fmoc amino acid (414 �mol; 3 equiv) and HOAt
(57 mg; 3 equiv) were dissolved in a small volume of CH2Cl2/DMF (1:1).
DIC (65 �L; 3 equiv) was added and the mixture was shaken. After 15 min,
this solution was added to the Fmoc-deprotected peptidyl resin (swollen in
DMF) and shaken for the reaction times given in Figure 1.

HATU coupling: Fmoc amino acid (552 �mol; 4 equiv) and HATU
(210 mg; 4 equiv) were dissolved in a small volume of CH2Cl2/DMF
(1:1). DIEA (190 �L; 8 equiv) was added and the mixture was shaken.
After 15 min, this solution was added to the Fmoc-deprotected peptidyl
resin (swollen in DMF) and shaken for the reaction times given in Figure 1.

Cleavage and deprotection: Following Fmoc deprotection, the dodeca-
peptidyl ± TCP resin was washed and HFIP/CH2Cl2 1:5 (5 mL) was added.
The suspension was shaken for 15 min, after which the filtrate was collected
and evaporated to dryness under reduced pressure. The cleavage procedure
was repeated twice. Yield: 155 mg linear dodecapeptide OmA(7-6)
(116 �mol; 84%), HPLC purity (�� 214 nm): 90%.

This peptide (155 mg; 116 �mol; 1 equiv) was dissolved in CH2Cl2
(400 mL). HOAt (32 mg; 2 equiv), 3-(3-dimethylaminopropyl)-1-ethylcar-
bodiimide (EDCI; 45 mg; 2 equiv) and DIEA (160 �L; 8 equiv) were
added successively. After stirring for 16 h at RT, 2/3 of the solvent was
evaporated under reduced pressure. The organic phase was washed with
saturated NaHCO3, 8% citric acid, and brine, dried over Na2SO4, and
evaporated to dryness. The cyclopeptide 1 was purified by flash chroma-
tography (silica gel, ethyl acetate/methanol 95:5). Yield: 57 mg 1 (43 �mol;
31%).

Analytical data for 1: 1H and 13C NMR data of the synthetic omphalotin A
correspond to the literature data for the natural compound.[1b] HR-MS (ES-
FTICR-MS): calcd: m/z 659.94668, found: m/z 659.94805 ([M�2H]2�)
(Figure 2). For further analytical data and experimental details, see
Supporting Information.
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The reaction of 1 with [W(CO)5(thf)] gives [{�-�2-(cis-
Me3SiCH2Bi)2}{W(CO)5}2] (2), the first complex with a
dibismuthene ligand. Particular features of 2 are the cis
arrangement of the alkyl groups and the bridging ™side-on∫
coordination of the dibismuthene. The combination of these
motifs is novel not only for bismuth, but also for the rich
coordination chemistry of the lighter homologues (RE)2 (E�
N, P, As, Sb).[6] The bismuth compounds closest related to 2
are complexes with bridging RBi ligands[6a] or dibismuth
complexes.[6a, 7] Attempts to synthesize a dibismuthene com-
plex using synthetic procedures which are well established in
the chemistry of other pnicogens,[6b] that is by reaction of
(Me3Si)2CHBiCl2 with Na2[W2(CO)10], led to other pro-
ducts.[7b]

For the synthesis of the cyclobismuthanes 1 (Scheme 1) first
diphenylbismuth chloride is transformed to Me3SiCH2BiPh2

by a Grignard reaction. Substitution with HCl gives Me3-
SiCH2BiCl2.[8] Hydrogenation with LiAlH4 in diethyl ether

Scheme 1. Synthesis of the cyclobismuthanes 1a and 1b.

at �70 �C leads to the colorless hydride Me3SiCH2BiH2,
which decomposes with a red coloration of the solution above
�50 �C with formation of hydrogen and 1. Removal of the
solvent gives 1 in 90% yield as a dark red, air-sensitive,
pyrophoric solid, which is very soluble in organic solvents.
Solutions of 1 are stable for a long time below �28 �C, but

decompose completely at room temperature within 24 h with
formation of R3Bi, R4Bi2, and Bi. The ring system in solution
was analyzed by 1H NMR spectroscopy at different temper-
atures and concentrations; the spectrum of 1 at �5 �C in C6D6

is shown in Figure 1.
The characteristic signals of the main components of 1,

namely the three-membered ring 1a and the five-membered
ring 1b, are easily recognized. The three-membered ring 1a
adopts the usual configuration with one trans- and two cis-
oriented substituents. The latter are bound to stereogenic
bismuth atoms; their methylene protons are not equivalent. In
the 1H NMR spectra there are two singlet signals in a 2:1 ratio
of intensities for the methyl groups, and four signals of an AB
spin system, as well as a singlet signal for the methylene
protons. In the five-membered ring 1b the substituents adopt
a maximum number of trans positions. Two pairs of the
substituents correspond to each other, and consequently the
spectrum displays three singlet signals in a 2:2:1 ratio of
intensities for the methyl groups and nine lines in the
methylene region (two AB spin systems for the diastereotopic
CH2 groups at the stereogenic bismuth atoms and one singlet
for the CH2 protons at the nonstereogenic bismuth atom). In
addition to the signals of 1a and 1b there are two signals with
low intensities of a component with equivalent alkyl groups.[9]

These signals are most probably for the four-membered ring,
cyclo-(Me3SiCH2Bi)4 in the all-trans configuration, which is
present in mixture up to a maximum of 1%. Changes in the
external conditions lead to interconversions of the ring
systems 1a and 1b. There are ring ± ring equilibria [Eq. (1)],
for which according to Le Chatelier×s principle the concen-
trations of the more strained three-membered ring increase

Figure 1. 1H NMR spectrum of a solution of 1 in C6D6 at 5 �C. Labels: � for 1a and * for 1b.
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on dilution and heating. As shown in Figure 1 the three- and
five-membered rings exist in an approximately 1:1 molar ratio
at 5 �C. It is likely that at low temperatures and in the solid
state the five-membered ring is the main component.[10]

The equilibrium between 1a and 1b is unusual, since
solutions of bis(trimethylsilyl)methylbismuth contain three-
and four-membered rings, and trimethylsilylmethylantimony
as well as other alkylpnicogen ring systems with ™slim∫
substituents exist in the crystal or in solution almost exclu-
sively as five-membered rings.[5c] Bulky substituents are
usually required for the stabilization of pnicogen three-
membered rings; they form in ring±ring equilibria only at
much higher temperatures.[5a]

The unique character of the Bi ring system 1 is exemplified
also in the reaction with [W(CO)5(thf)], which leads to the
dibismuthene complex 2, a red crystalline compound, which is
well soluble in hydrocarbons and melts at 95 �C. The structure
of 2 was determined by single-crystal X-ray diffraction.[11] It is
a complex of a cis-dibismuthene coordinated ™side-on∫
bridging to two W(CO)5 units in a bicyclic butterfly structure
(Figure 2). The Bi�Bi bond in 2 (3.003(1) ä) is longer than in

Figure 2. Structure of 2 in the crystal (the ellipsoids represent 30%
probability). Selected distances [ä] and angles [�]: Bi(1)-Bi(1�) 3.0024(7),
Bi(1)-C(1) 2.303(6), Bi(1)-W(1�) 3.118(1), Bi(1)-W(1) 3.124(1); C(1)-Bi(1)-
Bi(1�) 96.2(2), C(1)-Bi(1)-W(1�) 103.2(1), Bi(1�)-Bi(1)-W(1�) 61.34(2), C(1)-
Bi(1)-W(1) 104.3(2), Bi(1�)-Bi(1)-W(1) 61.15(2), W(1�)-Bi(1)-W(1)
117.88(3).

free dibismuthenes RBi�BiR with aryl substituents in trans
positions (R� [(Me3Si)2CH]3C6H2 2.8206(8),[3a] R�
(Me3C6H2)2C6H3 2.832(1) ä[3c]), or in the dibismuth com-
plexes [Bi2{W(CO)5}3] (2.818(3) ä)[7a] and [Bi2{Sm(C5Me5)2}2]
(2.851(1) ä).[7d] It lies in the range of the Bi�Bi single bonds
of (Ph2Bi)2 (2.990(2) ä),[12a] [Et4Bi2][AltBu3]
(2.9831(1) ä),[12b] or [{(Me3Si)2CHBi}4] (2.972(5) ±
3.042(3) ä[6]). Also in diphosphene complexes with ™side-
on∫ coordination the P�P bond lengths are considerably
longer than in free diphosphenes.[6b] The Bi�W distances in 2

(3.118(1), 3.124(1) ä) are similar to those in [Bi2{W(CO)5}3]
(3.083(3) ± 3.134(3) ä).[7a] They are longer than the
Bi�W bond lengths in [Ph3BiW(CO)5] (2.829 ä),[13a]

[(Ph3P)2N][Ph2Bi{W(CO)5}2] (2.882 ± 2.885 ä),[13b] and
[(Bi2)W2(CO)8{MeBiW(CO)5}](2.851 ± 3.001 ä).[7b] The Bi-
Bi-C bond angles and the Bi2W dihedral angles in 2 are
96.4(4) and 155.5�, respectively. Thus, the wings of the
butterfly structure are widely extended.

Our recent study of the reaction of (RSb)n (n� 4, 5; R�
Me3SiCH2) with [W(CO)5(thf)] under very similar conditions
allows a very direct comparison of the reactivity of analogous
antimony(�) and bismuth(�) compounds. In the case of the
reaction of the cyclostibanes no distibene analogue of 2 is
formed, instead two Sb atoms of the five-membered ring are
coordinated in a terminal fashion and cyclo-[1,3-
{W(CO)5}2(RSb)5] is formed.[14]

With 1 and [(Me3Si)2CH2Bi]n (n� 3,4) there are now two
cyclic alkylbismuth(�) systems known, and the differences to
the lighter homologues are emerging. The unusual preference
for three-membered rings in ring ± ring equilibria is remark-
able. Monomeric alkylbismuth(�) species were not identified.
They are, however, possible intermediates in ring ± ring
transformations or in the formation of 2.

Experimental Section

All operations were carried out in an argon atmosphere in dry solvents.

1: AGrignard solution prepared fromMe3SiCH2Cl (10.0 g, 81.6 mmol) and
magnesium (2.4 g, 100.9 mmol) in THF (110 mL) was added dropwise to a
suspension of Ph2BiCl (32.2 g, 80.8 mmol) in THF (100 mL). The reaction
mixture was stirred for 2 h at 0 �C and for 18 h at room temperature. The
THF was removed in vacuum and the residues were extracted with
petroleum ether. After the removal of the solvent, Me3SiCH2BiPh2

remained as a yellowish oil (30.8 g; 84.7%), which crystallized at room
temperature to give colorless needles. HCl gas was introduced for 2 h at
0 �C into a solution of Me3SiCH2BiPh2 (28.0 g, 62.2 mmol) in CHCl3
(130 mL), the mixture was stirred for 30 min, and subsequently the solvent
was removed to give Me3SiCH2BiCl2 as a yellowish solid (17.5 g; 76.7%).
MS (70 eV): m/z (%): 351 (78) [M��Me], 336 (38) [M�� 2Me], 279 (25)
[M��R], 244 (17) [BiCl�], 209 (100) [Bi�]. LiAlH4 (2.8 g, 73.0 mmol) was
added portionwise to a precooled (�70 �C) solution of Me3SiCH2BiCl2
(12.8 g, 34.9 mmol) in Et2O (200 mL) and the mixture was stirred. Filtration
at �30 �C through a precooled frit covered with kieselgur gave a dark red
solution from which 1 (9.3 g; 90%) remained as a red solid after the
removal of the solvent in vacuum. M.p. 38 ± 40 �C; elemental analyses calcd
(%) for C20H55Bi5Si5: C 16.22, H 3.74; found: 15.87, H 3.89; 1H NMR of 1a
(200 MHz, C6D6, 5 �C, TMS):�� 0.059 (s, 9H; CH3), 0.17 (s, 18H; CH3),
AB spin systems with A: 1.602, B: 1.991 (2J(H,H)� 12.1 Hz, 4H; CH2),
1.765 ppm (s, 2H; CH2); 1H NMR of 1b (200 MHz, C6D6, 5 �C, TMS): ��
0.138 (s, 18H; CH3), 0.144 (s, 9H; CH3), 0.173 (s, 18H; CH3), AB spin
systems with A: 2.5515, B: 3.684 (2J(H,H)� 12.2 Hz, 4H; CH2), and A:
2.786, B: 2.933 (2J(H,H)� 12.3 Hz, 4H; CH2), 2.818 ppm (s, 2H; CH2); MS
(CI, NH3): m/z (%): 975 (3) [R4Bi3�], 888 (2) [R3Bi3�], 854 (82) [R3Bi3��
2Me], 766 (6) [R4Bi2�], 400 (100) [R2Bi��NH3], 383 (35) [R2Bi�].

2 : A solution of [W(CO)5(thf)] (0.44 g, 1.11 mmol) in THF (100 mL) was
added to a solution of 1 (1.0 g, 1.1 mmol) at 0 �C in THF (30 mL) and stirred
for 3 h at 0 �C. After removal of the solvent the residues were extracted
with petroleum ether (60 mL) and the extracts were filtered through a frit
covered with kieselgur. Concentration of the solution, followed by cooling
to �28 �C gave red crystals of 2. M.p. 95 ± 96 �C; elemental analysis (%)
calcd for C18H22O10Si2W2Bi2: C 17.43, H 1.79; found: C 18.01, H 1.86;
1H NMR (200 MHz, C6D6, 25 �C): �� 0.17 (s, 9H; CH3), 1.94 ppm (s, 2H;
CH2); 13C NMR (50 MHz, C6D6, 25 �C, TMS): �� 1.26 (s; CH3), 191.10,
192.02, 200.04 ppm (s, CO); IR (petroleum ether): �� � 2054, 1956 cm�1,
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Remarkably Large Geometry Dependence of
57Fe NMR Chemical Shifts**
Michael B¸hl,* Frank T. Mauschick, Frank Terstegen,
and Bernd Wrackmeyer

With the continuous improvement of NMR hardware and
acquisition techniques, transition-metal NMR spectroscopy is
losing much of its formerly exotic character. NMR spectra of
nuclei with low NMR receptivity or large quadrupole mo-
ments, in compounds hitherto believed to pose insurmount-
able problems, can now be measured within reasonable
time.[1] One recent example is aqueous [Fe(CN)5(NO)]2�

(1), the 57Fe chemical shift �(57Fe) of which was determined
as �� 2004 ppm.[1b] What is particularly noteworthy about this
result is that this Fe nucleus is significantly shielded with
respect to that of [Fe(CN)6]4� (2 ; �� 2455 ppm). Both anions
are prominent textbook examples in coordination chemistry.[2]

Since an interpretation of this difference in 57Fe nuclear
magnetic shielding is not straightforward, we resorted to
quantum-chemical calculations of these �(57Fe) chemical
shifts, which have been shown to be accessible with reasonable
accuracy at suitable levels of density functional theory
(DFT).[3] Such computations are normally performed for
isolated static molecules in their equilibrium geometry at 0 K.
For 1 and 2, such an approach initially afforded computed
values, �� 2254 and 4120 ppm, respectively, which are in
rather poor accord with the experimental data obtained in
aqueous solution. For the highly charged tetraanion 2 in
particular, the error of the DFT value with respect to
experiment amounts to more than ��� 1600 ppm. Evidently,
interactions between the complex and the solvent must be
taken into account.

(C�O); MS (CI, NH3): m/z (%): 1239 (8) [M�], 1152 (25) [M��R], 943
(18) [RBiW2(CO)10�], 707 (100) [R2BiW(CO)5�], 324 (29) [W(CO)5�].
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wR2� 0.0550 (refinement against F 2) for all 20417 reflections and 160
variables (R1� 0.0218 for 2863 reflections with I� 2
(I)). Heavy
atoms were refined anisotropically and the H atoms were refined with
a riding model and a common isotropic temperature factor. Max./min.
residual electron densities: 1.317/� 0.842 eä�3. The structure solution
and refinement was carried out using SHELX-97,[15] and the Diamond
program was used for the graphical representation.[16] CCDC-175881
(2) 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: (�44)1223-
336-033; or deposit@ccdc.cam.ac.uk).
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We have recently suggested a computational protocol to
model solvent and thermal effects on transition-metal chem-
ical shifts.[4] The procedure involves DFT-based Car± Parri-
nello molecular dynamics (CPMD) simulations of the metal
complex in a periodic water box, and averaging of the � values
computed for a number of snapshots along the trajectory. For
�(51V) of vanadate species, relatively small differences
between the equilibrium and the averaged values, �e and
�300K, respectively, have been obtained, on the order of a few
dozen ppm. To test if such a dynamical approach would be
able to describe larger effects, we now report a similar study of
�(57Fe) values of 1 and 2, modeled in aqueous solution.
Indeed, substantial thermal and solvent effects are obtained,
which can be traced back to relatively modest variations in
geometrical parameters.

As will be documented elsewhere,[5] CPMD results for
highly charged 2 were plagued by artifacts due to limited box
sizes under the periodic boundary conditions. We therefore
decided to adopt a dynamical approach without such perio-
dicity, where the metal complex, described by a well-
established DFT method, is placed into a large water cluster
which is described by a suitable force field.[6] Similar
molecular dynamics simulations, usually with purely force-
field based methods, are frequently used to study solvent
effects.[7] Initial simulations were performed for 2 and for
[Fe(CO)5] (3), the standard used in 57Fe NMR spectroscopy, in
the gas phase (that is without solvent and at pure DFT level).
Figure 1 illustrates the evolution of the averaged magnetic

Figure 1. Absolute 57Fe magnetic shielding constants �(57Fe) for [Fe(CO)5]
(3, bottom) and [Fe(CN)6]4� (2, top), computed for snapshots from a 1 ps
MD simulation. Triangles: raw data; circles: running average values
(average value up to this point); dashed lines: final average values �300K,
dotted lines: equilibrium values �e.

shieldings[8] over 1 ps. On going from the equilibrium value to
the average at 300 K, a substantial deshielding is obtained for
the 57Fe nucleus in 3, �300K� �e��246, and an even larger
one, �300K� �e��701, for that in 2. Thus, the chemical shift of
2 relative to that of 3 increases by 455 ppm upon thermal
averaging in the gas phase.[9] When 2 is placed in an aqueous

environment, in contrast, a similar averaging affords a
substantial shielding of the metal nucleus, �300K� �e�
�1281. The resulting � values are collected in Table 1.

Inspection of the molecular structures reveals that the
deshielding and shielding effects of thermal averaging and
solvation, respectively, are paralleled by noticeable elonga-
tion and shortening, respectively, of the average Fe�C bond
length r (Table 1). As these changes amount to a few pm only,
the 57Fe magnetic shielding appeared to be very sensitive to
this geometrical parameter. In fact, an explicit computation of
the Fe�C bond-length/shielding derivative[10] in isolated 2
afforded a value of ��(Fe)/�rFeC��35100 ppmä�1.[11] In
absolute terms, this value is much larger than an experimental
estimate for a related complex, [Co(CN)6]3�, for which
��(Co)/�rCoC��8000 ppmä�1 has been deduced[12] from
isotope effects on the metal chemical shift. Most of the gas-
to-liquid shift simulated for 2, ����1982 ppm, can thus be
attributed to the concomitant shortening of the Fe�C bonds
(compare MD and MD/H2O entries in Table 1) by �r�
�0.063 ä, which, together with the bond-length/shielding
derivative, would correspond to a value of ����2211 (see
below for a discussion of the direct solvent effect). The final,
simulated �(57Fe) value of 2593 ppm in aqueous solution is in
reasonable, qualitative accord with that obtained from the
experiment (�� 2455 ppm).

Corresponding simulations were performed for the nitrosyl
complex 1, both in the gas phase and in water. The resulting
trends in the computed �(57Fe) values are qualitatively the
same as those just described for 2, but are much more
attenuated (Table 1). For instance, the gas-to-liquid-shift is
computed as ����390 ppm, about a fifth of that in 2. The
final, simulated �(57Fe) value in aqueous solution (��
2076 ppm) is in good accord with that obtained from the
experiment (�� 2004 ppm). Likewise, the observed shielding
on going from 2 to 1, ����451 ppm,[1b] is qualitatively
reproduced, at ����545 ppm, in the simulations. The latter,
apparently, afford a reasonable description of 1 and 2 in
aqueous solution.

What is the structure of the solvation shells? Based
on purely geometric criteria for the existence of an

Table 1. 57Fe chemical shifts � (GIAO-B3LYP) and mean Fe�C distances r
[ä] based on molecular dynamics (MD) simulations in vacuo and in
aqueous solution.

Level of approximation [Fe(CN)6]4� [Fe(CN)5(NO)]2�

2 1

�e (//QM-opt)[a] 4120 2254
�300K (//MD)[b] 4575 2466
�300K (//MD/H2O[c]) 2593 2076
�Experiment/H2O[d] 2455 2004

re (QM-opt)[a] 1.973 1.955[e]

r300K (MD)[b] 1.987 1.969[e]

r300K (MD/H2O[c]) 1.924 1.943[e]

[a] Isolated molecule, optimized at the BP86/AE1 level. [b] Average values
from 1 ps simulations of the isolated molecule at about 300 K. [c] Average
values from 1 ps simulations at about 300 K in water. [d] Guadinium
counterions, from reference [1b]. [e] Only minute differences are found in
the mean distances to the cyano groups trans and cis to the NO ligand.
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O(water)�H ¥¥¥X(ligand) hydrogen bond,[13] the average
numbers of such hydrogen bonds in aqueous 1 and 2 is
computed to be 7.4 and 15.3, respectively. The N atoms of the
cyano ligands are the sole H-bond acceptors, and no such
bonds are formed involving the nitrosyl group in 1. As
expected, the highly charged complex 2 attracts more water
molecules than complex 1.[14] In both cases, these first
solvation shells are not static on the ps time scale of the
MD simulations, but show exchange between H-bonded and
free water molecules. Interestingly, the direct effect of the
coordinated water molecules on the values of �(57Fe) is much
lower than the aforementioned gas-to-liquid shifts. If, in the
snapshots from the aqueous solutions, the water molecules are
deleted from the NMR inputs (affording the isolated com-
plexes, but in the geometries of the solvated ones), �300K

values of 2448 and 2140 are obtained for 2 and 1, respectively.
These values are much closer to the corresponding MD/H2O
data than to the MD results of the isolated complexes
(Table 1). The main effect of hydration on the value of �(57Fe)
is thus indirect, as it is the concomitant change of the
geometrical parameters that governs the solvent effect. The
same has been surmised in other cases, for instance for the
value of �(11B) in aqueous BH3NH3.[15, 16]

What is, finally, the origin of the stronger shielding of the
57Fe nucleus in 1 relative to that in 2? In both cases, the
magnetic shielding is governed by huge paramagnetic con-
tributions, �p. Analysis of the MOs of 2 (in an idealized Oh

symmetric structure employing the averaged parameters from
the simulation in water) reveals that strong contributions to �p

can arise from the coupling of each of the triply degenerate
HOMOs, through the action of the magnetic operator, with a
suitable low-lying virtual MO.[17] One such combination is
depicted in the upper part of Figure 2. The situation is more
complicated in 1, since many of the orbital degeneracies are
lifted due to the lower symmetry. For instance, the t2g HOMO
in 2 splits into b1 and e MOs in 1, with similar energy gaps for
the respective, magnetically allowed transitions (Figure 2
bottom). In the nitrosyl complex, however, the metal d
contribution to the MOs is significantly reduced with respect
to that in 2. This is consistent with reduced paramagnetic
contributions and, thus, an apparent shielding of the 57Fe
nucleus in 1. The lower geometry-sensitivity of the value of
�(57Fe) in 2 relative to that in 1 is probably also rooted in these
reduced paramagnetic contributions.

In summary, we have modeled the 57Fe chemical shifts of
iron cyanide complexes in aqueous solution using a dynam-
ical, combined QM/MM approach. To our knowledge, this is
the first application of this methodology to transition metal
NMR parameters, and complements related schemes based
on CPMD simulations. Large thermal and solvation effects on
�(57Fe) are computed, on the order of 1000 ppm and more,
which can be attributed to a remarkable sensitivity of the 57Fe
magnetic shielding constant to the Fe�C bond length. It is to
be expected that this sensitivity should manifest itself in
unusual temperature dependencies or isotope effects on the
�(57Fe) values of these complexes. Recently,[1c] the isotope-
induced chemical shift 1�12/13C(57Fe) has been determined for
the first time for ferrocene, and work in this direction is in
progress for [Fe(CN)6]4� (2). Insights are obtained into the

Figure 2. Top: Schematic representation of important MOs of 2. Left:
HOMO; middle: transformed HOMO after action of the angular
momentum operator in y direction, M√ y, on it ; right: low-lying virtual
orbital suitable for overlap with the transformed HOMO. Bottom:
Qualitative scheme of near-frontier MOs in 1 and 2, including important
magnetic transitions (gray arrows, only one for degenerate transitions
shown); one of each t2g and e orbitals is also sketched to illustrate the
reduced metal d character in the latter.

structure and dynamics of the first solvation shell around the
complexes and into the mechanism governing the trend of the
values of �(57Fe) upon ligand variation. The possibility to
model thermal and solvent effects on NMR chemical shifts
will certainly broaden the scope of applications beyond those
already possible with computations for hypothetical, static
molecules.
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A Triple-Decker Sandwich Complex of Barium
Helmut Sitzmann,* Marc D. Walter, and
Gotthelf Wolmersh‰user

While triple-decker sandwich complexes are common in
transition-metal chemistry,[1±8] very few comparable com-
plexes of main-group metals are known that are ionic and
show strong bending with centroid-M-centroid angles of
134� ([Cp3Tl2]� (Cp�C5H5)[9]), 116� ([Cp3Cs2]�[10]), 155/152�
([(C5Me5)3Sn2]�[11]), or 124/130� ([(�6-C7H8)2(�,�5 :�5-
C5Me5)In2]�[11]). We showed several years ago that bending
in sandwich complexes of the heavy alkaline-earth metals can
be eliminated with extremely bulky alkylcyclopentadienyl
ligands.[12]

Herein we report on the first triple-decker complex of
barium. At ambient temperature the half-sandwich complex
[{4CpBaI(thf)2}2] (1; 4Cp�C5H(CHMe2)4)[13] reacts slowly
with Na2cot (cot� cyclooctatetraene) in THF/hexane (5:1)
[Eq. (1)]. The colorless product is readily soluble in THF,
soluble in toluene, and moderately soluble in pentane. 1H and

13C NMR spectra show one set of signals for two magnetically
equivalent 4Cp rings (see Experimental Section) and one
signal for one cot ligand at �� 6.02 ppm (1H) and ��
95.3 ppm (13C). On exposure to air the microcrystalline
compound turns intense yellow immediately, then orange-
red within seconds, and finally pale yellow with a strong cot
smell.

EI mass spectra show a signal corresponding to a dinuclear
[4CpBa(cot)Ba4Cp]� ion with the correct isotope pattern as
well as signals for the fragments [4CpBa(cot)Ba]� and

Eichkorn, F. Weigend, O. Treutler, R. Ahlrichs, Theor. Chem. Acc.
1997, 97, 119 ± 124). Water was described by the CHARMm force field
of the MSI-CHARMm 25b2 program (QUANTA98, Molecular
Simulations, Inc., 9685 Scranton Rd. San Diego, CA 92121. The
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[7] See for instance: M. Orozco, F. J. Luque, Chem. Rev. 2000, 100, 4187 ±
4225.

[8] Magnetic shieldings were computed for equilibrium geometries and
for snapshots taken from the MD simulations at the GIAO-B3LYP
level (see ref. [3a] for details), by employing a medium-sized grid and
DZ basis, that is, the augmented Wachters basis on Fe and DZ basis
(W. Kutzelnigg, U. Fleischer, M. Schindler in NMR Basic Principles
and Progress,Vol. 23, Springer, Berlin, 1990, pp. 165 ± 262) on all other
atoms. The use of the smaller DZ basis, rather than the larger basis II
(that has been employed, for instance, in ref. [3a]) resulted in
relatively small changes of the computed � values, for instance by
��� 40 ppm for 2, but makes the large number of NMR computations
for the snapshots more tractable. In the chemical-shift calculations,
the 20 nearest solvent water molecules were included explicitly.
Representative snapshots were taken every 20 fs. Chemical shifts are
reported relative to [Fe(CO)5] (3), optimized or simulated at the same
respective level (�e and �300K values �3036.6 and �3282.3, respec-
tively, see Figure 1). Neat 3 is the accepted standard in 57Fe NMR
spectroscopy. We have only performed a simulation for the gas phase,
not for the liquid, which would be a formidable task in itself, but have
used the averaged �300K value from the gas-phase simulation as a
reference value also for the solution studies. It should be kept in mind
that this procedure could introduce a systematic error for the
computed gas-to-liquid shifts, and that more attention should be paid
to the trends in the � values between 1 and 2, rather than to their
actual values.

[9] It should be noted that this value only represents the ™classical∫
thermal effect and is not averaged over the zero-point motion. More
than qualitative agreement with experiment is not to be expected
anyway, due to the rather limited basis sets employed in the
computations.

[10] Obtained by performing NMR computations for a total of four static
structures with elongated or compressed Fe�C distances (in steps of
0.02 ä) and a linear fit of the resulting � values.

[11] A similar value, 35200 ppmä�1, is obtained when the larger basis II is
used for the ligands.

[12] C. J. Jameson, D. Rehder, M. Hoch, J. Am. Chem. Soc. 1987, 109, 2589±
2594; this empirical value has been qualitatively reproduced by using
theoretical methods similar to those employed in the present study: N.
Godbout, E. Oldfield, J. Am. Chem. Soc. 1997, 119, 8065 ± 8069.

[13] In typical hydrogen-bonded systems containing O�H ¥¥¥O moieties,
the O ¥¥¥O distance is smaller than 3.5 ä and the O�Hbond is directed
towards the second oxygen atom such that the O�H ¥¥¥O angle is
larger than 140� (see for instance: E. Schwegler, G. Galli, F. Gygi,
Phys. Rev. Lett. 2000, 84, 2429 ± 2432); the same criteria have been
applied to the O�H ¥¥¥ X moieties in 1 and 2.

[14] Counterions, which have not been considered explicitly, are likely to
affect the fine structure of the solvation shell, but would probably not
change the qualitative picture.

[15] M. B¸hl, T. Steinke, P. v. R. Schleyer, R. Boese, Angew. Chem. 1991,
103, 1179 ± 1180; Angew. Chem. Int. Ed. Engl. 1991, 30, 1160 ± 1161.

[16] Simple optimization of 2 in a polarizable continuum, as has been done
for BH3NH3 in ref. [15], also leads to Fe�C bond contraction, but gives
much too short Fe�C bond lengths, below 1.90 ä.

[17] For similar pictorial rationalizations of paramagnetic contributions
see, for instance: Y. Ruiz-Morales, T. Ziegler, J. Phys. Chem. A 1998,
102, 3970 ± 3976.

[*] Prof. Dr. H. Sitzmann, Dipl.-Chem. M. D. Walter,
Dr. G. Wolmersh‰user
FB Chemie der Universit‰t Kaiserslautern
Erwin-Schrˆdinger-Strasse, 67663 Kaiserslautern (Germany)
Fax: (�49)631 -205-4676
E-mail : sitzmann@chemie.uni-kl.de



COMMUNICATIONS

2316 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2316 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 13

[4CpBa]� . In a sealed capillary under argon the dibarium
complex [4CpBa(COT)Ba4Cp] (2) displays a melting range of
224 ± 227 �C. It remained unchanged even after the melt had
been heated to 250 �C and could be sublimed above 215 �C in
oil pump vacuum.

Heavy alkaline-earth element cot complexes [(cot)MLn]
(M�Ca, Sr, Ba, L� thf, pyridine[14]) are known, but could not
be crystallographically characterized. The analogous ytterbi-
um complex [(cot)Yb(py)3], however, could be structurally
characterized by single-crystal X-ray diffraction.[15]

The crystal structure of 2[16] shows a centrosymmetric triple-
decker sandwich complex with essentially planar C5 and C8

rings and an interplanar angle
of 169.9� between 4Cp and cot
(Figure 1). The distance Ba�
Cpcentroid (2.71 ä) is comparable
with those found in the half-
sandwich complex 1 (2.72/
2.73 ä)[13] and slightly longer
than the value found for octa-
isopropylbarocene (2.68 ä).[17]

For the Ba�cotcentroid distance
of 2.40 ä no literature prece-
dent could be found. This ap-
pears to be the shortest distance
between a Ba center and a ring
plane known for molecular
compounds. The C12 ¥¥¥ Ba and
C42 ¥¥ ¥ Ba distances of 3.56 and
3.57 ä indicate that two methyl
groups of each 4Cp ligand un-
dergo a CH3 ¥¥¥ Ba interaction.
The respective isopropyl groups
show significantly smaller out-
ward bending than the two
other isopropyl groups and are
rotated toward the central
atom. These features have not
been observed for the half-
sandwich complex 1.

While there are no compara-
ble alkaline-earth metal com-
plexes known, triple-decker

complexes of the general formula [(C5Me5)Ln-
(cot)Ln(C5Me5)] with a cot middle deck have been structur-
ally characterized for the divalent lanthanides Sm,[18] Yb, and
Eu.[19] They are bent with Cp*centroid-Sm-Cp*centroid� 149.3/
148.9�, Cp*centroid-Eu-Cp*centroid� 147.2/149.5�, Cp*centroid-Yb-
Cp*centroid� 161.2/159.5�. Triple-decker sandwich complexes of
the trivalent lanthanides cerium, neodymium, and samarium
of general formula [(cot��)Ln(cot��)Ln(cot��)] (cot��� 1,4-
(SiMe3)2 C8H6) could not yet be structurally characterized.[20]

Experimental Section

Solid Na2cot (75 mg, 0.5 mmol) was added to a solution of 1 (642 mg,
0.5 mmol) in a mixture of THF (20 mL) and hexanes (5 mL) and the
suspension was stirred for two days at ambient temperature. Removal of
the solvent in vacuo and extraction of the solid residue with toluene
(20 mL), followed by filtration and evaporation gave an ivory powder

(190 mg, 0.22 mmol; 45%), which could be obtained as colorless single
crystals suitable for X-ray diffraction from [D6]benzene. C,H-analysis gave
unsatisfactory results due to the extreme air sensitivity of 2. 1H NMR
(400 MHz, 298 K, C6D6): �� 6.02 (s, 8H; cot), 5.11 (s, 2H; ring-H (4Cp)),
2.94 (m, 4H; CHMe2), 2.84 (m, 4H; CHMe2), 1.24 (d, 3J(H,H)� 7.2 Hz,
12H; CH3), 1.21 (d, 3J(H,H)� 7.2 Hz, 12H; CH3), 1.16 (d, 3J(H,H)�
6.8 Hz, 12H; CH3), 1.02 ppm (d, 3J(H,H)� 6.8 Hz, 12H; CH3); 13C{1H}
NMR (100 MHz, C6D6): �� 127.5 (s; ring-C), 123.4 (s; ring-C), 101.7 (dt;
ring-CH (4Cp), 1J(C,H)� 155, 4J(C,H)� 5 Hz), 95.3 (d, 1J(C,H)� 158 Hz;
cot), 26.9 (CHMe2), 26.6 (CHMe2), 25.7 (CH3), 25.3 (CH3), 24.1 (CH3),
23.7 ppm (CH3); EI-MS (70 eV):m/z (%): 846.2 (6) [M�], 613.0 (74) [M��
C5H(CHMe2)4], 371.1 (100) [Ba{C5H(CHMe2)4}�].
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Ion-Pair-Mediated Asymmetric Synthesis of a
Configurationally Stable Mononuclear
Tris(diimine) ± Iron(��) Complex**
David Monchaud, Jonathan J. Jodry, Didier Pomeranc,
Vale¬rie Heitz, Jean-Claude Chambron,
Jean-Pierre Sauvage, and Je¬ro√me Lacour*

In memory of Andre¬ Collet

Chiral mononuclear divalent tris(diimine) complexes of
first-row transition metals–keystones of coordination chem-
istry–are notoriously known for their high chemical but low
configurational stability.[1] The � and � enantiomers–right-
and left-handed propellers, respectively–can be isolated in
good enantiomeric purity by efficient resolution proced-
ures.[1d, 2] However, once dissolved, these derivatives racemize
rapidly when no other source of chiral information is present
on the ligands[3] or in the reaction medium.[4]

Recently, the synthesis of a bis(1,10-phenanthroline) ligand
L that forms octahedral complexes with a well-defined axis
was reported: simple treatment of [Fe(dmbp)3][PF6]2
([1][PF6]2, 1.0 equiv, dmbp� 4,4�-dimethyl-2,2�-bipyridine)
with L (1.0 equiv) in refluxing 1,2-dichloroethane (DCE)
afforded [Fe(dmbp)(L)][PF6]2 ([2][PF6]2) in high yield and
purity [Eq. (1); for b1 and b2, see Figure 1].[5] Here we report
on the unusual configurational stability of 2, which can be
resolved by simple preparative thin-layer chromatography
(TLC), and on its direct asymmetric synthesis by using
TRISPHAT anions (see below) as noncovalent chiral auxil-
iaries (diastereomeric ratio, d.r.� 20:1).

The ease of synthesis of 2 and the rapidity of its formation
led us to assume a high chemical stability for [2][PF6]2. It was
then debatable whether an improved chemical stability would
also mean an increased configurational stability, so that the �

and � enantiomers might be inert and separable from each
other. Previously, the synthesis and resolution of the D3-
symmetric tris(tetrachlorobenzenediolato)phosphate(�) an-
ion (3), known as TRISPHAT, was reported.[6] In association
with mononuclear ruthenium(��) or iron(��)tris(diimine) com-

plexes, it is an efficient NMR chiral-shift, resolving, and
asymmetry-inducing agent.[7] It was therefore foreseen that
anion 3 could behave as a NMR chiral-shift reagent for the
structurally related complex 2
and possibly lead to its resolu-
tion.

Racemic complex 2 was stud-
ied in combination with a
TRISPHAT salt. In an NMR
tube, [Et4N][�-3][8] was added
as a solid to a solution
of [rac-2][PF6]2 in 10%
[D6]DMSO/CDCl3 (Figure 1,
spectra (a) and (b)). Efficient separation of the signals of 2
was achieved with small amounts of chiral-shift reagent (1.0 ±
2.5 equiv). Protons H(b1) and H(b2) [see Equation (1)] were
most easily monitored, and a rather large difference in
chemical shift (��max� 0.15 ppm) was observed. A 1:1 ratio
of � and � enantiomers could be measured by direct
integration of the respective signals. This 1:1 ratio of the
diastereomers [�-2][�-3]2 and [�-2][�-3]2 indicated a possible
configurational stability of cation 2. Indeed, it was recently
shown that anions 3 act as effective asymmetry inducers on
[Fe(dmbp)3]2� (1); when associated with the labile cationic
guest, they control its configuration with high diastereoselec-
tivity (d.r.� 49:1 in CDCl3 in favor of [�-1][�-3]2).[7b] Two
hypotheses could then explain the lack of asymmetric
induction observed in the NMR titration experiment (Fig-
ure 1, spectrum (b)): poor chiral recognition by 3 or high
configurational stability of 2.

We thus decided to attempt an ion-pair chromatographic
resolution, as the physical separation of ion pairs [�-2][�-3]2
and [�-2][�-3]2 would prove the second hypothesis to be
correct.[9] Under previously reported conditions,[7d, e] solutions
of [cinchonidinium][�-3] (2.5 equiv) in acetone and of [rac-
2][PF6]2 in CH2Cl2 were prepared, mixed, and adsorbed on
silica gel plates. Development by elution with CH2Cl2 showed
a much reduced affinity of salts [2][�-3]2 for silica gel, as they
were retained to a much lesser extent than the PF6

� precursor
(Rf� 0).[10] Two well-separated bands were obtained (Rf�
0.94 and 0.84 in analytical TLC), abraded from the glass
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surface, and stirred in CH2Cl2. The resulting suspensions were
filtered and concentrated in vacuo. The 1H NMR spectra
revealed two completely different sets of signals correspond-
ing to the resolved � and � enantiomers of the cation 2
(Figure 1, spectra (c) and (d)). Pure separated diastereomeric
ion pairs [�-2][�-3]2/[�-2][�-3]2 were thus obtained in good
chemical yields (48 and 45%, respectively). A circular
dichroism (CD) spectrum of the more strongly eluted fraction
(CH2Cl2, ca. 5 ¥ 10�6�) revealed strong exciton coupling in the
� ±�* region (��270��73, ��300��101��1 cm�1) and the
visible metal-to-ligand charge transfer (MLCT) transitions
also showed opposite Cotton effects (��479��16, ��553�
�18��1 cm�1). The CD spectrum of the less strongly eluted
diastereomer in the 235 ± 600 nm region is essentially the
mirror image. These spectra can be assigned to the � and �

configurations of the cationic complex and demonstrate that
compounds [�-2][�-3]2 and [�-2][�-3]2 are the more and less
strongly eluted ion pairs, respectively.[11] We believe that the
unusual configurational stability of 2, evidenced by the
1H NMR spectra shown in Figure 1, is attributable to the
bis-bidentate nature of L. Racemization of the iron(��)
complex implies a complete rearrangement of the system
with several decoordination and recoordination steps that
result, in particular, in the inversion of the helix formed by L
within 2.[5, 12]

Asymmetric synthesis of configurationally stable mononu-
clear coordination complexes has recently been the subject of
much attention; the classical strategy is the introduction of
stereogenic elements on the ligands, which then control–by
intramolecular diastereoselective interactions–the configu-
ration around the octahedral metal center.[3, 13] Temporary
covalent interactions between a chiral medium (sugars) and
designed achiral ligands can also be used and lead to good
selectivities, as shown recently by Shinkai et al.[14] Having
demonstrated the configurational stability of complex 2, we

reasoned that its asymmetric synthesis could be also possible
by using TRISPHAT anions (3) as chiral auxiliaries.[15] We
imagined that the configurational ordering induced by anions
3 on the labile [Fe(dmbp)3]2� precursor 1 could be partially or
fully transferred to complex 2 during synthesis. Treatment of a
solution of [1][�-3]2 in refluxing CD2Cl2 [d.r. 7.25:1 in favor of
the homochiral ion pair (1H NMR)[16]] with L (0.94 equiv)
afforded the desired complex [2][�-3]2 in quantitative yield.
Excellent diastereoselectivity (d.r.� 20:1) was obtained, as a
single set of signals corresponding to those of diastereomer
[�-2][�-3]2 could be observed in the 1H NMR spectrum of the
crude reaction mixture (Figure 2, spectrum (c)).[17] To our
knowledge, this is the first example of high selectivity in the
asymmetric synthesis of a stable coordination complex by
using diastereoselective interactions restricted to intermolec-
ular forces.

Figure 2. 1H NMR spectra (�� 6.30 ± 5.68) in 10% [D6]DMSO/CDCl3 of
the crude reaction mixture [1][�-3]2�L. a) After 44 h at 20 �C, d.r.� 1:1;
b) after 44 h at 20 �C and 14 h at reflux, d.r.� 10:1; c) after 60 h at reflux,
d.r.� 20:1.

Figure 1. Ion-pair chromatographic resolution of [rac-2][PF6]2 with [cinchonidinium][�-3]. 1H NMR spectra (�� 8.50 ± 5.75) in 10% [D6]DMSO/CDCl3 of
a) [rac-2][PF6]2; b) [rac-2][PF6]2� 2.5 equiv of [Et4N][�-3], d.r.� 1:1; c) [�-2][�-3]2, d.r.� 49:1; d) [�-2][�-3]2 , d.r.� 49:1.
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It was then of interest to determine the origin–kinetic or
thermodynamic–of the selectivity, especially since its value
(d.r.� 20:1) is higher than the asymmetric induction of anions
3 on 1 (d.r.� 7.25:1). Several studies were therefore per-
formed to determine the nature of the control. First, pure
heterochiral complex [�-2][�-3]2, isolated by chromatograph-
ic resolution, was heated to reflux in CD2Cl2, and complete
transformation into the homochiral diastereomer [�-2][�-3]2
was observed after 18 h.[18] Under similar conditions, no
change was monitored for solutions of complex [�-2][�-3]2.
These results seemed to indicate thermodynamic control, as
the high diastereoselectivity of the synthetic reaction could
result from equilibration of the diastereomers at elevated
temperature. To test this hypothesis, the asymmetric synthesis
was attempted again at room temperature (20 �C) rather than
at reflux (40 �C). A rather long reaction time (44 h) was
required to achieve replacement of two dmbp ligands by L,
and the resulting [2][�-3]2 salt was obtained with essentially
no selectivity (Scheme 1; d.r.� 1:1, Figure 2, spectrum (a)).

Scheme 1.

When the reaction was carried out for 44 h at 20 �C and then
14 h at 40 �C, a high selectivity was again observed in favor of
the homochiral complex [�-2][�-3]2 (d.r.� 10:1, Figure 2,
spectrum (b)). All these experiments seem to indicate that the
reactions performed at room temperature lead to a poor
diastereoselectivity under kinetic control, and that heating is
required to induce a high degree of configurational ordering
under thermodynamic control. The selectivity of the reaction
probably results from the preferred homochiral association of
three-bladed propellers 2 and 3.

In conclusion, we have shown that the configurational
stability of a tris(diimine) ± iron(��) complex can be unusually
high for a carefully designed tetradentate ligand and that its
resolution and asymmetric synthesis is feasible by using
TRISPHAT anions as noncovalent chiral auxiliaries.
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Fabricating Microarrays of Functional Proteins
Using Affinity Contact Printing**
Jean Philippe Renault, Andre¬ Bernard, David Juncker,
Bruno Michel, Hans Rudolf Bosshard, and
Emmanuel Delamarche*

Phenomena involving the binding between biomolecules
are ubiquitous in biology and are essential for cell growth,
signal transmission, and immune defense. In the latter system,
the binding between antibody and antigen has already been
exploited technologically to perform affinity purifications on
columns and immunoassays on surfaces.[1] Recently, the
fabrication of microarrays of proteins which require the
immobilization of a large number of receptors on a surface
have fueled the invention of novel patterning techniques such
as pin-spotting and drop-on-demand.[2] Microarrays of pro-
teins may find utility in proteomics, immunoassays, or for
screening libraries of (bio)chemicals. It is at present not clear
which patterning method will be the one best suited to pattern
proteins on surfaces, but classical lithography does not seem
capable of fabricating microarrays of proteins. Soft lithogra-
phy[3] offers the possibility of manipulating proteins and other
biomolecules by printing them from a micropatterned stamp
to a surface[4] or by depositing them from a liquid using
microfluidic networks (�FNs).[5] Affinity microcontact print-
ing (�CP)[6] is a refined soft-lithographic technique that uses
an elastomeric stamp made of polydimethylsiloxane (PDMS)
and derivatized with binding biomolecules to extract corre-
sponding binding partners from an impure, dilute source for
placing them on a surface with spatial control.

Herein, we describe, by using one particular example, how
specific binding between biomolecules provides a unique
opportunity to make use of self-assembly processes in
technology: we propose different variants of �CP to pattern
surfaces with ensembles of biomolecules where the pattern on
the affinity stamp (�-stamp) is not determined by its top-
ography but by the position of various proteins covalently
linked to a planar �-stamp (Figure 1). This modified surface
enables the simultaneous capture of different target proteins
on the �-stamp from a complex solution (Figure 1A). Thus,
the capture step (Figure 1B) directs the assembly of an array
of target molecules on the stamp (Figure 1C), which can be

Figure 1. Microarrays of proteins on surfaces can be fabricated using an �-
stamp derivatized with various capture sites that can extract target
biomolecules from a complex solution and release them on a surface in a
single microcontact-printing step. The �-stamp can be reused for several
inking and printing cycles.

microcontact-printed onto a substrate in one step (Fig-
ure 1D). The �-stamp is recovered at the end of this process,
and can be reused.[6] We opted for protein antigens (entire
immunoglobulin G) as capture molecules and antibodies as
targets because these binding partners are very specific, can
be readily conjugated with fluorescent markers, and of course
play an important role in heterogeneous immunoassays.

Affinity stamps are prepared by immobilizing the capture
molecules on an ™activated stamp∫ that is reactive towards
NH2 groups of proteins. An activated stamp is made in three
steps from a planar layer of PDMS (see the Supporting
Information for experimental details). First, silanol groups are
created at the PDMS surface using an O2 plasma.[7] These
silanol groups are subsequently treated with 3-aminopropyl-
triethoxysilane to create an amino-derivatized surface. These
amines are then treated with a homo-bisfunctional cross-
linker (BS3) to produce the activated surface.[7] The stamps
produced in this way are stable for several hours in a dry
environment such as a dessicator, and can immobilize
monolayers of proteins under mild chemical conditions.[8, 9]

Activated stamps are hydrophilic,with an advancing contact
angle with water of approximately 30�, and therefore cannot
be locally derivatized at high resolution with solutions of
proteins by pin-spotting or ink-jet methods.[2, 10] Our aim was
to prepare �-stamps having arbitrary patterns with dimen-
sions as small as a few micrometers, and we developed various
methods to achieve this goal. The first method relies on
coupling proteins to small areas of an activated stamp using
microwells[11] (�-wells ; Figure 2). The microwells are aniso-
tropically etched through a 525-�m-thick Si wafer, and can be
placed in contact with the activated stamp (Figure 2a). This
contact is conformal and seals each microwell individually.
Pipetting the desired amount of protein solution into all or a
subset of the microwells determines the array of capture
molecules formed on the �-stamp (Figure 2b, c). The hydro-
phobization of the top and bottom faces of the array of

[*] Dr. E. Delamarche, Dr. A. Bernard, D. Juncker, Dr. B. Michel
IBM Research
Zurich Research Laboratory
S‰umerstrasse, 4, 8803 R¸schlikon (Switzerland)
Fax: (�41)1-724-8952
E-mail : emd@zurich.ibm.com

Dr. J. P. Renault, Prof. H. R. Bosshard
Dept. of Biochemistry
University of Zurich
Winterthurerstrasse 190, 8057 Zurich (Switzerland)

[**] This work was partially supported by the Swiss National Science
Foundation NFP 36 (grant 31.55308.98) and by the Swiss Federal
Office for Education and Science within the BIOTECH European
project BIOPATT (BIO4CT980536). We thank I. Caelen and H.
Schmid for their help and discussions.

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



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 13 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2321 $ 20.00+.50/0 2321

Figure 2. Preparation of a microarray of proteins using an �-stamp
patterned with microwells. a) The microwells are formed in a Si wafer,
and the PDMS stamp is derivatized with cross-linkers for proteins. b) The
contact of the microwells with the activated stamp localizes the attachment
of capture molecules from solution to the area of the stamp exposed in each
microwell. c) After separating it from the microwells, rinsing and drying,
the �-stamp is ready for use. d) The �-stamp in this example had an empty
capture site and sites with covalently attached anti-chicken antigens, anti-
goat antigens, and protein A. Inking the �-stamp consists of the binding of
antibodies (here tagged fluorescently) from solution to their specific
antigens on the surface of the stamp. After rinsing and drying the inked �-
stamp, the antibodies can be printed onto a glass surface and visualized by
fluorescence microscopy.

microwells by using a perfluorinated silane prevents leakage
of liquid across the wells.[12] In addition, the truncated
pyramidal shape of the microwells makes it possible to fill
them readily. The microwells used here can hold up to 50 nL
of solution, and their drying could be controlled on the
timescale needed for the coupling reaction. Affinity ± capture
sites based on the immobilization of protein A, and mouse,
goat, and chicken antigens were patterned on an �-stamp by
using 100� 100 �m2 wells (Figure 2d). This �-stamp is inked
with a solution of anti-species antibodies (fluorescein iso-

thiocyanate labeled (FITC) anti-goat and tetramethylrhoda-
mine B isothiacyanate linked (TRITC) anti-chicken antibod-
ies) containing a large amount of bovine serum albumin
(BSA). Each type of antibody binds in parallel to its specific
antigen on the �-stamp during this inking step, and protein A
captures both types of antibodies whereas BSA adsorbs
elsewhere and prevents nonspecific adsorption on the �-
stamp. The target molecules are transferred from the �-stamp
to a glass slide during a printing step, and can be visualized as
a result of their fluorescence label. The pattern in Figure 2d
reveals the expected fluorescence pattern in which the target
molecules are placed with high accuracy and contrast on their
final substrate.

The preparation of the �-stamp is probably the most critical
part of the �CP technique, and dispensing the solution of
proteins into the microwells limits the practical resolution of
�CP. This limitation can be circumvented by using micro-
fluidic networks (�FNs) to prepare the �-stamp. We take
advantage of the sealing between the channels of a �FN and a
PDMS surface to deposit capture proteins on an intermediate
stamp from the microchannels of the �FN (Figure 3a). This
stamp is then contacted with the activated stamp for 10 min.
The capture antigens transfer and bind covalently to the
surface of the activated stamp in this step (Figure 3b). We
verified that the transfer was complete and that it did not alter
the pattern by using fluorescently tagged antigens. The
fluorescence microscopy images in Figure 3c reveal that the
�-stamp prepared with this method can extract an ensemble
of fluorescently tagged antibodies and then release them by
printing onto a surface several times. The affinity site of line d
in this example comprises protein A, for which we noticed
that fewer FITC anti-goat antibodies were captured and
printed after the third cycle. We speculate that during these
consecutive cycles protein A captures both types of antibodies
present in the ink with differing efficiencies. The high-
resolution potential of �FNs[13] is conserved in the fabricated
array of antibodies, and the investment in preparing the �-
stamp is compensated by reusing it for several cycles of
capture and release.[6]

�CP is an efficient and low-cost method for patterning
proteins with submicrometer resolution.[14] Since �CP uses the
deposition of proteins from bulk solution on stamps and prints
them on a substrate, liquids can be handled simply by manual
pipetting without the need for a particular dispensing device.
�CP can be extended by using �CP to form very high-
resolution arrays of proteins in the following way. First, a layer
of capture antigens is deposited from solution onto a hydro-
phobic PDMS stamp (Figure 4a). The contact between a
patterned Si substrate and the inked stamp releases the
proteins from the stamp to the Si surface in the areas of
contact (Figure 4b).[15] This operation is a subtractive transfer
of proteins, and does not require structured PDMS stamps; it
is therefore insensitive to mechanical deformations as can
occur in conventional �CP.[16] The patterned antigens are
transferred to an activated PDMS stamp in a printing step
(Figure 4c). Repeating these steps with careful alignment
enables the formation of ensembles of arrays on the �-stamp,
each containing one type of capture protein (Figure 4d). The
stability of the activating layer on the stamp means there is no
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Figure 3. Patterning lines of proteins on a surface with an �-stamp
prepared using a �FN. The �FN localizes the deposition of capture antigens
on an intermediate, nonmodified PDMS stamp (a), which can then transfer
and attach the proteins to an activated PDMS stamp (b). The �-stamp is
used to capture fluorescently tagged antibodies, and print them as lines
onto a glass surface (c). The captured molecules on the �-stamp were
chicken IgGs (lines a and e), goat IgGs (lines b and f), protein A (line d),
and mouse IgGs (line c). Inking this stamp was done by exposing it to a
solution containing BSA (1%), FITC-anti-goat antibodies, and TRITC-
anti-chicken antibodies. The fluorescence microscope images reveal that
the capture was specific, and the release efficient in providing a high-
resolution pattern of printed antibodies even after the �-stamp had been
used several times.

need to reactivate the �-stamp between printing steps of the
capture proteins if the overall process is shorter than about
2 h. The pattern on the glass substrate in Figure 5a involved
two printing steps (done manually) to prepare the �-stamp,
and one inking and printing cycle using the �-stamp to yield
the ™microarray∫. Specifically, two different antigens (IgGs)
from goat and chicken were immobilized on an activated
stamp, and used as antigens to extract their respective target
antibodies simultaneously from a solution containing FITC-
anti-goat and TRITC-anti-chicken antibodies. The captured
antibodies were then printed onto the glass substrate in 3�
3 �m2 areas. This microarray has a density of approximately
104 spots of proteins per mm2 with two types of proteins. The
ability of the printed anti-goat antibodies to bind to goat
antigens is seen in the AFM image of Figure 5b.

Figure 4. Preparation of an �-stamp by using the deposition of capture
proteins from solution and subtractive �CP. A layer of capture antigens is
deposited from solution onto a PDMS stamp (a), and patterned by
removing the antigens in some regions of the stamp by subtractive
printing (b). The remaining capture antigens are transferred onto an
activated stamp (c). Repeating these steps enables several arrays of capture
proteins to be successively added to the �-stamp (d).

Figure 5. Arrays of anti-chicken antibodies and anti-goat antibodies
printed using an �CP having 104 equivalent capture sites per mm2 that
consist of immobilized chicken and goat antigens. a) Fluorescence micro-
scope image showing the placement of the TRITC-anti-chicken and FITC-
anti-goat antibodies from a stamp onto a glass substrate. b) AFM image
obtained on a spot of the array in which the printed anti-goat antibodies
bound to Au-labeled goat antigens presented in solution. Detection of this
binding was done by staining the Au labels with electroless-deposited silver
particles of an average diameter of 80 nm.
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Au-Nanoparticle Nanowires Based on DNA
and Polylysine Templates
Fernando Patolsky, Yossi Weizmann,
Oleg Lioubashevski, and Itamar Willner*

The assembly of ordered nanoparticle architectures is a
challenging topic in nanotechnology directed to the construc-
tion of nanoscale devices.[1] Within this broad subject, the
conjugation of biomaterials and nanoparticles to yield or-
dered architectures is a promising route to tailor future
sensing and catalytic devices, nanocircuitry, or nanodevices,
for example transistors, and computing devices.[2] DNA is an
attractive biomaterial for use as a template in programmed
nanoparticle structures. The ability to synthesize nucleic acids
of predesigned shapes and composition, the versatile biocat-
alytic transformations that can be performed on DNA, for
example, ligation, scission, or polymerization, enable ™cut and
paste∫ procedures to be carried out on the template DNA,
thus enabling us to design and manipulate the DNA ∫mold∫.
Furthermore, the association of metal ions to the DNA
phosphate units, or the intercalation of transition-metal
complexes or molecular substrates into the DNA provide a
means to functionalize the DNA-template and to initiate
further chemical transformations on the mold. Nanoparticle ±
DNA assemblies were organized by the hybridization of
nucleic-acid-functionalized metal[3] or semiconductor nano-

The fluorescence data in our experiments indicated that the
surface coverage of the final printed layer for each of the three
patterning methods presented here is nearly equivalent and
reaches about 60% of the surface coverage obtained by direct
deposition of the antibodies from solution. As already
described for �CP and �CP of proteins, the printing process
does not compromise the binding efficiency of the printed
antibody. This strategy might not be suitable for patterning a
large number of different proteins on a surface. However, it
can place a few different proteins as adjacent high-density
arrays on a surface. Such arrays could find an application for
high-throughput screening in which a large number of
analytes could be spotted using a subset of the patterned
areas. Another possibility for creating high-density immuno-
assays on planar surfaces is by performing surface immuno-
assays using many different analytes and capture sites, such as
shown in Figure 5. The main limiting factor in using the
prepared microarrays for diagnostic purposes could be mis-
placement of target molecules during the inking of the �-
stamp. Such a misplacement, which may induce false positive
reactions, can arise from cross-reactions of the target mole-
cules with different capture proteins and/or from nonspecific
adsorption on the �-stamp. The former is limited by biological
specificity of affinity extraction. The latter can be limited by
the systematic use of blocking agents such as BSA. Indeed, for
the recognition of goat antigen by the printed array shown in
Figure 5a, the recognition signal in the areas with printed
anti-chicken antibodies was only 5% of that in the areas with
printed anti-goat antibodies.

In summary, we have illustrated how �CP can complement
different patterning methods to produce repeatedly, and in
parallel, high resolution arrays of proteins in three simple
steps: 1) ™inking∫, 2) rinsing, and 3) printing the stamp on the
substrate. Since �-stamps carry the complementary pattern of
binding partners specific to the target proteins on their
surface, the proteins self-assemble into the predefined array
on the stamp surface during inking in solution, and dissociate
upon printing. Hence, the (re)production of the target protein
arrays is fast and easy. The initial production of the �-stamp is
a one-time burden only. We thus believe that the methodology
presented is powerful and versatile, and should be useful in
detection and fabrication strategies that are based on arrays of
proteins.

Received: January 30, 2002
Revised: April 15, 2002 [Z18619]

[1] Immonuassay (Eds.: E. P. Diamandis, T. K. Christopoulos), Academic
Press, San Diego, CA, 1996.

[2] DNA Microarrays: A Practical Approach (Ed.: M. Schena), Oxford
University Press, Oxford, UK, 1999.

[3] a) Y. Xia, G. M. Whitesides, Angew. Chem. 1998, 110, 568 ± 594;
Angew. Chem. Int. Ed. 1998, 37, 550 ± 575; b) G. M. Whitesides, E.
Ostuni, S. Takayama, X. Jiang, D. E. Ingber,Annu. Rev. Biomed. Eng.
2001, 3, 335 ± 373.

[4] A. Bernard, E. Delamarche, H. Schmid, B. Michel, H. R. Bosshard, H.
Biebuyck, Langmuir 1998, 14, 2225 ± 2229.

[5] E. Delamarche, A. Bernard, H. Schmid, B. Michel, H. Biebyuck,
Science 1997, 276, 779 ± 781.

[6] A. Bernard, D. Fitzli, P. Sonderegger, E. Delamarche, B. Michel, H. R.
Bosshard, H. Biebuyck, Nat. Biotechnol. 2001, 19, 866 ± 869.

[7] C. Donzel, M. Geissler, A. Bernard, H. Wolf, B. Michel, J. Hilborn, E.
Delamarche, Adv. Mater. 2001, 13, 1164 ± 1167.

[8] S. C. Lin, F. G. Tseng, H. M. Huang, C. Y. Huang, C. C. Chieng,
Fresenius J. Anal. Chem. 2001, 371, 202 ± 208.

[9] A. Bernard, H. R. Bosshard, Eur. J. Biochem. 1995, 230, 416 ± 423.
[10] a) G. MacBeath, S. L. Schreiber, Science 2000, 289, 1760 ± 1763; b) H.

Zhu, M. Bilgin, R. Bangham, D. Hall, A. Casamayor, P. Bertone, N.
Lan, R. Jansen, S. Bidlingmaier, T. Houfek, T. Mitchell, P. Miller,
R. A. Dean, M. Gerstein, M. Snyder, Science 2001, 293, 2101 ± 2105.

[11] a) J. Hyun, A. Chilkoti, J. Am. Chem. Soc. 2001, 123, 6943 ± 6944;
b) J. S. Hovis, S. G. Boxer, Langmuir 2001, 17, 3400 ± 3405; c) U.
Schobel, I. Coille, A. Brecht, M. Steinwand, G. Gauglitz, Anal. Chem.
2001, 73, 5172 ± 5179.

[12] D. Juncker, H. Schmid, A. Bernard, I. Caelen, B. Michel, N. de Rooij,
E. Delamarche, J. Micromech. Microeng. 2001, 11, 532 ± 541.

[13] E. Delamarche, A. Bernard, H. Schmid, A. Bietsch, B. Michel, H.
Biebuyck, J. Am. Chem. Soc. 1998, 120, 500 ± 508.

[14] A. Bernard, J. P. Renault, B. Michel, H. R. Bosshard, E. Delamarche,
Adv. Mater. 2000, 12, 1067 ± 1070.

[15] Z. Yang, A. M. Belu, A. Liebmann-Vinson, H. Sugg, A. Chilkoti,
Langmuir 2000, 16, 7482 ± 7492.

[16] A. Bietsch, B. Michel, J. Appl. Phys. 2000, 88, 4310 ± 4318; M. Geissler,
A. Bernard, A. Bietsch, H. Schmid, B. Michel, E. Delamarche, J. Am.
Chem. Soc. 2000, 122, 6303 ± 6304.

[*] Prof. I. Willner, F. Patolsky, Y. Weizmann, O. Lioubashevski
Institute of Chemistry
The Hebrew University of Jerusalem
Jerusalem 91904 (Israel)
Fax: (�972)2-652-7715
E-mail : willnea@vms.huji.ac.il



COMMUNICATIONS

2324 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2324 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 13

particles[4] with a complementary DNA.Metal nanowires on a
template �-DNAwere generated by the initial binding of Ag�

ions to the DNA, followed by reduction of the ions to yield
catalytic sites for the electroless clustering of Ag metal on the
DNA. Individual wires with a width of around 50 nm were
prepared by this method.[5] A related approach was applied to
grow Pd clusters on a �-DNA template.[6] Similarly, CdS-
nanoparticles with a positively charged modifying layer were
electrostatically attracted to DNA to form a quasi-1D nano-
particle structure.[7] Here we report a new method to generate
Au-nanoparticle wires by the intercalation of psoralen-
functionalized Au nanoparticles into a double-stranded
DNA, followed by the photochemical covalent attachment
of the intercalator with the DNA template.

Amino psoralen (1) was covalently-linked to 1.4-nm
Au nanoparticles functionalized with a single N-hydroxysuc-
cinimide group (Nanoprobes, USA; Equation (1)). (TEM
experiments indicate that 5 ± 10% of the particles exhibit a
larger diameter, up to 3 nm.)

The resulting intercalator-modified Au nanoparticle was
then intercalated with a double-stranded poly A/poly T
duplex, of approximately 900 nm length, and the resulting
assembly was irradiated with a 12 Watt UV lamp, �� 360 nm.
Under these conditions, psoralen undergoes a photoinduced
2��2� cycloaddition with the thymine residues, a process that
leads to the covalent attachment of the intercalator to the
DNA.[8] The obtained DNA complex was then deposited on a
freshly cleaved mica surface. Figure 1A shows the 3D AFM
image of the resulting Au-nanoparticle wire. The imaged area
of this wire has a length of around 600 ± 700 nm (the wire
extends beyond the imaged area) and a width of approx-
imately 3.5 ± 8 nm (estimated, taking into account the tip
diameter, 12 nm, determined by SEM). The height of the
nanowire in most of the wire domains is about 4 nm (Fig-
ure 1B). The height of 4 nm may be attributed to the
intercalation of the Au nanoparticles in a helical mode along
the double-stranded perimeter of the template DNA. A few
of the wire domains reach a height up to about 8 nm
(Figure 1C). These domains may originate from Au nanopar-
ticles of larger sizes, as well as the possible bending or twisted
superposition of the nanoparticle wire resulting from its
deposition on the mica surface. The intercalated nanoparticles

Figure 1. A) AFM image of an Au-nanoparticle wire in the poly A/poly T
template. B) Cross-section of the Au-nanoparticle wire in a domain of
lower height (high probability). C) Cross-section of the Au-nanoparticle
wire in an area of higher height (low probability).

reveal a high-density structure in the
template DNA. A similar procedure was
employed to incorporate the 1-functional-
ized Au nanoparticles into �-DNA. We
find that the Au-nanoparticle wires are
formed, yet the density of the particles is
substantially lower. Figure 2 shows the
AFM image of a collection of �-DNA
templates with the incorporated Au nano-
particles. In contrast to the height observed
for the Au nanoparticles incorporated into
the poly A/poly T template, we find that
the height of the nanoparticles incorporat-
ed into the �-DNA, does not exceed
3.5 nm. This difference may be attributed
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Figure 2. AFM image of Au nanoparticles incorporated in �-DNA.

to the low-density coverage of the DNA by the particles that
prevents the binding of particles on opposite sides of the
surface-deposited DNA. It should be noted that the Au-
nanoparticle-functionalized �-DNA is structurally aligned on
the mica surface. The alignment mechanism is not fully
understood at present. Since we apply an Ar flow to dry the
sample drop on the surface, it is plausible that the directional
sample drying leads to the aligned structure.

A different approach to generate the Au-nanoparticle wires
involves the chemical modification of poly-�-lysine with the
Au nanoparticles functionalized with a single N-hydroxysuc-
cinimide unit [Eq. (2)].

The deposition of the polylysine functionalized with the
Au nanoparticles on a mica surface yields circular nano-
particle arrays. Figure 3A shows the 3D structure of a circular
nanowire that includes a dense assembly of Au nanoparticles.
Most of the modified polylysine chains are assembled in a
circular structure and no linear Au-nanoparticle wires were
detected (Figure 3B). Nonetheless, not all of the circles reveal
a dense packing of the nanoparticles.

The generated circles on the mica surface reveal high
stability; they are not washed off the surface with water, and
they preserve their 3D structure for at least three months.
Figure 3C shows the histogram of the ring diameter of the Au-
nanoparticle rings. The highest frequency is observed for rings
with a diameter between 100 nm and 200 nm. A few rings
reveal a small diameter of about 50 nm and some of the rings
are substantially larger, around 650 nm. The polylysine
employed in our study has a molecular weight of 52000 with
a dispersity of approximately 11%. This information suggests
that a polymer chain includes 231� 25 monomer units with an
average length of about 92� 10 nm which implies that each of
the Au-nanoparticle circles is generated by several inter-

Figure 3. A) AFM image of a circular Au-nanoparticle-functionalized
polylysine formed on a mica surface upon evaporation. B) Representative
AFM image of Au-nanoparticle-functionalized polylysine rings formed on
a mica surface upon evaporation. C) Histogram of the diameter of self-
assembled Au± nanoparticle–polylysine circles on a mica surface resulting
from evaporation (n� frequency; d� ring diameter).

linked polymer chains. The formation of
molecular and macromolecular ring struc-
tures on surfaces has been addressed ex-
perimentally[9, 10] and theoretically.[11, 12] Al-
though there is no unified theory regarding
the formation of circular structures on
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surfaces, based on the available knowledge, one may suggest a
plausible mechanism for the formation of the Au-nanoparticle
rings on the surface. The water droplet that includes the
modified polylysine, wets the hydrophilic mica surface, and
the film formed thins uniformly on the surface upon
evaporation.[13] When it reaches a thickness of several tenths
of a nanometer, the aqueous layer reaches the point of
instability, which results in film rupture and the formation of
droplets. Drying of the droplets that includes the dispersed
particles results in the concentration of the material at the
edges of the evaporating droplet as a result of a capillary flow
of the interior solution to the evaporating edges.[11a] The
diameter of the resulting ring is then controlled by the
dimensions of the coalesced droplet, the number of polymer
chains confined to the droplet, and the rate of evaporation
that is also dominated by the concentration of the polymer in
the droplet. The resulting ring is then stabilized on the mica
surface by hydrogen bonds and interchain hydrogen bonds.
Upon the combing[14] of the Au-nanoparticle-functionalized
polylysine on the mica surface, linear Au-nanoparticle-
polymer wires are formed (Figure 4). Thus, the shape of the
resulting wire can be controlled by the mode of its deposition
on the surface.

Figure 4. AFM image of Au-nanoparticle-functionalized polylysine
formed on a mica surface by the combing method. Inset: 2D image of
the Au-nanoparticle structures.

In conclusion, our study has demonstrated the generation of
Au-nanoparticle wires on DNA or polylysine as templates.
The DNA±Au-nanoparticle wires were generated by a new
method that involves the incorporation of an intercalator-
functionalized Au nanoparticle into double-stranded DNA,
followed by the photochemical cross-linking of the intercala-
tor to the DNA matrix. Another approach included the
chemical modification of a polymer chain with the Au nano-
particles, and the surface assembly of the nanoparticle wire.
The future enlargement of the nanoparticle wires by catalytic,
electroless deposition of metals, is anticipated to yield
conductive wires of predesigned width and shape. The future
generation of conductive nanorings is particularly exciting, as
it would enable the generation of nanoscale magnets by

passing a current through the nanostructures, or eventually,
magnetically induced chemical reactions in nanoscale do-
mains. Polylysine and DNA are two oppositely charged
polyelectrolytes. Thus, the interaction of DNA or Au-nano-
particle-functionalized DNA with the Au-nanoparticle-teth-
ered polylysine is anticipated to yield further nanoparticle
architectures. Preliminary studies indicate that although the
Au-nanoparticle rings on the mica surface exhibit high
stability, their treatment with the �-DNA that includes the
intercalated Au nanoparticles results in the rupture of the Au-
nanoparticle rings. We find that the Au-nanoparticle ± poly-
lysine wraps around the negatively charged DNA. This
process enhances the coverage of the resulting multi-compo-
nent Au-nanoparticle wires.

Experimental Section

1-Functionalized Au nanoparticles: Amino psoralen (1), (Sigma; 10 �g, 40
nmol) was mixed with mono-N-hydroxysuccinimide-modified Au particle
in a Hepes buffer solution (100 �L; 10 m�, pH 8) for 2 h at room
temperature, followed by further incubation for 12 h at 4 �C. The resulting
mixture was purified from the excess of 1 using a microspin column (spin
column 30, Sigma). The resulting brown solution was further dialyzed
against 10 m� Hepes buffer solution using a microdialyzing device (5 kDa
cutoff). All procedures were performed in the dark, to prevent photo-
degradation of 1. The 1-modified Au nanoparticles were characterized
by absorption spectroscopy. From their absorption spectrum the spectrum
of the pure Au nanoparticles (with the appropriate concentration factor)
was subtracted to yield the absorbance band at �� 360 nm, characteristic
of 1. From this band the concentration of 1 in the sample was determined,
which gave a 1:1 ratio between 1 and the Au nanoparticles, yield
80%.

Poly-�-Lysine ±Au-nanoparticle conjugate: Polylysine (52000 gmole�1,
0.2 nmol) was mixed with N-hydroxysuccinimide-activated Au nanoparti-
cles (6 nmol; Nanoprobes, 1.4 nm) in Hepes buffer solution (100 �L;
30 m�, pH 8) for 12 h at 4 �C. The resulting polylysine/Au-nanoparticle
conjugate was purified by spin chromatography using a gel microspin
column with the appropriate fractionation range (spin column 100, �200
bases, Sigma). The resulting brown solution of the polylysine ± gold-
nanoparticle conjugate was further dialyzed against a Hepes buffer solution
(10 m�, pH 8.5) at 4 �C for 4 h, while renewing the dialysis solution every
hour, using a microdialyzing device (15 kDa cutoff).

Nanoparticle wires on surfaces: �-DNA (Sigma) or poly A/poly T (Phar-
macia) approximate 0.3� 10�12� concentrations were mixed with 1-
modified Au nanoparticles (1 �m) and incubated at room temperature
for 20 min. Afterwards, the mixture was irradiated with a long UV lamp
(12 Watt), �� 360 nm, for 45 min, while keeping the mixture in an ice bath.
The DNA–gold-nanoparticle wires were then separated from unbound 1 ±
Au-nanoparticle using a microspin column of specific pore-size. A drop of
the DNA-gold nanoparticle solution (4 �L) was placed on a freshly cleaved
mica surface, and allowed to evaporate. The surface was then washed with
water (20 �L) and dried with a gentle flow of argon.

The polylysine ±Au-nanoparticle circles were prepared by placing a drop
(4 �L) of a 1000-fold-diluted polymer-conjugate solution (ca. 2.5� 10�9�)
on a freshly cleaved mica surface. The drop was allowed to evaporate, and
the surface was washed with triply distilled water (3� 100 �L), and dried
under a gentle flow of argon. The sample could be stored for at least
3 months under an argon atmosphere.

The polylysine ±Au-nanoparticle wires were prepared by the combing
technique.[14] A drop (4 �L) was positioned on a glass surface, and this was
placed on a freshly cleaved mica surface. The glass was removed and the
Au-nanoparticle structures on the mica surface were imaged. Samples were
imaged after 5 ± 10 min of evaporation and gentle drying under Argon.
Atomic force microscopy (AFM) images were acquired in tapping mode in
air by a Smena B instrument (NT-MDT, Russia), with a 30-�m scanner, and
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A Bacterial Small-Molecule Three-Hybrid
System**
Eric A. Althoff and Virginia W. Cornish*

Affinity chromatography has long been used to identify the
protein targets of small-molecule drugs and other biomole-
cules. Although an essential tool for biochemical research,
affinity chromatography can often be labor-intensive and
time-consuming. Recently, the yeast three-hybrid assay, a
derivative of the two-hybrid assay, was introduced as a
straightforward, in vivo alternative to affinity chromatogra-
phy.[1, 2] In the three-hybrid assay, protein ± small molecule
interactions are detected by the dimerization of the two halves
of a transcriptional activator (TA) through the receptors of
the small molecule and subsequent transcription of a reporter
gene.[3±6] For affinity chromatography applications, one li-
gand ± receptor pair is used as an anchor and the other is the
small molecule ± protein interaction being investigated. Al-
though the yeast three-hybrid assay is quite powerful, a
bacterial equivalent would increase the number of proteins
that could be tested by several orders of magnitude because
the transformation efficiency of E. coli is significantly greater
than that of S. cerevisiae. Furthermore, there may be applica-
tions where it is advantageous to test a eukaryotic protein in a
prokaryotic environment in which many pathways are not
conserved. However, the yeast three-hybrid assay cannot be
transferred directly to bacteria. The components of the
transcription machinery and the mechanism of transcriptional
activation differ significantly between bacteria and yeast.
Ligand ± receptor pairs often are organism-specific because of
cell permeability, toxicity, or other interactions with the
cellular milieu. Bacterial two-hybrid assays have only begun
to be developed in the past few years[7] and to date only initial
efforts toward the design of a bacterial three-hybrid system
have been reported.[8, 9] Herein we report the first robust
small-molecule bacterial three-hybrid system–a heterodimer
of methotrexate and a synthetic analogue of FK506 that
activates transcription in the E. coli RNA polymerase two-
hybrid system (Figure 1).

We chose to construct our bacterial three-hybrid system
from the RNA polymerase two-hybrid system reported by
Dove et al. in 1997.[10] A variety of methods for detecting
protein ± protein interactions in bacteria are now availa-

NSC-16 cantilevers (resonance frequency�180 kHz). Scan rates used were
1.5 ± 2.5 Hz with a cantilever oscillation amplitude of the order of 20 ±
40 nm.
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Figure 1. Bacterial RNA polymerase small-molecule three-hybrid system.
A bacterial two-hybrid system was developed by Dove and Hochschild
based on their observation that �cI-mediated recruitment of RNA
polymerase (RNA Pol) is sufficient to activate gene transcription. Herein
we report a three-hybrid variant of this system built around the interaction
between the small molecules methotrexate (Mtx) and a synthetic analogue
of FK506 (SLF) and their protein receptors, dihydrofolate reductase
(DHFR) and FK506-binding protein 12 (FKBP12), respectively. In this
assay, the binding site for the DNA-binding protein �cI is placed upstream
of the promoter for a lacZ reporter gene. �cI is fused to FKBP12 and the
N-terminal domain of the �-subunit of RNA Pol (�NTD) is fused to
DHFR. Thus, upon addition of the small molecule heterodimer Mtx ± SLF,
the �cI ± FKBP12 and �NTD±DHFR fusion proteins are dimerized, thus
activating transcription of the lacZ reporter gene.

ble.[7±14] Generally, these methods are based either on enzyme
complementation or transcriptional activation or repression
assays. Whereas the enzyme complementation assays are
essentially the same as those used in eukaryotes, entirely new
transcription-based assays had to be developed for bacteria
because the components of the transcription machinery are
poorly conserved between eukaryotes and prokaryotes. We
chose to adapt the RNA polymerase assay developed by Dove
et al. because transcriptional activation in this assay results in
a large increase in reporter gene transcription and because
reconstitution of transcriptional activation should be largely
conformation-independent. Based on their
studies of the mechanism of transcriptional
activation by �-repressor (�cI),[15] Dove et al.
developed an in vivo assay for protein ± pro-
tein interactions based on dimerization of �cI
and the N-terminal domain of the �-subunit
of RNA polymerase (�NTD). They showed
that this assay could detect the interaction
between the proteins Gal4 and Gal11P as an
increase in transcription of a lacZ reporter
gene.[16] We used this direct protein ± protein
interaction as a small-molecule independent
positive control in work reported herein.
Dove and Hochschild optimized the lacZ
reporter gene such that dimerization of �cI
and �NTD activates transcription 10 ± 100-
fold over basal levels. A variant of this assay
that can be run as a his3 growth selection was
recently reported.[17]

The key to converting this two-hybrid
assay into a three-hybrid system was the
design of a dimeric ligand that could bridge
�cI and �NTD through the receptors of the
ligand. For the bridging small molecule, we
chose to prepare a heterodimer of metho-
trexate (Mtx) and a synthetic analogue of

FK506 (SLF). We call this heterodimer Mtx ± SLF. We
planned to use Mtx ± SLF to dimerize a �cI ± FKBP12 (�cI ±
FK506-binding protein 12) protein chimera and an �NTD±
DHFR (�NTD±dihydrofolate reductase) protein chimera as
shown in Figure 1. Mtx inhibits DHFR with a low picomolar
KI , and the interaction between the two has been extensively
studied.[18, 19] Furthermore, our laboratory recently showed
that Mtx could be used successfully in a yeast three-hybrid
system.[6] For the other half of the bridging small molecule, we
used SLF. FK506 functions as a natural small-molecule
dimerizer, and dimers of FK506 have been developed as
artificial chemical inducers of dimerization.[3, 20] SLF was
developed by Ariad Pharmaceuticals as an FK506 analogue; it
has a nanomolar affinity for FKBP12, and the interaction
between the two has been fully characterized.[21, 22] Further-
more, SLF homodimers have been used previously in several
mammalian three-hybrid systems.[23]

The retrosynthetic analysis of Mtx ± SLF is shown in
Scheme 1. The synthesis is based on previous syntheses of
Mtx and SLF derivatives and was designed to allow Mtx, SLF,
or the linker between them to be varied readily. The Mtx
portion of the molecule begins as the �-methyl ester of �-
glutamic acid and is based on previous syntheses of Mtx.[6, 24]

�-Methyl �-glutamic acid is inexpensive, and the �-carbox-
ylate can be selectively protected as the tert-butyl ester by
transiently protonating the �-amino group.[25] The diprotected
amino acid is then coupled to 4-(methylamino)benzoic acid by
using standard peptide coupling reagents. Finally, the �-
methyl ester is saponified to yield the free acid for further
reactions. SLF acid was synthesized as described previously
from �-pipecolinic acid in 59% yield over six steps.[5, 21] The
Mtx and SLF portions were then coupled to 1,10-diaminode-
cane in a three-component peptide coupling reaction. 2,4-

Scheme 1. Retrosynthetic analysis of Mtx ± SLF.
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Diamino-6-bromomethyl-pteridine is added after this cou-
pling reaction to simplify the purification of the synthetic
intermediates. Finally, acid cleavage of the tert-butyl ester
yielded Mtx ± SLF. Thus, the Mtx ± SLF heterodimer was
prepared from two components in 5% overall yield over the
six steps from the �-methyl ester of �-glutamic acid or 6%
overall yield in nine steps from the �-pipecolinic acid
precursor of SLF.

The next step was the construction of the E. coli strain that
expresses the �cI ± FKBP12 and �NTD±DHFR fusion pro-
teins and contains the lacZ reporter construct. Plasmids that
encode the �cI ± FKBP12 and �NTD±DHFR chimeras were
prepared from vectors pAC�cI32 and pBR�LN by using
standard molecular biology techniques.[7] We used the same
synthetic lacZ reporter, placOR2-62, initially reported by the
Hochschild group. The reporter placOR2-62 is maintained in
one copy in the chromosome as a prophage and encodes the
lacZ gene 62 base pairs downstream from the �cI binding site
(Figure 1).[10] Based on previous results from Kopytek and Hu
showing that tolC�, which encodes a portion of a multidrug-
resistance efflux pump (MDR), and thyA�, which encodes an
enzyme upstream of DHFR in the thymidine biosynthesis
pathway, mutations improved the viability and tolerance of
E. coli to Mtx-based molecules, we expected export as well as
toxicity of Mtx ± SLF to be problematic in E. coli.[26] Thus, we
modified the original Hochschild strain KS1 to be tolC� to
decrease active export of our small molecule by the TolC-
dependent MDR efflux pump. At the low concentrations of
Mtx ± SLF required for the three-hybrid experiments, how-
ever, Mtx was not sufficiently toxic to warrant the thyA�

mutation (data not shown). We introduced the tolC�mutation
into KS1 by using a standard molecular biology technique for
gene transfer, P1vir transduction, from strain SK037.[26] We
call this test strain V674E. Transformation of the plasmids
bearing the various �cI and �NTD fusion proteins into V674E
yielded the final experimental strains.

We used standard �-galactosidase assays in liquid culture
and on plates[27] to establish that Mtx ± SLF activates tran-
scription of the lacZ reporter gene in E. coli strain V674E
(Figure 2 and Supporting Information). Overnight cultures
were used to innoculate fresh LB media that contained Mtx ±
SLF, IPTG, and the appropriate antibiotics. These cultures
were grown, lysed, and assayed for �-galactosidase activity by
using o-nitrophenyl-�-�-galactopyranoside (ONPG), a chro-
mogenic substrate for �-galactosidase. Cells that express �cI ±
FKBP12 and �NTD±DHFR showed sixfold greater activa-
tion of lacZ transcription at 1 �� Mtx ± SLF and tenfold
greater activation at 10 �� Mtx ± SLF than cells that express
only �cI and �NTD. For comparison, the levels of tran-
scription activation for the direct protein ± protein interaction
are 13-fold higher and are unaffected by the concentration of
Mtx ± SLF in the media. As seen in Figure 3, the levels of
transcriptional activation in the three-hybrid system correlate
with the concentration of Mtx ± SLF in the media. We begin to
see transcriptional activation at 0.3 �� Mtx ± SLF, and the
levels of activation are still increasing at 10 �� Mtx ± SLF.
Concentrations higher than 10 �� Mtx ± SLF cannot be used
as the small molecule begins to become toxic to the E. coli.
Several independent controls establish that transcriptional

Figure 2. The levels of small-molecule-induced transcriptional activation
were quantified by using liquid lacZ assays. The strains are assayed in liquid
ONPG assays in which the levels of transcriptional activation can be
quantified based on the amount of reporter protein �-galactosidase that is
produced. Each column corresponds to strain V674E bearing plasmids
expressing various �cI and �NTD fusion proteins: 1, �cI ±Gal4, �NTD±
Gal11P; 2, �cI, �NTD; 3, �cI ± FKBP12, �NTD; 4, �cI ± FKBP12, �NTD±
DHFR; 5, �cI, �NTD±DHFR. Strain 1 is the Gal4 ±Gal11P direct
protein ± protein interaction used as a positive control. Strains 2, 3, and 5
lack either DHFR or FKBP12 or both and are used as negative controls to
test the assumption that transcriptional activation is dependent on both
halves of the Mtx ± SLF small molecule. The last two small-molecule
concentrations are competition assays in which an excess of one of the
ligands for the receptor proteins was used to compete out the positive signal
by effectively decreasing the number of successful three-hybrid interac-
tions. The strains were assayed in triplicate from three transformants and
standard deviations are shown. The strains are grown in LB medium with
IPTG (0.5 m�), ampicillin (100 �gmL�1), chloramphenicol (6 �gmL�1),
and small molecules at the indicated concentration.

Figure 3. The levels of transcriptional activation depend on the concen-
tration of Mtx ± SLF in the bacterial three-hybrid system. The concen-
trations of Mtx ± SLF in the media were varied, and the levels of lacZ
transcription were quantified in liquid culture by using ONPG. The strains
are V674E expressing the following �cI and �NTD fusion proteins: (�),
�cI ±Gal4, �NTD±Gal11P (a direct protein ± protein interaction); (�),
�cI ± FKBP12, �NTD (a negative control); and (�), �cI ± FKBP12, �NTD±
DHFR (the three-hybrid system). The rate of ONPG hydrolysis was
measured in triplicate from three different transformants after growth in
LB media that contained IPTG (0.5 m�), ampicillin (100 �gmL�1), chlor-
amphenicol (6 �gmL�1), and Mtx ± SLF at the indicated concentrations.
The standard deviation for each data point is also shown.

activation indeed requires both halves of Mtx ± SLF (Fig-
ure 2). Neither Mtx, SLF, nor a combination of the two
increases the levels of transcription in the three-hybrid system
(data not shown). At 1 �� Mtx ± SLF, a tenfold excess of
either Mtx or the tert-butyl ester of SLF decreased the levels
of transcription to about half that with 1 �� Mtx ± SLF alone.
Deletion of either DHFR or FKBP12 from the �cI ± FKBP12
and �NTD±DHFR fusion proteins drops the levels of small-
molecule-induced transcriptional activation to the back-
ground levels observed in cells that express only �cI and
�NTD.
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Proton-Induced, Reversible Evolution of O2
from the OsIV± Sulfoximido Complex
[OsIV(tpy)(Cl)2{NS(O)-3,5-Me2C6H3}]**
My Hang V. Huynh,* David E. Morris, Peter S. White,
and Thomas J. Meyer*

O2 activation in biological systems is a key step in
respiration with O2 activation achieved by a complex series
of steps involving binding to an Fe ± heme, electron transfer,
and, ultimately, atom transfer to a reducing substrate.[1]

Kinetic difficulties in the electroreduction of O2 to H2O in
fuel cells create a significant over-voltage which limits

The bacterial small-molecule three-hybrid system described
herein should provide a robust platform for high-throughput
assays based on protein ± small molecule interactions. The
Mtx ± SLF heterodimeric ligand can be prepared readily and
gives a strong transcription readout in the E. coli RNA
polymerase three-hybrid system. Notably, the levels of tran-
scriptional activation with the Mtx ± SLF three-hybrid system
are comparable to those with the direct protein ± protein
interaction, despite the fact that one noncovalent interaction
has been replaced with two. The EC50 for lacZ transcription is
greater than the KD of either Mtx or SLF for FKBP12.[5]

Currently we are carrying out in vitro experiments to examine
the relationship between lacZ transcription and the KD of the
ligand ± receptor interaction. Three-hybrid systems provide an
in vivo alternative to affinity chromatography that can be
used to evolve proteins that recognize a particular small
molecule, to screen a library of small molecules based on
binding to a particular protein, or to screen cDNA libraries to
find the protein targets of drugs or to classify proteins based
on their small-molecule interactions. Because of the high
transformation efficiency and rapid doubling time of E. coli,
this system should increase the number of proteins that can be
tested in three-hybrid assays by several orders of magnitude
compared with yeast systems. A bacterial assay should be
particularly advantageous in molecular evolution experiments
in which in the order of 108 variants may be necessary to alter
protein function. Based on our results, we believe that Mtx
will provide a versatile anchor for presenting a variety of
different small molecules.
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performance.[2] Similarly, water oxidation in
photosynthesis is a complex process involving
multiple electron transfer based on a four-
manganese-center cluster.[3]

The mechanistic difficulties in the reduction
of O2 or the oxidation of water arise from the
thermodynamic instability of one-electron in-
termediates such as OH . or the O2

� ion and the
requirement for multiple-electron pathways to
avoid them. Mechanisms for the activation or
evolution of O2 must accommodate two oxygen
atoms and a net four-electron change.[4] We
report here the remarkable reactions of the cis
and trans isomers of the OsIV± sulfoximido
complexes, [OsIV(tpy)(Cl)2{NS(O)C6H3Me2}]
(2 ; tpy� 2,2�:6�,2��-terpyridine and C6H3Me2�
3,5-Me2C6H3), and their OsIV± sulfilimido ana-
logues, [OsIV(tpy)(Cl)2{NS(H)C6H3Me2}]� (1�),
towards proton-gain or loss-induced evolution
and addition of O2, respectively.

When cis-[OsVI(tpy)(Cl)2(N)]� is treated with
Me2C6H3SH in CH3CN [Eq. (1)], a rapid reac-
tion occurs to give cis-1�. Further reaction of 1�

with O�NMe3 in CH3CN occurs to give cis-2 [Eq. (2)]. An
analogous reactivity was reported earlier for the trans
isomer.[5]

Both cis products, 1�[6] and 2,[7] have been isolated, the
former as its PF6

� salt, in 95 and 85% yields, respectively. In
10:1 (v/v) CH3CN:H2O, 1� undergoes solvolysis in a few
minutes to give cis-[OsIV(tpy)(Cl)(NCCH3)(NSC6H3Me2)]�

which undergoes further solvolysis to give cis-
[OsIV(tpy)(NCCH3)2(NSC6H3Me2)]2� over a few hours. This
chemistry will be reported elsewhere.

Compound 1�-PF6 was also characterized by X-ray crystal-
lography of crystals grown by slow diffusion of Et2O into a
CH3CN solution.[6f] The structure (Figure 1) shows that the
distorted octahedral arrangement of ligands at the Os center
in the parent nitrido complex is retained in the protonated
sulfilimido product. The Os�N(tpy) bond lengths range from
1.992(9) to 2.091(11) ä with the shortest Os�N(tpy) bond
trans to the longer chloride bond. The Os�N(sulfilimido) and

N1�S1 bond lengths of 1.947(11) ä and of 1.645(12) ä,
respectively, are consistent with multiple bonding.[8] The
angle N1-S1-C11 102.8(7)� is consistent with pseudo sp3 hy-

bridization at the S atom of the sulfilimi-
do ligand. The Os�N(sulfilimido) bond
length, the bent angle Os1-N1-S1
124.6(6)�, and the diamagnetism of the
complexes (as shown by 1H NMR spec-
troscopy) are all consistent with a d4 spin-
paired OsIV complex. There are structural
similarities with the related OsIV com-
plexes, cis-[OsIV(tpm)Cl)2({N(H)N(CH2)4-
O}]� (tpm� tris-(pyrazol-1-yl)metha-
ne),[9a] cis-[OsIV(tpy)(Cl)(NCCH3){NN-
(CH2)4O}]� ,[9a] and cis-[OsIV(tpy)-
(NCCH3)2{NN(CH2)4O}]2�.[9b]

When one equivalent of HPF6 as
HPF6 ¥H2O is added to CH3CN solutions
of either cis- or trans-2, immediate color
changes occur from dark green
(�max(cis)� 444, 592, and 696 nm and

�max(trans)� 404, 586, and 714 nm) to bright red (�max(cis)�
460 nm and �max(trans)� 466 nm) with noticeable gas evolu-
tion. There is no competition from solvolysis under these
conditions. UV/Vis spectral changes with incremental addi-
tions of HPF6 for the trans isomer are shown in Figure 2.
Based on molar extinction coefficients,[5±7] the conversion
from 2 into 1� is quantitative. The evolved gas was shown
to be O2 by oxygen-electrode measurements. The amount of
gas evolved was consistent with the 2:1 ratio in Equa-
tion (3).[10]

Attempts to follow the reaction by stopped-flow mixing
were unsuccessful because it is too rapid even at �50 �C in
either 2:1 (v/v) CH3C(O)CH3:CH3CN or CH3C(O)CH3.
Based on the spectral changes in Figure 2, H� is required as
a stoichiometric reagent, and the energetics of protonation to

Figure 1. ORTEP diagram (thermal ellipsoids set at the 30% level) and labeling scheme for
1�-PF6.
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Figure 2. Spectral changes upon sequential addition of aliquots of HPF6

(60 wt% solution in H2O) in CH3CN to 1.13� 10�4� trans-2 in CH3CN and
inset, the reverse reaction between trans-1� and bpy in air-saturated
CH3CN.

form 1� are presumably required to drive the reaction to
completion. By inference, H� is also required for the
activation of the O2 evolution process, but the mechanistic
details remain obscure.

Remarkably, the O2 evolution chemistry is reversible.When
2,2�-bipyridine (bpy) is added in stoichiometric amount to air-
saturated CH3CN solutions of 1�, the UV/Vis spectrum
changes quantitatively to that of 2 (Figure 2 inset). Addition
of bpy deprotonates 1� to give [OsIV(tpy)(Cl)2(NSC6H3Me2)]
which undergoes O2 oxidation to give 2 [Eq. (4)]. An uptake
of O2 was observed at the oxygen electrode but was difficult to
quantify because of the large O2 background in air-saturated
solutions. Attempts to measure the kinetics of these reactions
with added bpy by stopped-flow mixing in either 2:1 (v/v)
CH3C(O)CH3:CH3CN or CH3C(O)CH3 at �50 �C were also
unsuccessful because the reactions were too rapid.

It is possible to generate O2 catalytically from O�NMe3
based on the reactions in Equations (2) and (4). Addition of
HPF6 in large excess to 2 in CH3CN in the presence of
100 equivalents of O�NMe3 results in rapid O2 evolution.
The O2 evolution was quantitative based on O�NMe3 as

measured by the oxygen electrode. The net reaction is shown
in Equation (5).

Catalytic activation of O2 towards oxidation of PPh3 to
OPPh3 in CH3CN has been reported for trans-[OsIV-
(tpy)(Cl)2(NS-3,5-Me2C6H3)]PF6 but is rate limited by
O-atom transfer from trans-[OsIV(tpy)(Cl)2{NS(O)C6H3Me2}]
(2) to PPh3.[5]

Initial observations show that the reactivity reported here is
general for the series cis- or trans-[OsIV(tpy)(Cl)2{NS(O)Ar}]/
[OsIV(tpy)(Cl)2{NS(H)Ar}]� with Ar� 3,5-Me2C6H3,
4-MeC6H4, and C6H5. It is a novel example of O2 evolution/

activation based on a ligand, in this case,
one electronically activated by the Os�N
multiple bond. These reactions are re-
markable both for their occurrence and
for the rates at which they occur.

Received: January 21, 2002 [Z18553]
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A Structurally Characterized
Chromium(���) Superoxide Complex
Features ™Side-on∫ Bonding**
Kun Qin, Christopher D. Incarvito,
Arnold L. Rheingold, and Klaus H. Theopold*

The coordination chemistry of dioxygen (O2) is of
interest in the context of bioinorganic chemistry and
oxidation catalysis. Catalytic transformations utilizing
O2 as the oxidant are considered environmentally
benign; however, they typically require ™activation∫ of

the dioxygen by a metal center. Whereas the chemistry of
chromium–a common ingredient in oxidation reagents–is
replete with high-valent oxo (O2�) or peroxo (O2

2�) com-
pounds, there exist few superoxo complexes of chromium
resulting from the binding of gaseous O2, and none that have
been structurally characterized.[1] In a recent report on the
insertion of O2 into the chromium± carbon bond of [TptBu,Me-
Cr-Ph] (TptBu,Me� hydrotris(3-tert-butyl-5-methylpyrazolyl)-
borate) we provided spectroscopic evidence for a reactive
CrIII superoxide intermediate (A, Scheme 1), and we pro-
posed a ™side-on∫ bonding mode for the superoxo ligand.[2]

Herein we describe the synthesis and structural character-
ization of a stable CrIII superoxide complex that supports our
earlier assignment.

Key to our investigation was the synthesis of a coordina-
tively unsaturated CrII precursor that would not suffer
insertion of a coordinated O2, for example, into a chromi-
um± carbon bond. Thus we prepared [TptBu,MeCr(pz×H)]-
BARF (1, pz×H� 3-tert-butyl-5-methylpyrazole, BARF�
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate) by reaction
of [TptBu,MeCr(pz×H)Cl] with NaBARF (see Scheme 1). Com-
plex 1 featured the characteristic cis-divacant octahedral
structure of four-coordinate [TptBu,MeCrX] derivatives;[3]

hence it should be able to coordinate O2. Indeed, exposure
of a diethyl ether solution of 1 at�78 �C to excess O2 caused a
rapid color change from blue to red. Warming to room
temperature followed by standard work-up of the reaction
mixture yielded [TptBu,MeCr(pz×H)(O2)]BARF (2) as a dark
red solid in high yield. The solid-state IR spectrum of 2
showed an O�O stretching vibration at 1072 cm�1. In the
product of the reaction of 1 with 18O2 this band was shifted to
1007 cm�1. These values are consistent with an assignment as a
superoxo complex of chromium(���).[4] The effective magnetic
moment of 2 (�eff(295 K)� 2.8(1) �B) must result from strong

1994, �(3,5-Me2C6H3HS) 1601 (vs), and 1558 (s) �(tpy) 1469 (vs), 1449
(vs), and 1390 cm�1 (vs); �(14NS) 1023 and �(15NS) 991 cm�1;
e) 1H NMR data (��DMSO): 9.0 ± 6.9 (m, 14 aromatic protons
(11H of tpy and 3H of the aryl group)) 2.3 (s, 6H, methyl protons),
3.4 ppm (s, 1H, proton on the S atom); f) CCDC-177717 (1�) contains
the supplementary 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.cam.ac.uk).

[7] 2 : a) Elemental analysis calcd (%) for OsC23H20N4SOCl2: C 41.76, H
3.05, N 8.47; found: C 42.07, H 3.08, N 8.19; b) cyclic voltammetry in
0.1� Bu4NPF6/CH3CN (V vs SSCE): E1/2 (OsVI/V)� 1.23 V, E1/2 (OsV/

IV)� 0.30 V, E1/2 (OsIV/III)��0.89 V, and E1/2 (OsIII/II)��1.19 V;
c) UV/Vis spectra in CH3CN �max [nm] (�, ��1 cm�1): 696 (3.17� 103),
592 (2.79� 103), 444 (9.16� 103), 320 (1.32� 104), 272 (2.07� 104), 212
(2.73� 104); d) IR (Nujol mull): �� � �(3,5-Me2C6H3HS) 1603 (vs) and
1578 (s), �(tpy) 1477 (vs), 1449 (vs), and 1435 (vs), and �(S�O)
1277 cm�1; e) 1H NMR (DMSO) �� 8.95 ± 8.91 (d, 6 and 6��-positions
of tpy), 8.64 ± 8.61 (d, 3 and 3��-positions of tpy), 7.83 ± 7.81 (d, 3� and 5�-
positions of tpy), 7.48 ± 7.42 (t, 5 and 5��-positions of tpy), 7.44 ± 7.41 (q,
2 and 6-positions of benzene ring), 7.14 ± 7.10 (t, 4 and 4��-positions of
tpy), 6.97 ± 6.94 (t, 4�-position of tpy), 6.90 (s, 4-position of benzene
ring), and 1.71 ppm (d, 6 methyl protons on benzene ring).

[8] a) M. H. V. Huynh, P. S. White, T. J. Meyer, Angew. Chem. 2000, 112,
4267 ± 4270; Angew. Chem. Int. Ed. 2000, 39, 4101 ± 4104; b) Selected
bond lengths and angles of the S-protonated trans isomer of the OsIV±
sulfilimido (trans-1�) complex are listed for comparison: Os�N(tpy)
2.015(10), 2.108(9), and 2.129(9) ä (with the shortest Os�N(tpy) bond
trans to the sulfilimido ligand); Os�N(sulfilimido) 1.906(10) ä;
N(1)�S(1) 1.706(9) ä (single bond); �Os(1)-N(1)-S(1) 130.4(6)� ;
and�N(1)-S(1)-C(1) 101.6(5)�.

[9] a) M. H. V. Huynh, E.-S. El-Samanody, K. D. Demadis, P. S. White,
T. J. Meyer, Inorg. Chem. 2000, 39, 3075 ± 3085; b) M. H. V. Huynh,
P. S. White, T. J. Meyer, Inorg. Chem. 2001, 40, 5231 ± 5235.

[10] The oxygen produced was measured by a Thermal Orion Model 1230
waterproof dissolved oxygen meter both with and without salinity
correction modes. Each measurement of dissolved oxygen was
corrected against a blank air-saturated acidic CH3CN solution.
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Scheme 1. Synthesis of precursor 1 and chromium superoxo complex 2.
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antiferromagnetic coupling between the CrIII ion (d3, S� 3/2)
and the coordinated superoxide radical (S� 1/2).

The most unambiguous method for determining the bond-
ing mode of the dioxygen is of course X-ray crystallography.
Fortunately 2 is rather stable and cooling of a CH2Cl2 solution
to �30 �C gave dark red crystals of 2 ¥ CH2Cl2 suitable for a
structure determination (Figure 1).[5] The most conspicuous
feature is the ™side-on∫ (or �2-) coordination of the O2 ligand.

Figure 1. The molecular structure of 2 ; the BARF anion has been omitted
for clarity. Selected interatomic distances [ä] and angles [�]: Cr(1)-O(1)
1.861(4), Cr(1)-O(2) 1.903(4), O(1)-O(2) 1.327(5), Cr(1)-N(2) 2.069(4),
Cr(1)-N(4) 2.080(5), Cr(1)-N(6) 2.080(4), Cr(1)-N(7) 2.063(5); O(1)-Cr(1)-
O(2) 41.27(16), O(1)-Cr(1)-N(7) 88.48(18), O(2)-Cr(1)-N(7) 86.76(18).

At 1.861(4) and 1.903(4) ä, respectively, the Cr�O distances
are essentially identical. The O(1)�O(2) bond length of
1.327(5) ä puts the ligand squarely into the superoxo
category.[6] The trivalent nature of chromium is also supported
by the metal ± ligand bond distances. Thus the average Cr�NTp

distance of 2.08 ä is significantly shorter than the correspond-
ing value in [TptBu,MeCrII(pz×H)(Cl)] (2.18 ä); the same holds
for the Cr�NpzH bond (2.063(5) ä versus 2.144(7) ä). The
orientation of the pyrazole ligand (perpendicular to the CrO2

plane) puts its NH proton in a position to hydrogen bond to
the oxygen atoms.[7] The relevant distances, namely 2.90 ä
(N(8) ±O(1)) and 2.80 ä (N(8) ±O(2), are certainly short
enough for N�H ¥¥¥O interactions.[8] However, the N-H-O
angles (the hydrogen atom was located and its position
refined) of 98.4o (N(8)-H-O(1)) and 109.8o (N(8)-H-O(2)) are
rather acute for hydrogen bonds. Furthermore, the N�H
stretching vibration of 2 appears as a sharp band at 3446 cm�1

in the IR spectrum, which is actually higher than �N-H of 1. The
evidence for substantial hydrogen bonding in 2 is thus
ambiguous, and we hesitate to ascribe significant strengthen-
ing of the O2 coordination to it.

Encouraged by the stability of 2, and in the hopes of
gauging electronic effects on the bonding of O2 to CrII centers,
we then investigated the reactivity of several analogous
chromium complexes with dioxygen. Gratifyingly, [TptBu,Me-
Cr(py)]BARF (py� pyridine), [TptBu,MeCrCl], and [TptBu,Me-
CrOPh] all yielded isolable dioxygen complexes, which have

been characterized by various methods, including IR spectros-
copy of the 16O2 and 18O2 isotopomers. The results are listed in
Table 1. The extent of electron transfer to the O2 unit, as
measured by �O±O stretching frequency data, parallels the
donor strength of the changing ligand (Ph��PhO�� pz×H�

py�Cl�). Based on the chemical analogy and their spectro-
scopic similarity, we assume that all of these complexes
contain side-on bonded superoxide ligands.

To our knowledge, 2 is the first structurally characterized

chromium superoxo complex; it is also a representative of the
small, but growing, number of mononuclear ™side-on∫ super-
oxide complexes.[9] We wish to suggest that this bonding mode
may be more common than is generally assumed. The
reactivity of this new class of O2 complexes, especially with
regard to dioxygen activation and oxidation reactions, is
currently under investigation.

Experimental Section

1: [TptBu,MeCr(pz×H)Cl][2] (0.530 g 0.82 mmol) was dissolved in Et2O
(30 mL). An Et2O solution of NaBARF (0.704 g 0.80 mmol) was added
at room temperature. The mixture was stirred at room temperature for
48 h. After the solvent was removed, the solid was washed three times with
pentane, and then extracted with Et2O to yield a deep blue solution.
Cooling the solution to �30 �C overnight produced blue crystals (1.00 g,
80% yield) of 1. 1H NMR (250 MHz, CD2Cl2): �� 81.0 (br, 3H), 48.9 (br,
9H), 32.4 (br, 3H), 10.9 (br, 27H), 7.8, 7.6 (12H), 2.8 (9H),�13.9 (1H), and
�24.9 ppm (1H); IR (KBr): �� � 3435 (s, N-H), 2972 (s), 2805 (w), 2556 (w,
B-H), 1610 (m), 1541 (s), 1473 (s), 1424 (s), 1354 (vs), 1276 (vs), 1137 (vs),
1063 (s), 887 (s), 838 (s), 806 (m), 716(s), 682 cm�1 (s); UV/Vis (Et2O):
�max(�)� 282 (4000), 669 nm (329); m.p.: 186 �C; �eff (295 K)� 5.0(1) �B.
elemental analysis calcd (%) for C64H66B2CrF24N8: C 52.05, H, 4.50, N 7.59;
found: C 51.75, H 4.66, N 7.53.

2 : Compound 1 (0.445 g 0.3 mmol) dissolved in Et2O (10 mL) was charged
into an ampoule. This solution was degassed and cooled to �78 �C. Then
1 atm of dry O2 was admitted into the ampoule while the solution inside was
stirred. The deep blue solution turned dark red within 5 min. The solution
was kept under the O2 atmosphere at �78 �C overnight. Then the solvent
was removed under vacuum, and the remaining solid was extracted with
cold CH2Cl2. After cooling the concentrated solution to �30 �C overnight,
0.325 g (70% yield) of dark red crystals of 2 were obtained. 1H NMR
(250 MHz, CD2Cl2): �� 31.3 (br, 3H), 7.7, 7.6 (s, 12H), 3.5 (br, 27H), 1.7 (br,
9H), �8.9 ppm (br, 9H); IR (KBr): �� � 3446 (s, N-H), 3020 (w), 2971 (s),
2876 (w), 2565 (w, B-H), 1609 (m), 1546 (s), 1481 (s), 1423 (s), 1354 (vs),
1277 (vs), 1182 (vs), 1128 (vs), 1072 (s), 1046 (m), 1029 (w), 886 (s), 839 (s),
811 (s), 713 (s), 671 cm� (s)1; UV/Vis (Et2O): �max(�)� 279 (6150), 445
(714), 566 (407), 624 (264), 926 nm (274); m.p.: 125 �C; �eff (295 K)�
2.8(1) �B; elemental analysis calcd (%) for C64H66B2CrF24N8O2: C 50.94,
H 4.41, N 7.42; found: C 50.29, H 4.19, N 6.90.

Received: February 18, 2002 [Z18729]

Table 1. O�O stretching frequencies of chromium(���) superoxo com-
plexes.

Compound �(16O ± 16O) �(18O ± 18O)

[TptBu,MeCr(Ph)(O2)][a] 1027 cm�1 969 cm�1

[TptBu,MeCr(OPh)(O2)] 1068 cm�1 1009 cm�1

[TptBu,MeCr(pz×H)(O2)]BARF (2) 1072 cm�1 1007 cm�1

[TptBu,MeCr(py)(O2)]BARF 1083 cm�1 1025 cm�1

[TptBu,MeCr(Cl)(O2)] 1104 cm�1 1044 cm�1

[a] Data from ref. [2].
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Parallels in Cation and Anion Coordination:
A New Class of Cascade Complexes**
Md. Alamgir Hossain, Jose¬ M. Llinares, Susan Mason,
Paula Morehouse, Douglas Powell, and
Kristin Bowman-James*

For a number of years it has been speculated that
azacryptands capable of binding two metal ions could also
serve as hosts for two discrete anions. In the early 1980s Lehn
and co-workers proposed that a simple bicyclic azacryptand

(bis-tren) derived from two tren (tris(2-aminoethyl)amine)
units might be capable of encapsulating a bifluoride ion.[1]

Although not considered as ™discrete∫ ions in that regard,
bifluoride does consist of two fluoride ions linked by a
hydrogen bridge. However, a crystal structure revealed only a
single fluoride ion sitting to one side of the cavity (A). In 1998

we observed ditopic anion binding behavior, namely, two
discrete encapsulated nitrate ions, for a related azacryptand,
MEAcryp.[2, 3] Our subsequent attempt to sequester either a
bifluoride ion or two discrete fluoride ions in the MEAcryp
cavity was not successful, although crystallographic results did
indicate two residents in the cavity: a molecule of water and a
fluoride ion (B).[4, 5]

By very slightly enlarging the cavity size with a p-xylyl
spacer to give PEAcryp (L),[2] we have at last succeeded in
capturing two fluoride ions inside the cavity (C), to provide
the first example of an azacryptand with two encapsulated
fluoride ions. Rather than being linked by a single hydrogen
atom, as for a bifluoride ion (F-H-F�), a water molecule
bridges the two halide ions (F ¥¥¥ H-O-H ¥¥¥ F2�). This addi-
tional structural feature adds another dimension to the
finding, thus making this complex the first example of an
™anion-based cascade complex,∫ where two spherical anions
play the topological role of the two metal ions in traditional
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increasing number of examples of analogies between tradi-
tional transition metal coordination chemistry and anion
coordination chemistry, where hydrogen bonding in the latter
replaces lone-pair coordination in the former.

Cascade complexes in ditopic aza macrocycles and crypt-
ands are well-documented and were first termed as such over
two decades ago.[6] Normally these complexes consist of
monocyclic or bicyclic ligands with two encapsulated metal
ions and a bridging anion. More recently, researchers have
advanced the field significantly by identifying more readily
accessible macrocycles and cryptands derived from Schiff
base condensations between amines and aromatic or hetero-
cyclic dialdehydes, followed by simple reductions of the
resulting imines to amines.[7] These ligands form similar types
of cascade complexes with metal ions, as in the recently
reported dicopper cascade complex of a bis-tren cryptand
with a furan spacer (D).[8]

In this first example of an anion-based cascade complex,
[H6L(F)2(H2O)][SiF6]2 ¥ 12H2O (1), L is hexaprotonated, and
is surrounded by two external SiF6

2� counterions and twelve
molecules of water.[9±12] Thus, the only fluoride ions in the
structure are in the cavity of L. Figure 1 shows views looking

Figure 1. Views of [H6L(F)2(H2O)]4� : a) side view showing the water
cascade; b) view down the pseudo-threefold axis; c) view showing only the
coordination of the fluoride ions. The external anions and the water
molecules of crystallization are omitted for clarity.

into the cavity and down the threefold axis (a and b,
respectively). The view in Figure 1b shows that the two
fluoride ions reside almost in the center of the cavity, with the
water bridge somewhat to the outside: F1 is 0.124 ä and F2 is
0.229 ä from a line between N1 and N16. Each fluoride ion is
coordinated in a very distorted tetrahedron through hydro-
gen-bonding interactions to three protonated secondary
amines of a given tren unit and the bridging water molecule
(Table 1, Figure 1c). The distortion arises from the fact that
the water molecule lies between two of the three cryptand
™arms,∫ the N4 ¥¥ ¥ N13 and N19 ¥¥ ¥ N28 bridges, which results in
very large O-F-N angles for the farside bridge (N33 ¥¥¥ N42) of
152.0 and 140.6�.

The fluoride ions are almost equidistant from their
respective bridgehead amines, at distances (2.994 and

3.002 ä) which are slightly less than the sum of the
van der Waals radii of nitrogen and fluorine atoms
(3.02 ä).[13] The hydrogen bonds from the fluoride ions to
the amines range from 2.6 to just above 2.7 ä, with slightly
longer hydrogen bonds to the water cascade. The fluoride ¥¥¥
fluoride distance is 4.736 ä. The distance between the bridge-
head nitrogen atoms (N1 and N16) of L is 10.717 ä, which
results in an elongated ellipsoidal shape for the cryptand, and
is probably the result of the two ™guests∫ in the cavity.

An attempt to isolate a mixed fluoride/chloride complex
resulted in a second cryptand structure in which two fluoride
ions were found inside the cavity, [H6L(F)2(H2O)][Cl]2[SiF6] ¥
9H2O (2). Again the fluoride ions are bridged by a water
molecule, but two chloride ions and a single SiF6

2� ion serve as
counterions, with nine additional water molecules of crystal-
lization.[14] The isolation of an analogous structure in the
presence of competing anions indicates that the fluoride
cascade complex represents a preferred structural pattern for
fluoride ions with PEAcryp (L).

Protonation constants for L and binding constants for
fluoride ions with L were determined by potentiometric
methods, and the latter verified by NMR titrations. Although
protonation constants for L were determined previously by
others using Et4NClO4 as the electrolyte,[15] we recalculated
the constants using NaTsO (Ts� toluene-4-sulfonyl) as the
electrolyte of choice for anion binding studies, as the bulky
TsO� ion is presumed to provide minimal competition for
binding. The two series of pKa values were in good agreement,
with the exception of the fifth and sixth protonation steps, for
which our values (5.80(4) and 5.68(2)) were almost one unit
less than those previously reported (6.7(1) and 6.52(9)).[15]

Earlier studies on the influence of various electrolytes in these
systems indicated that higher pKa values in the lower pH re-
gion are observed in the presence of anions with binding
capabilities, as would be the case for perchlorate.[16]

Binding constants were determined by both potentiometric
and NMR methods. The potentiometric results indicated two
viable models, one with an [H6LF]5� species and the other
with an [H6LF2]4� species at low pH values (maximizing at
about pH 4), but not a model where both occurred simulta-
neously. The system is very complex, however, as a conse-
quence of the proximity of the fifth and sixth protonation
constants, and so the actual species present at lower pH values
become difficult to define unambiguously. Since the dinuclear

Table 1. Interatomic distances and angles for hydrogen-bonding interac-
tions of the encapsulated fluoride ions for 1.

Atoms Distance [ä] Atoms Distance [ä]

F1 ¥¥¥ N4 2.6703(14) F(2) ¥¥ ¥ N(13) 2.6538(14)
F1 ¥¥¥ N28 2.6042(14) F(2) ¥¥ ¥ N(19) 2.6820(14)
F1 ¥¥¥ N33 2.7237(12) F(2) ¥¥ ¥ N(42) 2.6100(14)
F1 ¥¥¥ O1S 2.7090(13) F(2) ¥¥ ¥ O(1S) 2.7168(13)

Atoms Angle [�] Atoms Angle [�]

N4 ¥¥¥ F1 ¥¥ ¥ N28 111.5 N13 ¥¥¥ F2 ¥¥ ¥ N19 97.4
N4 ¥¥¥ F1 ¥¥ ¥ N33 96.7 N13 ¥¥¥ F2 ¥¥ ¥ N42 107.2
N28 ¥¥¥ F1 ¥¥ ¥ N33 97.1 N19 ¥¥¥ F2 ¥¥ ¥ N42 100.3
O1S ¥¥¥ F1 ¥¥ ¥ N4 99.0 O1S ¥¥¥ F2 ¥¥ ¥ N13 91.6
O1S ¥¥¥ F1 ¥¥ ¥ N28 98.5 O1S ¥¥¥ F2 ¥¥ ¥ N19 111.4
O1S ¥¥¥ F1 ¥¥ ¥ N33 152.0 O1S ¥¥¥ F2 ¥¥ ¥ N42 140.6
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results gave better statistics and were chemically plausible,
these are taken as the best model (Figure 2). Furthermore, the
ditopic model is in agreement with the crystal struc-
ture analysis. The results indicated K[H3LF]/[H3L][F]� 3.16(2),
logK[H4LF]/[H4L][F]� 3.24(4), logK[H5LF]/[H5L][F]� 3.96(2), and

Figure 2. NMR titration curves for the three aliphatic signals of L, �H1
(�), �H2 (�), and �H3 (�) with NaF in D2O at 25 �C and pD� 5.0� 0.1.

logK[H6LF]/[H2L][F]2� 6.54(5). The NMR results compare favor-
ably with the potentiometric results and yielded logKa�
3.13(5) for a 1:1 complex at pD 5.0, where potentiometric
data indicate that the complex is a mixture of penta- and
hexaprotonated receptors. The NMR titration of L with NaF
at pD 5.0 gave the best fit for a 1:1 NaF:L ratio (Figure 3), in
agreement with a Job×s plot performed at pD 5.0, which
indicated a maximum �� value at 0.6� [L]/{[L] � [F�]}.
These results, taken together, tend to indicate that a dinuclear
complex is not the primary species in solution, although it may
be present at lower pH values.

Figure 3. Distribution diagram of the tosylate salt of L ¥ NaF (1:1) in 0.1�
NaTsO at 298.1 K.

19F NMR spectroscopy was also used to probe the solution
structure of the complex (Figure 4). Two signals are evident at
pH 5.0: one at ���78 ppm, and one at ���113 ppm. The
former is assigned to an internal fluoride ion, while the latter
is characteristic of a solvated or external fluoride ion.[4] The
signal at ���78 ppm is still sharp at pH 5.5, but quite broad
at pH 6.5 and 7.0, and is completely absent at pH 7.5. This
observation contrasts with that found for the MEAcryp

Figure 4. 19F NMR spectra of NaF:PEAcryp ¥ 6Ts (10 m�) in 0.1� KTs at
�25 �C in DMSO:H2O (40:60).

complex (B), where only an internally bound fluoride ion was
observed between pH 5.0 and 6.5.[4]

In conclusion, this structure represents the first example of
two fluoride ions within an azacryptand cavity. Additionally, a
new class of cascade complexes with water as the cascade has
been identified, where anions play the topological role of the
metal ions. This finding further expands on the analogies
between traditional transition metal coordination chemistry
and anion coordination chemistry, where hydrogen bonds in
the latter fill the role of the coordinate covalent bonds in the
former.

Experimental Section

1: PEACryp (L) was synthesized according to previously published
methods and isolated as the free base.[5] The fluoride complex was obtained
by titrating a solution of L in methanol with a 48% solution of HF to
pH 2.0. A white crystalline powder formed immediately, which was
recrystallized from a mixture of isopropanol and water to yield X-ray
quality colorless plates. 1H NMR (500 MHz, CDCl3, TMS): �� 2.87 (t,
12H, NCH2), 3.31 (t, 12H, NCH2CH2), 4.25 (s, 12H, ArCH2), 7.43 ppm (d,
12H, ArH); 13C NMR (125 MHz, CDCl3, TMS): �� 45.0 (NCH2), 48.8
(NCH2CH2), 51.0 (ArCH2), 129.8 (CAr), 131.9 ppm (CHAr); FAB-MS: m/z
599 [HL]� , 619 [H2L2��F�], 639 [H3L3��2F�]. Elemental analysis calcd for
(C36H78N8F14O9Si2): C 39.70, H 7.21, N 10.28; found: C 39.77, H 7.04, N
10.23.

Potentiometric measurements: The potentiometric titrations were carried
out in 0.1� NaOTs at 298.1� 0.1 K. Electromotive force (EMF) data was
obtained using an Orion 81 ± 02 electrode. The electrode was calibrated as a
hydrogen-ion concentration probe by titration of previously standardized
amounts of HCl with CO2-free NaOH solutions and determining the
equivalent point by the Gran×s method, which gives the standard potential
Eo and the ionic product of water (pKw� 13.73(1)). The computer program
SUPERQUAD[17] was used to calculate the protonation and stability
constants. The titration curves for each system were obtained from about
100 experimental points corresponding to at least three measurements
taken along the pH range 2.0 ± 11.0. The concentrations of both ligand and
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Stereoselective Formation of Quaternary
Carbon Centers: Alkylation of �,�-
Disubstituted Amide Enolates**
Jeffrey M. Manthorpe and James L. Gleason*

The stereoselective formation of quaternary carbon centers
is one of the most challenging tasks in organic chemistry and
can only be achieved using methods which employ some form
of carbon ± carbon bond forming reaction.[1] One of the most
straightforward methods for the formation of carbon ± carbon
bonds is the alkylation of an enolate with an alkyl halide and,

fluoride ions were 1 to 2 m�. The protonation constant of fluoride in water
is: logKHF/F� 3.15.

NMRMeasurements: 1H NMR spectra were recorded on a Bruker AM500
spectrometer at 500 MHz. Binding constants were obtained by NMR
titrations of L with fluoride from 25 measurements in D2O at pD� 5.0�
0.1. Initial concentrations were [L]0� 2 m� and titrations were performed
using aliquots from a 20 m� stock solution of NaF. A solution of the sodium
salt of [2,2,3,3-D4]-3-(trimethylsilyl)propionic acid (TPS) in D2O in a
capillary tube was used as an external reference. The pD value was adjusted
with a concentrated solution of TsOH and NaOD in D2O. All spectra were
recorded at room temperature. The association constants Ks were
calculated by fitting f to �obs (consisting of several independent NMR
signals) with a 1:1 association model using Sigma Plot software. Equa-
tions (1) and (2) were used, where L is the ligand and A� is the anion, and
the error limit in K is less than 10%:

c � ([A�]0� [L]0�1/Ks� {([A�]0� [L]0�1/Ks)2�4 [L]0[A�]0}1/2)/2 (1)

f � (�LA� �L)c/[L]0� �L (2)

The Job×s plot was performed by examining different concentration ratios
of L and NaF in D2O at pD� 5.0� 0.1, while maintaining the total
concentration of the ligand plus NaF at 10 m�. The pD value was adjusted
with a concentrated solution of TsOH and NaOD in D2O. NMR measure-
ments were recorded at room temperature.
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indeed, several methods for the stereoselective
formation of quaternary carbon centers have
been based on this approach.[2±17] One of the most
significant problems in any approach based on
enolate alkylation is to control enolate stereo-
chemistry (E vs. Z). This control is necessary, as it
works in tandem with �-facial selectivity to a
stereoselective reaction. Many methods solve this
problem by employing cyclic enolates or metal
chelates.[2±11] Although this works well, the final
alkylation products usually contain specific func-
tional group residues that were necessary to form
the cyclic enolate. This often limits the scope of
these methods.

Recently, we reported a method for the prep-
aration of �,�-disubstituted amide enolates by
reduction of bicyclic thioglycolate lactams.[18] This
method was based on a simple operational model wherein the
bicyclic system constrains the sulfur so that it is held rigidly on
one face of the carbonyl plane (Scheme 1). Upon two-electron
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Scheme 1. Operational model for the stereocontrolled synthesis of �,�-
disubstituted amide enolates 2 by reduction of bicyclic thioglycolate
lactams 1.

reduction, carbon ± sulfur bond cleavage occurs to form an
enolate dianion and the E/Z stereochemistry of the enolate is
governed by the relative locations of the �-alkyl groups in the
starting lactam. Good to excellent levels of stereocontrol are
observed and both E and Z amide enolates 2may be prepared
(Scheme 1). Importantly, this method removes the require-
ment for a cyclic enolate or chelating functionality to control
enolate stereochemistry; any alkyl groups may be present at
the R1 and R2 positions. A feature of our design is that the
reduction step liberates a chiral auxiliary which is reminiscent
of a prolinol amide. Prolinol amides have been used to control
stereochemistry in alkylations which form tertiary carbon
stereocenters.[19] Here, we report that high stereoselectivities
may be achieved for the formation of quaternary carbon
centers by the alkylation of our �,�-disubstituted enolates,
which in many cases even exceed the stereoisomer ratio of the
intermediate enolates.

As previously reported, reduction of diastereomeric lac-
tams 1a and 1b with lithium di-tert-butyldiphenylide
(LiDBB)[20] in THF at �78 �C affords the corresponding Z
and E enolates with 92:8 and 88:12 selectivity, respectively
(Scheme 2).[18] Addition of allyl bromide to the enolates

resulted in the formation of C,S-dialkylated products in high
yields.[21] Intriguingly, alkylation of either enolate, 2a or 2b,
afforded the same major product 3a. The alkylation of Z
enolate 2a showed good stereoselectivity (90:10) which was
roughly in line with the ratio of the intermediate enolates.
Alkylation of E enolate 2b was only poorly selective
(62:38).[22] Additives had only a modest effect on the
alkylation selectivity of the E enolate. Conducting the
reaction in the presence of 20% hexamethylphosphoramide
(HMPA) reversed the stereoselectivity slightly (39:61 ratio),
while addition of 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyr-
imidinone (DMPU, 45%) or LiCl (10 equiv) had minimal
effects. The addition of HMPA had no discernable effect on
either the yield or the stereoselectivity in the alkylation of the
Z enolate.

A significant and practical improvement in the stereo-
selectivity of the alkylation was observed when the Z enolates
are allowed to react with unactivated alkyl halides [Eq. (1),
Table 1]. For instance, reaction of enolate 2awith ethyl iodide
instead of allyl bromide afforded the corresponding product
3c with 96.5:3.5 diastereoselectivity (93% de). Similar selec-
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Scheme 2. Alkylation to form quaternary carbon stereocenters.

Table 1. Alkylations using unactivated electrophiles [Eq. (1)].

Lactam R1 Z/E Ratio
of 2[a]

de [%]
of 2

R2X Product Yield
[%]

de
[%][a]

1a Bn 92:8 84 EtI 3c 89 93
1a Bn 92:8 84 nBuI 3d 76 � 95
1c nPr 87:13 74 EtI 3e 85 89
1c nPr 87:13 74 nBuI 3f 71 95
1c nPr 87:13 74 iBuI 3g 59[b] 87
1d Et 90:10 80 nPrI 3 h 83 � 95
1e allyl 87:13 74 EtI 3 i 84 88
1e allyl 87:13 74 BuI 3j 80 91
1f nBu ±[c] ± nPrI 3k 88 � 95

[a] Determined by 13C NMR spectroscopy. [b] HMPA (23%) was added
during the alkylation step. [c] Not determined.
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tivities were observed for a series of Z enolates and
unactivated n-alkyl halides. The yields were high and in most
cases the reactions proceeded to completion within 4 h at
�78 �C without added polar co-solvents.[23] Branched alkyl
halides such as isobutyl iodide were slower to react, but gave
acceptable yields at �78 �C in the presence of HMPA.[24]

Importantly, in all cases explored with unactivated alkyl
iodides the alkylation selectivities were higher than the Z/E
ratios of the intermediate enolates. This selectivity enhance-
ment presumably has its origin in the low alkylation selectivity
of the minor E enolates (1:1 selectivity was observed for
reaction of 2b with EtI). From a practical standpoint, the poor
selectivity of the E enolates is not a significant issue, as a
judicious choice of the alkylation sequence can allow stereo-
isomeric products to be prepared. For example, alkylation
products 3 f and 3k were prepared with high diastereoselec-
tivity by simply inverting the overall alkylation sequence.
These molecules are not true diastereomers, as they have
different alkyl groups on sulfur. However, upon cleavage of
the amide auxiliary (vide infra), the final products were
isolated as a pair of enantiomers.

Hydrolysis of the alkylation products proved to be difficult.
Heating 3h in a 1:1 mixture of 6� H2SO4 and dioxane for 24 h
resulted in formation of the acid 4 [Eq. (2)] in 18% yield

Et

Me Pr
HO

N

O

H

Et

Me

SPr

Pr

O
6 M H2SO4

dioxane
∆, 24 h

3h

4
20
D

[α]    = –18 (c=0.6, EtOH)

(2)

along with recovery of 71% of the starting material. Although
this direct hydrolysis was not practical, it did allow the
stereochemistry of the alkylation process to be elucidated.
Comparison of the optical rotation of 4 with literature data
established that the S isomer was formed in the alkylation
step.[25] Thus, the alkylation occurs from the top face of the
enolate [as drawn in Eq. (2)]. Similar facial selectivity was
observed by Evans and Takacs in the reactions of O-alkylated
prolinol Z amide enolates.[19a] In the latter case, masking the
prolinol hydroxyl group as an ether resulted in a switch in
facial selectivity, presumably due to a loss of chelation. Given
the similar facial selectivity and that chelation here would
require an eight-membered ring, our results seem most
consistent with an unchelated enolate.

An effective method for removal of the chiral auxiliary
proved to be reductive cleavage. Treatment of the amides with
lithium amidotrihydroborate[26] in THF at reflux [Eq. (3)]
afforded the corresponding primary alcohols in high yields
(Table 2). The enantiomeric excess of the products was
assessed either directly or on the corresponding carboxylic
acids (see Table 2 and Supporting Information). In all cases,
the enantiomeric excess of the products was consistent with
the diastereomeric excess of the alkylation products, indicat-
ing that no significant kinetic resolution occurred during the
reductive cleavage of the chiral auxiliary.

R1

Me R2
HON

O

H

R1

Me

SR2

R2

LiH2NBH3

THF, ∆

3
5

(3)

In conclusion, we have developed a highly stereoselective
enolate alkylation process for the generation of quaternary
carbon centers. The stereoselectivities are highest for reac-
tions of �,�-disubstituted Z amide enolates with unactivated
n-alkyl iodides. The method is notable in that high selectivities
are obtained without the need for cyclic enolates or metal
chelates, thus allowing any alkyl group to be incorporated into
the final product. The resulting alkylation products may be
cleaved in high yield to the corresponding primary alcohols
using lithium amidotrihydroborate. Finally, enantiomeric
pairs of molecules may be formed simply by inverting the
order of alkylation followed by cleavage of the chiral
auxiliary. Further studies in this area will focus on the
extension of the method to other carbon ± carbon bond
forming reactions.

Experimental Section

Reduction/alkylation procedure [Eq. (1)]: A solution of LiDBB in THF
was added dropwise with a glass syringe to a solution of lactam 1a (243 mg,
882 �mol, 1 equiv) in THF (8.8 mL) in a Schlenk flask at �78 �C until the
green color of LiDBB briefly persisted. n-Butyl iodide (402 �L, 3.53 mmol,
4.0 equiv) was added dropwise and the solution was stirred at �78 �C for
4 h. Saturated ammonium chloride solution (10 mL) was added and the
resulting mixture was warmed to room temperature and extracted with
ethyl acetate (3� 25 mL). The combined organic layers were dried over
anhydrous sodium sulfate, filtered, and concentrated. The residue was
purified by chromatography on silica gel eluting with 3% ethyl acetate in
hexanes to afford 260 mg of 3d as a colorless oil in 76% yield. The product
was determined to have �95% de by 13C NMR analysis. 1H NMR
(C6D5CD3, 105 �C): �� 6.95 ± 7.08 (m, 5H), 4.24 (m, 1H), 2.93 ± 3.11 (m,
3H), 2.38 ± 2.51 (m, 5H), 1.97 ± 2.16 (m, 2H), 1.07 ± 1.60 (m, 14H), 1.13 (s,
3H), 0.76 ± 0.88 ppm (m, 6H); 13C NMR (C6D5CD3, 105 �C): �� 173.8,
138.8, 130.3, 127.7, 126.0, 58.8, 48.2, 46.9, 46.3, 41.3, 34.3, 31.9, 31.8, 29.3,
28.8, 27.0, 25.0, 23.2, 22.6, 21.8, 13.6, 13.2 ppm. C,H,N analysis calcd for
C24H39NOS: C 73.98, H 10.09, N 3.59; found: C 74.31, H 9.98, N 3.60.

Reductive cleavage of the chiral auxiliary [Eq. ((3)]: A solution of n-
butyllithium in hexanes (2.27�, 2.39 mL, 5.42 mmol, 3.90 equiv) was slowly
added to a stirred solution of diisopropylamine (799 �L, 5.70 mmol,
4.10 equiv) in THF (2.5 mL) at 0 �C. After stirring for 10 min, borane ±
ammonia complex (90%, 191 mg, 5.56 mmol, 4.0 equiv) was added in one
portion. After stirring at 0 �C for 15 min the mixture was warmed to 23 �C
and after 10 min a solution of 3c (464 mg, 1.39 mmol, 1 equiv) in THF
(5 mL) was added with a cannula. The mixture was heated at reflux for

Table 2. Reductive cleavage of the chiral auxiliary with lithium amido-
trihydroborate [Eq. (3)].

Amide R1 R2 Product Yield [%] ee [%]

3c Bn Et 5a 96 94[a]

3d Bn nBu 5b 97 96[a]

3 f nPr nBu 5c 99 96[b]

3k nBu nPr 5d 87 95[b]

3j allyl nBu 5e 74 93[b]

[a] Determined by HPLC analysis (Chiracel OD column). [b] Determined
by capillary GC analysis (ChirasilDex column) on the corresponding
carboxylic acid. Due to peak tailing, the GC analyses are accurate to within
�2%.
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The Chemistry of the Oxychlorination Catalyst:
an In Situ, Time-Resolved XANES Study**
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Giuseppe Spoto, Adriano Zecchina,
Sofia Diaz Moreno, Barbara Cremaschi, Marco Garilli,
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Almost all of the world production of vinyl chloride today is
based on cracking of 1,2-dichloroethane. For many decades,
this compound has been produced by catalytic oxychlorina-
tion of ethylene with hydrochloric acid and oxygen [Eq. (1)].
The reaction is performed at 490 ± 530 K and 5 ± 6 atm
(1 atm� 1.01� 105 Pa) using both air and oxygen in fluid- or
fixed-bed reactors.[1]

C2H4� 2HCl� 1³2O2 � C2H4Cl2�H2O (1)

24 h, then cooled to 0 �C, and quenched with aqueous hydrochloric acid
(3�, 5 mL). The resulting mixture was warmed to 23 �C and stirred for
30 min, at which point aqueous sodium hydroxide (3�, 10 mL) was added.
The mixture was stirred at 23 �C for 30 min and extracted with diethyl ether
(3� 20 mL). The combined organic layers were dried over anhydrous
sodium sulfate, filtered, and concentrated in vacuo. Column chromato-
graphy on silica gel eluting with 30% diethyl ether in pentane afforded (R)-
2-ethyl-2-methyl-2,3-dihydrocinnamyl alcohol 5a (239 mg, 1.34 mmol,
96%) as a colorless oil. 1H NMR (CDCl3): �� 7.19 ± 7.31 (m, 5H), 3.33 (s,
2H), 2.61 (AB, 2H, J� 24.6 Hz), 1.58 (bs, 1H), 1.27 ± 1.40 (m, 2H), 0.93 (t,
3H, J� 7.5 Hz), 0.82 ppm (s, 3H); 13C NMR (CDCl3): �� 139.0, 130.8,
128.1, 126.2, 68.4, 42.8, 39.1, 29.1, 21.0, 8.3 ppm. High-resolution FAB-MS:
m/z (M�H): 179.14359 (C12H19O� requires 179.14359). [�]25D ��5.9 (c�
14.2, CH2Cl2). The product was determined to have 94% ee by HPLC
(Chiralcel OD column, eluting with 1% 2-propanol in hexanes at
0.7 mLmin�1; Rt� 20.5 min (major enantiomer), 22.8 min (minor enan-
tiomer)).
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Commercial catalysts are produced by impregnation of �-
alumina with CuCl2 (4 ± 8 wt% Cu). Other chlorides (mainly
alkali or alkaline earth metal chlorides) in variable concen-
tration are also added to make the catalyst more suitable for
industrial reactors.[1±3] In spite of an abundant literature on the
subject,[1±8] a significantly improved knowledge of the sys-
tem–limited to the basic catalyst (containing only CuCl2
without additives)–has been achieved only recently.[4, 6±8] In
particular, it has been shown by feeding separately the three
reagents that the oxychlorination reaction (1) is catalyzed by a
highly dispersed CuCl2 phase[4, 6] and follows a three-step
redox mechanism: a) chlorination of ethylene by reduction of
CuCl2 to CuCl [Eq. (2)], b) oxidation of CuCl to an oxy-
chloride [Eq. (3)], and c) re-chlorination of this oxychloride
with HCl [closure of the catalytic cycle,[7, 8] Eq. (4)].

2CuCl2�C2H4 � C2H4Cl2� 2CuCl (2)

2CuCl� 1³2O2 � Cu2OCl2 (3)

Cu2OCl2� 2HCl � 2CuCl2�H2O (4)

However, as no information is available on the true state of
the catalyst in the simultaneous presence of all three reagents,
it is not possible to identify the rate-determining step of the
reaction. Here we report the first temperature-resolved
investigation on the oxidation state and activity of the catalyst
under true reaction conditions. The aim of the present work is
to identify how the chemistry of the copper species controls
the catalytic functions and how the presence of potassium
(that is, the typical additive of fixed-bed industrial catalysts)
modifies the chemical properties of the copper species and
thus the catalytic behavior of the catalyst.

The temperature was increased from 373 to 623 K and then
decreased again to 373 K to model the wide range of
temperature that can be found in the different zones of the
fixed-bed reactors at different periods of catalyst lifetime. The
oxidation state of the catalyst was monitored by the shift of
the CuK edge in XANES spectra.[9] XANES spectroscopy has
been shown to be very sensitive to CuI�CuII changes,[7, 8, 10±13]

and has the further advantage that X-rays are particularly
suitable for in situ studies. The present study was performed on
the basic catalyst (hereafter Cu5.0), and then it was extended
to a catalyst containing also KCl (hereafter K3.6Cu5.0).

The CuII�CuI reduction can be deduced from the decrease
of the white-line intensity (Figure 1a, b) and from the blue
shift of the absorption edge, more evident in the first
derivative spectra (Figure 1c). A comparison of these
XANES spectra with those of model compounds reveals that
the low-temperature spectra are close to that of CuCl2, while
the high-temperature ones are close to that of CuCl.[14]

Quantitative information on the CuI and CuII concentration
was obtained from the cross analysis of edge position and
maximum of the first derivative spectrum.[12]

The results obtained on Cu5.0 during the complete temper-
ature cycle are reported in Figure 2a, b. At the starting point
(373 K), only CuII is present and the catalyst is inactive. O2

conversion and CuII reduction start in the same temperature
range (470 ± 490 K) and progressively increase with temper-

Figure 1. a) Three-dimensional XANES spectra (collected each 30 s) of
Cu5.0 during heating from 373 to 623 K with 12 Kmin�1. b) Front view of
the spectra shown in (a). c) Derivative spectra, Fourier filtered to remove
the high-frequency noise. E�photon energy, �x� normalized absorption,
assuming �x� 1 atE� 9035 eV. The presence of two isosbestic points in the
XANES (8990 and 9005 eV) and derivative spectra (8984 and 8995 eV) is
direct proof for only two species being present on the catalyst in significant
amounts: CuCl2 and CuCl in mutual transformation. The oxychloride
formed according to Equation (3) is not detected because the re-
chlorination step is too fast.[15]

Figure 2. a) O2 conversion (representative for the catalyst×s activity; z, full
dots, right axis) and CuII fraction (y, full line, left axis) for Cu5.0 during
temperature ramp-up. b) As diagram (a), but for the temperature ramp-
down. c) and d) Equivalent presentations to (a) and (b) for K3.6Cu5.0. The
time axis runs in all diagram parts from left to right. y(CuII) � 1� y(CuI),
where y(CuI) has been determined by the relative intensity of the first
derivative maximum at 8982 eV (Figure 1c) compared to the value obained
on a totally reduced sample.

ature. CuII reduction becomes complete at 600 K. During the
cooling step, the conversion progressively declines and
becomes negligible in the 490 ± 470 K range, while the
oxidation state of Cu does not change. The results entail that,
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at the typical oxychlorination temperature, CuI dominates and
the rate-determining step is the oxidation of CuCl [Eq. (3)].
To understand the low efficiency of the oxidation process, the
catalyst was subjected at the end of the cooling step to two
different oxidizing treatments at increasing temperatures
(373 ± 623 K): one with diluted O2, the other with a diluted
O2 ±HCl mixture. The first treatment caused the complete CuI

oxidation already at 373 K, while the second left CuI

unchanged up to 550 K, and, even at 623 K, CuI was still
present. This points out that HCl acts as a poison for the CuI

oxidation and is responsible for the prevailing reduced state of
copper during the reaction.

Figure 2c, d shows the results of the same experiment
performed on K3.6Cu5.0 as catalyst. The CuII�CuI reduction
began at a slightly higher temperature (around 520 K) and
was not complete: 30% of CuII survived even at 623 K. The
activity of this catalyst started around 490 K, that is before the
reduction process. During the cooling step, Cu was re-
oxidized to a fraction of 80%, and the activity survived down
to 450 K.

These results indicate that addition of potassium favors the
oxidized state of the catalyst, suggesting that it causes either
an increase in the oxidation rate [Eq. (3)] or a decrease in the
reduction rate [Eq. (2)].[15] The decrease in the reduction rate
was testified by dosing ethylene alone at 500 K in a pulse
reactor (see Figure in the Supporting Information) on
K3.6Cu5.0 and Cu5.0 catalysts following a procedure pre-
viously reported.[6] These data imply that the rate-determining
step of the oxychlorination reaction (1) catalyzed by
K3.6Cu5.0 is the reduction of the active phase.

The deactivating effect of potassium cannot be attributed to
a decrease in the copper chloride active surface area, because
the Cu dispersion, measured by CO adsorption at room
temperature (RT)[7] on samples previously reduced in H2, is
the same (Cu5.0: 47%, K3.6Cu5.0: 49%). The effect should
be rather ascribed to the formation of a mixed chloride
(KxCuCl2�x),[16] which reduces the ability of the active surface
to adsorb ethylene and/or transfer two Cl atoms to each
ethylene molecule. The formation of the mixed chloride,
although not detectable by XRD owing to too small crystal
size,[6] is suggested by IR spectroscopy of adsorbed CO on
samples previously reduced in ethylene (Figure 3). The
absorption bands are due to the formation of CuI ¥¥ ¥ CO
adducts.[7, 17] The difference in ��(CO) (2139 cm�1 for Cu5.0
and 2117 cm�1 for K3.6Cu5.0) implies that the CuI ions on the
two catalysts belong to different compounds: a totally reduced
CuCl salt for sample Cu5.0[7, 17, 18] and a mixed, partially
reduced potassium ± copper chloride for sample K3.6Cu5.0.
The lower intensity of the bands in Figure 3a reflects the
lower ability of this catalyst to be reduced by ethylene,
supporting the XANES data.

The moderating effect of potassium on the catalytic activity
allows to control the formation of hot spots, associated with
the strong exothermicity of the oxychlorination reaction. This
explains why loading the industrial reactors with catalysts
having a decreasing K/Cu ratio in the direction of the flow of
the reactants improves performance and catalyst lifetime.
Moreover, the favored oxidized state �2 of Cu minimizes the
Cu loss caused by the volatility of CuI species.

Figure 3. RT IR spectra (same scale) obtained when CO with increasing
pressure pCO was dosed on K3.6Cu5.0 (a) or Cu5.0 (b), previously reduced
in C2H4 at 500 K for 1 h. a.u.� absorbance units.

In conclusions, we could identify the rate-determining step
in the ethylene oxychlorination reaction catalyzed by CuCl2/
�-Al2O3 and clarify and experimentally prove the role of the
potassium dopant in catalysts used in fixed-bed industrial
reactors: the alkali metal ion modifies the redox properties of
the copper species favoring its oxidized state.

Experimental Section

The samples, containing either 5.0 wt% Cu (labeled Cu5.0) or 5.0 wt% Cu
plus 3.6 wt% K (labeled K3.6Cu5.0), were prepared from chlorides
following the incipient-wetness method.[4] The experiments were per-
formed by feeding a cell containing a self-supported thin pellet of the
catalyst with a diluted mixture of the three reagents(C2H4:HCl:O2:N2�
100:36.1:7.6:180), representative of the fixed-bed process. In the course of
the experiment the temperature was increased from 373 to 623 K and then
decreased again to 373 K. The gas output was analyzed with a Balzer
Quadstar 422 quadrupole mass spectrometer. XANES spectra were
collected at the ID24 dispersive EXAFS beamline[19] of the ESRF facility.
For IR measurements, performed at RT, a thin self-supporting wafer of the
catalyst was prepared and activated under dynamic vacuum at 500 K for 2 h
inside an IR cell designed to allow in situ temperature treatments, reagents
dosage, evacuation, and CO dosage. The IR spectra were recorded at a
2 cm�1 resolution on a BRUKER FTIR 66 spectrometer equipped with a
mercury ± cadmium± telluride cryodetector.
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The reorganization energy (�), which is a sum of two terms,
inner-sphere reorganization energy, �i , and outer-sphere
reorganization energy, �o, imposes probably the most far-
reaching impact on biological electron-transfer (ET) sys-
tems.[1] In particular, the primary ET processes in photosyn-
thesis are all characterized by small reorganization energies.[2]

This situation allows, for instance, forward ET processes to
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region of the Marcus parabola, whereas the highly exergonic
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holes–within their structure. In this context, the
exceptionally small � values of porphyrin ± fullerene
donor ± acceptor ensembles, a fact that relates to their
delocalized �-electron systems, have great poten-
tial.[3] A quantitative comparison of � values for
intramolecular ET processes of a large 3D � acceptor
(i.e., fullerenes) with those of conventional 2D
acceptors (i.e., quinones and diimides), which have
similar redox potentials and intervening spacers has,
however, yet to be reported, mainly as a result of the
synthetic challenges involved.[4±6]

Herein we report the first comprehensive assay of
� values for intramolecular ET involving a 3D accept-
or (spherical C60) and a 2D acceptor (planar naph-
thalenediimide (NIm); Supporting Information: S1).
For this purpose we designed a series of porphyrin-
linked C60 and NIm ensembles, endowed with similar
rigid spacers (-NHCO-, -C�C-, -CONH-)[3c, 7±9] as
shown in Scheme 1. In addition, we report a quanti-
tative analysis of � values in intramolecular ET versus
intermolecular ET.

Details on the synthesis and characterization of the
compounds are provided in the Supporting Informa-
tion (S2). Importantly, the first reduction potentials
of C60-ref (�1.02, �1.04, �0.92 V versus Fc/Fc�

(Fc� ferrocene) in THF, PhCN, and DMF, respecti-
vely)[3c] are virtually the same as those of NIm-ref
(�1.15,�1.05, �0.91 V versus Fc/Fc� in THF, PhCN,
and DMF, respectively).

Time-resolved transient absorption spectra of the
different dyads were measured by pico- and nano-
second laser photolysis in THF, PhCN, and DMF.
Upon excitation of, for example, ZnP-NHCO-C60
with a 532 nm laser pulse (18 ps) in THF, a characteristic
broad band at 680 nm assigned to the zincporphyrin radical
cation (ZnP.�)[10] appeared. Concomitantly, the porphyrin
singlet excited state (1ZnP*) absorption at 460 nm decayed,
which suggests the transformation of 1ZnP*-NHCO-C60 into
ZnP.�-NHCO-C60

.� . The presence of C60
.� (1000 nm) and

ZnP.� (680 nm) in the molecule was further substantiated by
an independent set of complementary nanosecond experi-
ments (Figure 1). By fitting the rise and decay of the
fingerprint absorptions to a first-order rate law, the charge
separation (CS) rates evolving from 1ZnP* to C60 (kET(CS)) and
the charge recombination (CR) rates within the C60

.�/ZnP.�

pairs (kET(CR)) were determined. In THF, the exact values were
2.2� 1010 s�1 and 2.0� 106 s�1, respectively. Hereby, the
kET(CS) value agrees well with the corresponding value (2.0�
1010 s�1) obtained from the fluorescence lifetime measure-
ments. A similar behavior was also observed forZnP-C�C-C60
(kET(CS)� 3.7� 1010 s�1, kET(CR)� 1.5� 106 s�1) and ZnP-
CONH-C60 (kET(CS)� 1.3� 1010 s�1, kET(CR)� 3.7� 105 s�1).[3c]

Importantly, in all ZnP-C60 dyads, the value of charge
separation, kET(CS) , is much larger than the value of charge
recombination, kET(CR). This result infers that the CS processes
for ZnP-C60 dyads are in the Marcus top region whereas the
CR processes are in the Marcus inverted region.[3c] Converse-
ly, the kET(CR) value in the corresponding NIm-based dyad,
ZnP-NIm, is much larger than the kET(CS) value as determined

Figure 1. Nanosecond time-resolved transient absorption spectrum of
ZnP-NHCO-C60 excited at 532 nm in THF (absorption ratio of
ZnP :C60� 3:1).

by the picosecond transient absorption spectrum[11] and the
decay of the 1ZnP* fluorescence (Supporting Informa-
tion: S3). This situation means that the CS processes for
ZnP-NIm are in the Marcus normal region whereas the CR
processes are in the Marcus top region. The kET(CS) and kET(CR)

values of ZnP-NIm in THF were determined as 3.9� 108 s�1
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and 2.0� 1010 s�1, respectively. In more polar PhCN and DMF,
a behavior resembling ET was noted for all of the dyads
investigated (Table 1).

In the next step we quantified the driving-force dependence
on the ET rate constants (kET), by Equation (1), where V
represents the electronic coupling matrix element.[1] This
equation is rewritten to give Equation (2) which is also
applied to evaluate the electron-transfer rate constant (kET).

The driving forces (��G0
ET� for the intramolecular ET

processes were determined accurately, based on the first
oxidation potential of the zincporphyrin donor and the first
reduction potential of the fullerene/naphthalenediimide ac-
ceptors in THF, PhCN, and DMF, together with the energy
level of the porphyrin singlet excited state. According to
Equation (2), a plot of kBT ln kET � (�G0

ET/2) versus (�G0
ET�2

for ZnP-NHCO-C60, ZnP-C�C-C60, and ZnP-CONH-C60
gives a linear correlation (Supporting Information: S4).[12]

The � and V values are obtained from the intercept and the
slope as �� 0.59� 0.15 eVand V� 7.9� 1.7 cm�1, respectively.
A linear correlation was also obtained for ZnP-NIm (Sup-
porting Information: S4) which afforded a much larger
� value (�� 1.41� 0.33 eV) together with a similar V value
(7.8� 3.2 cm�1).[13] Such an extraordinary large difference in �

between the C60 and NIm dyads is the reason why the ratio of

kET(CS) to kET(CR) is reversed in the two donor ± acceptor
systems (Table 1). This result is the first quantitative mani-
festation that the � value of a 3D electron acceptor (C60) is,
indeed, much smaller than the value of a typical 2D acceptor
(NIm).

However, our current conclusion is in sharp contradiction
to a previous hypothesis concerning the � value for an
intermolecular electron self-exchange reaction of tBuC60

�/
tBuC60

. .[14] In particular, the value of 0.64 eV in PhCN/
benzene (1:7 v/v) is quantitatively similar to that seen for
the BQ .�/BQ couple (BQ� benzoquinone), 0.74 eV in
PhCN.[14] To shed light on this apparent discrepancy, the
� value of intermolecular electron self-exchange between
(ZnP-ref) .�/ZnP-ref and between (NIm-ref) .�/NIm-ref was
determined by analyzing line-width variations in the ESR
spectra (Supporting Information: S5).[15±17] The line width
(�Bpp) increased with increasing NIm-ref concentration
(Supporting Information: S6). From the slope of the linear
correlation the electron self-exchange rate constant (kex) was
determined.[16, 18] The Arrehenius plot of kex at various
temperatures (Supporting Information: S7) afforded the
activation parameters (�H�� 4.2 kJmol�1 and �S��
�14 JK�1mol�1). The � values of ZnP-ref .�/ZnP-ref and
NIm-ref .�/NIm-ref were determined from the rate constant
in MeCN at 298 K as 0.30 eVand 0.34 eV, respectively. Both of
these � values are substantially smaller than the value of
tBuC60

�/tBuC60
. (0.64 eV). With the � values of the electron

self-exchange reaction of each component in hand, the
� values of intermolecular ET were estimated as the average
of the two � values of electron self-exchange reactions.
Importantly, the � value of the intermolecular ET from
ZnP-ref to NIm-ref (0.32 eV) is appreciably smaller than that
seen for the ZnP-ref/C60-ref couple (0.47 eV).

In summary, our results clearly infer that intermolecular ET
between a planar naphthalenediimide (NIm) acceptor and a
planar zincporphyrin (ZnP) donor takes place at short
separation distances rendering the reorganization energy
small. In contrast to such a 2D � system, intermolecular ET
involving a spherical 3D � system (C60) is likely to occur at
larger distances. An important asset is the effective radius of
the acceptor moiety: Even if C60 is held at the same critical
distance (i.e. , van der Waals contact) as NIm, because of the
strong � ±� interactions, the effective center-to-center sepa-
ration is significantly larger. In the case of intramolecular ET
systems, the fixed distance, by which the donor and acceptor
are separated, allows the intrinsic reorganization energies of a
planar and a spherical acceptor to be distinguished. This study
has provided for the first time insights into the intrinsic
reorganization energies of electron transfer, which relate to
different molecular shapes.

Experimental Section

Details on the synthesis and characterization of the compounds are
provided in the Supporting Information (S2). Time-resolved fluorescence
spectra of the compounds were measured by a single-photon counting
method using a second-harmonic generation (SHG, 524 nm) of a semi-
conductor YLF laser (Lightwave 131-1047-300, FWHM� 20 ps) as an
excitation source.[19] Picosecond transient absorption spectra of ZnP-NIm
were measured by means of a picosecond dye laser (FWHM 12 ps) pumped

Table 1. Rate constants (kET) for charge separation (CS) and charge
recombination (CR) and the free energy changes (��G0

ET�[a] in porphyr-
in ± fullerene and porphyrin ± naphthalenediimide dyads.

THF (�s� 7.58) Benzonitrile (�s� 25.2) DMF (�s� 36.7)
��G0

ET

[eV]
kET
[s�1]

��G0
ET

[eV]
kET
[s�1]

��G0
ET

[eV]
kET
[s�1]

ZnP-NHCO-C60
CS 0.70 2.2� 1010[b] 0.70 2.8� 1010 0.89 1.3� 1010[b]

CR 1.37 2.0� 106 1.34 2.4� 106 1.17 3.4� 106

ZnP-C�C-C60
CS 0.67 3.7� 1010[c] 0.69 3.0� 1010 [d] 3.0� 1010[c]

CR 1.40 1.5� 106 1.35 2.1� 106 [d] 2.5� 106

ZnP-CONH-C60
CS 0.65 1.3� 1010[e] 0.66 9.5� 109[e] 0.85 1.3� 1010[e]

CR 1.42 3.7� 105[e] 1.38 1.3� 106[e] 1.21 1.8� 106[e]

ZnP-NIm
CS 0.57 3.9� 108 0.69 [d] 0.90 3.5� 108[b]

CR 1.50 2.0� 1010 1.35 [d] 1.16 [d]

[a] ��G0
CR�Eox(D/D.�)� [�Ered(A/A .�)], ��G0

CS��E0-0� (��G0
CR�

where Eox (D/D.�) and Ered (A/A .�) are the first oxidation potential of
donor and the first reduction potential of acceptor, respectively, and �E0-0

is energy of the 0-0 transition between the lowest excited state and the
ground state. [b] From ref. [8]. [c] From ref. [9]. [d] Not determined.
[e] From ref. [3c].
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by the second harmonic of a repetitive mode-locked Nd3� :YAG laser
(Quantel, Picochrome YG-503 C/PTL-10).[19] The 590-nm output of the dye
laser (Rhodamine 6G) was used for excitation. Picosecond laser flash
photolysis experiments for ZnP-C60 dyads were carried out with 532-nm
laser pulses from a mode-locked, Q-switched Quantel YG-501 DP
ND:YAG laser system (pulse width 	18 ps, 2 ± 3 mJ/pulse).[3c] The white
continuum picosecond probe pulse was generated by passing the funda-
mental output through a D2O/H2O solution. Nanosecond laser-flash
photolysis experiments were performed with laser pulses from a Quanta-
Ray CDR Nd: YAG system (532 nm, 6 ns pulse width) in a front face
excitation geometry.[3c] A Xe lamp was triggered synchronously with the
laser. A monochromator (SPEX) in combination with either a Hamamatsu
R 5108 photomultiplier or a fast InGaAs-diode was employed to monitor
transient absorption spectra.

Tetramethyl-p-benzoquinone (Me4Q) radical anion was prepared by
proportionation reactions of Me4Q with the dianion obtained by deproto-
nation of the corresponding hydroquinone with tetrabutylammonium
hydroxide.[14] The self-exchange rate constants between the reference
compounds and the corresponding radical anions in CH3CN at various
temperatures are directly determined by analyzing line-width variations of
the ESR spectra.[14] Typically, an aliquot of a stock solution of the Me4Q
radical anion (5.0� 10�4�) was added to an ESR tube containing a
deaerated CH3CN solution of various concentrations of NIm-ref (5.0�
10�4� to 2.0� 10�3�) under an atmospheric pressure of Ar. The ESR
spectra of theNIm-ref radical anion were measured at various temperature
(�40 to 25 �C) with a JEOL X-band spectrometer (JES-RE1XE). The ESR
spectra were recorded under nonsaturating microwave power conditions.
The magnitude of modulation was chosen to optimize the resolution and
the signal-to-noise (S/N) ratio of the observed spectra, when the maximal
slope line width (�Bpp) of the ESR signals was unchanged with the larger
modulation. The g values and the hyperfine coupling constants were
calibrated with a Mn2� ion marker. The ZnP-ref radical cation was
produced by the chemical oxidation of ZnP-ref with [Ru(bpy)3]3� ions
(bpy� 2,2�-bipyridine).[20]
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Monodentate Chiral Spiro Phosphoramidites:
Efficient Ligands for Rhodium-Catalyzed
Enantioselective Hydrogenation of
Enamides**
Ai-Guo Hu, Yu Fu, Jian-Hua Xie, Hai Zhou,
Li-Xin Wang, and Qi-Lin Zhou*

Optically active �-arylalkylamines are an important class of
compounds that are widely used in organic and pharmaceut-
ical synthesis, and much effort has been made to develop
efficient asymmetric synthetic methods for them.[1] Asym-
metric catalytic hydrogenation of enamides, initiated by
Kagan et al. ,[2] provides a direct and convenient route to
chiral amine derivatives. However, many well-known chiral
diphosphane ligands, such as DIOP, BINAP, and CHIRA-
PHOS, which are extremely successful in the asymmetric
hydrogenation of dehydroamino acid derivatives, do not give
high enantioselectivity in the hydrogenation of enamides.[3, 4]

A breakthrough was achieved by Burk et al.[4a] with the
introduction of BPE and DuPHOS ligands, which gave
excellent enantioselectivity in the Rh-catalyzed asymmetric
hydrogenation of enamides. Lately, some other P ligands were
also reported to be efficient in the hydrogenation of
enamides.[4b, 5] However, all ligands that gave a high degree
of enantiocontrol are bidentate. To our knowledge, no
efficient chiral monodentate ligand has been reported for
the asymmetric hydrogenation of enamides, although some
monodentate P ligands were successfully used in the hydro-
genation of dehydroamino acid derivatives.[6] Here we de-
scribe highly efficient monodentate chiral ligands 1 containing
a 1,1�-spirobiindane backbone for the Rh-catalyzed asymmet-
ric hydrogenation of �-arylethenylamine derivatives [Eq. (1)]
with excellent enantioselectivities (up to 99.7% ee).

The chiral monodentate phosphoramidite ligands 1 (abbre-
viated SIPHOS) were conveniently synthesized in good yields
from enantiomerically pure 1,1�-spirobiindane-7,7�-diol, which
was easily prepared from 3-methoxybenzaldehyde by using
the procedure described by Birman et al.[7] We demonstrated
recently that the Rh complex of (S)-1a (R�CH3) is a highly
efficient catalyst in the asymmetric hydrogenation of dehy-
droamino acid and itaconic acid derivatives with up to 99.3%
ee. Therefore, we were prompted to investigate the utility of
this catalyst in the asymmetric hydrogenation of �-phenyl-
enamide 4a and an excellent enantioselectivity (up to 98.8%
ee) was achieved. This showed, for the first time, that
monodentate phosphorus ligands can be effective in the
enantiocontrol of asymmetric hydrogenation of enamides.

The results in Table 1 show that the enantioselectivity of the
reaction was sensitive to the solvent used, and toluene is the
solvent of choice. In contrast, the hydrogen pressure has a
negligible influence on the enantioselectivity. For example, in
the hydrogenation of 4a with Rh/(S)-1a catalyst in toluene,
the ee values of product 5a at 25 �C under 10 atm and 100 atm
H2 were 96% and 96.2%, respectively (Table 1, entries 1 and
2). The investigation of catalyst loading showed that
0.5 mol% catalyst was sufficient to give a high enantioselec-
tivity, while the ee value of the product dropped drastically
with 0.1 mol% catalyst.

Catalysts prepared in situ from cationic Rh complexes were
active in the asymmetric hydrogenation of enamide 4a and
provided a similar level of enantiocontrol, although the
catalyst with a bulkier counteranion needed a longer time
for completion of the reaction (Table 2, entries 1, 4, 5). In
sharp contrast, the catalyst prepared from the neutral com-
plex [{RhCl(cod)}2] was completely inert under the same
conditions (entry 6). This might imply that the difficult
dissociation of chloride hindered the coordination of the
substrate to Rh.[5d, 5e] The influence of ligand structure on the
enantioselectivity of the catalysts was also examined in the
hydrogenation of 4a. When the alkyl groups on the nitrogen
atom of ligands 1 was changed from methyl ((S)-1a) to ethyl
((S)-1b) and isopropyl ((S)-1c), the enantioselectivity of the
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Table 1. Asymmetric hydrogenation of 4a (Ar�Ph) with [Rh(cod)2]BF4/
(S)-1a.[a]

Entry Solvent Cat. [mol%] ee[b] [%] Config.[c]

1 toluene 1 96 S
2[d] toluene 1 96.2 S
3[e] toluene 1 98.7 S
4 EtOAc 1 89.8 S
5 acetone 1 83.3 S
6 CH2Cl2 1 82.5 S
7 THF 1 80.5 S
8 CH3OH 1 50 S
9[e] toluene 0.5 98.8 S

10[d] toluene 0.1 84 S

[a] The reaction was performed at 25 �C with 0.5 mmol of substrate in 5 mL
of solvent, PH2

� 10 atm, [Rh(cod)2]BF4/(S)-1a� 1/2.2 unless otherwise
mentioned. Complete conversions were achieved within 12 h. Yields were
quantitative. [b] Determined by chiral capillary GC on a Varian Chirasil-�-
Val column (25 m). [c] Determined by comparing the optical rotation with
the reported value.[4a] [d] PH2

� 100 atm. [e] T� 5 �C, PH2
� 50 atm.
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catalysts was greatly decreased (entries 7 and 8).
For comparison, ligand (S)-2, which was devel-
oped by Feringa et al. and was highly efficient in
the asymmetric hydrogenation of dehydroamino
acid derivatives,[6d] was investigated, and 93% ee
was obtained (entry 9). A difference between (S)-
1a and (S)-2 is that the dihedral angle of the two
aromatic planes is larger in the former than in the
latter. This might be one of the reasons that (S)-
1a provides a more efficient steric effect around
the Rh atom, which improves the enantioselec-
tivity of the catalyst. This rationale is supported
by the utility of ligand (S)-3 prepared from H8-
BINOL.[8] The dihedral angle of the two aromatic
planes in (S)-3 should be larger than that in (S)-2,
but smaller than that in (S)-1a. When the Rh
complex of (S)-3 catalyzed the asymmetric hydro-
genation of enamide 4a, 96% ee was achieved (entry 10). This
ee value lies between those with (S)-1a (98.7% ee) and (S)-2
(93% ee).

A variety of �-arylenamides can be hydrogenated with Rh/
(S)-1a catalyst to produce the corresponding �-arylamine
derivatives with high ee values (Table 3). The electronic nature
of the phenyl ring of the enamide had little influence on the
enantioselectivity of the reaction, while substitution at the
ortho ormeta position of the phenyl ring led to a lower ee value.

Although several rhodium complexes with monodentate
phosphorus ligands have been successfully applied in the

asymmetric hydrogenation of dehydroamino acid and itaconic
acid derivatives, the structures of the catalysts are still
unknown.[9] We were able to grow a single crystal of the Rh
complex of (S)-1a suitable for X-ray crystallography. The
structure of [Rh(cod){(S)-1a}2]� is shown in Figure 1.[10, 11] The
complex contains two phosphoramidite ligands 1a, coordi-
nated to Rh through the P atom. To minimize the steric
repulsion, the two ligands have an orientation in which the
angle of the two Rh-P-N planes is 43.6�. The Rh�P bond
lengths (2.286 ä) in the crystal of [Rh(cod){(S)-1a}2]� are
close to those reported in the Rh complexes of bidentate
phosphane ligands.[12] However, the P-Rh-P angle (95.6�) is
distinctly larger than those in Rh complexes of bis-phos-
phanes.[12] This may cause the chiral spiro frameworks of the

ligands in the transition state to be closer to the substrate
coordinated to Rh and enhance the enantiodiscrimination of
the catalyst.

In conclusion, we have developed novel and easily prepared
chiral spiro phosphorus ligands that provide the first examples
of highly efficient monodentate chiral ligands for the asym-
metric hydrogenation of enamides. The applications of these
ligands in other asymmetric transformations are currently
under investigation.
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Table 2. Asymmetric hydrogenation of 4a : influence of the structure of the
catalyst.[a]

Entry Catalyst T [oC] t [h][b] ee [%] Config.

1 [Rh(cod)2]BF4/(S)-1a 25 12 96 S
2[c] [Rh(cod)2]BF4/(S)-1a 5 12 98.7 S
3 [Rh(cod)2]BF4/(R)-1a 25 12 96.2 R
4 [Rh(cod)2]PF6/(S)-1a 25 20 96.4 S
5 [Rh(cod)2]SbF6/(S)-1a 25 48 95.3 S
6 [{Rh(cod)Cl}2]/(S)-1a 25 no reaction
7 [Rh(cod)2]BF4/(S)-1b 25 20 57 S
8 [Rh(cod)2]BF4/(S)-1c 25 24 38 S
9[c] [Rh(cod)2]BF4/(S)-2 5 12 93 R

10[c] [Rh(cod)2]BF4/(S)-3 5 12 96 R

[a] Reaction conditions: substrate/catalyst (S/C)� 100; PH2
� 10 atm unless

otherwise mentioned. [b] Time for 100% conversion. [c] PH2
� 50 atm.

Table 3. Asymmetric hydrogenation of 4 with catalysis by Rh/(S)-1a.[a]

Entry Ar ee [%][b] Config.[c]

1 C6H5 (4a) 98.7 S
2 p-CH3C6H4 (4b) 99.7 S
3 m-CH3C6H4 (4c) 91.6 S
4 p-CF3C6H4 (4d) 98.9 S
5 p-FC6H4 (4e) 99.1 S
6 o-FC6H4 (4 f) 91.1 S
7 p-ClC6H4 (4g) 99.3 S
8 p-BrC6H4 (4 h) 99.5 S
9 2-furanyl (4 i) 98.7 S

10 2-thienyl (4 j) 95.8 S

[a] Reaction condition: S/C� 100, T� 5 �C, PH2
� 50 atm. [b] Determined

by chiral capillary GC on a Varian Chirasil-�-Val column (25 m).
[c] Determined by comparing the optical rotation with the reported
value.[4a]

Figure 1. Structure of [Rh(cod){(S)-1a}2]� .
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Gas-Phase Detection of the Elusive
Benzoborirene Molecule**
Ralf I. Kaiser* and Holger F. Bettinger*

The cyclic delocalization of � electrons, responsible for the
important concepts of aromaticity and antiaromaticity,[1] has
been fascinating ever since the discovery of benzene by
Michael Faraday almost 200 years ago.[2] The � system of
benzene can be ported to the five- and seven-membered rings

by removing or introducing a CH� unit to result in the
cyclopentadienyl anion (C5H5

�) and tropylium cation (C7H7
�

(1a),[3] Scheme 1), respectively. Volpin et al. suggested that it

Scheme 1. Structures of (potentially) � aromatic compounds.

is possible to generate heteroaromatic homologues of aro-
matic hydrocarbons by substitution of a CH� unit by an
isoelectronic BH group.[4] Borirene 2b[5] and 1H-borepin 1b,[6]

first synthesized in a low-temperature argon matrix and in
solution, thus resemble the 2�-electron cyclopropenylium
2a[7] and the 6�-electron tropylium cation 1a, respectively
(Scheme 1). Extension of the 6�-electron system onto a
second ring results in benzocyclopropenylium 3a and benzo-
borirene 3b as the simplest systems (Scheme 1). Although
studied theoretically,[8] 3a and 3b have not yet been observed
experimentally.

How could the elusive benzoborirene 3b be ™made∫ in the
laboratory? Ground-state boron and carbon atoms are known
to react with a variety of unsaturated systems in crossed-beam
experiments by an atom addition ± hydrogen elimination
mechanism.[9, 10] This protocol was used very recently to
produce 2b from atomic boron and ethene in the gas phase
through reaction (1).[9a] Here we extend this novel concept
and report on the formation of the hitherto unknown
benzoborirene 3b, the isoelectronic boron analogue of the
elusive 3a, through the atom±molecule reaction (2).

This reaction was studied in the gas phase at the molecular
level by employing a crossed molecular beam setup.[11] We
prepared a pulsed boron beam by laser ablation of a boron rod
and by entraining the ablated atoms in helium gas; this beam
perpendicularly crossed a beam of benzene seeded in argon in
a scattering chamber at a collision energy of (23.1�
0.8) kJmol�1. The reaction products were detected with a
rotatable quadrupole mass spectrometer after electron ion-
ization (EI); the ionizer was suited in an ultra-high-vacuum
chamber. Velocity distributions of the product were collected
with the time-of-flight (TOF) technique, that is, recording the
arrival time of a distinct mass-to-charge ratio (m/z) of the
ionized product, at different scattering angles (Figure 1).[11]

Integrating these TOF spectra leads to the laboratory angular
distribution.

TOF spectra were recorded at m/z 93 (11BC6D5
�) and 91

(11BC6D4
�). At both mass-to-charge ratios, superimposable

spectra were obtained suggesting that the signal at m/z 91
originates from cracking of the parent molecule (m/z 93) in
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Figure 1. The laboratory angular distribution I at m/z 93 of the 11BC6D5

product from the reaction of atomic boron with [D6]benzene; the direction
of the boron beam is defined as 0�, that of the benzene beam as 90�. The
solid line represents the angular distribution obtained from the best-fit
center-of-mass angular and translational energy distributions, the open
circles the experimental data (I : integrated counts; � : laboratory angle; � :
time of flight; C : counts). The time-of-flight spectrum recorded at the
center-of-mass angle is shown as an inset (dashed line: experimental data;
solid line: best fit from the center-of-mass functions).

the ionizer. Therefore, in accord with Equation (2), a mole-
cule with the gross formula 11BC6D5 is formed.[12] However,
our ultimate goal is not only to assign the chemical formula of
the reaction product, but to also elucidate the chemical
structure of this organoboron species. Therefore it is neces-
sary to extract information on the chemical dynamics and to
unravel the underlying reaction mechanism from the exper-
imental data. We achieved this by fitting the TOF spectra and
the laboratory angular distribution of the 11BC6D5 product at
m/z 93. This procedure yields two ™best-fit∫ functions: the
center-of-mass translational energy flux distribution P(E) and
the angular flux distribution T(�) of the products, which are
both displayed in Figure 2.[13]

Figure 2. Best fit center-of-mass angular (T, left) and translational energy
(P, right) flux distributions of the reaction of atomic boron with
[D6]benzene to form benzoborirene plus atomic deuterium. � : center-of-
mass angle; Etrans : translational energy.

The maximum translational energy (Emax� 80 ±
90 kJmol�1) can be used to identify the nature of the products.
Here, Emax is simply the sum of the reaction exoergicity plus
the collision energy. Therefore, if we subtract the latter from
Emax, the exoergicity of reaction (1) is calculated to be (62�
5) kJmol�1. The assignment of the 11BC6D5 product is possible
by comparing the experimentally determined reaction exoer-
gicity with theoretical data obtained from electronic structure
computations for the conceivable reac-
tion products [D5]-3b, [D5]-4, and [D5]-
5. Geometries were fully optimized with
Gaussian98[14a] utilizing Becke×s[14b,c]

three-parameter hybrid functional in
conjunction with the correlation func-
tional of Lee et al.[14d] and the 6-311�
G(d,p) basis set [B3LYP/6-311�G(d,p)]. Second derivatives
were obtained analytically and used to compute unscaled
harmonic vibrational frequencies and zero-point vibrational
energies for the deuterated species. Energies were refined by
single-point coupled-cluster computations involving single
and double excitations, as well as a perturbative estimate of
triple excitations[14e] in conjunction with Dunning×s[14f] corre-
lation-consistent triple-� basis set [CCSD(T)/cc-pVTZ] using
the MOLPRO program.[14g±i]

We found [D5]-3b to be the most stable isomer at the
CCSD(T)/cc-pVTZ//B3LYP/6-311�G(d,p) level of theory,
while [D5]-4 and [D5]-5 are less stable by 131 and 176 kJmol�1,
respectively. Good agreement between the experimental
[(62� 5) kJmol�1] and theoretical (69.7 kJmol�1) reaction
energies is reached only for the formation of [D5]-3b, while
the reactions yielding [D5]-4 and [D5]-5 are strongly endoergic
by 61.5 and 106.3 kJmol�1, respectively. Therefore, taking into
account the collision energy of 23.1 kJmol�1, formation of
[D5]-4 and [D5]-5 is not feasible under our experimental
conditions. Thus, we conclude that benzoborirene [D5]-3b is
the sole reaction product at m/z 93. This is the very first time
that a boron-bearing aromatic, bicyclic molecule has been
synthesized in which the six � electrons can be delocalized
over seven atoms. The geometry of [D5]-3b (Figure 3) is very
similar to those obtained in previous lower-level calcula-
tions.[8d±f] The nucleus-independent chemical shifts (NICS)[15a]

were computed 1 ä above the ring centers,[15b±d] and indicate
that the aromatic character (based on magnetic criteria) of the
six- and three-membered rings [NICS(1.0) values are �9.5
and �15.3 ppm, respectively] is slightly attenuated and
intensified, respectively, compared to that of benzene
[NICS(1.0)��10.2] and borirene [NICS(1.0)��14.4].

Figure 3. Selected bond lengths [ä] and bond angles [�] for 3b and the
transition state TS as computed at the B3LYP/6-311�G(d,p) level of
theory.
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Finally, we would like to discuss the reaction mechanism
and investigate the angular flux distribution T(�) closer. The
latter shows a symmetric profile around 90� (see Figure 2);
this indicates that the intensity of the flux distribution is the
same at a center-of-mass angle � and at the angle 180�� �.
This symmetric shape is characteristic for a bimolecular gas-
phase reaction which goes through a reactive intermediate
having a lifetime larger than its rotation period.[11] This
intermediate is a 11BC6D6 isomer. It is known from reac-
tion (1) that an initial boron addition to the � system is
followed by a deuterium migration before the accumulated
reaction energy is used for hydrogen ejection.[9] A feasible
reaction path also exists on the C6D6B potential energy
surface which involves, according to CCSD(T)/cc-pVTZ//
B3LYP/6-311�G(d,p) investigations, addition of a boron
atom to benzene to yield C6D6�B (�34.6 kJmol�1, 2A) and
subsequent [1,2]-D shift to C6D5�BD (�253.6 kJmol�1, 2A�)
with a barrier (�0.6 kJmol�1 with respect to the reactants)
well below the available collision energy of�23 kJmol�1. The
actual shape of the function T(�) reflects the direction in
which the hydrogen atom leaves the fragmenting intermediate
to form the 11BC6D5 product: the peak at 90� is indicative of
emission of a deuterium atom perpendicular to the molecular
plane of the 11BC6D5 moiety.[11] The translational energy flux
distribution P(E) (see Figure 2) provides two additional sets
of information on the ejection of the deuterium atom. First,
the distribution maximum Pmax(E) of 10 ± 20 kJmol�1 can give
the order of magnitude of the barrier height in the exit
channel.[11] This data suggests a significant geometry and
electron density change from the decomposing 11BC6D6

intermediate to the products. In other words, the reversed
reaction–the addition of a deuterium atom to the 11BC6D5

molecule–has an entrance barrier of this order of magnitude.
These experimental conclusions are confirmed by electronic
structure computations. We find that the barrier for the
addition of a deuterium atom to one of the bridgehead carbon
atoms of [D5]-3b via the transition state TS has a barrier of
27.4 kJmol�1. The attacking D atom is oriented roughly
perpendicularly to the molecular plane of [D5]-3b in this
transition state (Figure 3).

In summary, our study identified for the first time the
benzoborirene molecule in the gas phase by a combination of
crossed-beam experiments and high-level electronic structure
computations. It seems reasonable to assume that the versatile
boron ± hydrogen exchange reaction can be employed to
synthesize even more complex heteroaromatic polycyclic
boron-bearing molecules. For instance, the reaction of boron
atoms with naphthalene should likely yield a tricyclic hetero-
aromatic molecule with ten � electrons via the boron versus
hydrogen exchange channel.
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Arrays of Chemomechanically Patterned
Patches of Homogeneous and Mixed
Monolayers of 1-Alkenes and Alcohols on
Single Silicon Surfaces**
Travis L. Niederhauser, Yit-Yian Lua, Guilin Jiang,
Steven D. Davis, Reija Matheson, Deborah A. Hess,
Ian A. Mowat, and Matthew R. Linford*

We have previously demonstrated a facile, chemomechan-
ical method of simultaneously functionalizing and patterning
silicon with single organic monolayers by scribing it while it is
wet with 1-alkenes,[1] 1-alkynes,[1] and 1-haloalkanes.[2] Here
we show that this method can be extended to create individual
surfaces that have different monolayer coatings in distinct and
precisely controlled regions (Figure 1). Like microcontact

Figure 1. Scribed patches (0.8� 0.8 cm each) on Si containing the homol-
ogous series of 1-alkenes from 1-pentene (A1) to 1-octadecene (B4).

printing, this technique allows multiple, patterned, surface
features to be prepared with ease. To create these arrays a Si
surface is 1) wet with a reactive compound, 2) scribed in a
specific region with a computer-controlled diamond-tipped
rod, 3) rinsed with a solvent, and 4) dried. This process is then
repeated, without moving the Si surface from its original
position, to create monolayer coatings in regions distinct from
the first. With this technique we have prepared arrays of
functionalized, scribed regions on single Si surfaces of a) the

homologous series of 1-alkenes from 1-pentene to 1-octadec-
ene (a more extensive study than was previously reported[1]),
b) a series of alcohols (providing the first direct evidence for
the bonding of alcohols to scribed Si), and c) a series of mixed
monolayers on scribed Si from two 1-alkenes or from a
1-alkene and an alcohol (this is the first report of mixed
monolayers on scribed Si). Our motivation for studying mixed
monolayers is to be able to more easily create surfaces with
more than one functional group, or with diluted functionality,
as has been demonstrated with mixed monolayers of thiols on
gold.[3] Our desire to study the reactivity of alcohols and other
functional groups with scribed silicon stems from our interest
in developing it as a substrate for the creation of advanced
materials.

As before,[1, 2] the preparations described herein were
performed in the air without any special treatment or
degassing of chemicals. The time required to prepare, analyze
(especially trends), and chemically modify arrays on single
surfaces is much less than that required for the same number
of coatings on individual surfaces because some experimental
clean-up and analysis steps can be carried out on all array
elements simultaneously. In addition, the ability to create
surfaces with different monolayer coatings in precisely con-
trolled regions should prove technologically valuable, for
example, in creating single surfaces to perform multiple
bioassays. Finally, the principles demonstrated herein should
allow the preparation of functionalized patterns with smaller
features.

We proposed[1, 2] that scribed and unpassivated[4] Si react
similarly with 1-alkenes, 1-alkynes, and 1-haloalkanes to yield
monolayers that are tethered through C�Si bonds, and that
these monolayers are structurally similar to those prepared
from hydrogen-terminated Si.[1, 2, 5] Here we propose that
scribed and unpassivated Si react similarly with alcohols (and
water), which bind to different crystal faces of unpassivated Si
through cleavage of O�H bonds to form Si�O and Si�H
species.[6±8] A fraction of the chemisorbed alcohols undergo
further fragmentation on Si(111)-(7� 7) to form Si�C
bonds.[5, 6] These results suggest that Si�O, Si�H, and perhaps
Si�C bonds are formed by scribing Si with alcohols and that
the chemisorbtion may be complex.

Other related methods of modifying surfaces include
scribing hydrogen-terminated silicon with an AFM tip in the
air to produce silicon oxide,[9] grinding silicon in the presence
of reactive chemicals to produce coated silicon particles,[10]

nanoshaving monolayers of thiols on gold while they are
immersed in a solution containing a thiol different from the
one in the monolayer,[11] micromachining monolayers on gold
with a scalpel blade or a carbon fiber followed by immersion
in a thiol solution,[12] and mechanically scratching surfaces to
partition fluid-supported membranes.[13]

Figure 2 shows X-ray photoelectron spectroscopy (XPS)
data and water contact angle measurements from arrays of
individually functionalized patches prepared from 1-alkenes
on single Si surfaces. The increasing C1s/Si2p XPS signals,
which are in good agreement with previously published results
from single patches on single surfaces,[1] and the increase in
water contact angles up to the 1-undecene-derived surface
indicate an increased carbon loading on the surface. The
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Figure 2. XPS (C1s/Si2p: solid symbols; O1s/Si2p: open symbols) and
water contact angle measurements (�) from arrays of patches prepared
from 1-alkenes of different chain lengths (n : 1-alkene chain length,
1-pentene to 1-octadecene). Each symbol type represents data from a
different array. Each point in (B) represents the average of two contact
angle measurements made on either side of a 10-�L drop placed on the
scribed surface. The solid lines are guides to the eye.

change in contact angles can be attributed, in part, to an
increasingly thick hydrocarbon film which acts as a hydro-
phobic barrier between the more polarizable silicon substrate
and water droplets. The similar water contact angles from
patches prepared from 1-undecene to 1-octadecene suggest
that their outer few ängstroms are the same. Analogous
wetting behavior was observed for thiols on gold.[11] We
attribute the high values of and variation in our water contact
angles to surface roughness (CH3-terminated monolayers
from long-chain adsorbates on planar substrates have advanc-
ing water contact angles of 111 ± 115�.[14, 15]) The O1s/Si2p
ratio as determined by XPS decreases with increasing chain
length of the 1-alkene. This result is consistent with greater
attenuation through increasingly thick organic films of less
energetic O1s photoelectrons compared to more energetic
Si2p photoelectrons[16] from surfaces with constant oxygen
levels at their Si ± hydrocarbon interfaces.[1, 2]

Arrays of patches or single patches on individual silicon
surfaces both yielded the same results by XPS for silicon
scribed with alcohols. These spectra show that 1) there is an
approximately linear increase in carbon loading with increas-
ing alkyl chain length, as was found for alkenes,[1] alkynes,[1]

and alkyl halides,[2] (see Supporting Information and Figure 2)
and 2) high-resolution C1s narrow scans (Figure 3) indicate
carbon atoms chemically shifted to higher oxidation states.
The chemically shifted components show approximately the
expected fraction of the total area for one carbon atom in each

Figure 3. High-resolution XPS C1s narrow scans as a function of electron
binding energy (BE) for patches on a silicon surface scribed in the presence
of A) 1-propanol, B) 1-butanol, and C) 1-octanol along with peak-fitting
results. The area ratios of the two low binding energy peaks to the other
peaks are (average of two measurements, errors are half the distance
between data points) 2.5� 0.5:1, 3.0� 0.3:1, and 6.8� 1.3:1 for 1-propanol,
1-butanol, and 1-octanol, respectively. All peak widths were fixed at
1.31 eV, which was the value found for the large, unshifted component in
the 1-octanol spectrum. The binding energies for the peaks in the fits were
set at 285.26, 285.96, 286.47, 287.66, and 289.66 eV. The peak at 285.96 is
attributed to the carbon atom secondarily shifted by the presumed carboxyl
carbon atom at 289.66 eV.

alkyl chain bonded to one or more oxygen atoms. Surfaces
prepared by scribing silicon under 1-propanol, 1-butanol, and
1-octanol were also analyzed by time-of-flight/secondary ion
mass spectrometry (TOF-SIMS). The resulting positive and
negative ion spectra provide strong evidence for the forma-
tion of the expected surface species with three, four, and eight
carbon atoms, respectively. Indeed, the 1-propanol-derived
surface produces significantly higher levels of C3H7

�,
C3H7OSi�, C3H5O�, and C3H7O� ions than the surfaces
derived from 1-butanol and 1-octanol. Similarly, the 1-buta-
nol-derived surface yielded higher levels of C4H9

�, C4H9OSi�,
C4H7O�, and C4H9O� ions and the 1-octanol-derived surface
higher levels of C8H15O� and C8H17O� than the other surfaces
(see Supporting Information).

Figure 4 shows XPS and wetting data from arrays of mixed
monolayers on scribed Si prepared from binary solutions of
1-decene and 1-octadecene. As expected, the C1s/Si2p ratio
increases with increasing concentration of 1-octadecene in
solution. However, in contrast to mixed monolayers of thiols
on gold, which often show a strong preference for the
adsorption of one thiol over another,[17] the C1s/Si2p data
are fairly linear over the concentrations of 1-octadecene
studied. This observation suggests that kinetics, rather than
thermodynamics, govern monolayer formation on scribed Si.
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Figure 4. XPS (C1s/Si2p: solid symbols; O1s/Si2p: open symbols) and
water contact angle measurements (�) from arrays of patches prepared
from binary solutions of 1-decene and 1-octadecene (x : mole fraction of
1-octadecene). Each symbol type represents data from a different array.
Each point in (B) represents the average of two contact angle measure-
ments made on either side of a 10-�L drop placed on the scribed surface.
The solid lines are guides to the eye.

We again attribute the decrease in the O1s/Si2p data to
photoelectron attenuation through increasingly thick hydro-
carbon films. As expected, the water contact angle data
(Figure 4B) suggest there is a small increase in the hydro-
phobicity of these surfaces as the mole fraction of 1-octadec-
ene in solution increases.

Figure 5 shows XPS and wetting data for arrays of mixed
monolayers on single Si surfaces prepared from binary
solutions of 1-decene and 1-decanol. XPS and wetting data
show there is a decrease in the amount of surface carbon and
water contact angles as the mole fraction of 1-decanol
increases. (1-Haloalkanes also have lower C1s/Si2p ratios
than 1-alkenes with the same number of carbon atoms.[1, 2])
The increase in the amount of surface oxygen shown in
Figure 5B is consistent with higher surface concentrations of
chemisorbed alcohols.

To better understand the stability of these newmaterials the
arrays were immersed in boiling 0.1�H2SO4 for 1 h. After this
stability test (open symbols) the concentration of carbon on
the surface decreases at higher solution concentrations of
1-decanol (�30%), the surface oxygen concentrations of all
of the patches increase (with the greatest increase at highest
concentrations of 1-decanol in solution), and the water
contact angles decrease (the greatest decrease is again at
higher solution concentrations of 1-decanol). These results,
especially the large changes in the properties of the 100%
1-decanol-derived patches, are consistent with a model of

Figure 5. XPS and water contact angle data (�) for two arrays of patches
prepared by scribing under binary solutions of 1-decene and 1-decanol (x :
mole fraction 1-decanol) before (solid symbols) and after (open symbols) a
stability test (1 h in boiling 0.1� H2SO4). Each symbol shape represents
data from a different array. The lines are guides to the eye.

hydrolyzable Si�O bonds holding the alkyl chains from
1-decanol and unhydrolyzable Si�C bonds tethering alkyl
chains from 1-decene. The contact angle data and residual
carbon (by XPS) of 100% 1-decanol monolayers suggest that
hydrolysis of the monolayer is incomplete under these
conditions or that some of the alcohol molecules bind to the
surface through C�Si bonds. Adventitious carbon would also
influence these results. In addition, the data in Figure 5 point
to some general oxidation of all of the Si ±monolayer
interfaces during the stability test.

Received: January 25, 2002
Revised: April 15, 2002 [Z18584]

[1] T. L. Niederhauser, G. Jiang, Y.-Y. Lua, M. J. Dorff, A. T. Woolley,
M. C. Asplund, D. A. Berges, M. R. Linford, Langmuir 2001, 17,
5889 ± 5900.

[2] T. L. Niederhauser, Y.-Y. Lua, Y. Sun, G. Jiang, G. S. Strossman, P.
Pianetta, M. R. Linford, Chem. Mater. 2002, 14, 27 ± 29.

[3] C. D. Bain, G. M. Whitesides, J. Am. Chem. Soc. 1988, 110, 6560 ±
6561.

[4] R. J. Hamers, Y. Wang, Chem. Rev. 1996, 96, 1261 ± 1290.
[5] J. M. Buriak, Chem. Commun. 1999, 1051 ± 1060.
[6] M. Carbone, M. N. Piancastelli, R. Zanoni, G. Comtet, G. Dujardin, L.

Hellner, Surf. Sci. 1997, 370, L179 ±L184.
[7] M. Carbone, M. N. Piancastelli, J. J. Paggel, C. Weindel, K. Horn, Surf.

Sci. 1998, 412/413, 441 ± 446.
[8] M. P. Casaletto, R. Zanoni, M. Carbone, M. N. Piancastelli, L. Aballe,

K. Weiss, K. Horn, Surf. Sci. 2000, 447, 237 ± 244.
[9] H. T. Lee, J. S. Oh, S.-J. Park, K.-H. Park, J. S. Ha, H. J. Yoo, J.-Y. Koo,

J. Vac. Sci. Technol. A 1997, 15, 1451 ± 1454.



COMMUNICATIONS

2356 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2356 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 13

Synthesis of Very Thin 1D and 2D CdWO4
Nanoparticles with Improved Fluorescence
Behavior by Polymer-Controlled
Crystallization**
Shu-Hong Yu,* Markus Antonietti, Helmut Cˆlfen,
and Michael Giersig

Nanosized building blocks with lower dimensionality, such
as nanotubes, nanowires, nanorods, and ultrathin nanoplate-
lets have recently experienced a heightened interest.[1±9] These
systems with at least one restricted dimension offer oppor-
tunities for investigating the influence of size and dimension-
ality on optical, magnetic, and electronic properties.[2] They
can also be used as one component for a nanocomposite
material to significantly improve the material properties.[8]

Recent efforts have focused on the development of new
synthetic routes for preparing nanorods, nanowires, or nano-
tubes with uniform sizes and aspect ratios, for example,
nanorods/nanowires of BaCrO4,[3] CdSe,[4] metal nanorods:
Cu,[5a] Fe,[5b] Ag,[5c,d] Au,[6] FeOOH,[7] and vanadium oxide
nanotubes (VOx-NTs).[9] A family of long semiconductor-
oxide nanobelts with widths of 30 to 300 nanometers and
width-to-thickness ratios of 5 to 10 was successfully synthe-
sized by simply evaporating the desired commercial metal ±
oxide powders at high temperature.[2b] The formation of a 2D

BaCrO4 nanorod monolayer assembly using the Langmuir ±
Blodgett technique was also reported,[10] and 2D wurtzite ZnS
nanosheets were fabricated by a solution-based template
method.[11]

Recently, tungstate materials have attracted much interest
because of their luminescence behavior, structural properties,
and potential applications.[12] Cadmium tungstate (CdWO4)
nanocrystals with a monoclinic wolframite structure are
interesting because of their high average refractive index,
low radiation damage, low afterglow, and high X-ray absorp-
tion coefficient;[13] they can be used, for instance, as an X-ray
scintillator.[14, 15] Other tungstates with Scheelite structure
MWO4 (M�Ca, Ba, Pb) also display interesting excitonic
luminescence, thermoluminescence, and stimulated Raman
scattering (SRS) behavior.

To date, the procedure regarded as optimal to prepare
CdWO4 nanorods is a hydrothermal process at 130 �C.[16] The
nanorods of different compositions reported so far generally
have rather small aspect ratios (length-to-diameter) of 2 ±
10,[17] which results in weak symmetry-breaking surface
effects. In addition a reverse micelle templating method has
recently been used to synthesize uniform BaWO4 nanorods
with diameters of 5 nm and aspect ratios of about 150 by using
barium bis(2-ethylhexyl)sulfosuccinate [Ba(AOT)2] micelles,
which are treated with NaAOT microemulsion droplets
containing sodium tungstate (Na2WO4).[17] The large excess
of surfactants as well as the very low concentration through-
out synthesis, however, could restrict the applicability of this
procedure.

Herein, we present a facile aqueous-solution route for the
synthesis of extremely thin 1D and 2D CdWO4 nanoparticles
with controlled sizes (length, width, thickness) by using a
combination of the double-jet injection of simple inorganic
reactants and double-hydrophilic block copolymers (DHBCs)
as crystal-growth modifiers.

DHBCs have been introduced as very efficient inhibitors
and crystal-growth modifiers[18] and have already shown their
potential for the morphosynthesis of calcium carbonate,
barium sulfate, calcium phosphates, and zinc oxide crystals.[19]

To differentiate between the influence of process parameters
and the chemical influence of the DHBCs, CdWO4 was
crystallized in a set of experiments in the absence of polymer.
The X-ray diffraction (XRD) pattern in Figure 1a demon-
strates that well-crystallized CdWO4 particles can be easily
synthesized at room temperature, which can be indexed as
monoclinic wolframite structure with unit cell parameters a�
5.029, b� 5.859, c� 5.074 ä (JSPDS Card: 14-676). The
sharper nature of the diffraction peaks 100, 200, and 002
suggests possible preferential orientation along these direc-
tions. In addition, the 010 diffraction peak is very weak and
broadened, which indicates that the thickness direction will be
along the b axis, which was confirmed by high-resolution
(HR) TEM results.

The corresponding TEM image in Figure 2a shows very
thin, uniform CdWO4 nanorods/nanobelts with lengths in the
range of 1 ± 2 �m and a uniform width of 70 nm along their
entire length (aspect ratio of about 30). No different contrast
was observed, which suggests the perfect growth of the
nanoparticles and uniform thickness. Large scale, lower-
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Figure 1. X-ray diffraction patterns of the CdWO4 samples obtained under
different conditions: a) initial solution: 20 mL, pH 5.3, double jet, end
solution: [Cd2�]/[WO4

2�]� 8.3� 10�3�, at room temperature; b) and
c) pH 5.3, double jet, end solution [Cd2�]/[WO4

2�]� 8.3� 10�3�, then
hydrothermal crystallization: b) 80 �C, 6 h; c) 120 �C, 6 h.

Figure 2. TEM images of the samples obtained under different conditions:
a) and b) no additives: a) pH 5.3, double jet, [Cd2�]/[WO4

2�]� 8.3� 10�3�
(end solution), at room temperature, b) pH 5.3, double jet, [Cd2�]/
[WO4

2�]� 8.3� 10�3� (end solution), then hydrothermal crystallization:
80 �C, 6 h, c) pH 5.3, in the presence of PEG-b-PMAA(1 gL�1), 20 mL,
double jet, [Cd2�]/[WO4

2�]� 8.3� 10�3� (end solution), then hydrothermal
crystallization: 80 �C, 6 h, d) direct hydrothermal treatment of 20 mL
solution containing equal molar [Cd2�]/[WO4

2�]� 8.3� 10�2�, pH 5.3, at
130 �C, 6 h, in the presence of 1 gL�1 PEG-b-PMAA-PO3H2 (21%).

magnification TEM images also show that all the longer
nanorods/nanobelts tend to aggregate towards nested, star-
like clusters (see Supporting Information Figure 1a and
Figure 1b). Successive hydrothermal ripening after the dou-

ble-jet reaction leads to a rearrangement of the rods into 2D
lens-shaped, raftlike superstructures (Figure 2b) with a re-
sulting lower aspect ratio. The thickness of the rods and the
raftlike superstructures was shown to be 6 ± 7 nm by scanning
force microscopy (SFM) topography height profiles (see
Supporting Information Figures 2a,b). The structure model-
ing data clearly shows the W octahedra chain within the
wolframite structure. The thin nature of the elongated nano-
particles could be related with the chain structure of the W
octahedra in the wolframite type structure.[20] (see Supporting
Information Figure 3).

An optional hydrothermal ripening of the CdWO4 nano-
rods at different temperatures leads either to further self-
assembly into 2D raftlike structures (Figure 2b and Support-
ing Information Figure 1d) or the formation of 2D single-
crystalline nanoplatelets (Figure 2d). The self-organization of
the nanorods into 2D structures induced by hydrothermal
treatment is very similar to that reported for BaWO4 and
BaCrO4 nanorods,[10] but differs significantly from the assem-
bly of the short BaCrO4 and CdSe nanorods where ribbonlike
and vertical rectangular/hexagonal superstructures are favor-
ed.[3a, 4]

There are two reasons for the rods to align parallel,[17] first,
to maximize the entropy of the self-assembled structure of
rodlike or nematic objects by minimizing the excluded volume
per particle in the array, as first suggested by Onsager, [21] and
second, because of the higher sum of van der Waals forces
along the length of a nanorod as compared to its tip.[6]

The aspect ratio in absence of the polymer is already
about 30, which is higher than the previously reported values
for BaCrO4 and CdSe.[3a, 4] Additionally, these particles are
comparably thin, which is important for the mechanical
performance in nanocomposites.[8]

In a second step, the DHBC poly(ethylene glycol)-block-
poly(methacrylic acid) (PEG-b-PMAA) was added to the
solvent reservoir before the double-jet crystallization process
and the mixture was then hydrothermally ripened at 80 �C.
Figure 2c shows that in this case, uniform nanofibers with a
diameter of 2.5 nm, a length of 100 ± 210 nm, and an aspect
ratio of 40 ± 85 can be readily obtained. These nanofibers can
now be regarded as ™real∫ 1D objects, since the number of
surface atoms is comparable with those embedded within the
structure. In addition, it is seen that the single fibers are well
separated, which indicates a sufficient steric stabilization
brought about by the adsorbed DHBCs. Hydrothermal
ripening at 80 �C for longer time or at higher temperatures
(120 �C) results in this case again in a co-alignment of the rods
along their axis to form similar raftlike and very thin 2D-
superstructures, as described above (see Supporting Informa-
tion Figures 1c and d).

In addition, a new polymer-driven morphology arises when
the partly phosphonated hydrophilic block copolymer PEG-
b-PMAA-PO3H2 (21%; 1 gL�1) is added at an elevated
temperature of 130 �C even without using the double-jets but
at higher concentrations (8.3� 10�2�) and coupled super-
saturation. Figure 2d shows that very thin platelike particles
with a width of 17 ± 28 nm, a length of 55 ± 110 nm, and an
aspect ratio of 2 ± 4 are obtained by a direct hydrothermal
process.
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The HRTEM magnification in Figure 3a shows that the
particles obtained in the absence of polymer are very thin, as
seen by a tilted structure (indicated by the arrow). The
nanobelts show the preferential orientation growth in length

Figure 3. TEM and HRTEM images of the samples obtained under
different conditions: a) No additives: pH 5.3, double jet, final solution
[Cd2�]/[WO4

2�]� 8.3� 10�3�, at room temperature, showing the very thin
nanobelts (indicated by the arrow), b) HRTEM image taken along [001],
shows the clear lattice fringes of [100] and [010] with spacing 5.86 ä and
5.02 ä, respectively. The thickness of the short sheetlike nanoplates is
about 8 nm.

along the a axis and width along the c axis (see Supporting
Information Figure 2c). The HRTEM image in Figure 3b was
taken exactly along the axis [001] of the nanoplatelets,
showing clearly the lattice fringes of the [100] and
[010] planes. The short sheetlike nanoplatelets with thickness
of about 8 nm preferentially grew along [100] and [001]. That
the crystals along the b axis are thin and much more elongated
along the c and a axes is again consistent with the above XRD
results.

The slow and controlled reactant addition by the double-jet
technique under stirring maintains formation of intermediate
amorphous nanoparticles at the jets[18b] so that nanoparticles
are the precursors for further particle growth rather than ionic
species, an important difference to previous reports.[16] This
growth mechanism is crucial to obtain the observed nanobelt
structure (Figure 2a and Figure 3a). In contrast, the direct
mixing of reactants at room temperature under stirring
without using the double-jet technique can only produce
large aggregates composed of very poorly defined thin
platelike particles (data not shown).

Atomic modeling of the exposed crystal surfaces can
indicate the structure specificity. The surface structure
cleavage of the CdWO4 crystals (Supporting Information
Figure 4) shows that the (100) face contains W octahedral
anions in a zigzag orientation, which shows that this face will
not be favorable for the adsorption of the negatively charged
polymer groups, and leads to the detected fastest growth rate
along the [100] direction. A view along the b axis reveals a
regular linear alignment of the tungstate clusters and con-
sequently of the Cd2� ions in a favorable orientation for
polymer adsorption on the (010) face.

Figure 4 shows the luminescence spectra of the different
CdWO4 nanostructures obtained under different conditions

Figure 4. Room temperature photoluminescence spectra of the samples
obtained under different conditions: a) pH 5.26, double jet, final solution
[Cd2�]/[WO4

2�]� 8.3� 10�3� ; b) and c) pH 5.26, double jet, final solution
[Cd2�]/[WO4

2�]� 8.3� 10�3�, then hydrothermal crystallization: b) 80 �C,
6 h; c) 120 �C, 6 h; d) pH 5.3, in the presence of PEG-b-PMAA (1 gL�1),
20 mL, double jet, final solution [Cd2�]/[WO4

2�]� 8.3� 10�3�, then hydro-
thermal crystallization: 80 �C, 6 h. e) direct hydrothermal treatment of
20 mL solution containing equal molar [Cd2�]/[WO4

2�]� 8.3� 10�4�,
pH 5.3, at 130 �C, 6 h, in the presence of 1 gL�1 PEG-b-PMAA-PO3H2

(21%).

and with different polymers, but similar concentrations. The
spectral characteristics were very similar to those of the other
scheelite tungstate crystals (AWO4, A�Pb, Ca, Ba, Sr).[22]

The absolute luminescence intensity increases with increasing
hydrothermal crystallization temperature (Figure 4a ± c), and
is an indication of the perfection of the crystals. Quite
unexpectedly, the luminescence efficiency is further increased
in the presence of the different DHBCs (at lower crystal-
lization temperature), where the best-performing system
increases in efficiency by a factor of two. This increase is
explained by a highly perfected structure where quenching
surface defects are suppressed or blocked by the polymers.
The increase of luminescence efficiency by blocking of surface
states was observed for DHBC-stabilized CdS quantum
dots,[23] and perfecting crystal surfaces by surface-active
polymers was described very recently.[24]

The CdWO4 nanostructures obtained in the absence of
polymer exhibit a blue emission band in the range 400 ±
550 nm centered around 460 nm when excited at 253 nm,
which agrees well with the data for the single crystals obtained
at high temperatures,[14] but is blue-shifted compared to the
reported ™intrinsic luminescence∫ at 480 ± 490 nm.[25] The
blue-emission structure of all three samples contains at least
two or three components. Generally, the presence of Gaussian
components indicates that the electronic levels corresponding
to relaxed excited states of an emission center belong to a
degenerated excited states influenced by some perturba-
tion.[26] The emission-band shape might be explained consid-
ering Jahn ±Teller active vibrational modes of t2 symmetry
which influence theWO4

2� complex anion of slightly distorted
tetrahedral symmetry to lead to a structured absorption band
for the A1�T1(2) transitions.[26, 27] The decomposition of the
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band into individual components results in three Gaussians
with their maximum located at 423, 451, and 483 nm,
respectively, to give good agreement with the experimental
data.[28] The subsequent hydrothermal treatment leads to the
red-shift of the three components (Supporting Information:
Figures 5a,c and Table 1).

Similarly, the deconvolution of the emission spectra of the
two samples made in the presence of DHBCs reveal an
additional green component at 501 nm or 509 nm, respective-
ly (see Supporting Information Figures 5d,e and Table 1). The
comparable amount of the blue and green emission compo-
nents can be used, taking advantage of the fact that all the
recombination processes are transferred to the green compo-
nent by an efficient energy transfer through free charge
carriers.[29] Thus the remaining blue emission component is
almost free of recombination processes. The decomposition of
the band is not unique since the individual Gaussian
components strongly overlap which makes the numerical
solution rather unstable. The correlation of energy transfer
processes in the blue and green emission components in the
synthesized particular systems with lower dimensionality
deserves further investigation in time and temperature
resolved experiments.

In summary, we have found a simple aqueous route to
prepare uniform and very thin CdWO4 nanorods/nanobelts
and elongated nanosheets at room temperature starting from
simple inorganic reactants by the double-jet crystallization
technique. This technique provides nanoparticulate precur-
sors for further crystallization which is in contrast to
previously reported techniques. Additionally, application of
two different double-hydrophilic block copolymers through-
out a hydrothermal ripening process allowed a fine tuning of
both crystal morphology and crystal superstructure, for
example, 2D raftlike structures could be formed by a hydro-
thermal ripening process. The prepared structures display a
very strong blue/green luminescence at room temperature,
where the quantum efficiency is highly improved by addition
of the DHBCs. This effect is speculatively attributed to a
perfecting of the nanocrystals and/or blocking of quenching
surface states by the DHBCs. This approach is expected to
form a new general route for the controlled morphosynthesis
of tungstate luminescence materials in restricted dimensions,
with controllable size and shape, the solid-state optical
properties of which are of interest.

Experimental Section

All chemicals were obtained from Aldrich and were used without further
purification. A commercial block copolymer PEG-b-PMAA (PEG�
3000 gmol�1, PMAA� 700 gmol�1) was obtained from Th. Goldschmidt
AG, Essen, Germany. The carboxylic acid groups of this copolymer were
partially phosphonated (21%) to give a copolymer with carboxyl and
phosphonated groups, PEG-b-PMAA-PO3H2, according to ref. [18b].

The precipitation of CdWO4 was carried out in a double-jet reactor
thermostated at 25 �C as described previously.[18c] A solution of distilled
water (20 mL) was adjusted to the desired pH 5.3, by using 1� NaOH or
HCl, before it was used for the precipitation of CdWO4. Under vigorous
stirring, 0.1� CdCl2 and 0.1� Na2WO4 were injected through capillaries
into a Teflon reaction vessel with a reactant supply of 1 mLh�1 for 2 h,
which gave a CdWO4 formation rate of 1.39� 10�4�min�1. The reactant
supply was stopped after injection for 2 h, and the precipitate was left under

continuous stirring in its mother solution for at least 6 h to ensure complete
equilibration. For direct hydrothermal treatment, equal molar CdCl2 and
Na2WO4 (1.67� 10�3 mol) were mixed in block copolymer solution (20 mL,
1 gL�1) under stirring and then the pH value was adjusted to 5.3 by using
1� HCl.

The above solution was poured into a commercial stainless Teflon-lined
autoclave of 40 mL capacity (SANPLATEC Company, Japan) after
double-jet reaction. The autoclave was maintained at a certain temperature
(80 ± 130 �C) for 6 h, and then air cooled to room temperature. The
precipitates were collected and washed with distilled water and dried in air
for further characterization.

TEM images were taken with a Zeiss EM 912 Omega microscope. HR-
TEM was carried out on a Philips CM 12 microscope operating at 120 kV
(equipped with an EDAX 9800 analyzer). Dry powder samples were used
for the measurements of X-ray powder diffraction (XRD) using a PDS 120
(Nonius GmbH, Solingen) with CuK� radiation. The photoluminescence
(PL) measurements were performed on a Perkin Elmer Luminescence
Spectrometer LS50B at room temperature. Scanning force micrographs
(SFM) were obtained from a Digital Instruments Nanoscope III in tapping
mode (Digital Instruments Inc., Santa Barbara, (CA)). The height profiles
of the nanostructures along the solid line were processed by using the
Nanoscope software. The samples were prepared by dropping the nano-
particle dispersion onto a freshly cleaved mica substrate. The computer
modeling was done with the Cerius2 software (Accelrys).
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�1�2-Linked disaccharides are key subunits of numerous
biologically potent oligosaccharides, antigens, antibiotics,
glycoproteins, and glycolipids. For example, the tumor antigen
Globo H,[1] ABH blood groups,[2] and human milk oligosac-
charides[3] contain �-�-Fuc(1�2)�-Gal (1) as a common
component. �-�-Glc(1�2)�-Gal (2) is a structural element of
glycoproteins isolated from the body wall of leeches.[4] �-�-
Gal(1�2)�-Gal (3) is found as the disaccharide repeating
unit of Streptococcus pneumoniae type 15 antigen.[5] Vanco-
mycin, a significant glycopeptide antibiotic against gram-
positive bacteria, has a disaccharide moiety 4, which consists
of �1�2-linked vancosamine with �-glucopyranose.[6] �-�-
Man(1�2)�-Glc (5) is a typical constituent in the cell
membrane of halophilic bacteria.[7] The glycolipids extracted
from Lactobacillus casei A.T.C.C. 7469 are composed of �-�-
Gal(1�2)�-�-Glc(1�1)-glycerol lipid 6 as the major com-
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ponent.[8] Given the importance of these disaccharide motifs
with �1�2 linkages, there is a need to develop a highly
selective protection[9] of hexopyranosides to generate a free
hydroxy group at C2 for their synthesis. To tackle this
problem, we describe herein a highly regioselective benzyl or
allyl protection of hexopyranosides to the corresponding
2-hydroxy compounds by means of very mild, acid-catalyzed,
reductive etherification of their O-trimethylsilylated deriva-
tives with a variety of aldehydes.[10] Finally, we show their
applications in the regioselective one-pot protection ± glyco-
sylation to prepare these biologically potent �1�2-linked
disaccharide derivatives.

The one-pot synthesis of the trimethylsilyl ether 8 from
methyl �-�-glucopyranoside 7 in 74% yield was carried out
through a combination of 4,6-O-benzylidenation and 2,3-di-
O-silylation. Triethylsilane-reductive O3-etherification of 8
with various aryl and �,�-unsaturated aldehydes in the
presence of trimethylsilyl trifluoromethanesulfonate
(TMSOTf) as the catalyst successfully afforded the corre-
sponding 2-hydroxy compounds 9 ± 15. Excellent selectivity
and yields were observed in comparison with known methods
for the regioselective introduction of acyl or alkyl groups in �-
glucopyranosides at O3 (Table 1).[11] Under these acidic
conditions, it was observed that the 4,6-O-benzylidene acetal
of 8 was not hydrolyzed or opened, and that the double bonds
of allyl ethers 14 and 15 were not further reduced. The
regiochemistry of 9 ± 15 was determined through the 1H and
1H,1H COSY NMR spectra: H2 was correlated with the
proton of the free hydroxy group as well as with H1. The high
selectivity is perhaps induced not only by the steric hindrance
between the anomeric methoxy group and the 2-OTMS
group, but also by the inductive effect of two anomeric oxygen
atoms which causes a decrease in the nucleophilicity of O2.

We studied the regioselective etherification in a variety of
O-trimethylsilylated pyranosides (Table 2). The highlights
include 3-O-benzylation of different protected �-glucopyra-
nosides and �,��-trehalose, and 6-O-benzylation of �-cyclo-
dextrin as well as of the �-galactopyranosyl derivatives. The
4,6-O-isopropylidene ketal 16, �-allyl ether 18, and �-�-
thioglucopyranoside 20 were selected to examine the com-
patibility of substituted groups at the O4, O6, and anomeric
positions, and the corresponding 3-OBn compounds 17, 19,
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and 21, respectively, were obtained in good yields (Table 2,
entries 1 ± 3). A similar phenomenon was observed in the �,��-
trehalose derivative 22 : the 3,3�-di-O-benzylated product 23
was produced in high yield under the standard conditions
(Table 2, entry 4). No 2-OBn regioisomer was detected in any
of the above cases. However, the corresponding 2,3-diols
(entries 1 ± 3) and 2,2�,3,3�-tetraol (entry 4), which result from
the hydrolysis of the bis-OTMS functionalities owing to
prolonged reaction times, were isolated in 5 ± 10% yields,
which cause a slight drop in the overall yield. Regioselective
benzylation of cyclodextrin molecules at various hydroxy
groups is a big challenge for synthetic chemists.[12] Interest-
ingly, we found that the O-trimethylsilylated �-cyclodextrin
24[13] successfully delivered the corresponding 6-OBn com-
pound 25 in 62% yield after recrystallization from methanol
(Table 2, entry 5). Finally, the 3,4-O-isopropylidene-�-galac-
topyranosyl sugars 26 and 30 (Table 2, entries 6 ± 9) also
displayed excellent regioselectivity as expected to provide the
2-hydroxy compounds 27 ± 29 and 31, respectively, in very high
yields compared to etherifications under basic conditions.[14]

To the best of our knowledge, the regioselective one-pot
protection ± glycosylation strategy of carbohydrate molecules
has not been studied to date. Since TMSOTf was successfully
used as the catalyst in the reductive etherification and it was
often the reagent of choice in the coupling reactions of sugars,
we investigated this methodology further to prepare the �-
linked disaccharide units in one-pot syntheses. The perbenz-
ylated �-galacto (32), �-manno (33), �-fuco (36), and �-
glucopyranosyl (37) trichloroacetimidates[15] were selected as
glycosyl donors. TMSOTf-catalyzed triethylsilane-reductive
benzylation of the �-glucopyranosyl sugar 8 followed by
coupling with 32 and 33[16] gave the expected �-disaccharides
34 and 35 in 61% and 74% yields, respectively (Scheme 1).
Similarly, regioselective one-pot O6-benzylation and O2-
glycosylation of 26 with 36, 32, or 37 led to the desired
products 38 (56%), 39 (55%), or 40 (51%), respectively
(Scheme 2). Their � configurations were determined from the
coupling constants of the anomeric protons. Compounds 34,
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Scheme 1. Regioselective one-pot benzylation ± glycosylation of 8 with the
glycosyl donors 32 and 33 to form the �-linked disaccharides 34 and 35,
respectively.

Table 1. Trimethylsilyl trifluoromethanesulfonate activated triethylsilane-
reductive O3-etherification of 8 with a variety of aryl and �,�-unsaturated
aldehydes.[a]

Entry R T [�C] t [h] Product Yield [%]

1 Ph � 78 0.5 9 94
2 4-OMePh � 78 0.5 10 91
3 3,4-(OMe)2Ph � 78 3 11 87
4 4-ClPh � 78 4 12 77
5 2-naphthyl � 78 2 13 81
6 (E)-MeHC�CH � 86 6.5 14 68
7 (E)-PhHC�CH � 86 6.5 15 87

[a]Reagents and conditions: a) PhCH(OMe)2, CSA, TMSCl, Et3N, 74%;
b) cat. TMSOTf, RCHO, Et3SiH, CH2Cl2. TMS� trimethylsilyl ; CSA�
camphorsulfonic acid; Tf� trifluoromethanesulfonyl.

Table 2. Trimethylsilyl trifluoromethanesulfonate activated triethylsilane-
reductive benzylation of various O-trimethylsilylated sugars with benz-
aldehyde at �78 �C.

Entry Silylated sugar Product Yield [%]
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Scheme 2. Regioselective one-pot benzylation ± glycosylation of 26 with
the glycosyl donors 36, 32, and 37 to form the �-linked disaccharides 38, 39,
and 40, respectively.

35, 38, 39, and 40 are the protected versions of biologically
potent disaccharides 6, 5, 1, 3, and 2, respectively.

In conclusion, we have successfully developed a highly
regioselective benzyl and allyl protection of hexopyranosides,
and demonstrated their applications in the synthesis of
biologically potent �1�2-linked disaccharide derivatives in
a regioselective one-pot protection ± glycosylation.
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Observation of the Direct Products of
Migratory Insertion in Aryl Palladium Carbene
Complexes and Their Subsequent Hydrolysis**
Ana C. Albe¬niz,* Pablo Espinet,* Rau¬ l Manrique, and
Alberto Pe¬rez-Mateo

The use of carbene ligands in palladium-catalyzed proc-
esses, presumably involving ™[PdR(carbene)n]∫ intermediates,
is becoming increasingly important.[1] In this context, the
understanding of the reactivity of these species, including the
interactions between precursors of palladium carbenes,[2]

becomes relevant. The formation of coupling products (R ±
carbene)� (R� alkyl) from alkyl palladium carbene com-
plexes bearing heterocyclic carbenes C(NR�2�2 has been
studied before, and theoretical calculations have discounted
an alkyl-migration mechanism in favor of a concerted
reductive elimination process.[3] We hypothesized that the
course of the reaction might be different for other systems
with more electrophilic carbene ligands. The use of aryl in
place of alkyl ligands should also facilitate a migratory
insertion mechanism, and the use of fluorinated aryl groups
might facilitate the observation of intermediates and prod-
ucts. Compared with the rather stable palladium carbene
complexes in which the less electrophilic carbene ligands are
stabilized by two amino groups (C(NR�2�2),[4] those with
carbene ligands stabilized by only one amino group
(CR��(NR�2�) are still rare.[5] Other heteroatom (for example,
CR��(OR�)) or nonheteroatom ((CR ��

2�) palladium carbenes
are very elusive species, although often proposed as inter-
mediates in many Pd-catalyzed reactions.[6] We report here
the unprecedented direct observation of migratory insertion
of carbene ligands into a Pd�aryl bond. The Pd complexes
containing the hydrocarbyl ligand formed by insertion can be
identified spectroscopically and by their hydrolysis products.
In the case of CR��(NR�2� carbenes, the migratory insertion
occurs on isolable and characterizable compounds.

The transformations discussed herein are summarized in
Scheme 1. Transmetalation of the carbene ligand from
[W(CO)5(CPhX)] (X�NEt2, 1a ; X�OMe, 1b) to
[PdBrPf(NCMe)2] (Pf�C6F5, 2) leads eventually, at very
different rates, to the migratory insertion products 5 and 6.
Both 5 and 6 undergo hydrolysis to afford the ketone 7.

The transfer of a carbene between W and Pd centers has
been previously used in the preparation of some palladium
diamino carbenes[7] and, along with the extension described
here for monoaminocarbenes, seems a convenient synthetic
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Scheme 1. Synthesis, pentafluorophenyl migratory insertion, and hydrol-
ysis of palladium carbene complexes.

route. The possible competition of a Pd-catalyzed carbene
dimerization is not evident under controlled stoichiometric
conditions.[2]

Transmetalation with the carbene ligand CPh(NEt2) affords
3 as an isolable yellowish solid.[8] The splitting of the bridging
ligands with an equimolar amount of tertiary phosphane gives
the monomeric derivatives 4. Both 3 and 4 were characterized
spectroscopically and by elemental analysis. The X-ray crystal
structure of 4a was determined (Figure 1). The carbene and
pentafluorophenyl groups are in a cis arrangement (which
suggests that they are the two ligands with the highest trans
influence) and lie perpendicular to the palladium coordina-
tion plane. The bond lengths found in the carbene moiety

Figure 1. Molecular structure of 4a (ORTEP plot, hydrogen atoms
omitted for clarity). Selected bond lengths [ä] and angles [�]: Pd1-C1
2.030(5), C1-N1 1.291(6), Pd1-C12 2.016(5); Pd1-C1-N1 125.0(4), C1-N1-
C8 124.3(4).
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reflect the important donation of the lone pair of electrons on
the amino group to the carbene carbon atom: the C�N bond
length is consistent with a double bond, and the Pd1�C1 bond
is a single one, very similar in length to the Pd�C12 bond. Pd
complexes featuring two different monodentate auxiliary
ligands (for example, [PdXRLL�]) are extremely rare, as they
show a tendency to rearrange to mixtures of the symmetric
complexes.

Complexes 3 and 4 decompose in CDCl3 (very slowly) by
migratory insertion. Kinetic experiments carried out with
different starting concentrations of 4b indicate that it
disappears by a unimolecular process. The final product of
the reaction is the hydrolysis product Pf(Ph)C�O (7). An
intermediate aminoalkyl palladium complex 5 accumulates in
solution during the course of the decomposition of 3.
Compound 5 is clearly observed in the 19F NMR spectrum,
where signals corresponding to the Fortho atom of a C-bound Pf
group (ca. ���135 ppm) along with the spectral pattern of
the ketone 7 slowly appear at the expense of the signals of
complex 3 (Pf bound to Pd, ca. ���110 ppm). Concomitant
trans/cis isomerization of 3 is also observed, but both isomers
react to give 5 and 7.[8, 9] The exact structure of 5 could not be
determined because of the impossibility of isolating it as a
pure species, but it must accomplish tetracoordination from
the unsaturated putative intermediate A by forming Br and
aminocarbene double bridges. The structures of stoichio-
metrically related tetrapalladium oligomers (n� 4) are well
established.[10] The hydrolysis reaction, which takes several
days, possibly occurs on a de-coordinated transient species in
equilibrium (A) by acid-catalyzed protonation of the append-
ed amino group and external attack of adventitious water in
the NMR tube (Scheme 2). Once initiated by traces of acid,
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Scheme 2. Hydrolysis of palladium complexes containing a nucleophilic
end group in the hydrocarbene ligand.

the hydrolysis produces HBr which further facilitates the
reaction. In the case of L�H2O, intramolecular hydrolysis by
the more acidic coordinated water (intermediate B) is plau-
sible. These proposals are supported by the following
observations: 1) deliberate addition of water to a solution of
3 at the start hardly affects the rate of formation of 5, but
greatly increases its hydrolysis, 2) addition of water to an
NMR solution rich in 5 results in its hydrolysis within hours,
compared with days for a reference sample, 3) addition of
PPh3 to an NMR solution rich in 5 also accelerates noticeably
its hydrolysis compared with a reference sample (PPh3 should

coordinate better than water, hindering the formation of B,
while displacing and favoring the formation of decoordinated
amino group). Consistently, 4b also gives 7 (very slowly), but
no inserted intermediate is observed.

No intermediate palladium carbene could be detected with
the carbene ligand CPh(OMe), even at low temperatures. The
migratory insertion on an unstable palladium carbene anal-
ogous to 3 apparently proceeds very fast in this case to give
the benzylic derivative 6, which then hydrolyzes to 7 and the
ketal Pf(Ph)C(OMe)2. The intermediate alkyl complex A
(Scheme 1, X�OMe) is stabilized by coordination of the
double bond to give 6. Complex 6 decomposes quickly in
solution at room temperature, but can be isolated as a crude
yellowish solid (unpurified with some reaction by-products)
by working at low temperatures. It was identified spectro-
scopically by NMR spectroscopy. Its 1H NMR spectrum shows
the very characteristic high-field shift for the aromatic proton
involved in an �3 Pd-bound benzylic moiety (�� 5.55 ppm).[11]

We propose an anti-Pf stereochemistry for the C-1 allylic
carbon atom on the basis of the 19F NMR spectrum of 6.[12]

The observation of the ketal Pf(Ph)C(OMe)2 as a solvolysis
product arises from preferential reaction of 6 with methanol,
which is generated as a by-product in this reaction and is more
nucleophilic than water.

Diaminocarbene derivatives should be less prone to give
this reaction pattern. To test this premise, the pentafluor-
ophenyl diaminocarbene derivative [PdPfBr{C(NHMe)-
(NHCH2Ph)}(PPh3)] (9), which is analogous to 4b, was
synthesized (Scheme 3).[13] No change was observed in the
NMR spectrum of a solution of 9 in CDCl3 over 20 days at
room temperature; 4b gives 7 under the same conditions
(23% decomposition after 10 days). A solution of 9 kept at
50 �C for 10 days also remains unchanged.

Pd
Cl

Pf

BzH2N C
NHMe

NHBz
PPh3

 2  NH2Bz
Pd

MeNC

ClPf

Pd
Cl

Pf
Ph3P C

NHMe

NHBz

1/2

- BzNH2

8

9

2

Scheme 3. Synthesis of palladium diaminocarbene complexes.

In summary, a migratory insertion reaction has been
described for aryl carbene complexes of palladium. The
reaction is intramolecular and is favored by the interaction of
an electrophilic carbene carbon atom with the �-electron
density of the aryl group and, as the structure of 4a shows,
both groups are appropriately oriented in the ground state.
The electrophilicity of the carbene carbon atom is modulated
by its substituents: (C(NR�2�2)� (CR��(NR�2�)�CR��(OR�).
The �-electron density on the Cipso atom of the pentafluor-
ophenyl group is lower than in a phenyl ring and the migratory
insertion is expected to be slower. As a result, pentafluor-
ophenyl monoaminocarbenes of palladium are stable enough
to be characterized, but still sufficiently reactive to provide a
nice picture of the migratory insertion reaction.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 13 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2365 $ 20.00+.50/0 2365

Experimental Section

All manipulations were carried out by using Schlenk techniques. Com-
plexes 1a,[14] 1b,[15] 2,[16] and 8[13] were prepared according to literature
methods. All palladium carbene complexes gave satisfactory elemental
analyses. Only selected spectroscopic data are included. For full exper-
imental details see the Supporting Information.

trans-3 : Equimolar amounts of 1a and 2 were mixed in MeCN and stirred
for 18 h at room temperature. The solvent was evaporated to dryness and
the residue was extracted with CHCl3. The resulting yellow solution was
filtered through activated carbon, concentrated (ca. 2 mL), and Et2O was
added. The solution was cooled to �20 �C to afford 3 as a yellow solid.
Yield 58%. trans-3 is a 1.3:1 mixture of syn (3) and anti (3�) isomers in
solution. 1H NMR (300 MHz, CDCl3): �� 7.38 ± 6.77 (5H; Ph, 3/3�), 5.23
(dq, J� 14.4, 7.2 Hz, 1H; CHH, 3�), 5.13 (m, 1H; CHH, 3�), 5.11 (q, 2H;
CH2, 3), 3.55 (dq, J� 14.4, 7.2 Hz, 1H; CHH�, 3/3�), 3.42 (dq, J� 14.4,
7.2 Hz, 1H; CHH�, 3/3�), 1.56 (t, J� 7.2 Hz, 3H; CH3, 3), 1.52 (t, J� 7.2 Hz,
3H; CH3, 3�), 1.02 (t, J� 7.2 Hz, 3H; CH�3, 3�), 1.01 ppm (t, J� 7.2 Hz, 3H;
CH�3, 3); 19F NMR (282 MHz, CDCl3, 253 K): ���164.0 (m, 1F;m-Pf, 3�),
�163.8 (m, 1F;m-Pf, 3),�162.6 (m, 1F;m-Pf, 3),�162.3 (m, 1F;m-Pf, 3�),
�160.1 (t, 1F; p-Pf, 3), �160.0 (t, 1F; p-Pf, 3�), �117.9 (m, 1F; o-Pf, 3�),
�117.5 (m, 2F; o-Pf, 3), �117.1 ppm (m, 1F; o-Pf, 3�); 13C{1H} NMR
(75.4 MHz, CDCl3, 253 K): �� 229.24 (s; Pd�C, 3�), 228.89 ppm (s; Pd�C,
3).

cis-3 : 1H NMR (300 MHz, CDCl3): �� 7.74 ± 7.14 (m, 5H; Ph), 5.32 ± 4.93*
(2H; CH2), 3.60* (2H; CH�2�, 1.64 (t, J� 7.2 Hz, 3H; CH3), 1.09 ppm (m,
3H; CH�3� ; 19F NMR (282 MHz, CDCl3): ���165.00 (m, 2F; m-Pf),
�162.82 (t, 1F; p-Pf), �116.65 ppm (m, 2F; o-Pf). *Signal overlaps with
signals of the trans isomers.

Complexes 4a and 4b were obtained by the addition of a stoichiometric
amount of the phosphane to a solution of 3 in CH2Cl2. After 1 h at room
temperature, the solvent was evaporated to dryness and n-hexane was
added to afford, after cooling at �20 �C, pale orange solids.

4a : Yield 50%. 1H NMR (300 MHz, CDCl3): �� 7.30 ± 6.80 (5H; Ph), 4.75
(q, J� 7.3 Hz, 2H; CH2), 3.36 (dq, J� 13.6, 6.8 Hz, 1H; CHH�), 3.51 (dq,
J� 13.6, 6.8 Hz, 1H; CHH�), 1.54 (t, J� 6.8 Hz, 3H; CH3), 1.19 (t, J�
9.6 Hz, 9H; PCH3), 1.08 ppm (t, J� 6.8 Hz, 3H; CH�3� ; 19F NMR
(282 MHz, CDCl3): ���163.82 (m, 1F; m-Pf), �162.89 (m, 1F; m-Pf),
�160.80 (t, 1F; p-Pf), �116.51 ppm (m, 2F; o-Pf); 31P{1H} NMR
(121.4 MHz, CDCl3): ���17.34 ppm (d, 4JF,P� 7.87 Hz); 13C{1H} NMR
(75.4 MHz, CDCl3, 263 K): �� 244.27 ppm (d, 2JC,P� 151.3 Hz; Pd�C).
4b : Yield 69%. 1H NMR (300 MHz, CDCl3): �� 7.58 ± 6.95 (20H; Ph), 4.93
(q, J� 7.0 Hz, 2H; CH2), 3.62 (dq, J� 13.8, 6.9 Hz, 1H; CHH�), 3.42 (dq,
J� 13.8, 6.9 Hz, 1H; CHH�), 1.62 (t, J� 6.9 Hz, 3H; CH3), 1.11 ppm (t, J�
6.9, 3H; CH�3� ; 19F NMR (282 MHz, CDCl3): ���164.63 (m, 1F; m-Pf),
�163.19 (m, 1F; m-Pf), �162.41 (t, 1F; p-Pf), �117.20 (m, 1F; o-Pf),
�116.42 ppm (m, 1F; o-Pf); 31P{1H} NMR (121.4 MHz, CDCl3): ��
21.73 ppm (d, 4JF,P� 7.15 Hz); 13C{1H} NMR (75.4 MHz, CDCl3, 263 K):
�� 241.62 ppm (d, 2JC,P� 142.4 Hz; Pd-C).

5 : 1H NMR (300 MHz, CDCl3): �� 7.76 ± 7.63 (5H; Ph), 4.75 (q, J� 7.2 Hz,
2H; CH2), 4.62 (q, J� 7.2 Hz, 2H; CH�2�, 1.67 (t, 3H; CH3), 1.38 ppm (t,
3H; CH�3� ; 19F NMR (282 MHz, CDCl3): ���155.90 (m, 2F; m-Pf),
�142.88 (t, 1F; p-Pf), �134.78 ppm (m, 2F; o-Pf).

6 : A solution of 1b and 2 in THF was stirred at room temperature for
40 min. Compound 6 was obtained by evaporation to dryness and addition
of Et2O at �20 �C. Yield 32%. 1H NMR (300 MHz, CDCl3, 263 K): ��
8.15 ± 7.30 (m, 4H; Ph), 5.55 (m, 1H; benz-�3-Ph), 3.51 ppm (s, 3H; OCH3);
19F NMR (282 MHz, CDCl3, 263 K): ���160.64 (m, 2F; m-Pf), �150.55
(t, 1F; p-Pf), �135.93 (br, 1F; o-Pf), �127.54 ppm (br, 1F; o-Pf).

7: 1H NMR (300 MHz, CDCl3): �� 7.87 (m, 2H; o-Ph), 7.70 (m, 1H; p-Ph),
7.54 ppm (m, 2H; m-Ph); 19F NMR (282 MHz, CDCl3): ���160.28 (m,
2F; m-Pf), �150.88 (t, 1F; p-Pf), �140.30 ppm (m, 2F; o-Pf).

Pf(Ph)C(OMe)2: 1H NMR (300 MHz, CDCl3): �� 7.61 (m, 2H;m-Ph), 7.46
(m, 1H; p-Ph), 7.34 (m, 2H; o-Ph), 3.23 ppm (6H; OCH3); 19F NMR
(282 MHz, CDCl3): ���162.48 (m, 2F; m-Pf), �155.01 (t, 1F; p-Pf),
�139.35 ppm (m, 2F; o-Pf).

9 : Two atropisomers were found in solution at room temperature (1.25:1
ratio). Isomer 1: 1H NMR (300 MHz, CDCl3): �� 7.61 ± 7.26 (20H; Ph),

6.70 (m, 1H; HNCH2Ph), 5.72 (m, 1H; HNMe), 4.30 (d, J� 5.0 Hz, 2H;
HNCH2Ph), 3.56 ppm (d, J� 4.4 Hz, 3H; HNCH3); 19F NMR (282 MHz,
CDCl3): ���163.48 (m, 2F; m-Pf), �162.36 (t, 1F; p-Pf), �117.40 ppm
(m, 2F; o-Pf); 31P{1H} NMR (121.4 MHz, CDCl3): �� 21.30 ppm. Isomer 2:
1H NMR (300 MHz, CDCl3): �� 7.61 ± 7.26 (20H; Ph), 6.49 (m, 1H;
HNMe), 5.72 (m, 1H; HNCH2Ph), 5.36 (d, J� 5.2 Hz, 2H; HNCH2Ph),
2.77 ppm (d, J� 4.9 Hz, 3H; HNCH3); 19F NMR (282 MHz, CDCl3): ��
�163.37 (m, 2F; m-Pf), �162.29 (t, 1F; p-Pf), �117.77 ppm (m, 2F; o-Pf);
31P{1H} NMR (121.4 MHz, CDCl3): �� 21.69 ppm; 13C{1H} NMR
(75.4 MHz, CDCl3): �� 198.52 ppm (d, 2JP,C� 146.4 Hz; Pd�C, both iso-
mers).

X-ray structural analysis of 4a: a yellow prism (0.2� 0.12� 0.05 mm)
obtained by slow evaporation of a solution in CH2Cl2 was mounted on the
tip of a glass fiber. X-ray measurements were made using a Bruker SMART
CCD area-detector diffractometer with MoK� radiation (�� 0.71073 ä).
Crystal data: C20H24BrF5NPPd, Mr� 590.68, monoclinic P2(1)/c, a�
9.168(6), b� 19.028(12), c� 13.969(9) ä, �� �� 90, �� 102.235(13)�,
V� 2382(3) ä3, Z� 5, �calcd� 2.059 gcm�3, F(000)� 1460; �(MoK�)�
3.211 mm�1. 9864 reflections were collected (1.84��	� 21.69�). Intensities
were integrated and the structure was solved by direct methods. Full-matrix
least-squares refinement (on F 2) based on 2921 independent reflections
converged with 267 variable parameters and no restraints. Non-hydrogen
atoms were refined anisotropically and hydrogen atoms were constrained
to ideal geometries and refined with fixed isotropic displacement param-
eters. R1� 0.0316, for F 2� 2
(F 2); wR2� 0.0749. GOF (F 2)� 0.937. The
max/min residual electron density was 0.669/� 0.336 eä3. CCDC-178512
contains the supplementary 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.cam.ac.uk).
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Asymmetric Baeyer±Villiger Reaction with
Hydrogen Peroxide Catalyzed by a Novel
Planar-Chiral Bisflavin**
Shun-Ichi Murahashi,* Satoshi Ono, and
Yasushi Imada*

Metal-free organocatalytic reactions, especially enantiose-
lective ones, have attracted increasing attention as a comple-
ment to metal-catalyzed and enzyme-catalyzed reactions.[1]

Organocatalytic reactions have several advantages, for exam-

ple, the availability of structural diversity of the catalysts in
optically pure form and their stability under aerobic and
aqueous conditions, and the catalysts are often more stable
than enzymes.

In 1989 we demonstrated that 5-alkylated flavins can be
used as organocatalysts for oxidations based on the precise
kinetic study on the recycling step of flavoenzymes.[2] Thus,
the flavin-catalyzed biomimetic oxidations of sulfides and
amines with hydrogen peroxide occurs highly efficiently to
give the corresponding sulfoxides and nitrones, respectively.
A novel method for enantioselective oxidation with organo-
catalysts can be developed if one can design suitable chiral
flavin catalysts. We report herein that a flavin-catalyzed
asymmetric Baeyer ±Villiger reaction of cyclobutanones can
be performed with up to 74% ee [Eq. (1)].

O R
O

O

R

CF3CH2OH/MeOH/H2O

(S,S,pR,pR)-1 (cat.)

AcONa (cat.)

2 3

+ H2O2
*

(1)

Much attention has been focused on the asymmetric
Baeyer ±Villiger reaction, because this is the direct route to
obtain optically active lactones from cyclic ketones.[3] Tran-
sition-metal catalysts in the asymmetric Baeyer ±Villiger
reactions of cyclic ketones have been studied extensively:
copper with a combination of molecular oxygen and alde-
hyde,[4] platinum with H2O2,[5] titanium with tert-butyl hydro-
peroxide,[6] cobalt with urea ¥H2O2,[7] and magnesium[8] and
aluminum[9] with cumene hydroperoxide; selectivities of up to
77% ee were observed. Enantioselective Baeyer ±Villiger
reactions have been also performed by using microbial whole
cell cultures[10] as well as purified enzymes[11] with stoichio-
metric amounts of NADPH as a cofactor.

Catalytic Baeyer ±Villiger reactions have been shown to
occur in the presence of flavin catalyst,[12] which is similar to
our catalyst.[2] Therefore, we wanted to design chiral flavin
catalysts for enantioselective oxidation reactions. Planar-
chiral flavins have been prepared and used for the asymmetric
oxidation of sulfides.[13, 14] However, the synthesis of the
catalysts is very tedious because of the need for optical
resolution with preparative HPLC. To prepare chiral flavin
catalysts simply without optical resolution, we designed
planar-chiral C2-symmetric bisflavinium perchlorate 1
(Scheme 1), in which each of the flavin moieties blocks one
plane of the other flavin moiety. The bisflavin catalyst 1 was
prepared in three steps without resolution. Treatment of (S,S)-
1,2-diaminocyclohexane (4) with o-fluoronitrobenzene (5)
gave (S,S)-1,2-bis[(2-nitrophenyl)amino]cyclohexane (6) in
77% yield. Catalytic hydrogenation of 6 over palladium on
charcoal and subsequent treatment with 3-methylalloxan[15]

gave C2-symmetric bisflavin 7 in 90% yield [m.p. 223.5 ±
224.6 �C; [�]25D ��401 (c� 0.20 in CHCl3)] in diastereomeri-
cally pure form. The stereochemistry was determined by
difference NOE experiments of 7;[16] irradiation of the Hb

proton (�� 8.38 ppm) caused a 20% enhancement of the
signal for Ha (�� 7.30 ppm) and caused no detectable
enhancement of other signals on the cyclohexane ring, from
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Scheme 1. Synthesis of 1. a) K2CO3, EtOH, reflux, 36 h, 77%; b) H2, Pd/C,
AcOH, room temperature, 3 h; c) 3-methylalloxan, B(OH)3, AcOH, 10 h,
90% over two steps; d) CH3CHO, NaBH3CN, Na2S2O4, DMF, 60 �C, 3 h;
e) HClO4, NaNO2, NaClO4, H2O, 1 h, 80% over two steps. DMF�N,N-
dimethylformamide.

which the (S,S,pR,pR) stereochemistry can be deduced. This
diastereomer (of three possibilities) was obtained exclusively
as a result of rotational restriction between two flavin
moieties. The energy minima of the three possible diaster-
eomers were calculated by the semi-empirical molecular-
orbital method (AM1).[17] The energy of (S,S,pR,pR)-7 is the
lowest and is 4.6 and 6.5 kcalmol�1 lower than that of
(S,S,pS,pS)-7 and (S,S,pR,pS)-7, respectively. The violet cata-
lyst 1 was obtained upon treatment of 7 with ethanal and
NaBH3CN and subsequent treatment with HClO4, NaNO2,
and NaClO4 [m.p. 220 �C (dec.)].[18] The antipode
(R,R,pS,pS)-7 was also prepared from (R,R)-4 in a similar
manner.

Treatment of 3-phenylcyclobutanone (2a ; R�Ph) with a
solution of hydrogen peroxide (30%) in the presence of
bisflavin (S,S,pR,pR)-1 (10 mol%) at �30 �C gave optically
active 3-phenyl-�-butyrolactone (3a). The S configuration of
3a was confirmed by comparison of the optical rotation with
that reported in the literature.[19] The enantiomeric excess of
3a was determined by HPLC analysis with a chiral column
(Daicel Chiralpak AS).

The enantioselectivity is strongly dependent on the solvent
used. Representative results of the solvent effect on the
catalyzed oxidation of 2a are summarized in Table 1. Higher
enantioselectivities were obtained when a protic solvent was
used. The reaction in MeOH or a MeOH/water mixture (2:1)
gave the lactone (S)-3a with 35 and 45% ee, respectively, in
lower yields, because of the formation of the dimethyl ketal of
2a (Table 1, entries 3 and 4). The reaction in trifluoroethanol
or 1,1,1,3,3,3-hexafluoro-2-propanol gave (S)-3a with low
enantioselectivity, because the noncatalyzed reaction with
hydrogen peroxide occurs fast.[20] When a mixture of solvents
(CF3CH2OH/MeOH/water 6:3:1) was used, both noncata-
lyzed reaction and ketalization were retarded, and higher
enantioselectivity (55% ee) was observed (Table 1, entry 7).
Furthermore, a catalytic amount of AcONa was added to trap
perchloric acid, which is formed from the reaction of the flavin
catalyst with hydrogen peroxide.[21] Thus, the oxidation of 2a
with hydrogen peroxide in the presence of bisflavin 1

(10 mol%) and AcONa (25 mol%) gave (S)-3a in 67% yield
with 63% ee (Table 1, entry 8). Without the catalyst 1 no
oxidation occurred. The opposite enantiomer (R)-3a was
obtained when (R,R,pS,pS)-1 was used as a catalyst (Table 1,
entry 9). A protic solvent is essential to obtain higher
enantioselectivity, which indicates that the hydrophobic � ±
� stacking between the aromatic ring of the catalyst 1 and that
of a substrate seems to play an important role in asymmetric
induction.[22, 23] Such a solvent effect is not observed for the
metal-catalyzed asymmetric Baeyer ±Villiger reaction.[7]

Various 3-aryl-substituted cyclobutanones can be oxidized
enantioselectively by using the novel chiral flavin catalyst 1 in
the presence of AcONa. Representative results are summar-
ized in Table 2. The enantioselectivity was slightly influenced
by the electronic effect of the 3-arylcyclobutanones 2. The
cyclobutanone bearing p-bromophenyl group was converted
into the lactone 2d with 68% ee. 3-(4-Fluorophenyl)-�-
butyrolactone (3 f) was obtained with 74% ee at �50 �C.

The reaction can be rationalized by assuming the mecha-
nism shown in Scheme 2.[2] The enantioselectivity is induced
by face selectivity in the formation of the Criegee adduct.
Since one face of the catalyst is completely blocked, the
substrate would be attacked by the opposite side of the other

Table 1. Effect of solvent on the bisflavin-catalyzed asymmetric Baeyer±
Villiger reaction of 2a with H2O2.[a]

Entry Solvent Yield [%] ee [%][b]

1 CH2Cl2 13 8 (S)
2 MeCN 61 22 (S)
3 MeOH 15 35 (S)
4 MeOH/H2O (2:1) 17 45 (S)
5 CF3CH2OH 89 8 (S)
6 CF3CH2OH[c] 81 31 (S)
7 CF3CH2OH/MeOH/H2O (6:3:1) 52 55 (S)
8 CF3CH2OH/MeOH/H2O (6:3:1)[c] 67 63 (S)
9 CF3CH2OH/MeOH/H2O (6:3:1)[c,d] 64 62 (R)

[a] A mixture of 2a (0.2 mmol), (S,S,pR,pR)-1 (0.02 mmol), and H2O2

(0.3 mmol) in solvent (1 mL) was stirred at �30 �C for 6 days. [b] Deter-
mined by HPLC analysis with a chiral stationary phase (Daicel Chiral-
pak AS, hexane/2-propanol 9:1). [c] AcONa (0.05 mmol) was added. The
reaction was carried out in 0.5 mL of solvent. [d] (R,R,pS,pS)-1 was used as
catalyst.

Table 2. Asymmetric Baeyer ±Villiger reaction of 3-arylcyclobutanones
catalyzed by (S,S,pR,pR)-1.[a]

Entry 2 R Yield [%][b] ee [%][c]

1 b 4-MeOC6H4 67 61 (�)
2 c 4-MeC6H4 53 62 (�)
3 a Ph 67 63 (S)
4 d 4-BrC6H4 28 68 (�)
5 e 4-ClC6H4 34 66 (S)
6 f 4-FC6H4 55 65 (�)
7 f 4-FC6H4 17[d] 74 (�)
[a] A mixture of substrate 2 (0.6 mmol), 1 (0.06 mmol), AcONa
(0.15 mmol), and H2O2 (0.9 mmol) in CF3CH2OH/MeOH/H2O (6:3:1,
1.5 mL) was stirred at�30 �C for 6 days. [b] Determined by HPLC analysis
with a chiral stationary phase, Daicel Chiralpak AS. [c] The absolute
configuration was determined by comparison with reported data.[19] [d] The
reaction was carried out at �50 �C.
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Formation of High-Quality CdS and Other
II ±VI Semiconductor Nanocrystals in
Noncoordinating Solvents: Tunable Reactivity
of Monomers**
W. William Yu and Xiaogang Peng*

Semiconductor nanocrystals are of great interest for both
fundamental research and industrial development.[1, 2] The
lack of adequate synthetic methods for nanocrystals of the
desired quality is currently a bottleneck in this field.[3] The
relatively successful approaches, including the organometallic
approach[4±8] and its alternatives,[9±13] are exclusively per-
formed in coordinating solvents. Evidently, only a few
compounds can act as the coordinating solvents,[11] and this
makes it extremely challenging to identify a suitable reaction
system for growing high-quality nanocrystals in most cases.
Here we show that noncoordinating solvents not only are
compatible with the synthesis of semiconductor nanocrystals,
but also provide tunable reactivity of the monomers by simply
varying the concentration of ligands in the solution. The
tunable reactivity of the monomers provides a necessary
balance between nucleation and growth, which is the key for
control over the size and size distribution of the resulting
nanocrystals.[5] In practice, such tunability has great potential
to promote the synthesis of various semiconductor nano-
crystals to the level of that of the well-developed CdSe
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Scheme 2. Mechanism for the bisflavin-catalyzed asymmetric Baeyer±
Villiger reaction.

flavin group. The asymmetric induction seems to be induced
by hydrophobic � ±� stacking between the phenyl ring of the
substrate and that of the catalyst to fix the direction of the
substrate. Nucleophilic attack of the hydroperoxyflavin at the
carbonyl group of the substrate occurs from the opposite side
of the phenyl group of the substrate. Thus intramolecular
rearrangement occurs antiperiplanar to the leaving group[3b]

to give the (S)-�-butyrolactone.
In conclusion, we demonstrated that novel planar-chiral

bisflavinium perchlorate 1 catalyzes the asymmetric Baeyer ±
Villiger reaction of cyclobutanones with hydrogen peroxide to
give the corresponding optically active lactones with up to
74% ee. This is the first demonstration that organic chiral
compounds can catalyze asymmetric Baeyer ±Villiger reac-
tions, and will become a trigger to provide future environ-
mentally friendly, clean organocatalytic oxidation reactions.
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nanocrystals in coordinating solvents. A successful synthetic
scheme for high-quality CdS nanocrystals is demonstrated
here.

The noncoordinating solvent used in this study was
octadecene (ODE), which is a liquid at room temperature
and boils at about 320 �C. Oleic acid, a natural surfactant, was
chosen as the ligand for stabilizing the nanocrystals and the
cationic precursors. For the synthesis of CdS, the precursors
were CdO and elemental sulfur, two naturally occurring
minerals. For the synthesis of CdS nanocrystals (for details,
see Experimental Section), CdO was dissolved in ODE by
reaction with oleic acid at elevated temperature. Into this hot
solution, a room-temperature solution of elemental sulfur in
ODE was injected. The reaction was monitored by UV/Vis
absorption and photoluminescence (PL) spectroscopy by
taking aliquots from the reaction flask.

The power of noncoordinating solvents is demonstrated by
the results shown in Figure 1. All reactions in Figure 1 were
performed under identical conditions, except for the concen-
tration of oleic acid in the reaction mixture. With pure oleic
acid as coordinating solvent, only a small amount of bulk CdS
particles were observed. As the concentration of oleic acid in
ODE decreased, the growth rate of the nanocrystals slowed
down systematically, and the size distribution of the resulting
nanocrystals became significantly narrower at the focus of the
size distribution,[5] as indicated by the sharpness of the first
absorption peak of the sharpest spectrum in each series.

Similar results were obtained for the synthesis of ZnSe and
CdSe nanocrystals in ODE with oleic acid as ligand. ZnSe
nanocrystals, regardless of their size, cannot be formed in pure
oleic acid, pure trioctylphosphane oxide (TOPO), or a
mixture thereof as coordinating solvent. This even holds for
the traditional organometallic approach.[7] However, using a
dilute solution of oleic acid in ODE, we observed the
formation of ZnSe nanocrystals with a decent size distribu-
tion. In pure fatty acids or mixtures thereof with TOPO, it is
not practical to synthesize CdSe nanocrystals with relatively
small sizes (�4 nm).[11] With ODE as noncoordinating solvent
and an appropriate amount of oleic acid as ligand, the size of

CdSe nanocrystals can range from approximately 1.5 to 20 nm
in a controllable fashion.

The influence of the concentration of oleic acid on the
growth kinetics of CdS nanocrystals (Figure 1) and of other
types of semiconductor nanocrystals is dramatic. This influ-
ence is the result of the tuned reactivity of the cationic
monomers in the noncoordinating solvent, where the term
™cationic monomer∫ refers to all cadmium or zinc species in
solution that are not in the form of nanocrystals.[14] A reaction
mixture for the synthesis of CdS in ODE after a given reaction
time was separated to two fractions by extraction with CHCl3/
CH3OH (1:1). Apparently, the CdS nanocrystals are only
soluble in the ODE phase, and oleic acid and cadmium oleate
are both extracted into the CHCl3/CH3OH phase. This
separation was confirmed by UV/Vis and FTIR measure-
ments (see Figure 2, left and Supporting Information). After
this separation, the concentration of unconverted cadmium

Figure 2. Spectroscopic monitoring of the separation of CdS nanocrystals
from oleic acid and unconsumed cadmium oleate (left). Temporal
evolution of the monomer concentrations in ODE with different oleic
acid concentrations (right). [Cd]�Cd monomer concentration.

oleate in the reaction solution was determined by atomic
absorption spectroscopy (Figure 2, right). The concentration

of cadmium monomer in the solution dropped very
quickly during the first 20 s, and the rate of this
depletion increased with decreasing oleic acid con-
centration (Figure 2, right). From the spectra in
Figure 1, one can find that the average size of the
nanocrystals about 20 s after the injection decreased
systematically with decreasing initial oleic acid
concentration. Similar results were obtained for
the formation of other types of semiconductor
nanocrystals. Hence, it is safe to conclude that the
number of nanocrystals (nuclei) formed in the initial
nucleation stage increased significantly with in-
creasing initial oleic acid concentration. This con-
clusion indicates that the reactivity of the monomers
in solution increases significantly when the ligand
concentration in solution decreases.

In contrast, the depletion rate of the monomers
did not change much with a different initial oleic
acid concentration after the initiation stage of the
reactions, although the remaining monomer con-

Figure 1. Temporal evolution of the absorption spectrum of the CdS nanocrystals grown
in ODE with different oleic acid concentrations [OA]. The absorption peaks of a magic-
sized nanocluster are marked � . A� absorbance.
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centration was higher for the reactions with a higher oleic acid
concentration. Likely, this is caused by two conflicting factors.
In comparison to a reaction with a lower ligand concentration,
the reactivity of the monomers of a given reaction was lower
but the remaining concentration of the monomers was higher.

The influence of the ligand concentration in controlling the
size and size distribution of the nanocrystals is dramatic
(Figure 1). According to current understanding, control of the
size distribution of growing colloidal nanocrystals is achieved
by a balance between nucleation and growth. A successful
synthetic scheme should start with a fast and short nucleation
period, which is followed by a growth stage without either
prolonged nucleation or ripening, which is referred as
™focusing of size distribution∫.[5] If too many nuclei were
formed in the initial nucleation period, the remaining mono-
mers would not be sufficient to promote the focusing of size
distribution for a sufficient time, and this would result in an
undesired Ostwald ripening or defocusing of size distribution.
If too few nuclei formed, the growth reaction would be too
fast to be controlled to reach the desired size and size
distribution. To achieve this essential balance between
nucleation and growth, a nearly continuous tunable reactivity
of the monomers is desirable. As discussed above, such
tunability can be readily achieved by simply altering the
ligand concentration in a noncoordinating solvent. This
tunability may indicate that the cadmium monomers in the
solution at elevated temperatures are not simply cadmium
oleate. The number of ™nearby∫ ligands for each cadmium ion
may strongly depend on the concentration of the ligands in the
bulk solution. Consequently, the reactivity of those cadmium
complexes at elevated temperatures varies with the ligand
concentration in solution.

To our knowledge, the UV/Vis absorption and photo-
luminescence (PL) spectra shown in Figure 3 are among the
sharpest for CdS nanocrystals reported,[8, 15, 16] and this

Figure 3. UV/Vis absorption and photoluminescence (PL) spectra of the
as-prepared CdS nanocrystals with different sizes. IPL� photoluminescence
intensity.

indicates a superior size distribution of the nanocrystals
formed in ODE. The achievable size range is also plausible
when compared to the existing synthetic schemes.[8, 15, 16] The
approach with a noncoordinating solvent presented here can
reproducibly and controllably generate CdS nanocrystals in
almost the entire quantum confined size regime (ca. 1 ± 6 nm),
with the first exciton absorption peak from 305 nm (likely a
magic size, see Figure 1) to about 440 nm. The PL of the CdS
nanocrystals is dominated by the band-edge emission, except
for those smaller than about 2 nm. Transmission electron
microscope (TEM) measurements (Figure 4) confirmed that

Figure 4. X-ray diffraction pattern (top), TEM image (bottom, left), and
the corresponding size-distribution diagram of the CdS nanocrystals
(bottom, right).

the size distribution of the as-prepared CdS nanocrystals was
nearly monodisperse in the entire size range mentioned
above, with a relative standard deviation of 5 ± 15% without
any size sorting. The diffraction pattern seems to combine that
of wurtzite nanocrystals with one or more zinc blende stacking
faults along the c axis.[8] Importantly, the synthesis can also be
performed with the reaction system open to air without
deteriorating the quality of the nanocrystals (see Supporting
Information).

In conclusion, the temporal course of the nucleation and
growth of semiconductor nanocrystals can be tuned by simply
changing the concentration of the ligands in a noncoordinat-
ing solvent. Such flexibility is impossible for a synthesis
performed in coordinating solvents. Appropriate reactivity of
the monomers, manipulated by varying the ligand concen-
tration in noncoordinating solvent, led to a balance between
the two conflicting requirements of a successful synthetic
scheme: a fast but short nucleation stage and a slow but long
growth stage without Ostwald ripening.[5] Although this work
focused on the synthesis of II ±VI semiconductor nanocrystals
in ODE, we believe ODE will not be a unique noncoordinat-
ing solvent, and other such solvents should be suitable for the
synthesis of different types of colloidal nanocrystals. The
introduction of noncoordinating solvents further enhances the
possibility of implementing green-chemical principles into the
design of synthetic schemes for colloidal nanocrystals, which
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An Umpolung Approach to cis-Hyponitrite
Complexes**
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Jerome A. Imonigie, and Seth Levine
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on the Occasion of his 60th Birthday

The reductive dimerization of nitric oxide to give nitrous
oxide is an important process both in the remediation of
nitrogen-oxide pollutants in flue and exhaust gases by
heterogeneous platinum metals,[1] and in the use of the
oxyanions of nitrogen as terminal electron acceptors by
dissimilatory bacteria.[2] In these transformations the key step
is the formation of the nitrogen ± nitrogen double bond, and
here the frequently proposed mechanism is the stereospecific
dimerization of nitroxyl, NO�, to give cis hyponitrite, followed
by elimination of nitrous oxide, [Eq. (1)].[3]

Unlike trans hyponitrite, for which there is an extensive and
well established structural,[4] mechanistic,[5±8] and derivative
chemistry,[9] our knowledge of cis hyponitrite is sparse.
Although an elegant spectroscopic and structural study of
sodium cis hyponitrite,[10, 11] derived from the solid-state
reaction of sodium oxide and nitrous oxide, established a
new benchmark for this area, the reactivity of the free or
coordinated dianion remains vaguely outlined. Thus key
aspects of the kinetics and mechanism of the decomposition of
cis hyponitrite, its coordination chemistry, and alkylation
remain unknown. Furthermore, there is only a solitary
structurally characterized complex of a chelated mononuclear
cis hyponitrite, [Pt(�2-O2N2)(PPh3)2], which results from the
equally unique oxidative coupling of two nitric oxides by
[Pt(PPh3)4].[12±18] Related reactions for different late transition
metals are thought to give trans-hyponitrite complexes.[19±21]

Herein we describe: 1) a new general method for the
introduction and stabilization of cis hyponitrite in the coor-
dination sphere of a metal, 2) the structure of one of these
complexes, [Ni(�2-O2N2)(dppf)], (dppf� 1,1�-bis(diphenyl-
phosphanyl)ferrocene), and 3) the reactivity of these new
cis-hyponitrite complexes.

We recently described the synthesis of a new class of
diazeniumdiolates, RN2O2

�, from the base-mediated conden-
sation of 2,4,6-trisubstituted phenols with nitric oxide.[22] In
the course of characterizing one of these derivatives, with R�
OMe, 1, we observed rapid acid-promoted stoichiometric

may become significant for industrial production of those
novel materials.[3] As demonstrated above, the procedure and
the chemicals used for the synthesis of high-quality CdS
nanocrystals are simple, safe, and inexpensive in comparison
to those reported previously.[8, 15, 16]

Experimental Section

Typically, a mixture (4 g in total) of CdO (0.0128 g, 0.10 mmol), oleic acid
(0.30 ± 21.2 mmol), and technological-grade ODE (Aldrich) was heated to
300 �C. A solution of sulfur (0.0016 g, 0.05 mmol) in ODE was swiftly
injected into this hot solution, and the reaction mixture was allowed to cool
to 250 �C for the growth of CdS nanocrystals. The synthesis can be carried
out under argon or open to air. Aliquots were taken at different time
intervals, and UV/Vis and PL spectra were recorded for each aliquot. XRD
and TEM measurements were also performed to characterize the
crystallinity, size, and size distribution of the resulting crystals. The size-
distribution diagrams were obtained by measuring about 500 individual
CdS nanocrystalline particles on enlarged photographs. All the measure-
ments were performed on the original aliquots without any size sorting. The
unconsumed cadmium precursor was separated from the nanocrystals by
the repeated extraction of the reaction aliquots with an equal volume of
CHCl3/CH3OH (1:1). The extraction process was monitored by a UV/Vis
absorption spectrophotometer. The size of the resulting nanocrystals were
determined by TEM measurements and literature data on size versus the
position of the first sorption peak.[8, 16] The characterization and sample
preparation of the nanocrystals, including X-ray diffraction, TEM, PL, and
UV/Vis, were reported in a previous paper.[14] The size distribution was also
determined by using the method reported in ref. [14] The CdSe and ZnSe
nanocrystals were synthesized in a similar fashion; the selenium precursor
was a solution of selenium/tributylphosphane (1:1.1) in ODE.
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decomposition to generate nitrous oxide and 2,6-di-tert-
butylbenzoquinone (2 ; Scheme 1). This unusual umpolung
in the heterolysis of the C�N bond suggested that the reaction
might occur for other electrophiles, most notably transition
metals. In this case the result proves to be a new approach to
cis-hyponitrite complexes. Thus the reaction of 1 and divalent
Group 10 transition-metal complexes results in the rapid
formation of new diamagnetic square-planar cis-hyponitrite
complexes, 3a ± e, at room temperature in high yield, as well
as known cis-hyponitrite complex 3 f (Scheme 1, diphos� 1,2-
ethanediyldis[(diphenyl)phosphane]). The net transfer of
N2O2

2� to a transition metal from a diazeniumdiolate such
as 1 is a new reactivity pattern for these reagents which usually
form chelates or occasionally reductively nitrosylate metal
centers.[23] Crystallographic characterization of 3a by single-
crystal X-ray diffraction (Figure 1) confirms the chelation of a
cis-hyponitrite ligand in a square-planar complex. The dppf
ligand adopts a common[24] but compact synclinal staggered
configuration with the P(1)-centroid(1)-centroid(2)-P(2)

Figure 1. ORTEP representation for 3a with the hydrogen atoms omitted.
Selected bond lengths [ä] and angles [�]: Ni(1)-O(1) 1.820(4), Ni(1)-O(2)
1.818(4), O(1)-N(1) 1.400(6), N(1)-N(2) 1.236(6), N(2)-O(2) 1.385(5),
Ni(1)-P(1) 2.180(2), Ni(1)-P(2) 2.205(2); O(1)-Ni(1)-O(2) 83.9(2), Ni(1)-
O(1)-N(1) 112.2(3), O(1)-N(1)-N(2) 115.4(4), N(1)-N(2)-O(2) 115.4(5),
N(2)-O(2)-Ni(1) 112.9(3), P(1)-Ni(1)-P(2) 101.59(6).

dihedral angle (�) of 28.5�. Prior structural
determinations of cis-hyponitrite complexes,
[(H3N)5CoN(O)NOCo(NH3)5](NO3)4,[25] and
[Pt(�2-O2N2)(PPh3)2],[12] have proven troublesome
and were only refined to conventional R factors of
16 and 11%, respectively, for the more intense
data.

Unlike trans hyponitrite which is readily proton-
ated or alkylated to give metastable RONNOR or
RONNO� adducts (R�H� or R�),[9] the only
known metastable derivatives of cis hyponitrite
involve O,O chelation or O,N dicoordination to
transition-metal centers. Thus cis RONNOR or
cis RONNO� are unknown, and the latter have
been theoretically predicted to have very low
energy barriers for the elimination of RO� ions

and nitrous oxide.[9] Electrophiles, such as HCl or Me3SiCl,
readily cleave 3a ± f to return [L2MCl2] and nitrous oxide.
Nitrous oxide is also generated during the thermolysis of 3a ± f,
which all exothermally decompose at relatively low temper-
atures, between 75 and 120 �C, to give black insoluble residues.
In addition to their thermal instability the new cis-hyponitrite
complexes 3a ± e photolytically decompose upon UV irradi-
ation.

To spectrophotometerically follow the kinetics of their
thermal decomposition reactions we have incorporated the
chelating phosphane ligand dppf in 3a,c, to act as a visible
chromophore. When the ferrocene-based absorption, �max�
406 nm for 3a, is used to monitor their thermal decomposition
in DMF at 40 �C the kinetics are first order in complex alone,
with k� 3.3� 0.2� 10�4 s�1, and are independent of the initial
complex concentration and of added triphenylphosphane,
even when the [PPh3] is three orders-of-magnitude higher
than [3a]. Although there is little solvent effect on the rate of
3a decomposition, for example, in dimethylacetamide under
the above conditions, the decomposition again follows
triphenylphosphane-independent first-order kinetics with
k� 3.8� 0.3� 10�4 s�1. In dichloromethane black insoluble
products interfere with the kinetic measurements. Moreover,
nitrous oxide release into the gas phase, monitored by the IR
absorbance of the �(N2O) band at 2224 cm�1, also follows the
same kinetic profile with k� 1.5� 1.1� 10�4 s�1 for the
decomposition of 3a in DMF at 40 �C. Taken together, the
kinetics results indicate that the rate-limiting step in the
decomposition of 3a is unimolecular and accompanies release
of nitrous oxide. The resulting reactive fragment, formally a
terminal oxo complex [(dppf)NiO], which results from loss of
nitrous oxide, is similar to some of the intermediates which
have been proposed for carbon dioxide exchange in [Pt(�2-
O2CO)(PPh3)2].[26] In support of the presence of such a
proposed reactive intermediate in the decomposition of 3 f we
have treated dichloromethane solutions of 3 f at reflux with
saturating pressures of carbon dioxide or excess carbon
disulfide and find that among the platinum-containing prod-
ucts are [Pt(�2-O2CO)(PPh3)2], and [Pt(�2-S2CO)(PPh3)2],
respectively, in addition to [PtCl2(PPh3)2].

In summary, a new general method to prepare cis-hyponi-
trite complexes from the diazeniumdiolate compound 1 is
described and a high-resolution structure of one such

Scheme 1.
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Aminocyclopentadienyl Ruthenium Chloride:
Catalytic Racemization and Dynamic Kinetic
Resolution of Alcohols at Ambient
Temperature**
Jun Ho Choi, Yu Hwan Kim, Se Hyun Nam,
Seung Tae Shin, Mahn-Joo Kim,* and Jaiwook Park*

Dynamic kinetic resolution (DKR) is an attractive method
for the complete transformation of a racemic mixture into a
single enantiomer.[1] The DKR of secondary alcohols is a
prominent example, for which transition-metal-catalyzed
racemization is coupled with enzymatic acylation.[2] In partic-
ular, B‰ckvall and co-workers have introduced a notable
catalyst system that provides a wide range of chiral acetates in
good yields and excellent optical purities.[2b±f] However, the
catalyst for the racemization of secondary alcohols is acti-
vated at high temperature, and needs the corresponding
ketones as hydrogen mediators.[3] Thus, the catalyst system
requires a thermally stable lipase; p-chlorophenyl acetate has
been selected as an acyl donor,[2c] because oxidation of the
starting alcohols occurs when the conventional alkenyl
acetates are used as acyl donors.[4]

derivative has been determined. The decomposition of these
complexes suggests rate-limiting loss of nitrous oxide leads to
unusual and reactive late-transition-metal terminal oxo inter-
mediates.

Experimental Section

3a : [Ni(dppf)Cl2],[27] (268 mg) dissolved in CH2Cl2 (15 mL) was treated in
one addition with 1[22] (2 equivalents, 249 mg) suspended in methanol
(60 mL). Rapidly a deep orange color developed and the solution volume
was immediately reduced to ca 10 mL by evaporation at ambient temper-
atures. The resulting bright orange crystals were isolated by filtration and
washed with portions of cold methanol (4� 10 mL) or until the filtrate was
colorless. Recrystallization of this product from dichloromethane/ethanol
at room temperature returns 243 mg (93% yield) of 3a. Elemental analysis
calcd (%) C34H28FeN2NiO2P2 ¥ 1³2CH2Cl2: C 59.26, H 4.05, N 3.88; found: C
59.43, H 4.28, N 3.64; IR (KBr,): �� � 1480 m, 1449 s, 1436 s, 1307 m, 1194 w,
1182 w, 1168 m, 1096 s, 1036 m, 1028 m, 999 w, 983 m, 917 m, 827 w, 799 m,
744.3 s, 692 s, 638 w, 625 m, 556 m, 510, s, 494 s, 471 cm�1 m; 1H NMR
(400 MHz, CD2Cl2): �� 7.84 (m, 8H), 7.52 (m, 4H), 7.42 (t, J� 7.3 Hz, 8H),
4.42 (m, 4H), 4.26 ppm (m, 4H); 3P NMR (162 MHz, CD2Cl2): ��
25.0 ppm (s) (UV/Vis: �max , (�max, ��1 cm�1) in CH2Cl2: 406 nm (655);
differential scanning calorimetry (DSC): �H��802 kcal mol�1 Tonset�
75 �C. Crystals suitable for X-ray diffraction were grown from CH2Cl2/
Et2O at �15 �C.

Crystal data for 3a : C35H28Cl2FeN2NiP2O2, M� 755.99, 143 K, triclinic
space group P1≈, a� 10.6210(8), b� 11.3831(9), c� 15.515(2) ä, ��
84.021(2), 	� 72.745(2), 
� 69.790(1)�, V� 1681.0(3) ä3, Z� 2, �calcd�
1.494 Mgm�3, F(000)� 772, 426 parameters; R1 (wR2) [I� 2�(I)]� 0.064
(0.15), s(GOF)� 0.98. Crystals of 3a were mounted on glass fibers with
epoxy resin and diffraction data was collected on a Bruker Smart CCD
diffractometer equipped with a sealed molybdenum tube which was
monochromated to give �� 0.71073 ä. The structure was solved using
direct methods and refined using full-matrix least-squares on F 2 with
SHELXTL. With the exception of the disordered dichloromethane solvate,
all non-hydrogen atoms were refined anisotropically with element assign-
ments as described in the text. CCDC-176081 (3a) contains the supple-
mentary 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: (�44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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Herein we report a novel ruthenium catalyst that can
racemize secondary alcohols efficiently at room temperature
without the aid of hydrogen mediators.[5, 6] Furthermore, the
catalytic racemization is compatible with the use of isopro-
penyl acetate for the DKR of secondary alcohols at room
temperature (Scheme 1).

For the synthesis of aminocyclopentadienyl ruthenium
chloride (1), it was fortunate to select chloroform as the
solvent in the reaction of [Ru3(CO)12] with the imine prepared
from isopropylamine and 2,3,4,5-tetraphenylcyclopentadie-
none. Attempts at synthesizing the tricarbonyl analogue
under various other reaction conditions failed. The molecular
structure of 1 was confirmed by X-ray diffraction analysis
(Figure 1).[7]

Figure 1. ORTEP plot (thermal ellipsoids set at 50% probability) of the
molecular structure of 1. All hydrogen atoms are omitted for clarity.
Selected bond lengths [ä] and angles [�]: Ru(1)-Cl(1) 2.4137(8), Ru(1)-
C(4) 2.430(3), N(1)-C(4) 1.339(3), N(1)-C(30) 1.467(3); Cl(1)-Ru(1)-C(4)
86.96(7), Ru(1)-C(4)-N(1) 131.6(2), C(4)-N(1)-C(30) 128.4(2).

We expected the generation of a coordinatively unsaturated
and active species by the elimination of hydrogen chloride
from 1 with a proper base.[8] Indeed, (S)-1-phenylethanol
(�99% ee) was racemized completely within 30 min at 25 �C
by the catalytic species generated by the treatment of 1 with
potassium tert-butoxide. The scope of the catalytic racemiza-

tion was investigated under various conditions (Ta-
ble 1): The racemization rate is not affected signifi-
cantly by the polarity and the coordinating ability of
solvents (entries 1 ± 4, though it is slightly slower with
acetone). Even without solvent, the racemization is
practically completed in 12 h with only 0.3 mol% of
1 (entry 5). Notably, the catalytic species is still active
in the presence of vinyl acetate in toluene (entry 6),
although the racemization is almost prevented when
vinyl acetate alone is employed as a solvent (entry 7).

On the basis of the racemization results, the DKR
of 1-phenylethanol was investigated with varying
conditions (Table 2): Unexpectedly, the DKR is
unsuccessful under the racemization conditions of

the entry 6 in Table 1 despite the fact that the lipase itself does
not interfere with the catalytic racemization. A breakthrough
is the use of sodium carbonate or 4-ä molecular sieve as an
additive (Table 2 entries 2 and 3). Isopropenyl acetate is a
better acyl donor than vinyl acetate it gives faster and more
productive DKR. Increasing temperature makes the DKR
faster, but the production of acetophenone increases: 1.6% at
25 �C, 2.5% at 40 �C, and 10.4% at 70 �C (entries 4 ± 6). In the

Table 1. Catalytic racemization of (S)-1-phenylethanol at 25 �C after
activating 1 with potassium tert-butoxide.[a]

Entry Solvent t [h] ee[b] [%]

1 toluene 0.5 0.0
2 CH2Cl2 0.5 0.0
3 THF 0.5 0.0
4 acetone 0.5 24.7
5 no solvent[c] 12 1.8
6 toluene� vinyl acetate[d] 1.0 6.8
7 vinyl acetate 5.0 96.4

[a] (S)-1-Phenylethanol (�99% ee, 0.25 mmol) dissolved in a solvent
(0.80 mL) was added to a flask containing 1 (6.2 mg, 4.0 mol%) and
potassium tert-butoxide (0.013 mmol, 5.2 mol%). [b] Measured by HPLC
equipped with a chiral column (Chiralcel OD, Daicel). [c] (S)-1-Phenyl-
ethanol (�99% ee, 0.40 mL, 3.3 mmol) was added to a flask containing 1
(6.2 mg, 0.30 mol%) and potassium tert-butoxide (0.013 mmol,
0.40 mol%). [d] Toluene (0.80 mL) was mixed with vinyl acetate
(0.38 mmol, 1.5 equiv).

Table 2. Dynamic kinetic resolution of 1-phenylethanol.[a]

Entry Acyl donor[b] Lipase[c] [mg] Additive[d] T [�C] t [h] Acetate [%][e] ee[f] [%]

1 CH2�CHOCOCH3 0.7 25 96 55 98.6
2 CH2�CHOCOCH3 0.7 Na2CO3 25 96 89 97.0
3 CH2�C(CH3)OCOCH3 0.7 molecular sieve 4 ä 25 40 98 98.5
4 CH2�C(CH3)OCOCH3 0.7 Na2CO3 25 30 97 � 99
5 CH2�C(CH3)OCOCH3 0.7 Na2CO3 40 24 95 � 99
6 CH2�C(CH3)OCOCH3 0.7 Na2CO3 70 12 90 � 99
7 p-ClC6H4OCOCH3

[g] 7 Na2CO3 25 42 95 � 99

[a] The reactions were carried out with 0.25 mmol of 1-phenylethanol and 4 mol% of 1, which was activated with 5 mol% of potassium tert-butoxide, in dry
toluene (0.80 mL) under argon atmosphere. [b] 1.5 equiv of alkenyl acetate [c] Novozym 435. [d] Sodium carbonate (1.0 equiv) or molecular sieve 4 ä
(60 mg) was used. [e] The yields were determined by GC. [f] The % ee values were determined by HPLC equipped with a chiral column ((R,R) Whelk-01,
Merck). [g] 3 equiv.

Scheme 1. Synthesis of 1 and DKR of 1-phenylethanol; MS�molecular sieve.
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DKR with p-chlorophenyl acetate, the reaction proceeds
more slowly even with ten times more lipase (entry 7). This
result clearly shows the advantage of isopropenyl acetate over
p-chlorophenyl acetate as the acyl donor. Furthermore, the
use of isopropenyl acetate makes the isolation of the acylated
product much easier than with p-chlorophenyl acetate.[9]

Our catalyst system was effective also for the DKR of other
aromatic alcohols and aliphatic alcohols (Table 3): Substitu-
ent effects are insignificant in the DKR of aromatic alcohols
while the DKR of aromatic alcohols is somewhat faster than
that of aliphatic alcohols.

The observations recorded in Table 1 require a mechanism
different from those involving simple hydrogen-transfer
reactions for the catalytic racemization. In particular, the
slow down of the racemization in acetone cannot be explained
by the mechanisms involving ketones as hydrogen mediators.
It is also notable that acetophenone was produced in only
about 7% during the racemization in acetone. Thus, it is
proposed that the racemization occurs during the reversible
transformation between a ruthenium± alcohol complex (2)
and a ruthenium±ketone complex (3 ; Scheme 2). The equi-
librium would shift towards 2, which exchanges alcohols
rapidly at room temperature. The low yield of acetophenone

during the racemization in acetone is explained by the slow
exchange of ketones in 3. Meanwhile, it is not clear yet why
the racemization is inhibited significantly during the DKR
without sodium carbonate or molecular sieves. A possible
cause for the inhibition is the formation of acetic acid from the
reaction of the acetylated lipase and water during the DKR.
In a separate experiment, we observed that the racemization
of 1-phenylethanol was inhibited by the addition of acetic acid
and then recovered slowly by the subsequent addition of
sodium carbonate.[10, 11]

In summary, we have demonstrated highly efficient race-
mization and DKR of secondary alcohols by the use of a novel
ruthenium catalyst compatible with enzymatic resolution. The
newmode of our catalytic racemization allows the use of more
reactive isopropenyl acetate as an acyl donor and thus much
less lipase. Furthermore, the simple method for the prepara-
tion of the catalyst can be applied for the development of
more practical catalysts.

Experimental Section

1: In a 100-mL flask equipped with a grease-free high-vacuum stopcock,
[Ru3(CO)12] (1.0 g, 1.6 mmol) and the imine (1.0 g, 2.4 mmol) prepared
from isopropylamine and 2,3,4,5-tetraphenylcyclopentadienone were dis-
solved in dry, degassed chloroform (30 mL).[12] After the flask was filled
with Ar and closed, the solution was stirred at 90 �C for 5 days. The reaction
mixture was concentrated and purified by chromatography on a silica-gel
column to give yellow solid 1 (691 mg, 47% yield). The solid was
recrystallized from CH2Cl2/Et2O. m.p. 197 �C (dec.); 1H NMR (CDCl3;
300 MHz): �� 7.57 ± 6.91 (m, 20H), 4.20 (d, J� 4.1 Hz, 1H), 3.3 ± 3.23 (m,
1H), 0.86 ppm (d, J� 3.2 Hz, 6H); 13C NMR (CDCl3; 75 MHz): �� 198.4,
144.8, 133.7, 131.9, 130.6, 128.9, 128.7, 128.2, 127.7, 101.4, 81.7, 45.6,
25.2 ppm; IR (KBr, cm�1): ��(CO)� 2017 (S), 1963 (s); MS (FAB, m/z):
619.6(M�); elemental analysis (%) calcd for C34H28NO2ClRu: C 65.96, H
4.56, N 2.26; found: C 65.77, H 4.60, N 2.11.

Dynamic kinetic resolution of 1-phenylethanol: A solution of potassium
tert-butoxide (1� in THF; 52 �L, 0.050 mmol) was added to a 50-mL flask
equipped with a grease-free high-vacuum stopcock. The THF was removed
under vacuum, and the flask was filled with argon. Then, 1 (24.8 mg,

0.04 mmol), Novozym 435 (2.8 mg; Novo Nordisk), Na2CO3

(104 mg, 1.00 mmol), a solution of 1-phenylethanol (120 �L,
1.00 mmol) in toluene (3.2 mL), and isopropenyl acetate
(168 �L, 1.5 mmol) were added sequentially under argon. After
being stirred at 25 �C for 30 h, the reaction mixture was
concentrated and purified by chromatography on a silica-gel
column (ethyl acetate/hexane 1:8) to give (R)-1-phenylethyl
acetate (156 mg, 95% yield, �99% ee).
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Table 3. Dynamic kinetic resolution of various alcohols.[a]

Entry Alcohol[b] t [h] Acetate[b] ee [%]

1 1-(p-chlorophenyl)ethanol 48 94% � 99[c]

2 1-(p-methoxyphenyl)ethanol 48 90% � 99[c]

3 1-indanol 48 89% 95.0[d]

4 1-cyclohexylethanol 72 86% � 99[e]

5 2-octanol 72 89% 90.5[e]

[a] The reactions were carried out with 1.00 mmol of an alcohol under the
conditions of the entry 4 in Table 2. [b] Yields of isolated product. [c] By
HPLC ((R,R) Whelk-01, Merck). [d] By HPLC after hydrolysis to
1-indanol (Chiralcel OD, Daicel). [e] By GC (Chiraldex B-PH, Alltech).

Scheme 2. Proposed mechanism for the catalytic racemization of secondary alcohols.
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Chiral Epoxides by Desymmetrizing
Deprotonation of meso-Epoxides**
David M. Hodgson* and Emmanuel Gras

Epoxides are widely utilized as versatile synthetic inter-
mediates, and the epoxide functional group is also found in a
number of interesting natural products.[1] Therefore, the
development of efficient (especially asymmetric) methods
for the elaboration of epoxides is an important ongoing
challenge.[2] In contrast to chemistry exploiting the electro-
philic nature of epoxides, the utility of epoxides as nucleo-
philes (via oxiranyl anions, eg 1-Li), first studied by Eisch and
Galle,[3] is less developed.[4] A current requirement with this
latter strategy is that the epoxide must possess an activating
substituent (electron-withdrawing, trialkylsilyl, or trialkyl-
stannyl group) attached to the epoxide ring. Electron-with-
drawing and trialkylsilyl substituents facilitate the formation
of oxiranyl anions by promoting deprotonation (usually
lithiation) and prolonging the solution lifetime of these
otherwise very labile intermediates. Trialkylstannyl- and
sulfinyl-substituted epoxides react with organolithium species
(by transmetalation and desulfinylation, respectively) rapidly
enough at low temperatures, such that the resultant unstabi-
lized oxiranyl anions can exhibit synthetically useful nucleo-
philic (rather than carbene-type) reactivity with a range of
electrophiles.[5] Such reactions demonstrate the value of
oxiranyl-lithium species as important intermediates in the
elaboration of epoxides, but they also indicate the potential
limitation of requiring an activated epoxide precursor to carry
out the chemistry.

Recently, we showed that direct lithiation of terminal
epoxides, followed by electrophile trapping of the nonstabi-
lized oxiranyl anion intermediates, was possible in the
presence of a diamine ligand.[6] However, the reaction was
restricted to silylation (with TMSCl; TMS� trimethylsilyl)
present during generation of the oxiranyl anion) and deuter-
ation (MeOD as an external electrophile). Here we report the
first examples of unactivated epoxides undergoing direct
deprotonation to give destabilized (alkyl-substituted) oxiran-
yl anions, and their subsequent trapping with a range of
electrophiles (including C�C-bond formation). Furthermore,
a new enantioselective approach to substituted epoxides is
demonstrated: symmetry breaking by asymmetric lithia-
tion[7, 8] ± electrophile trapping, at an epoxide functionality
fused to eight- and seven-membered rings.

J.-E. B‰ckvall, J. Am. Chem. Soc. 1999, 121, 1645; d) B. A. Persson,
F. F. Huerta, J.-E. B‰ckvall, J. Org. Chem. 1999, 64, 5237; e) F. F.
Huerta, Y. R. S. Laxmi, J.-E. B‰ckvall, Org. Lett. 2000, 2, 1037; f) F. F.
Huerta, J.-E. B‰ckvall, Org. Lett. 2001, 3, 1209; g) J. H. Koh, H. M.
Jeoung, M.-J. Kim, J. Park, Tetrahedron Lett. 1999, 40, 6281; h) H. M.
Jeong, J. H. Koh, M.-J. Kim, J. Park, Org. Lett. 2000, 2, 2487; i) H. M.
Jeong, J. H. Koh, M.-J. Kim, J. Park, Org. Lett. 2000, 2, 409; j) M.-J.
Kim, D. Lee, E. A. Huh, H. M. Jeong, J. H. Koh, J. Park, Org. Lett.
2000, 2, 2377; k) M.-J. Kim, Y. K. Choi, M. Y. Choi, M. J. Kim, J. Park,
J. Org. Chem. 2001, 66, 4736.

[3] In reference [2g], we have reported an exceptional case that does not
require hydrogen mediators. However, oxygen, a base, and high
reaction temperature were necessary to generate catalytic species.

[4] In references [2h] and [2i], we have described the use of alkenyl
acetates as substrates and acyl donors in the presence of proper
hydrogen donors.

[5] For a review about racemization, see: E. J. Ebbers, G. J. A. Ariaans,
J. P. M. Houbiers, A. Braggink, B. Zwanenburg, Tetrahedron 1997, 53,
9417.

[6] We have found a catalyst system for the racemization of secondary
alcohols at room temperature without the aid of hydrogen mediators.
However, the catalyst system requires strong bases, and is not
compatible with enzymatic acylation: J. H. Koh, H. M. Jeong, J. Park,
Tetrahedron Lett. 1998, 39, 5544.

[7] Crystal data for 1: C34H28ClNO2Ru. Mr� 619.09 gmol�1. Orange
crystal: size 0.50� 0.20� 0.20 mm3, orthorhombic, a� 20.1560(13),
b� 13.2405(9), c� 21.1819(14) ä, �� 90, �� 90, �� 90�, space group
Pbca, V� 5652.9(6) ä3, Z� 8, T� 223(2) K, 	calcd� 1.455 gcm�3, ab-
sorption coefficient� 0.681 mm�1. Siemens SMART diffractometer,
�� 0.71073 ä, scan mode-� (�-scan width: 1.92 to 23.33�). 22982
reflections were measured, giving 4077 unique data with I� 2�(I).
R� 0.0252, Rw� 0.0592, GOF� 1.004. CCDC-179224 (1) 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: (�44)1223-336-033; or deposit
@ccdc.cam.ac.uk).

[8] For examples of activating catalyst precursors by treatment with
proper bases, see: K.-J. Haack, S. Hashiguchi, A. Fujii, T. Ikariya, R.
Noyori, Angew. Chem. 1997, 109, 297; Angew. Chem. Int. Ed. Engl.
1997, 36, 285, and references therein.

[9] The separation of the product from unreacted p-chlorophenyl acetate
is difficult in some cases.[2c]

[10] When 5 mol% of acetic acid was added to the mixture given in entry 1
in Table 1, the optical purity of 1-phenylethanol changed only to
69.0% ee in 30 min. However, the racemization was completed in 5 h
by the subsequent addition of sodium carbonate (1 equiv).

[11] A related complex, [{2,5-Ph2-3,4-tol2(�5-C4COH)}Ru(CO)2-
(O2CCF3)], is formed in the reaction of [{2,5-Ph2-3,4-tol2(�4-C4CO)-
Ru(CO)2}2] and trifluoroacetic acid: C. P. Casey, S. W. Singer, D. R.
Powell, R. K. Hayashi, M. Kavana, J. Am. Chem. Soc. 2001, 123, 1090.

[12] The imine was prepared in 90% yield according to the procedure
described by W. Dai, R. Strinivasan, J. A. Katzenellenbogen, J. Org.
Chem. 1989, 54, 2204. Physical properties of the imine: m.p.: 223 �C;
1H NMR (CDCl3): �� 7.25 ± 6.75 (m, 20H), 4.08 ± 4.00 (m, 1H),
1.04 ppm (d, J� 3 Hz, 6H); 13C NMR (CDCl3): �� 165.8, 137.6, 131.9,
130.2, 129.8, 128.2, 127.8, 127.4, 127.2, 127.1, 126.5, 52.3, 24.6 ppm; MS
(FAB,m/z): 425.27 (M�); elemental analysis (%) calcd for C32H27N: C
90.31, H 6.39, N 3.29; found: C 90.26, H 6.62, N 3.14. [*] Dr. D. M. Hodgson, Dr. E. Gras
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We first sought conditions for the efficient lithiation ± deu-
terium (D) trapping of cyclooctene oxide (1; Scheme 1). As
previously observed,[8c] in the absence of a diamine, the

deprotonation of 1 by sBuLi (2.45 equiv) in Et2O at �90 �C
proceeded sluggishly. A reaction time of 1 h, followed by
addition of CD3OD, gave unreacted starting epoxide 1 (56%),
rac-2a (24%), and the bicyclic alcohol rac-3 (12%). Thus, one
third of the intermediate oxiranyl-lithium species 1-Li had
already undergone decomposition (by transannular C�H
insertion)[8] under these conditions; this decomposition is an
indication of its lability (in the absence of a diamine).
However, reaction under otherwise identical conditions, but
in the presence of N,N,N�,N�-tetramethylethylenediamine
(TMEDA; 2.5 equiv) resulted in complete reaction of epox-
ide 1 to give rac-2a (78%), along with only 5% of the bicyclic
alcohol rac-3. Thus, the added ligand appears to both accel-
erate deprotonation and reduce the rate of decomposition of
the oxiranyl anion. Reducing the excess of base used in the
deprotonation was obviously desirable, and using sBuLi
(1.25 equiv) and TMEDA (1.3 equiv) gave 98% D incorpora-
tion in cyclooctene oxide 1 after 3 h, with no byproducts. This
encouraging result led us to examine the reaction of 1-Li,
generated under these conditions, with other electrophiles.
Significantly, introduction of a wide array of functionality at
an unactivated epoxide carbon atom was found to be possible
(Scheme 1).

A preliminary examination of lithiation ± electrophile trap-
ping with other epoxides was then undertaken. The method-
ology was successfully extended to a substituted cyclooctene-
oxide substrate 4[11] leading to rac-5a (84%) and rac-5b
(85%; Scheme 2). Using DBB as the ligand, the reaction

TBSO

TBSO
O

O

N N Bu

O

E

TBSO

TBSO
O

E

Bu

1) sBuLi, TMEDA

2)   electrophile

2)    electrophile

1) sBuLi,

4

6
rac-7a E = EtCO
rac-7b E = Et2C(OH)

Et2O, –90 °C

Et2O, –90 °C

rac-5a E = PhCO
rac-5b E = PhCH(OH)

Scheme 2. Synthesis of substituted cyclooctene and cycloheptene oxides (4
and 6).

involving cycloheptene oxide (6) yielded the corresponding
functionalized epoxides rac-7a (54%) and rac-7b (52%;
Scheme 2).

However, attempted lithiation ± deuteration of cy-
clohexene oxide and cyclopentene oxide with either
TMEDA or DBB as the ligand was unsuccessful (the
presumed intermediate oxiranyl-lithium species un-
derwent typical carbenoid rearrangements and reduc-
tive alkylation).[12] Electrophile trapping of the oxir-
anyl anion from an acyclic system was studied using
cis-5-decene oxide, and (with DBB as the ligand)
complete deuteration and partial silylation (using
TMSCl in situ) were successful, albeit in low yields
(30% and 18%, respectively).

As previous studies carried out in this laboratory
have shown that the use of a chiral, nonracemic
diamine (such as (�)-sparteine)[7] allows asymmetric

deprotonation ± rearrangement of epoxides,[8, 11] we explored
enantioselective epoxide functionalization. Using (�)-spar-
teine as the ligand resulted in electrophile incorporation, in
good yields and ee values (Table 1). As observed during the
asymmetric rearrangements of epoxides,[8, 11] better ee values
were achieved when iPrLi was used instead of sBuLi (Table 1,
entries 4 and 5).

While many powerful methods have been developed for the
asymmetric desymmetrization of meso-epoxides,[13] the pres-
ent work illustrates a different approach, in which a chemical
transformation occurs selectively at one of the enantiotopic
epoxide termini, but the useful epoxide functional group is
retained in the product, resulting in a new method for chiral

O

E

1-Li

O

Li

O

H

H

OH
E+sBuLi, TMEDA

Et2O, –90 °C

1 rac-2a – j rac-3

+

Scheme 1. Lithiation ± electrophile trapping of cyclooctene oxide (1). a) E�D, 98%
(using CD3OD); b) E�PhCH(OH) (d.r. 1:1[9]) 80% (using PhCHO); c) E�PhCO,
56% (using PhCONMe2); d) E�EtCH(OH), 48% (using EtCHO); e) E�Et2-
C(OH), 60% (using Et2CO); f) E�EtCO, 45% (using EtCONMe2); g) E�EtOCO,
40% (using EtOCOCl, 10 equiv); h) E�Bu3Sn, 56% (using Bu3SnCl); i) E�Me3Si,
38% (using Me3SiCl in situ), 60% (using Me3SiCl in situ and 3,7-dibutyl-3,7-
diazabicyclo[3.3.1]nonane (DBB)[10] as ligand); j) E�Me, 60% (using MeI).

Table 1. Enantioselective electrophile trapping–symmetry breaking of
meso-epoxides.[a]

O
R

R
O

ER

R

N

NH

H
1) sBuLi,

nn

2)

Et2O,  –90 °C

electrophile

(1)

Entry n R E Yield ee value
[%] [%][b]

1 1 H TMS 72 74
2 1 H SnBu3 60 79[c]

3 1 H PhCH(OH) 80 76[d]

4 1 H PhCO 68 (77)[e] 77 (86)[e]

5 1 H Et2C(OH) 75 (63)[e] 77 (86)[e]

6 1 H EtCH(OH) 74 76[f]

7 1 H EtCO 67 78
8 1 H EtOCO 58 81
9 1 OTBS PhCH(OH) 79 77[d,g]

10 1 OTBS PhCO 84 74[g]

11 0 H Et2C(OH) 48 73
12 0 H EtCO 57 74

[a] Absolute configuration of predominant enantiomer [as shown in
Equation (1)] is assigned by analogy with the known sense of asymmetric
induction in the deprotonation ± rearrangement of the meso-epoxides with
(�)-sparteine.[8, 11] [b] Determined by chiral GC (Chrompack-CP-Chiralsil-
DEX-CB column) unless otherwise indicated. [c] Determined after reac-
tion with nBuLi and trapping with 3-pentanone.[5a] [d] Determined after
MnO2 oxidation. [e] iPrLi was used instead of sBuLi. [f] Determined after
Dess ±Martin oxidation. [g] Determined by chiral HPLC (Daicel Chir-
alpak OD column).
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™Carbon-rich∫ defines an exciting area that spans the world
of large arenes to that of highly alkynylated structures
including carbon wires, peralkynylated � perimeters, graph-
diyne segments, dehydroannulenes, and cyclophane deriva-
tives.[1±9] Carbon-rich organometallic compounds are less
explored than their organic counterparts, a tribute to the
considerably increased effort in their synthetic access.[10±14]

Aesthetic structures, exciting topologies on the nanometer
scale, and their modular synthesis, however, make carbon-rich
organometallic compounds attractive. Rewards are expected
in materials properties that differ from their organic counter-
parts, such as electroactivity and potential nonlinear optics
(NLO) activity. In addition, large carbon-rich organometallic
molecules are often surprisingly soluble and form single
crystals, which allows their structural characterization in the
solid state,[13] a feature that is often elusive for their organic
counterparts.

Herein we report the synthesis and structural character-
ization of three novel organometallic cyclynes[10] with an
expanded bicyclo[1.1.0]butane (A) and a [2.1.0.01,3]pentane
(B) topology. In these structures, the C�C single bonds of the

small rings are replaced by alkyne or butadiyne bridges, while
the carbon atoms are substituted by benzene rings, cyclo-
butadiene(cyclopentadienylcobalt) units, or ferrocene cen-
ters. Key steps in the synthesis of these targets are the
selective ortho-metalation of organometallic acetals,[14] and
the conversion of aldehydes into alkynes by the Ohira
method.[15]

Pd-catalyzed coupling of 1[14] to the iodide 2a furnishes 3 in
23% (Scheme 1). The moderate yield of 3 is a result of the two
meta-positioned alkyne groups in 2a between which the
iodide is sandwiched. Only the active Hartwig catalyst

epoxide synthesis. A study of other ligands to expand the
scope of the process and enhance asymmetric induction, as
well as synthetic applications, is currently underway.

Experimental Section

Typical procedure for lithiation ± electrophile trapping of cyclooctene
oxide (1) in the presence of a diamine:

The diamine (2.6 mmol) was added dropwise to a solution of RLi (1.4�,
2.5 mmol) in Et2O (8 mL) at �90 �C. This mixture was stirred for 1 h at
�90 �C. A solution of cyclooctene oxide (1; 2.0 mmol) in Et2O (2 mL),
precooled to �90 �C, was then added rapidly by cannula to the solution of
ligand/RLi and the reaction mixture was then stirred at �90 �C for 3 h.
Neat electrophile (3.0 mmol) was added dropwise, and the mixture was
then allowed to warm to room temperature over 5 h. After quenching with
aqueous H3PO4 (0.5�, 25 mL), the organic phase was washed with
saturated aqueous NaHCO3 (25 mL) and brine (25 mL). The aqueous
layers were extracted twice with Et2O (25 mL) and the combined organic
phases were dried (MgSO4) and evaporated under reduced pressure.
Purification of the residue by column chromatography (SiO2, Et2O, petrol)
gave the substituted epoxide.
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[Pd{P(o-tolyl)3}2][14b] with THF as cosol-
vent[16] is capable of coupling 1 to 2a.
The coupling product 3 was deketalized
and treated with the Ohira ± Seyferth
reagent CH3C�OCN2P�O(OMe)2[15] to
give the pentayne 4 in 81% yield.
Coupling of 4 to 5 furnishes 6 in 70%
yield. Desilylation of 6 proceeds with
Bu4NF in THF; the intermediate hep-
tayne was immediately utilized for the
coupling step to close the two cyclyne
rings to form 7 in 71% yield. The six-step
synthesis (1�7) occurs in a respectable
overall yield of 9%.

The ferrocene-containing ™super-bicy-
clo[1.1.0]butane∫(12) was targeted to
show the general applicability of the
method. Diyne 8 was treated with 5a
under Pd catalysis (Scheme 2) to furnish
9 in 79% yield. Deketalization with
para-toluenesulfonic acid (TsOH) fol-
lowed by Ohira alkynylation[15] trans-
forms 9 into the pentayne 10 in 80%.
The critical step is the Pd-catalyzed
coupling of 10 to 2b that furnishes 11
in 24%. The yield of the coupling
reaction is only moderate, again as a
result of the decreased reactivity the

iodide 2b experiences as a consequence of being
positioned between two alkyne substituents. De-
protection of 11 and a double cyclization using
Cu(OAc)2 in acetonitrile[15c] gives 12 in 61% yield
as stable, dark-red needles.

It was of interest if a ™super-tricyclic∫ structure
analogous to B was accessible by this method. A
retrosynthetic analysis suggests 13 as the starting
point for 17 (Scheme 3). Pd-catalyzed coupling of
13 to 5b gave 14 in 59% yield. Deprotection by
TsOH and conversion of the two aldehyde groups
into alkyne units proceeded under standard con-
ditions[15] to give 15 in 80%. The critical step is the
double Pd-catalyzed coupling of 15 to 2a that
provided 16 in 17% yield after deprotection with
Bu4NF in THF. The last step in the reaction
sequence is the triple ring closure to give 17, which
proceeds in 25% yield. Significant amounts of
insoluble and infusible tan-colored solids are formed
as by-products. The relatively low yield of this
transformation is a consequence of the underlying
statistics of the ring-closing reaction. If the alkynes
of benzene rings 1 and 4 in 16 couple, 17 cannot
form. Instead cross-linking to form insoluble
materials prevails. If the ring-closing reaction
proceeds statistically, it is expected that 33% of
16 will be lost to the unwanted cyclizations, hence,
the highest possible reaction yield is 67%. The
actual yield of 25% suggests that each ring forms

Scheme 1. a) [Pd{P(o-tolyl3)}2], CuI, NEt3, THF, 24 �C, 12 h; b) p-toluenesulfonic acid,
THF, 24 �C, 12 h; c) K2CO3, 24 �C, 8 h; d) [Pd(PPh3)2Cl2], CuI, piperidine, THF, 24 �C, 12 h;
e) Bu4NF, THF, 24 �C, 1 h; f) Cu(OAc)2, CH3CN, 80 �C, 8 h.

Scheme 2. For reactants and conditions see Scheme 1.
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in a satisfactory yield of 72%, if the unproductive coupling
pathways are corrected for by a simple statistical analysis.

The novel and intriguing structures of the organometallic
super-bicyclo[1.1.0]butanes 7 and 12 as well as the super-
tricyclo[2.1.0.01,3]pentane 17 mandated their single-crystal
structure analysis.[17±19] Suitable, coffin-shaped specimens were
obtained from mixtures of dichloromethane and hexanes.

ORTEP representations of 7, 12, and 17, and the packing
diagram of 12 are shown in Figures 1 ± 3. The bond lengths and
bond angles in 7, 12, and 17 are in excellent agreement with
the reported values for alkynylated cyclobutadiene and
cyclopentadienyl complexes.[13, 20]

The polyyne 7 forms a perfect half-wheel. The three radial
alkyne units attached to the cyclobutadiene complex are
linear. The butadiyne groupings are moderately bent to
accommodate the topological requirements of the structure
(Figure 1). The substituents (i.e., spokes and periphery of the
large hydrocarbon ligand) on the cyclobutadiene complex are
considerably less nonplanar than expected for multiply
ethynylated complexes of this type.[13, 20] This effect may be
a consequence of the direct interconnection of the three
alkyne substituents by a network of cyclyne rings.

The ferrocene-based cyclyne
12 (Figure 2) shows considerable
in-plane bending of the outer
two of the three radial alkyne
units, which leads to a slight
ruffling of the large hydrocarbon
ligand (Figure 2a), similar to
that observed in some porphyr-
ins.[21] This ruffling is caused by
the minor mismatch of the cir-
cumference of the perimeter
compared to the size of the radial
spokes, and bears testimony to
the way the outer � perimeter
adapts to the decreased bond
angles (72�) prevalent in the
ferrocene module relative to the
square cyclobutadiene com-
plexes. The packing of 12 is
remarkable and shown in Fig-
ure 2b. Six molecules of 12 form
a circular arrangement that re-
sults in a helical superstructure
not observed in the packing of 7.

The structures of the open
congeners of 17 and of the but-
terfly 18 have been described
recently.[13] In these species the
alkyne bridges are bent away
from the cyclobutadiene nucleus
to accommodate for the elec-
tronic influence of the {CpCo}
fragment. It was of interest
whether the same distortion was
visible in the polyyne 17. A
suitable specimen was ob-

Figure 1. ORTEP representation of the molecular structure of 7.

tained from dichloromethane/hexane mixtures and an
ORTEP representation of 17 is shown in Figure 3a. The
molecules of 17 are disordered in the crystal, but the large
hydrocarbon ligand is visibly flattened out (Figure 3b)

Scheme 3. For reactants and conditions see Scheme 1.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 13 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2381 $ 20.00+.50/0 2381

compared to the structure of the butterfly-shaped
18.[13] The flattening is particularly pronounced in
the back-side of the large ligand, where the third
ring is closed. The full wheel with the topology C
is expected to be planar, as a result of the
geometric relationship of the perimeter to the
length of the radial spokes.

In conclusion, a series of novel polycyclic
carbon-rich organometallic compounds (7, 12,
and 17) has been prepared by a combination of
Ohira alkynylations, Pd/Cu-catalyzed couplings,
and Cu(OAc)2-mediated cyclizations. They rep-
resent nanoscale versions of A and B ; they have
been subjected to single-crystal structure deter-
mination and show subtle differences in their
structures depending upon the central organo-
metallic core. We will report on the synthesis and
characterization of a full wheel with a nanoscale
topology of the unknown fenestrane type C
structure in the future.[22, 23]
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Figure 3. a) ORTEP representation of 17. b) Side-view ORTEP represen-
tation of 17. Substituents are removed for clarity.

Figure 2. a) ORTEP representation of 12. b) Packing diagram of 12. The sixfold axis in
which the single molecules of 12 are packed in the solid state is visible.
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Hexameric Mg ±O Stacks with Six THF-
Solvated Sodium Amide Appendages:
™Super∫ Variants of Inverse Crown Ethers
Generated by Cleavage of THF**
Allison M. Drummond, Lorraine T. Gibson,
Alan R. Kennedy, Robert E. Mulvey,*
Charles T. O×Hara, Rene¬ B. Rowlings, and
Tracy Weightman

s-Block organometallic compounds are known to be
thermodynamically unstable with respect to oxidation or
hydrolysis (giving oxides or hydroxides). However, under
certain kinetic conditions such reactions may not reach
completion but instead stop at intermediate composite
structures containing metal cations, oxygen-based anions
(usually O2� or OH�), and organic skeletons. This ™oxygen
encapsulation∫ phenomenon[1] has probably existed since
these air- and moisture-sensitive compounds first appeared
about a century ago, but it is only relatively recently that its
detection has become routine (in suitably crystalline samples)
through X-ray crystallographic study. Inevitably the prolifer-
ation of such studies has meant more structures of this type
(mainly formed fortuitously rather than intentionally) coming
to light, though the complex factors controlling their forma-
tion remain largely in the dark. We are interested in a special
class of oxygen-encapsulated compound: inverse crown
ethers[2] are mixed alkali-metal magnesium (or zinc) amides,
the amido component of which is derived from the excep-
tionally bulky amines (2,2,6,6-tetramethylpiperidine (tmpH)
or 1,1,1,3,3,3-hexamethyldisilazane (hmds(H))). Their com-
mon structure is characterized by oc-
tagonal (NM1NM2)2 rings (e.g. 1)
which act as square-planar tetrametal-
lic hosts for the encapsulation of a
single anion (either O2� or (O2)2�).
Herein we describe a ™super∫ variant
to these simple, two-dimensional in-
verse crown ethers in a new class of
heterobimetallic amide, the novel
three-dimensional cage construction
of which includes multiple O2� encapsulation. Moreover we
have traced the source of encapsulated O2� ions, often a
matter of puzzlement in examples reported previously, to the
cleavage of THF solvent molecules used in the reaction.
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known inverse crown ethers [Li2Mg2(hmds)4(O)x(O2)y],
[Li2Mg2(tmp)4O], and [Na2Mg2(hmds)4(O)x(O2)y].[2] This was
approached using the standard ™synergic∫ metal amide
mixture (3 tmpH:1nBuNa:1Bu2Mg) in a hydrocarbon solu-
tion). When the solution was exposed to dry oxygen (a proven
method of generating inverse crown ethers), no solid product
could be obtained from it. This failure prompted us to
introduce THF to a fresh reaction mixture, not exposed to
oxygen, in anticipation of a solvated inverse crown ether. A
vivid change in the color of the solution (yellow to brown)
accompanied this addition, as a sign that THF was intimately
involved (in a dual role, intact as a ligand and cleaved; see
later) in the ensuing reactions. While a THF solvate was
produced, it proved to be much more unique in composition
and structure than expected, having the formula [{NaMg(tmp)-
(O)(thf)}6] (2). To test the generality of this new found
reaction, we carried out the same procedure but replaced
TMPH by the bulky amine diisopropylamine, HN(iPr)2. By
yielding [{NaMg(NiPr2)(O)(thf)}6] (3), this second reaction
confirmed that a new class of mixed sodium±magnesium
amide, sixfold oxygen-encapsulated, had been discovered.

X-ray crystallographic studies established that 2 and 3 are
isostructural, so only the data for one structure need to be
discussed here. Exhibiting crystallographically imposed S6

symmetry, the molecular structure of 3[3] (Figure 1) is hex-

Figure 1. Molecular structure of 3 (atoms drawn as 35% probability
ellipsoids; hydrogen atoms omitted for clarity).

americ. Its (MgO)6 core (Figure 2) comprises two stacked
(MgO)3 trimeric rings. Appended to each of these rings is a set
of three exo-oriented four-membered Mg-O-Na-N rings,
positioned in a staggered fashion with regard to the opposing
set. Dative Na�O(thf) bonds complete the structure. To effect
ring stacking, the distorted tetrahedral Mg atoms form highly
strained (inter-trimer) O-Mg-O� connectivities (mean angle,
92.78�). For the distorted trigonal-planar Na atom, strain is
most pronounced at the O-Na-N corner (angle, 88.68(6)�)
of the heterometallic ± heteroanionic ring. To the best of
our knowledge no precedent exists for a simple

Figure 2. Inorganic core of 3 (atoms drawn as 40% probability ellipsoids).

molecular (MgO)6 cage. While tetrameric (MgO)4 cubanes
exist (e.g., in the alkoxide [(CpMgOEt)4][4]), hitherto hex-
americ cages have only been identified with organoele-
ment ligands isoelectronic to O2� such as imides (e.g., in
[{(thf)MgN(Ph)}6][5]) or phosphanediides (e.g., in [{MgP-
(SitBu3)}6][6]). There is also a recent report of an odd
hexanuclear magnesium diisopropylcarbamato structure
with a single encapsulated �4-bonding O2� ion in [Mg6-
(O2CNiPr2)10(O)].[7] The structure of 3 follows the pattern
running through the whole inverse crown family: the encap-
sulated ™guest∫ (here O2� : elsewhere, O2

2� ;[2] H� ;[8] Ar� ;[2]

Ar2� ;[2] [(C5H3)2Fe]4�[9]) is stabilized predominantly by inter-
action with Mg, as opposed to M, centers (where M�Li, Na,
or K). Covering a narrow range (1.9473(13) ± 2.0020(14) ä),
the Mg�O bond lengths in 3 cannot be compared with their
counterparts in [Na2Mg2(hmds)4(O2)x(O)y][2] due to the lat-
ter×s contamination with peroxide. The metal ±N(diisopro-
pylamide) bond lengths in 3 (for Mg, 2.1324(16) ä; for Na,
2.4040(18) ä) are similar with those in the hydride-encapsu-
lated inverse crown 4 (2.0651(18) and
2.4807(18) ä respectively).[8] As expect-
ed there is a substantial difference in the
Na�O bond lengths in 3 reflecting the
anionic/dative distinction between the O
centers involved (i.e., for O2�,
2.1402(15) ä; for THF, 2.2689(18) ä).

In view of the nature of the cages of
the structures of 2 and 3, strictly they
should not be classed themselves as
inverse crown ethers. Originally the
name was coined to describe host ± guest ring systems, which
topologically display an inverse relationship to conventional
crown ether complexes, that is, the metal-based host rings are
Lewis acidic (cationic), while their oxygen-based guests are
Lewis basic (anionic). However, the fact that 2 and 3 are built
up of heterobimetallic ± amido ± oxo ™NaMg[N(R2)]O∫ mon-
omeric subunits, clearly places them within the developing
framework of inverse crown chemistry.
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A Unique Bismuth ± Iron Chain Polymer
Containing the ¥ ¥¥ -Bi-Fe- ¥¥ ¥ Link: Formation
and Structure of [nBuBiFe(CO)4]�**
Minghuey Shieh,* Yeantarn Liou, Miao-Hsing Hsu,
Rung-Tsang Chen, Shiow-Jane Yeh, Shie-Ming Peng,
and Gene-Hsiang Lee

The construction of supramolecules or extended frame-
works based on coordination and organometallic complexes is
one of the major areas of current research in inorganic and
organometallic chemistry.[1] Nevertheless, this approach has
received little attention in the field of organobismuth ± tran-
sition-metal complexes;[2] such complexes are of great im-
portance mainly due to their potential applications as
catalysts in olefin oxidation and ammoxidation[3] and as
precursors to a variety of electronic materials.[4] Bismuth has
been shown to form the polymer [Et2Bi(OAr)]� in which the
alkoxide ligand bridges the Et2Bi groups giving a helical chain
with no direct Bi�Bi interaction.[5] For the Bi-Fe-CO system,
the polymer [{PhCH2NMe3}{(�-H)Fe2(CO)6Bi2(�-Cl)2}]� was

In an attempt to pinpoint the source of the oxide in the
hexameric structures, we repeated the preparation of 2 in a
vial connected through a heated capillary to a Hiden
Analytical Quadrupole mass spectrometer (Warrington, Eng-
land). After the addition of THF, the reaction mixture was
heated and the volatile products blown into the mass
spectrometer were subjected to selective ion mass (SIM)
analysis. This confirmed the presence of ethylene (parent
peak at 28 amu; daughter fragments at 27, 26, and 25 amu).
Ethylene is commonly extruded during THF-cleavage proc-
esses,[10] so the origin of the O2� ions in 2 is almost certainly
from THF. Fragmentation of THF is a complex matter, the
outcome of which can differ depending on many variables
such as the metal and the nature of the organyl assailant. Hard
organolithium bases are known to deprotonate THF at the �-
position, before undergoing a [�4s��2s] cycloreversion to
afford enolate ™CH2�CH�O�∫ and ethylene.[11] There are also
precedents for THF fragmentation leading to M-O-M bridges
in organolanthanide chemistry,[12] and to O2� in other metal[13]

and metalloidal[14] systems. Here the heterobimetallic nature
of the inverse crown ether system exacerbates the complexity
of the THF fragmentation process, a sign of which is that the
filtrates left following the isolation of 2 and 3 darken and
degrade to viscous oils in a matter of days. However the
salient point is that both new compounds can be prepared
reproducibly in a pure crystalline form, and isolated for future
synthetic exploration, before the onset of this degradation.

Experimental Section

2 and 3 : In a typical preparation, BuNa, Bu2Mg, and the relevant amine
(5:5:15 mmol) were mixed together in a hydrocarbon solution under a
protective argon atmosphere. Dry, distilled THF (5 mL, 62 mmol) was then
added and the solution warmed for 30 min. Cooling the solution on the
bench (for 2) or in the refrigerator at �26 �C (for 3) afforded colorless
crystals of 2 or 3. Yields of first batches isolated were typically 18 or 11%,
respectively. No further solids could be isolated due to degradation of the
filtrate solutions. M.p. 330 �C (decomp) and 258 �C (decomp), respectively.
Satisfactory analyses (C, H, N) were obtained for both compounds.
1H NMR (400.13 MHz, [D6]DMSO, 300 K): 2 : �� 3.60 (m, 4H; CH2O-
THF), 1.76 (m, 4H; CH2-THF), 1.57 (m, 2H; �-CH2), 1.23 (m, 4H; �-CH2),
1.02 ppm (s, 12H; CH3); 1H NMR (400.13 MHz, [D8]toluene, 300 K) 3 : ��
3.35 (m, 4H; CH2O-THF), 3.26 (septet, 2H; CH), 1.33 (m, 4H; CH2-THF),
1.20 ppm (d, 12H; CH3).
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shown to possess ™Bi2Fe4∫ tetrahedral units connected by a
chloride ligand, leading to an infinitive chain but without a
continuous ¥ ¥¥ -Bi-Fe- ¥¥ ¥ interaction.[6] To date, there are no
polymeric complexes that contain an infinite ¥ ¥ ¥ -Bi-Fe- ¥ ¥ ¥
contact of any type. We report herein the unprecedented
bismuth ± iron chain polymer, [nBuBiFe(CO)4]� (1), which
contains the unique zigzag ¥ ¥ ¥ -Bi-Fe- ¥¥ ¥ chain.

In the preparation of the ring complex [{nBuBiFe(CO)4}2]
(2) from the reaction of [Et4N]3[Bi{Fe(CO)4}4] with nBuBr in
MeCN followed by acidification,[7] we found that ultrasoni-
cation of 2 led to the formation of the polymeric product
[nBuBiFe(CO)4]� (1). An X-ray structure analysis of crystals
of 1 revealed an unusual mixed-metal chain polymer which
is composed of the nBuBiFe(CO)4 groups with a novel
¥¥ ¥ -Bi-Fe- ¥¥ ¥ chain (Figure 1).[8] To the best of our knowledge,
1 is the first infinite heteroleptic Bi�Fe-bonded chain to be
structurally characterized.

Figure 1. Structure of a segment of the polymer 1 (ORTEP diagram).
Selected bond lengths [ä] and angles [�]: Bi-Fe 2.849(5), BiB-Fe 2.771(5),
Bi-C(5) 2.20(3), Fe-C(1) 1.80(5), Fe-C(2) 1.74(5), Fe-C(3) 1.81(3), Fe-C(4)
1.80(5), C(5)-C(6) 1.523(19), C(6)-C(7) 1.52(2), C(7)-C(8) 1.51(2), Fe-Bi-
FeA 156.46 (15), Bi-Fe-BiB 81.47(12), Fe-Bi-C(5) 100.0(9), FeA-Bi-C(5)
93.6(9), Bi-Fe-C(1) 169.5(11), Bi-Fe-C(2) 86.3 (15), Bi-Fe-C(3) 79.2(15),
Bi-Fe-C(4) 92(2), C(1)-Fe-C(4) 97(3), BiB-Fe-C(1) 88.9(15), BiB-Fe-C(2)
79.0(18), BiB-Fe-C(3) 87.6(11), BiB-Fe-C(4) 174(2).

Noteworthy in 1 is the zigzag ¥ ¥ ¥ -Bi-Fe-Bi-Fe- ¥¥ ¥ chain with
alternating short (2.771(5) ä) and long (2.849(5) ä) Bi�Fe
distances and alternating Bi-Fe-Bi and Fe-Bi-Fe angles of
81.47(12)� and 156.46 (15)�, respectively. Notably, the neigh-
boring nBu groups are oriented in the trans position and the
Fe(CO)4 groups sit in the staggered-like position along the
chain. The C�C distance between two ™parallel∫ nBu groups
(C(8)�C(8)C) is around 1.96 ä, which is within their van der
Waals contact (i. e., 3.4 ä)[9] indicative of the weak interac-
tion. This intramolecular interaction of the alkyl groups may
partly account for the formation of 1.

Whereas the ring complex 2 is considered as the dimeric
product of the monomer [nBuBiFe(CO)4] derived from the
ionic complex [nBuBi{Fe(CO)4}3]2�,[7] the polymer 1 can be

viewed as the polymeric product that results from the
cleavage (probably by radical processes) of Bi�Fe bonds in
2 upon ultrasonication. The formation of 1 from 2 is
reversible. The polymer 1 can be obtained from a solution
of 2, and 1 dissolves in most organic solvents to form the
dimeric product 2 in almost quantitative yield. No analogous
polymers like 1were observed when analogous reactions were
carried out for Bi compounds with shorter alkyl groups (R�
Me, Et). Hence, the freedom of the alkyl groups and the
effective crystal packing play an important role in the
formation of 1.

The coordination geometry at the bismuth center in 1 can
be described as a pyramidal structure with an uncoordinated
lone pair of electrons, which is seen in many other bismuth-
containing complexes such as [R2Bi2Fe2(CO)8],[7] [Et4N][Bi-
Fe3(CO)10],[10] and [Et4N]2[Bi2Fe4(CO)13].[11] However, it is
noteworthy that the Fe-Bi-Fe angle (156.46 (15)�) is unusually
large and the sum of the angles at the bismuth center is about
350�, not far off being planar. These two features are quite
different to those of the above-mentioned complexes and the
related complex [EtBi{Mo(CO)3Cp}2].[12] In the absence of
multiple bonding between the Bi and Fe centers in 1, the lone
pair of electrons on the bismuth center may be in an
essentially unhybridized p orbital and thus capable of
interacting with the cis-carbonyl ligands, which might account
for the trans orientation of the nBu groups and the alternating
Bi�Fe bond lengths (2.771(5) versus 2.849(5) ä). In addition,
the iron atom is pseudooctahedrally coordinated to two
bismuth atoms and four carbonyl groups; the Bi-Fe-Bi angle
(81.47(12)�) is smaller than most angles about the iron atom
due to the demands of the orientation of the chain and the
nBu groups. The Bi�C distance of 2.20(3) ä is similar to those
in [Me2Bi2Fe2(CO)8] (2.28(1) ä)[13] and [iBu2Bi2Fe2(CO)8]
(2.29 (1) ä).[14] The C�C distances in 1 are in the range of
1.51(2) ± 1.52(2) ä, which are comparable to those in the
related complex [(iBu)2Bi2Fe2(CO)8].[14] These features re-
flect the small distortion of the alkyl groups in polymer 1.
Work is in progress to determine the generality of the
structure of 1 and to investigate its applications.

Experimental Section

All reactions were performed under an atmosphere of pure nitrogen using
standard Schlenk techniques.

1: nBuBr (3 mL, 27.94 mmol) was added dropwise to a sample of
[Et4N]3[Bi{Fe(CO)4}4] (2.54 g, 2.00 mmol) in MeCN (40 mL). The mixed
solution was heated at 40 ± 42 �C for 24 h, and the resulting solution was
filtered and dried under vacuum to give a residue to which HOAc (10 mL)
was added. The mixture was stirred at room temperature for 20 h, and the
HOAc was removed under vacuum. The residue was extracted with hexane
(40 mL) several times and the hexane extract was showed to contain the
dimeric complex 2 (0.30 g).[7] The hexane solution containing 2 was
concentrated, and subsequently ultrasonicated in a water bath with an
ultrasonicator (50 Hz, 4 amp, 110 V) for 20 min. The resultant solution was
cooled in a freezer to give crystals of [nBuBiFe(CO)4]� (1). Yield: 0.28 g.
IR (nujol): 
�CO� 2034 (s), 1998 (w), 1983 cm�1 (s, br); m.p. 71 �C; elemental
analysis (%) calcd for [nBuBiFe(CO)4]�: C 22.14, H 2.09; found: C 22.12;
H 2.10. Polymer 1 decomposed quickly into the dimeric species in most
organic solvents.
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[{Fe(OMe)2[O2CC(OH)Ph2]}12]: Synthesis and
Characterization of a New Member in the
Family of Molecular Ferric Wheels with the
Carboxylatobis(alkoxo) Bridging Unit**
Catherine P. Raptopoulou,* Vassilis Tangoulis, and
Eamon Devlin

High-nuclearity transition-metal clusters continue to attract
a great deal of interest, partly because of their fascinating
physical properties and partly for the architectural beauty of
their structures. An interesting subarea of 3d metal cluster
chemistry is the small but growing family of molecules that
have circular structures. Large cyclic polymetallic clusters are
valued for their ability to mimic the properties of linear
coordination polymers.[1] For example, theories developed for
analyzing magnetically coupled ring systems have been
extensively applied to calculate the thermodynamic proper-
ties of 1D materials.[2] Furthermore, the chemistry of circular
molecular clusters is also associated with supramolecular
chemistry. Anion and cation recognition provide the possi-
bility of controlling the size of clusters. A representative
example of this approach is the ability to address the synthesis
of molecular rings by exploiting host ± guest interactions with
alkali-metal cations, because alkali-metal cations are hosted
by rings of different size. Thus, hexairon(���)[3±5] and hexa-
manganese(���)[6] complexes with cyclic M6O12 cores can easily
accommodate Li� and Na� ions, both in the solid state and in
solution, whereas Cs� ions require larger rings, such as
M8O16.[5]

Metal rings have excited mankind since mythological
times.[7] The largest cyclic structure containing exclusively
paramagnetic 3d metals is the NiII24 wheel reported by
Winpenny and co-workers,[8] which is approximately an order
of magnitude smaller that the giant wheels constructed from
molybdate fragments by the M¸ller group;[9] a NiII12 wheel is
also known.[10] Large, cyclic, polymetallic arrangements of
other 3d metals, either unsupported or supported (by ions or
molecules as guests), have been found for chromium(���),[11]

manganese(���),[12] iron(��),[13] iron(���),[12, 14] cobalt(��),[15] and
copper(��).[16]

Restricting further discussion to the so-called ferric wheels
with nuclearities equal to or higher than ten, the structurally
characterized complexes that contain O-donor groups as
bridging ligands are [{Fe(OMe)2(O2CCH2Cl)}10][14a] [{Fe-
(OMe)2(O2CMe)}10][14b] [{Fe(OMe)2L}10][14c] where L� is
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the monoanion of 3-(4-methylbenzoyl)propionic acid,
[{Fe(OMe)2(dbm)}12],[14d] where dbm� is the dibenzoylmetha-
nato ligand, and [{Fe(OH)(XDK)Fe2(OMe)4(O2CMe)2}6],[14e]

where XDK2� is the ion of m-xylylenediamine bis(Kemp×s
triacid imide). All three FeIII

10 wheels contain chemically
equivalent (�-O2CR)(�-OMe)2 units, while the FeIII

12 wheel
contains chemically equivalent (�-OMe)2 units. The repeating
unit in the FeIII

18 cluster, known as the molecular 18-wheeler,
comprises a (�-hydroxo)bis(�-carboxylato)diiron(���) moiety
linked by an acetate and two methoxide ions to a third iron(���)
atom; an acetate and two additional methoxide ligands on this
iron center form bridges to the next trinuclear repeating unit
in the cluster.[14e]

The family of ferric wheels with the (�-O2CR)(�-OR�)2 unit
is restricted to decanuclear complexes.[14a±c] We wondered
whether change of the carboxylato or/and alkoxo ligands
would influence the size of these wheels and permit the
isolation of larger wheels. The main driving force behind our
efforts was our desire to test the general belief[8] that it is not
possible to generate a large 3d-metal wheel with only one type
of bridging interaction. For example, while FeIII

10 wheels can be
accurately described as [{Fe(OMe)2(O2CR)}10] (R�Me,
CH2Cl, CH2CH2C(O)C6H4Me) and CrIII8 wheels[11] can be
described as [{CrX(O2CR)}8] (X�F, R�CMe3; X�OH,
R�Ph), such a description as an oligomer of a mononuclear
fragment is not accurate for larger wheels. For both the
FeIII

18
[14e] and NiII24[8] wheels mentioned above, a more accurate

description is as an oligomer of trinuclear building blocks.
Herein we report the isolation and characterization of the
unique x� 12 member of the [{Fe(OR�)2(O2CR)}x] family of
ferric wheels. Since it has been recently pointed out[8, 16b] that
utilization of strong interligand hydrogen bonds might be an
important feature in generating large wheel-shaped clusters,
we decided to employ carboxylate ligands containing suitable
hydrogen-bond donor groups.

The 1:2 reaction of Fe(NO3)3 ¥ 9H2O with benzilic acid,
Ph2C(OH)COOH, in MeOH under reflux at pH� 4 gave a
microcrystalline solid. Diffusion of Et2O into the yellow
methanolic filtrate resulted in yellow crystals of [{Fe(O-
Me)2[O2CC(OH)Ph2]}12] ¥ 2H2O ¥Et2O (1 ¥ 2H2O ¥Et2O)
formed over a period of four weeks. The initially precipitated
solid was characterized as compound 1 by microanalysis and
IR spectroscopy.

Single-crystal X-ray crystallography[17] showed complex 1 to
be a dodecanuclear ferric wheel. The molecular structure
(Figure 1) consists of a centrosymmetric ring of twelve FeIII

atoms held together by twenty-four �2-methoxide ligands and
twelve 1,3-bridging carboxylate ligands. Each iron(���) atom
has a distorted octahedral geometry and is joined to its
neighbors by edge-sharing methoxide and cis-carboxylate
bridges. The twelve iron centers are nearly coplanar, with an
average deviation of �0.48 ä from the best least-squares
plane through them. In contrast, in the cyclic dodecanuclear
compound [{Fe(OMe)2(dbm)}12],[14d] which contains bis(�-
methoxo) units, the ring defined by the iron(���) atoms is not
planar and the structure is best described as a twisted
™ribbon∫.

The benzilate(�1) ion has the possibility of further
interaction with the iron(���) centers through the hydroxyl

Figure 1. Molecular structure of 1. For clarity, only the ipso carbon atom of
each phenyl ring is shown. An inversion center relates the primed atoms to
the unprimed ones. Interatomic distances [ä]: Fe ¥¥ ¥ Fe� 3.013(1) ±
11.634(1), Fe-Omethoxo� 1.962(5) ± 1.990(5), Fe-Ocarboxylate� 2.001(5) ±
2.100(5).

oxygen atom, but, in the case of 1, this potential is not realized
and the ligand is merely bidentate, spanning metal ±metal
vectors in a 1,3-bridging mode.

A side view of 1 is shown in
Figure 2. The methoxo lig-
ands are arranged above
and below the ring defined
by the iron(���) atoms. The
benzilate ligands can be div-
ided into two groups of six
members each. The carboxy-
late moieties of the first
group almost lie in the plane
of the twelve metal ions
(average displacement of the
carboxylate oxygen atoms:
0.39 ä), while those of the
second group are arranged
above and below the metal
ring (average displacement
of the carboxylate oxygen
atoms: 2.35 ä) in an alternat-
ing fashion between the car-
boxylate groups belonging to
the first group.

The closest Fe ¥¥ ¥ Fe distan-
ces are almost identical in 1
ranging from 3.013 to
3.030 ä, very similar to those found in [{Fe(OMe)2-
(O2CCH2Cl)}10][14a] (average value: 3.028 ä) and shorter than
the distances found[14d] in [{Fe(OMe)2(dbm)}12] (average

Figure 2. ORTEP diagram of a
side view of 1. Empty bonds
show the arrangement of the
benzilate(�1) ligands with respect
to the mean plane of the iron(���)
atoms (larger empty circles).
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value: 3.136 ä). The ring size in 1, calculated by averaging the
distances between iron(���) atoms on opposite sides of the ring
is 11.41 ä, larger than the 9.80 and 10.34 ä values found in
[{Fe(OMe)2(O2CCH2Cl)}10][14a] and [{Fe(OMe)2(dbm)}12],[14d]

respectively. This difference in the ring size between the latter
and 1 is a consequence of the difference in the Fe ¥¥¥ Fe ¥¥ ¥ Fe
angles. These angles range from 142.6 to 146.3� in 1, very close
to the ideal 150� value required by ring-closure considerations
for a planar, 12-membered ring, and from 117.3 to 136.2� in
[{Fe(OMe)2(dbm)}12][14d] (very close to the optimum value of
120� for a structure based on edge-sharing octahedra).

Complex 1 is one of the two largest cyclic ferric clusters yet
reported with chemically equivalent bridging units, the other
being [{Fe(OMe)2(dbm)}12].[14d] The small family of the
dodecanuclear iron clusters with exclusively O ligation also
includes two FeII

8 FeIII
4 oxo/carboxylate complexes;[18a,b] these

two clusters do not have cyclic structures.
The Mˆssbauer spectrum of a polycrystalline sample of 1 at

room temperature (Figure 3) reveals a single quadrupole
doublet with an isomer shift of 0.41(1) mms�1 (referenced
versus iron foil at room temperature) and a quadrupole

Figure 3. Mˆssbauer spectrum of polycrystalline 1 at room temperature.
–– is the best fit to the data with the spectral parameters mentioned in the
text.

splitting of 0.65(1) mms�1. The isomer-shift value is within the
range expected for high-spin iron(���) centers in a non-sulfur
environment.[19] The �EQ value indicates a slightly unsym-
metrical electric field, consistent with the variations in Fe�O
bond distances revealed by the X-ray investigations.[17] The
width at half height is 0.15(1) mms�1.

The magnetic susceptibility of 1 is indicative of antiferro-
magnetic interactions between the high-spin iron(���) ions (S�
5/2). The broad maximum at 60 K in the curve (Figure 4) can
be nicely fit by a Heisenberg S� 5/2 quantum chain model
with J��10.9 cm�1 and g� 2.00 (H� J�i SiSj).[20] The depar-
tures from the calculated behavior at low temperature arise
from a small percentage of paramagnetic impurity. For a ring
of N ions, an energy gap �E� 4J/N� 3.6 cm�1 is predicted
between the ground state S� 0 and the first excited S� 1. The
calculated J value is close to that found in other dialkoxo-
bridged iron(���) complexes with similar Fe-O-Fe angles.[14a]

In conclusion, the molecular architecture of 1 underscores
the ability of synthetic chemistry to enrich our world with

Figure 4. Magnetic susceptibility measurements of 1 in the range 2 ± 300 K
at 0.1 T applied magnetic field; (�) refer to �MT, stars to �M, –– represent
the best fit to the data.

objects of beauty.[21] The self-assembly of this complex
provides further evidence for the tendency of metal ions
linked by alkoxo/hydroxo ligands and syn,syn �2-carboxylate
bridges to form large cyclic molecules. Compound 1 is the
largest cyclic ferric cluster yet reported with the carboxyla-
tobis(alkoxo) bridging unit. It should be stressed that there
are no hydrogen bonds in the structure of this cluster, which
could stabilize the wheel providing an extra intramolecular
force for its formation. We do not know if 1 is the largest ferric
wheel containing this type of bridging interaction. Work is in
progress for the preparation of other members of the family of
[{Fe(OR�)2(O2CR)}x] wheels by changing the nature of the R,
R� groups, while simultaneously we are trying to construct still
larger wheels using the ™oligomerization of high-nuclearity
building blocks∫ design principle.[8]

Experimental Section

Solid Ph2C(OH)COOH (0.23 g, 1.0 mmol) was dissolved in a stirred
solution of Fe(NO3)3 ¥ 9H2O (0.20 g, 0.5 mmol) in hot MeOH (20 mL). The
resulting orange-red solution was heated under reflux for 10 min and then
the pHvalue was adjusted to 4 with a solution of LiOH in MeOH. A color
change to yellow occurred. The yellow solution was heated further under
reflux for 1 h, during which time a yellow precipitate formed. The solid was
collected by filtration, washed with cold MeOH and Et2O (not added to the
filtrate) and dried in vacuum, yield 48%; elemental analysis calcd (%) for
C192H204O60Fe12 (1): C 55.7, H 5.0; found: C 55.6, H 4.9. Yellow crystals of
the product were grown by layering the methanolic filtrate with Et2O; the
formulation 1 ¥ 2H2O ¥Et2O was determined crystallographically, but the
analytical sample (consisting of washed and vacuum-dried crystals) was
analyzed as solvent-free.

Magnetic susceptibility data were collected on microcrystalline samples of
1 with a Cryogenics S600 SQUID magnetometer with an applied field of
0.1 Tand in the temperature range 2 ± 300 K. Data were corrected with the
standard procedure for the contribution of the sample holder and
diamagnetism of the sample. The Mˆssbauer spectrum of microcrystalline
1 was measured at room temperature by a conventional constant-
acceleration spectrometer equipped with a 	-ray source of 57Co in Rh;
isomer shifts were referenced versus a thin 
-iron foil at room temperature.
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Poly(p-phenylenephosphaalkene):
A �-Conjugated Macromolecule Containing
P�C Bonds in the Main Chain**
Vincent A. Wright and Derek P. Gates*

Approximately twenty years ago, several examples of stable
neutral compounds possessing acyclic (p ± p) � bonds involv-
ing the heavier p-block elements were prepared.[1] Subse-
quently, the synthesis, structures, and reactivity of numerous
low-coordinate molecules has received extensive study and
continues to attract considerable attention.[2] Despite current
interest in the preparation of organic macromolecules pos-
sessing �-conjugated backbones,[3] to our knowledge, the
incorporation of heavy-element multiple bonds into a �-
conjugated polymer is unprecedented.[4, 5] Furthermore, the
incorporation of inorganic elements into the polymer back-
bone is synthetically challenging and often results in materials
with unique properties.[6] Therefore, the development of
methods to prepare �-conjugated polymers containing heav-
ier main-group (p ± p) � bonds is of fundamental interest, and
may ultimately lead to materials with novel properties.[7] The
poly(p-phenylenevinylene)s (PPVs) are an exciting class of
luminescent organic macromolecules containing C�C bonds
which pose many synthetic challen-
ges.[3a,c, 8] However, the possible incor-
poration of other stable multiple
bonds, such as the well-established
P�C moiety,[9] into the PPV structure
has not been explored.[10] Herein, we
report the synthesis and characteriza-
tion of a poly(p-phenylenephosphaalkene), a �-conjugated
macromolecule containing phosphorus(���) ± carbon double
bonds in the polymer backbone.

An elegant and general route to phosphorus(���) ± carbon
double bonds involves the rapid and thermodynamically
favorable [1,3]-silatropic rearrangement of an acylphosphane
to a phosphaalkene (Scheme 1).[1a] From a preparative stand-
point, this method is probably the most convenient and
versatile route to phosphaalkenes with minimal steric pro-
tection.[11] We initiated our investigations by preparing model
compounds 1 and 2 for the polymer 3, under conditions
chosen to mimic a typical condensation polymerization.
Therefore, phosphaalkene 1 was prepared in the absence of
solvent by stirring mesitylene-2-carboxylic acid chloride and
PhP(SiMe3)2 at 50 �C for several days. Analysis of the reaction
mixture by 31P NMR spectroscopy showed only two signals
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Scheme 1. The [1,3]-silatropic rearrangement of an acylphosphane to a
phosphaalkene.

(�� 149.2, 54% and 134.0, 46%), assigned to the E and
Z isomers of 1, respectively. After distillation (110 �C;
0.1 mmHg), analytically pure 1 was isolated as a pale yellow
liquid (yield, 75%).

Examples of molecules possessing two or more phosphaal-
kene moieties bridged by arylene spacers are uncommon;[12]

furthermore, there are only two previous reports of bis(phos-
phaalkene)s prepared through [1,3]-silatropic rearrange-
ment.[11b, 12b] Thus, we set out to prepare 2 from a concentrated
solution of PhP(SiMe3)2 (2 equiv) and 4 in THF and hexanes.
After several days of heating and monitoring by 31P NMR
spectroscopy, the PhP(SiMe3)2 was completely consumed, and
pure 2 (yield, 42%) was isolated as a colorless powder from a
concentrated hexanes solution (�35 �C). Unexpectedly, the
31P NMR spectrum of 2 in CDCl3 shows eight resonances
distributed over the regions expected for E- (44%) and Z-
phosphaalkene (56%) isomers. In addition, there were six
resolved signals for OSiMe3 groups in the 1H NMR spectrum.
Four signals are expected for the three possible isomers (E,E ;
E,Z ; Z,Z), thus, we postulate that the additional NMR signals
arise from restricted rotation of the P�C groups about the
central aryl plane in 2.

In order to prepare the target poly(p-phenylenephospha-
alkene), two bifunctional starting reagents (4 and 5) were
required. The silylated phosphane 5 was prepared by treating
1,4-diphosphanobenzene[13] with MeLi (4 equiv) in diethyl
ether followed by addition of Me3SiCl (4 equiv).[14] Analyti-
cally pure 5 was obtained as a colorless solid after vacuum
sublimation at 100 �C. The thermolysis of 4 and 5 was
conducted just above their melting temperature (85 �C) in a
vacuum-sealed Pyrex tube. In a typical experiment, after
about 24 h the initially colorless, free-flowing liquid was

highly viscous and yellow.[15] Poly(p-phenylenephosphaal-
kene) (3) was purified by precipitation of the polymer from
a concentrated THF solution with cold hexanes (ca. �30 �C)
and subsequent drying in vacuo. The brittle yellow solid
(yield, 35%) was dissolved in C6D6 and analyzed by 31P NMR
spectroscopy, which showed broad overlapping signals for the
E and Z isomers in 3 and for the polymer end groups (see
Figure 1).[16] The 29Si NMR (DEPT) spectrum exhibited three
signals (�� 21 and 18, 3 (OSiMe3); 1.4 ppm (d), 3 P(SiMe3)2
end groups) with the signals arising from OSiMe3 groups in 3
showing similar chemical shifts to those in 1 (�� 21.3,
18.2 ppm).

Figure 1. 31P NMR spectrum (C6D6) of 3 (trial 2) after precipitation with
hexanes.

An estimate of the molecular weight (Mn) of several
samples was obtained from relative integration of the
31P NMR signals for P(SiMe3)2 end groups and P�C units.[17]

The results are shown in Table 1; samples of 3 had moderate
degrees of polymerization (X≈ n, n in 3) between 5 and 21, not

unusual for a step-growth reaction. Moreover, the elemental
analyses, including chlorine analysis for two samples, were
consistent with the molecular weights estimated from end-
group analysis. The 13C NMR spectrum exhibited resonances
consistent with the assigned structure and, importantly, broad
signals for the C�P moiety were detected at �� 212 and
198 ppm. The infrared spectra of films of 3 were remarkably
similar to those for 1, 2, and other analogous phosphaal-
kenes.[11a] The thermal stability of 3 was assessed by thermo-
gravimetric analysis (TGA) under dry helium. The polymer 3
was stable to weight loss up to 190 �C, whereupon approx-
imately 40% was lost, followed by an additional 20% at
400 �C. After heating to 800 �C, 40% of the mass remained as
a black solid.

The electronic structure of the new phosphaalkenes pre-
pared was probed in THF solution (ca. 10�5�) by using UV/
Vis spectroscopy. Few detailed UV/Vis studies have been
conducted on phosphaalkenes,[12e, 18] although there are two

Table 1. Selected characterization data for 1, 2, and 3.

Compound tpolym X≈ *n M*n UV/Vis Z/E
[h] [gmol�1] �max [nm]

1 328 310 0.85
2 550 314 1.27
3 (trial 1) 21 5 2900 328 1.12
3 (trial 2) 27 21 10500 338 1.14
3 (trial 3) 28 12 6300 334 1.06
3 (trial 4) 34 12 6300 334 1.05

* Mn and X≈ n were estimated using end-group analysis (see ref. [17]).
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possible chromophores; (n ±�*) and (� ±�*). Typical spectra
for the polymer (3) and model compounds (1 and 2) are
shown in Figure 2. Broad absorbances were observed for 1
(�max� 310 nm) and 2 (�max� 314 nm). Analysis of poly(p-
phenylenephosphaalkene) (3) revealed a broad absorbance
(�max� 328 ± 338 nm) and a tail stretching into the visible

Figure 2. UV/Vis spectra of: 1 ––; 2 - - - -; 3 (trial 3) ––; 3 (trial 4) ±±±.

region. We speculate that the bathochromic shift observed for
poly(p-phenylenephosphaalkene) compared with 1 and 2
suggests some degree of �-conjugation through the phenylene
and P�C units. However, the red shift for 3 is less than that for
trans-PPV compared with trans-stilbene (ca. 426 nm vs. 294/
307 nm), which we attribute to conformational nonplanarity
in the main chain, caused by the bulky C6Me4 groups in 3.[19, 20]

In addition, the breadth of the absorbance for 3 may be
caused, in part, by the mixture of isomers present (Z/E� 1.1;
compare cis-stilbene (276 nm) and trans-stilbene (294/
307 nm)),[20] and/or the polydispersity of the material. Further
studies are necessary to confirm the extent of �-conjugation
in 3.

In summary, we have prepared and characterized the first
�-conjugated polymer containing P�C bonds in the main
chain. Future studies will explore the scope of this synthetic
methodology and attempt to develop routes to air- and
moisture-stable poly(p-phenylenephosphaalkene)s.

Experimental Section

All manipulations were performed under a nitrogen atmosphere in a glove
box or using standard Schlenk techniques. Assignment of NMR spectra
were made with the aid of COSY, APT, HMQC, and HMBC experiments.
The E and Z isomers of 1, 2, and 3 were assigned by comparison with
analogous systems; the signals arising from the E isomer are observed
downfield from those of the Z isomer in the 31P NMR spectrum.[11, 21]

1: Bis(trimethylsilyl)phenylphosphane (5.6 g, 22.0 mmol) and mesitylene-
2-carboxylic acid chloride (4.0 g, 21.9 mmol) were stirred at 50 �C, and over
several days quantitative conversion to 1 was observed by 31P NMR
spectroscopy. Pure 1 (5.4 g, 75%) was isolated as a pale yellow liquid after
vacuum distillation (b.p. 110�C, 0.1 mmHg). 1: 31P NMR (121.5 MHz,
C6D6): �� 149.2 (s, 54%, E-1), 134.0 ppm (s, 46%, Z-1); 1H NMR
(400.1 MHz, CDCl3): E-1: �� 7.13 ± 7.01 (m, 5H; o, m, p-Ph), 6.73 (s, 2H;
m-Mes), 2.20 (s, 9H; o, p-CH3), 0.42 ppm (s, 9H; OSi(CH3)3), Z-1: �� 7.79
(m, 2H; o-Ph), 7.35 (m, 3H; m, p-Ph), 6.91 (s, 2H; m-Mes), 2.48 (s, 6H; o-

CH3), 2.32 (s, 3H; p-CH3), �0.05 ppm (s, 9H; OSi(CH3)3); 13C NMR
(CDCl3, 100.6 MHz): E-1: �� 197.3 (d, 1J (C,P)� 49 Hz; C�P), 138.5 (d, 1J
(C,P)� 39 Hz; i-Ph), 138.0 (d, 2J (C,P)� 9 Hz; i-Mes), 137.4 (s; p-Mes),
134.2 (d, 3J (C,P)� 5 Hz; o-Mes), 133.0 (d, 2J (C,P)� 13 Hz; o-Ph), 128.0 (s;
m-Mes), 127.7 (d, 3J (C,P)� 6 Hz; m-Ph), 127.5 (s; p-Ph), 21.0 (s; p-CH3),
19.9 (s; o-CH3), 0.3 ± 0.1 ppm (m; OSi(CH3)3), Z-1: �� 210.2 (d, 1J (C,P)�
41 Hz; C�P), 139.5 (d, 1J (C,P)� 44 Hz; i-Ph), 138.1 (s; p-Mes), 136.8 (d, 2J
(C,P)� 28 Hz; i-Mes), 136.5 (d, 3J (C,P)� 8 Hz; o-Mes), 133.3 (d, 2J
(C,P)� 13 Hz; o-Ph), 128.4 (s; m-Mes), 128.1 (s; m-Ph), 127.5 (s; p-Ph), 21.1
(s; p-CH3), 20.7 (s; o-CH3), 0.3 ± 0.1 ppm (m; OSi(CH3)3); 29Si NMR (C6D6,
79.5 MHz): �� 21.3 (s), 18.2 ppm (s); UV/Vis (THF): �max (�)� 310 nm
(6000); IR (neat): 	
 � 2921 (m), 2853 (m), 1601 (w), 1456 (s), 1377 (m), 1252
(vs), 1187 (vs), 847 cm�1 (s); MS (EI, 70 eV): m/z (%): 330 (3), 329 (10), 328
(44) [M�], 253 (1), 252 (4), 251 (23) [M��C6H5], 148 (9), 147 (100)
[C10H11O], 74 (5), 73 (72) [C3H9Si]; elemental analysis: C19H25OPSi: calcd
C 69.48, H 7.67, found C 69.54, H 7.60.

2: To a mixture of bis(trimethylsilyl)phenylphosphane (0.93 g, 3.7 mmol)
and 4 (0.47 g, 1.8 mmol) was added hexanes:tetrahydrofuran (5 mL:2 mL)
until dissolved. The solution was stirred at 85 �C in a closed vessel for a
several days and 31P NMR spectroscopy showed quantitative formation of
2. The solvent was removed in vacuo giving a pale yellow oil, from which 2
was isolated (0.42 g, 42%) as a colorless powder from hexanes at�35 �C. 2 :
31P NMR (CDCl3, 121.5 MHz): �� 155.2 (s, 20%), 154.9 (s, 4%), 150.7 (s,
2%), 149.5 (s, 18%), 134.0 (s, 23%), 131.8 (s, 4%), 129.9 (s, 12%),
129.6 ppm (s, 17%); 1H NMR (CDCl3, 300.1 MHz): �� 7.8 ± 6.9 (m, 10H;
Ph-H), 2.39, 2.38, 2.23, 2.19, 2.11, 2.05, 2.02 (s, 12H; Ar-CH3), 0.38, 0.31,
0.30 (s; OSi(CH3)3, E isomers (44%)), �0.09, �0.10, �0.15 ppm (s;
OSi(CH3)3, Z isomers (56%)); 13C NMR (CDCl3, 75.5 MHz,): �� 211.8 (d,
1J (C,P)� 44 Hz; C�P, Z-2), 198.6 (d, 1J (C,P)� 49 Hz; C�P, E-2), 140 ±
137 (m; i-Ph and i-Ar), 134 ± 132 (m; o-Ph), 131 ± 130 (m; o-Ar), 128 ± 127
(m; m-Ph and p-Ph), 19 ± 17 (m; Ar-CH3), 0.8 ± 0.1 ppm (m; OSi(CH3)3);
UV/Vis (THF): �max (�)� 314 nm (28000); IR (neat): 	
 � 3052 (s), 2956
(vs), 2922 (sh), 1451 (sh), 1432 (s), 1251 (vs), 1192 (vs), 981 (s), 900 (sh),
854 cm�1 (vs); MS (EI, 70 eV): m/z (%): 553 (3), 552 (12), 551 (35), 550 (82)
[M�], 475 (4), 474 (6), 473 (26) [M��Ph], 443 (2), 442 (3), 441 (7)
[M��PHPh], 371 (4), 370 (12), 369 (51) [M��P(Ph)SiMe3], 74 (9), 73
(100) [SiMe3]; elemental analysis: calcd C 65.42, H 7.32, found C 65.32, H
7.47.

3: The same procedure was followed for each trial (1 ± 4). All glassware was
rinsed with Me3SiCl and flame dried prior to use. Compounds 4 (0.601 g,
2.32 mmol) and 5 (1.00 g, 2.32 mmol) were mixed as finely ground powders,
and flame sealed in vacuo in a thick-walled Pyrex tube. The sample was
placed in a preheated (85 �C) oven, whereupon the solids melted forming a
colorless, free-flowing liquid. After 6 ± 8 h, the mixture showed an increase
in viscosity and was yellow. The reaction was monitored until the liquid was
almost immobile (ca. 24 h), and the yellow/orange material was removed
from the oven. The tube was broken, Me3SiCl was removed in vacuo, and
the residue dissolved in a minimum amount of THF (ca. 3 mL). The viscous
solution was evenly distributed over the walls of the flask, and cold hexanes
(ca. �30� C) were added rapidly to precipitate the polymer as a yellow
solid. The hexanes-soluble fraction was removed and the polymer 3
remained (0.384 g, 35%) as a bright yellow glassy solid after drying
in vacuo. 3 : 31P NMR (CDCl3; 121.5 MHz): �� 157 ± 149 (br m; E-3), 138 ±
124 (br m; Z-3), �137 ppm (br; P(SiMe3)2 end groups; see Table 1 for Z/E
ratio, and degree of polymerization for each trial). All integrations for end-
group analyses are reported with a relaxation delay of 2.0 s; however,
spectra were obtained by using 20 s and 30 s delays, and integrals were
identical. 29Si NMR (CDCl3, 79.5 MHz): �� 21.7 ± 20.5 (br m), 18.4 ± 17.0
(br m), 1.4 ppm (d; 1J(Si, P)� 26 Hz, end groups); 1H NMR (CDCl3,
400.1 MHz): �� 7.8 ± 6.6 (br m; C6H4), 2.5 ± 2.1 (br m; C6(CH3)4), 0.5 ±
� 0.5ppm (br m; Si(CH3)3); 13C NMR (CDCl3, 100.6 MHz): �� 211.9 (br;
Z-C�P), 197.9 (br; E-C�P), 142.0 (br; i-C6Me4), 139.1 (br; i-C6H4), 132.4,
130.2 (br; o-C6H4, o-C6Me4), 18.6, 17.5 (br s; C6(CH3)4), 0.7, 0.2 ppm (br s;
OSi(CH3)3); UV/Vis (see Table 1); IR (film): 	
 � 2955 (m), 2921 (m), 2849
(m), 1252 (vs), 1187 (s), 846 cm�1 (vs); elemental analysis: [C24H34O2P2-
Si2]n � [C26H43O2P2Si3Cl]: trial 1 calcd (n� 5) C 59.80, H 7.32, found C
59.89, H 7.26, trial 3 calcd (n� 12) C 60.43, H 7.28, Cl 0.57, found C 60.27, H
7.39, Cl 0.62, trial 4 calcd (n� 12) C 60.43, H 7.28, Cl 0.57, found C 59.64, H
7.39, Cl 1.10.
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AReaction Pathway of [Fe(CO)5] with Alkynes
via Ferrabicyclobutenones**
Alexander C. Filippou* and Torsten Rosenauer

Dedicated to Professor Gottfried Huttner
on the occasion of his 65th birthday

Several studies have been carried out on the reactions of
[Fe(CO)5] with alkynes since the pioneering work of W.
H¸bel.[1] These reactions are complex and in general not
selective affording a plethora of organometallic complexes
and carbocycles.[1, 2] Common products are the tricarbonyl(�4-
cyclopentadienone)iron complexes,[3] which have been widely
used in organic synthesis.[4] The reactions of [Fe(CO)5] with
alkynes follow a dissociative pathway and need photochem-
ical or high thermal activation because of the large Fe�CO
bond dissociation energy.[5] Along this reaction pathway
[Fe(CO)4(�2-alkyne)] complexes have been isolated as ther-
mally sensitive solids.[6] The elementary steps for their
conversion into the products remain however unclear. Fol-
lowing our studies on diaminoacetylene complexes[7] we
present here the first example for an associative reaction of
[Fe(CO)5] with Me2N�C�C�NMe2 to afford a ferrabicyclo-
butenone and its selective C�C coupling and cleavage
reactions to give a multitude of novel organoiron compounds.

Thus, treatment of [Fe(CO)5] with Me2N�C�C�NMe2 in
THF at �50 �C affords a very thermolabile intermediate,
which from in situ low-temperature IR and NMR spectros-
copy results is suggested to be the ferracyclobutenone 1
(Scheme 1, see Table 1). Complex 1 decarbonylates above
about �30 �C to give selectively the ferrabicyclobutenone 2,
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which was isolated as an orange, thermally stable solid in 79%
yield (Scheme 1). Complex 2 loses CO either in refluxing
toluene or upon melting at 124 �C to afford selectively the red
alkyne complex 3 in 95% yield (Scheme 1, Table 1). Com-
pounds 2 and 3, are the first fully characterized members of
two classes of long sought after complexes (Table 1).[8, 9] The
molecular structure of 2 reveals a distorted square-pyramidal
complex, in which the C4 and C8 atoms of the ferracycle and
two carbonyl ligands (C1 ±O1, C3 ±O3) occupy the basal
coordination sites (Figure 1).[10] The four-membered ferra-
cycle is puckered (folding angle Fe,C4,C5/Fe,C5,C8� 133.0�).

Figure 1. DIAMOND plot of the molecular structure of 2, hydrogen atoms
have been omitted (thermal ellipsoids at the 50% probability level).
Selected bond lengths [ä] and bond angles [�]: Fe-C4 1.933(3), Fe-C5
2.215(2), Fe-C8 1.896(3), C4-C5 1.469(3), C5-C8 1.400(4), C4-O4 1.210(3);
C8-Fe-C4 71.91(11), Fe-C4-C5 79.99(15), C4-C5-C8 103.2(2), C5-C8-Fe
82.97(16).

The Fe�C� bond (Fe�C8 1.896(3) ä) is considerably shorter
than the Fe�C� distance (Fe�C5 2.215(2) ä) and compares
well with those of metallacyclic iron ± carbene complexes.[11]

This situation suggests in connection with the coplanar
arrangement of the atoms Fe, C8, C5, and N2, the planarity
of the C�-bonded amino group (sum of the bond angles at N2
359.6�), the short C8�N2 bond (1.306(4) ä) and the short
C5�C8 bond (1.400(4) ä) an extensive �-electron delocaliza-
tion over the atoms Fe, C8, N2, and C5. The C�-bonded amino
group is not planar as shown by the sum of the bond angles at
N1 of 343.1�, and the C5�N1 bond (1.384(3) ä) is intermedi-
ate in length between a C�N single (1.46 ä) and C�N double
bond (1.27 ä).[12] The spectroscopic data of 2 also confirm to
the solid-state structure (Table 1). Thus, the IR spectrum of 2
in THF displays two characteristic bands at �� � 1733 and
1632 cm�1, which are assigned to the �(C�O) and �(C�����C�����N)
vibrations, respectively. The 13C{1H} NMR spectrum of 2
(CDCl3, 25 �C) shows a single resonance for the carbonyl
ligands at �� 211.4 suggesting rapid intramolecular CO
scrambling and three signals at �� 60.6, 216.4, and 223.1,
which by heteronuclear multiple bond correlation (HMBC)
were assigned to the �-, �-, and acyl-carbon atom of the
ferrabicycle, respectively. Furthermore, the variable-temper-
ature 1H NMR spectra in CDCl3 (206 ± 298 K) show that
complex 2 is fluxional because of hindered rotation of the C�-
bonded amino group. The activation barrier �G� for the site
exchange of the methyl groups was calculated to be

[*] Prof. Dr. A. C. Filippou, Dipl.-Chem. T. Rosenauer
Institut f¸r Chemie
Humboldt-Universit‰t zu Berlin
Brook-Taylor Strasse 2, 12489 Berlin (Germany)
Fax: (�49)30-2093-6939
E-mail : filippou@chemie.hu-berlin.de

[**] This work was supported by the Deutsche Forschungsgemeinschaft.
We thank Dr. B. Ziemer, Dr. G. Kociok-Kˆhn, and P. Neubauer for the
single-crystal X-ray diffraction studies.



COMMUNICATIONS

2394 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2394 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 13

9.95 kcalmol�1 (Tc� 215 K, ��� 152 Hz). In comparison,
rotation of the C�-bonded amino group is frozen even at
ambient temperature giving rise to two methyl proton
resonance signals at �� 3.33 and 3.59 (�G�� 14.4 kcalmol�1).

The coordination geometry of complex 3 can be described
as distorted square pyramidal with two CO ligands (C3 ±O1,
C4 ±O2) and the alkyne carbon atoms occupying the basal
coordination sites (Figure 2).[10] Distortion results from the

Figure 2. DIAMOND plot of the molecular structure of 3, hydrogen atoms
have been omitted (thermal ellipsoids at the 50% probability level).
Selected bond lengths [ä] and bond angles [�]: Fe-C1 1.845(3), Fe-C2
1.844(3), Fe-C3 1.773(4), Fe-C4 1.785(4), Fe-C(5) 1.787(4), C1-C2 1.375(4),
C1-N1 1.318(4), C2-N2 1.333(4); C1-Fe-C2 43.76(14), C3-Fe-C4 98.98(18),
C3-Fe-C5 99.68(16), C4-Fe-C5 98.96(18), Cm-Fe-C5 114.87 (Cm denotes the
midpoint of the alkyne C�C bond).

small bite angle of the alkyne ligand (43.8(1)�) and the
bending of the apical carbonyl ligand (C5�O3) away from the
alkyne moiety (Cm-Fe-C5 114.87�, Figure 2). The short
Fe�Calkyne bonds (1.844(3) and 1.845(3) ä), the long
(C�C)alkyne bond (1.375(4) ä), the short Calkyne�N bonds
(1.318(4) and 1.333(4) ä), and the planarity of the coordi-
nated bis(dimethylamino)acetylene unit provide structural
evidence for the presence of a four-electron-donor alkyne
ligand with extensive �-electron delocalization.[7] This assign-
ment is supported by the spectroscopic data, such as the IR
absorption band of the �(N����C����C����N) vibration at 1698 cm�1,
the downfield-shifted resonance signal for the alkyne carbon
atom at �� 193.8 ppm, and the hindered rotation of the amino
groups, which gives rise to two methyl resonance signals in the
1H and 13C{1H} NMR spectra at �79 �C (Table 1).[7] Further-
more the 13C{1H} NMR spectrum of 3 (�79 �C) shows only
one carbonyl-carbon resonance at �� 220.5 ppm indicating a
rapid site exchange of the CO ligands on the NMR time scale
(Table 1).

Complex 2 is a useful reactive starting material undergoing
a variety of selective reactions with nucleophiles.[13] Thus,
treatment of 2 with Me2N�C�C�NMe2 in THF at �50 �C
affords selectively the yellow cyclopentadienone complex 4
(Scheme 2, Table 1),[3d] which provides for the first time
experimental evidence for the key role that ferrabicyclobu-
tenons can play in iron-centered [2�2�1] cycloaddition
reactions.[1, 3, 4] Another example of the high reactivity of 2 is
the fast reaction with methyl isocyanide (MeNC) in THF at
�10 �C to yield, after double isocyanide insertion, the very air-
sensitive, black 1,4-diaza-1,3-diene complex 5, in which
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Me2N�C�C�NMe2, one carbon monoxide, and two isocya-
nide molecules have been C�C coupled to give a rare 4,5-
diimino-2-cyclopentene-1-one ligand (Scheme 2, Table 1).[14]

Complex 5 adopts a coordination geometry between trigonal
bipyramidal and square pyramidal, the carbonyl ligand
C7�O3 being the pivot group (Figure 3).[10] The 1,4-diaza-
1,3-diene (DAD) ligand in 5 reveals similar bonding param-
eters to those of the few other structurally characterized
[(DAD)Fe(CO)3] complexes.[15]

Figure 3. DIAMOND plot of the molecular structure of 5, hydrogen atoms
have been omitted (thermal ellipsoids at the 50% probability level).
Selected bond lengths [ä] and bond angles [�]: Fe-N1 1.963(2), Fe-N2
1.928(2), C1-N1 1.316(3), C5-N2 1.318(3), C1-C2 1.487(3), C2-C3 1.391(3),
C3-C4 1.487(3), C4-C5 1.487(3), C1-C5 1.412(3), N1-C9 1.470(3), N2-C14
1.473(3), C2-N3 1.367(3), C3-N4 1.391(3); N1-Fe-N2 81.64(9), N1-Fe-C8
165.96(10), N2-Fe-C6 147.94(11).

Complex 2 also reacts with electrophiles as shown by the
C�C bond cleavage reaction with CF3SO3H in CH2Cl2 at 20 �C
to afford selectively the orange-yellow aminocarbene com-
plex 6 (Scheme 2, Table 1). Compound 6 is the first reported
carbene complex bearing an electron-withdrawing iminium
group at the carbene-carbon atom. An almost orthogonal
orientation of the carbene-ligand plane (Figure 4;
Fe,C5,N1,C8) and the plane of the iminium group
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Figure 4. DIAMOND plot of the structure of the cation in 6, hydrogen
atoms have been omitted (thermal ellipsoids at the 50% probability level).
Selected bond lengths [ä] and bond angles [�]: Fe-C5 1.978(6), C5-N1
1.284(9), C5-C8 1.484(9), C8-N2 1.284(8); C5-C8-N2 123.8(6).

(C8,N2,C9,C10), is observed in the trigonal-bipyramidal
complex cation (dihedral angle� 83.9�).[10]

It is not only the unique reaction pathway of [Fe(CO)5] with
Me2N�C�C�NMe2 to give the novel ferrabicyclobutenone 2

and the experimental evidence that this type of complexes can
be the key intermediate in the iron-mediated cyclization of
alkynes to cyclopentadienones that merits consideration, but
also the diverse reactivity of 2 which provides access to a
multitude of new organoiron compounds. Compound 2 is a
useful starting material for a multitude of electron-rich
ferracycles, which react with electrophiles to give �-electron
delocalized systems.

Experimental Section

2 : A solution of [Fe(CO)5] (2.07 g, 10.56 mmol) in THF (90 mL) was
treated at�78 �C with Me2N�C�C�NMe2 (0.79 g, 7.04 mmol). The mixture
was allowed to warm to room temperature within 3 h and stirred for 1 h.
Completion of the reaction was confirmed by IR spectroscopy. The
resulting orange solution was evaporated to dryness and the dirty orange
residue washed with cold pentane (0 �C; 3� 10 mL) to remove traces of 4.
The solid was extracted with diethyl ether and the extract filtered to
remove some insoluble green material. The filtrate was evaporated to
dryness to give complex 2 as an orange, microcrystalline solid. Yield 1.564 g
(79% from Me2N�C�C�NMe2), m.p. 124 �C (decarbonylation to 3);
elemental analysis calcd (%) for C10H12FeN2O4 (280.06): C 42.89, H 4.32,
N 10.00; found: C 42.79, H 4.41, N 9.71; EI-MS (70 eV):m/z : 280 [M]� , 252
[M�CO]� , 224 [M� 2CO]� , 196 [M� 3CO]� , 168 [M� 4CO]� , 112
[Me2NC�CNMe2]� .
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Table 1. Selected analytical data of complexes 1 ± 6.[a]

[Fe(CO)5]: IR: �� � 2019 (s), 1993 cm�1 (vs) (�(C�O)).

1 : IR (THF, �50 �C): �� � 2086 (w), 2034 (s), 2014 cm�1 (vs) (�(C�O));
1H NMR ([D8]THF, �50 �C, 300.1 MHz): �� 2.50 (s, 6H, C�-NMe2),
3.39 ppm (broad s, 6H, C�-NMe2); 13C{1H} NMR ([D8]THF, �50 �C,
75.5 MHz): �� 44.6 (C�-NMe2), 46.0 (broad s, C�-NMe2), 126.6 (C�), 170.3,
172.0 (C�O, C�), 204.7 (1�C�O), 208.2 (1�C�O), 212.8 ppm (2�C�O).

2 : IR: �� � 2035 (vs), 1963 (vs, sh), 1955 (vs) (�(C�O)), 1733 (m) (�(C�O)),
1632 cm�1 (m) (�(C����C����N)); 1H NMR (CDCl3): �� 2.08 (s, 6H, C�-NMe2),
3.33 (s, 3H, C�-NMeA), 3.59 ppm (s, 3H, C�-NMeB); 13C{1H} NMR (CDCl3):
�� 40.4 (C�-NMe2), 43.8 (C�-NMeA), 46.6 (C�-NMeB), 60.6 (C�), 211.4 (3�
C�O), 216.4 (C�), 223.1 ppm (C�O).

3 : yield 95%, red solid, m.p. 71 �C. IR: �� � 2011 (s), 1927 (vs) (�(C�O)),
1698 cm�1 (m) (�(N����C����C����N)); 1H NMR ([D8]toluene, �79 �C): �� 1.93
(s, 6H, 2�NMeA), 2.95 ppm (s, 6H, 2�NMeB); 13C{1H} NMR ([D8]tol-
uene, �79 �C): �� 45.1 (2�NMeA), 47.1 (2�NMeB), 193.8 (2�Calkyne),
220.5 ppm (3�C�O).

4 : yield 89%, yellow solid, m.p. 101 �C. IR: �� � 2030 (s), 1959 (vs)
(�(C�O)), 1638 cm�1 (m) (�(C�O)); 1H NMR (CDCl3): �� 2.74 (s, 12H,
2�NMe2), 2.79 ppm (s, 12H, 2�NMe2); 13C{1H} NMR (CDCl3): �� 41.8
(2�NMe2), 43.8 (2�NMe2), 97.9 (2�C-NMe2), 108.8 (2�C-NMe2), 159.4
(C�O), 211.6 ppm (3�C�O).

5 : yield 78%, black solid, m.p. 93 �C (decomp.). IR: �� � 2015 (vs), 1941 (vs)
(�(C�O)), 1670 (m), 1565 (m), 1533 (w), 1505 cm�1 (m) (�(C�O), �(C�C),
�(C�N)); 1H NMR (C6D6): �� 2.03 (s, 6H, NMe2), 2.51 (s, 6H, NMe2), 3.54
(s, 3H, NMe), 3.97 ppm (s, 3H, NMe); 13C{1H} NMR (C6D6): �� 41.3 (2C,
NMe2), 42.9 (2C, NMe2), 45.9 (1C, NMe), 47.3 (1C, NMe), 145.6 (1C,Cring),
147.6 (1C, Cring), 148.4 (1C, Cring), 163.9 (1C, Cring), 181.3 (1C, Cring),
216.5 ppm (3�C�O).

6 : yield 85%, orange-yellow solid, m.p. 106 �C (decomp.). IR: �� � 2053 (s),
1984 (m), 1951 (vs), 1944sh (�(C�O)), 1672 (w), 1589 cm�1 (w) (�(C�N));
1H NMR (CD2Cl2): �� 3.37(s, broad, 6H, NMe2), 3.72 (s, 3H, NMeA), 3.89
(s, 3H, NMeB), 8.84 ppm (s, 1H, CH); 13C{1H} NMR (CD2Cl2): �� 44.1
(very broad, NMe2), 48.9 (NMeA), 51.7 (NMeB), 150.0 (C(H)NMe2), 211.6
(4�C�O), 239.6 ppm (Fe�C).
[a] Correct elemental analyses were obtained for complexes 2 ± 6. IR
spectra were recorded with a Bruker IFS-55 spectrometer in THF at
ambient temperature unless otherwise stated. 1H and 13C{1H} NMR spectra
were recorded on a Bruker AM-300 spectrometer in solution at 25 �C
unless otherwise stated.
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Total Synthesis of (�)-Otteliones A and B**
Goverdhan Mehta* and Kabirul Islam

The isolation of the two diastereomeric otteliones A and B
from the widely occurring but little studied fresh water plant
Ottelia alismoides� and the determination of their structures,
which include a unique 4-methylenecyclohex-2-enone sub-
structure, was reported in 1998.[1] Collaborative efforts
between US and Egyptian scientists, who employed high-
field NMR spectroscopy techniques and modeling studies, led
to the stereostructure 1 for ottelione B. However, the

O
H

H

HO

MeO
O

H

H

HO

MeO

OH

H

HO

MeO
OH

H

HO

MeO

1 2a

2b 2c

1 2

34
56

7

8
9

101112

131'

2'
3'

4'
5'6'

structure of ottelione A could not be assigned unambiguously,
and both 2a and 2b were considered as likely formulations,
the former being more likely.[1] In 2000, scientists at Rho√ne-
Poulenc Rohrer reinterpreted[2] the NMR spectroscopic data
and proposed an alternate stereostructure 2c for ottelione A
(RPR 112378). Otteliones have attracted much attention as
they exhibit remarkable, broad-ranging biological activity.[1±4]

Chinese scientists have reported the antitubercular effect of
extracts of Ottelia alismoides, which is rich in otteliones, and
have shown in clinical trials that two cases of bilateral
tuberculosis of the cervical lymph gland were cured in three
months.[3] At the National Cancer Institute, in vitro screening
against a panel of 60 human cancer cell lines showed that
otteliones exhibited cytotoxicity at n� ± p� levels.[1, 4] More
recent results have shown that ottelione A is an efficient
inhibitor of tubulin polymerization (IC50� 1.2 ��) and is able
to disassemble preformed microtubules in a manner reminis-
cent of the colchicines, vinblastine, and vincristine.[2] The
cytotoxicity of otteliones can be attributed to the presence of

ters, GOF� 1.081, R1� 0.0463 [I� 2�(I)], wR2� 0.1350, min./max.
residual electron density -0.989/0.599 eä�3. Crystal structure deter-
mination of 3�4 : C9H12FeN2O3,Mr� 252.05 (3), C16H24FeN4O4,Mr�
392.24 (4); orange cocrystals of 3 and 4 (molar ratio 1/1: chromato-
graphic work-up of the product mixture of the reaction of [Fe2(CO)9]
with Me2N�C�C-NMe2 containing the complexes 2, 3, 4 and
[Fe2(CO)6(�-CNMe2)2] led to a fraction containing 3 and 4 from
which the cocrystals were grown from a pentane solution upon cooling
from 20�� 30 �C), triclinic, space group P1≈, a� 8.831(2), b�
8.944(2), c� 21.354(5) ä, �� 97.26(3), �� 95.31(3), �� 113.20(3)�,
V� 1519.0(7) ä3, Z� 2, �calcd� 1.409 gcm3, T� 160(2) K, 2	max�
52.48�, 
� 1.005 mm�1, F(000)� 672, 13771 reflections, 5573 unique
reflections, 361 parameters, GOF� 1.008, R1� 0.0461[I� 2�(I)],
wR2� 0.1311, min./max. residual electron density �0.504/
0.524 eä�3. Crystal structure determination of 5 : C14H18FeN4O4,
Mr� 362.17; violet crystals from pentane upon cooling from 20��
78 �C, triclinic, space group P1≈, a� 8.6326(12), b� 10.222(2), c�
11.114(3) ä, �� 113.15(2), �� 105.499(17), �� 99.58(3)�, V�
827.2(3) ä3, Z� 2, �calcd� 1.454 gcm�3, T� 180(2) K, 2	max� 53.9�,

� 0.936 mm�1, F(000)� 376, 5758 reflections, 3512 unique reflec-
tions, 209 parameters, GOF� 1.068, R1� 0.0451[I� 2�(I)], wR2�
0.1324, min./max. residual electron density �0.631/0.685 eä�3. Crys-
tal structure determination of 6 : C11H13F3FeN2O7S, Mr� 430.14;
yellow crystals upon diffusion of diethyl ether in THF at 20 �C,
triclinic, space group P1≈, a� 6.6594(17), b� 10.490(3), c�
12.988(4) ä, �� 102.87(4), �� 100.02(3), �� 95.78(3)�, V�
861.8(4) ä3, Z� 2, �calcd� 1.658 gcm�3, T� 180(2) K, 2	max� 50.48�,

� 1.062 mm�1, F(000)� 436, 5674 reflections, 2892 unique reflec-
tions, 226 parameters, GOF� 1.109, R1� 0.0776[I� 2�(I)], wR2�
0.2197, min./max. residual electron density �0.725/1.778 eä�3. Instru-
ments: STOE STADI-4 four-circle diffractometer with scintillation
counter (2 and 5) and STOE-IPDS diffractometer with area detector
(3 and 6) at �(MoK�)� 0.71073 ä. CCDC-181665 ± 181668 contains
the supplementary 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.cam.ac.uk).

[11] a) J. Park, J. Kim, Organometallics 1995, 14, 4431 ± 4434; b) R.
Schobert, J. Organomet. Chem. 2001, 617 ± 618, 346 ± 359; c) N.
Le Gall, D. Luart, J.-Y. Sala¸n, H. des Abbayes, L. Toupet, J.
Organomet. Chem. 2001, 617 ± 618, 483 ± 494; d) Theoretical studies
are currently in progress to elucidate the nature of the Fe-C�

interaction in 2.
[12] a) C. Sandorfy in The Chemistry of the Carbon-Nitrogen Double Bond

(Ed.: S. Patai), Interscience, London, 1970.
[13] Additional evidence for the Lewis acidic character of 2 is the

formation of adducts with Lewis bases such as PMe3. The resulting
octahedral ferracyclobutenones mer/fac-[Fe(CO)3PMe3(�1:�1-
C(NMe2)C(NMe2)C(O))] are related to 1: T. Rosenauer, A. C.
Filippou, unpublished results.

[14] a) N. Obata, T. Takizawa, Tetrahedron Lett. 1969, 3403 ± 3406; b) N.
Obata, T. Takizawa, Chem. Commun. 1971, 587 ± 588; c) R. Breslow,
F. A. McCormick, C. Werner, Tetrahedron Lett. 1999, 40, 2447 ± 2448.

[15] M. W. Kokkes, D. J. Stufkens, A. Oskam, J. Chem. Soc. Dalton Trans.
1983, 439 ± 445.
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the unique electrophilic 4-methylenecyclohex-2-enone moiety
that engages the sulfhydryl groups of the cysteine residues on
the tubulin and disrupts the microtubule dynamics; this
suggests a mechanism of action similar to that of T138067, a
cytotoxic molecule with antitumor activity that reacts specif-
ically with cysteine residue 239 in �-tubulin and is proposed to
bind in the close vicinity of the colchicine-binding site.[2, 5±7] In
view of the structural ambiguity and complexity, exceptional
therapeutic potential, and the desirability to access analogues,
otteliones have aroused considerable synthetic interest. The
presence of four contiguous stereogenic centers, the cis-
hydrindane moiety with side chains at C6 and C8, and the rare
and sensitive 4-methylenecyclohex-2-enone functionality
make otteliones challenging synthetic targets. We report
herein the first total synthesis of racemic otteliones A and
B through a short and flexible strategy that fully secures
their structure and has potential for accessing diverse
analogues.[8, 9]

The key to our synthetic strategy towards otteliones 1 and 2
was the choice of the readily available Diels ±Alder adduct 3
of cyclopentadiene and benzoquinone as the starting point
(Scheme 1).[10] We recognized that 3 embodies a readily

Scheme 1. Reagents and conditions: a) LiAlH4, Et2O, 0 �C, 78%; b) Zn ±
TiCl4 ±CH2Br2, CH2Cl2, 0 �C, 71%; c) 1) O3, MeOH, �78 �C; 2) Me2S,
room temperature, 70%; d) Ph3PCH3

�I�, nBuLi, THF, 0 �C, 89%; e) PCC,
CH2Cl2, 0 �C, 91%. PCC� pyridinium chlorochromate.

extractable cis-hydrindane framework (see bold lines in 3)
whose functionalities can be differentiated and elaborated in
a regio- and stereoselective manner to the substitution and
functionalization pattern of the natural products. Lithium
aluminum hydride reduction of 3 led to both 1,4- and 1,2-
reduction to furnish the tricyclic hydroxy ketone 4.[11]

Lombardo methylenation[12] of 4 smoothly delivered 5 and
set the stage for unraveling the hydrindane moiety. Controlled
ozonolysis of 5 delivered 6 and 7 (8:1).[11] The major product
of the reaction, the lactol aldehyde 6 originated through the
intramolecular capture of one of the aldehyde moieties of the

intermediate dialdehyde 8 by the appropriately positioned �-
hydroxy group and concomitant epimerization of the second
aldehyde group to the thermodynamically more stable exo
orientation. The minor product of the ozonolysis reaction, the
dome-shaped pentacyclic ether 7, was derived through a
cascade intramolecular acetalization process in the intermedi-
ate keto dialdehyde 9, which is formed through the oxidative
cleavage of both olefinic bonds of 5 (Scheme 1). Wittig
olefination of 6 installed the vinyl side chain of 10 with the
correct stereochemistry. PCC oxidation of lactol 10 delivered
the crystalline lactone 11 whose stereostructure corresponded
to the revised[2] formulation 2c of ottelione A and was
fully secured through single-crystal X-ray structure determi-
nation.

We next focused on the introduction of the benzylic side
chain at C8 by utilizing the lactone functionality of 11. The
organolithium reagent derived from 12 readily added to 11 to
furnish 13, which was further deoxygenated through lithium/
ammonia reduction (Scheme 2). This protocol also released
the hydroxy group at C1 to yield 14. PCC oxidation of 14 to
the cyclohexanone 15 was straightforward and set the stage
for the generation of the crucial 4-methylenecyclohex-2-

Scheme 2. Reagents and conditions: a) nBuLi, THF, �78 �C�RT, 82%;
b) Li, liquid NH3, THF, �33 �C, 63%; c) PCC, CH2Cl2, 0 �C, 89%;
d) 1) LHMDS, PhSeCl, THF, �78 �C; 2) H2O2 (30%), CH2Cl2, 0 �C, 61%
over two steps; e) TBAF, THF, 0 �C, 68%; f) DBU, benzene, 65 �C, 83%.
DBU� 1,8-diazabicyclo[5.4.0]undec-7-ene, LHMDS� lithium 1,1,1,3,3,3-
hexamethyldisilazane, TBAF� tetrabutylammonium fluoride.

enone moiety, which was produced through the phenylsele-
nation ± selenoxide elimination sequence to give 16
(Scheme 2). Finally, fluoride-mediated cleavage of the TBS
protecting group in 16 furnished ottelione A (2c), whose
spectra are identical to those of the natural product.[1, 2]

Synthetic 2c smoothly underwent epimerization at C9 on
exposure to base (DBU) to give ottelione B (1), whose spectra
match those of the natural product (Scheme 2).

To summarize, we have delineated an 11-step, regio- and
stereocontrolled synthesis of the biologically potent natural
products otteliones A and B from commercially available
starting materials in 5.4% overall yield, and have thus fully
secured their structures. Our approach is concise and flexible,



COMMUNICATIONS

2398 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2398 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 13

[�-PMo12O36(OH)4{La(H2O)4}4]5� : The First
�-PMo12O40 Keggin Ion and Its Association with
the Two-Electron-Reduced �-PMo12O40 Isomer
Pierre Mialane, Anne Dolbecq, Laurent Lisnard,
AlainMallard, Je¬ro√meMarrot, and Francis Se¬cheresse*

Dedicated to Professor Dr. Gilbert Herve¬

Polyoxometalates, often considered as soluble metal oxides,
have long attracted interest because of their large field of
applications, especially in the domain of heterogeneous
catalysis.[1] The famous Keggin ion [�-PMo12O40]3� was
isolated nearly 200 years ago. Isomerization formally results
from successive 60� rotations of the four basic Mo3O13 groups.
Although the five isomers �, �, �, 
, and � of the Keggin
structure have been postulated, only the �[2] and �[3] isomers of
PMo12O40 have been structurally characterized to date.
However, the �-Keggin structure has been encountered in
related compounds which are either polyoxocations, with an
AlIII12 core and a central tetrahedral AlIII,[4] GaIII, or GeIII[5]

center, or polyoxoions with MoV
12 and VV

12 cores. In the case of
Mo and V derivatives,[6] the highly negatively charged
structure is stabilized by electrophilic capping groups. The
MoV

12O40 skeleton has been crystallographically charac-
terized in four polyoxometalates: the [(C5Me5RhIII)8-
(MoV

12O36)(MoVIO4)]2� complex[7] has a central MoVIO4
2�

tetrahedron and eight RhIII capping centers, the
[NaMo16(OH)12O40]7�[8, 9] and [H2Mo16(OH)12O40]6�[8] polyoxo-
metalates are stabilized by four capping MoVIO3 units and
have a central cavity encapsulating a sodium cation and two
protons, respectively. Finally, the most recent example is the
[Mo12O30(OH)10H2{Ni(H2O)3}4] cluster[10] with two central
protons and four NiII capping centers. These compounds
highlight the capacity of the �-{Mo12O40} core to encapsulate
various guests. We report here the synthesis and character-
ization of the first �-Keggin cation with a central phosphorous
atom, stabilized by four {La(H2O)4}3� capping groups. This
cation was isolated in the three different salts 1, 2 and 3 :

[�-PMo12O36(OH)4{La(H2O)4}4]Br5 ¥ 16H2O 1

[�-PMo12O36(OH)4{La(H2O)2.5Cl1.25}4] ¥ 27H2O 2

K3[�-PMo12O36(OH)4{La(H2O)4.25Cl0.75}4][�-PMo12O40] ¥ 28H2O 3

Compound 1 is the bromide salt of the [�-PMo12O36-
(OH)4{La(H2O)4}4]5� polyoxocation. Compounds 2 and 3
have chloride ions directly bound to the capping La3� centers;
2 is a neutral compound while 3 has an [�-PMo12O40]5� ion as
the counterion.

Compounds 1 and 2 were characterized by 31P NMR, IR,
and UV/Vis spectroscopy, elemental analysis, potentiometric

amenable to scale-up, geared to provide access to analogues,
and involves only one protecting-group manipulation. [13]
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titrations, and the structures of compounds 1 ± 3 were
determined by single-crystal X-ray diffraction.[11] In a typical
experiment, a solution of MoV, freshly prepared by the
reduction of sodium molybdate by hydrazine in acidic
medium, is mixed with a solution of MoVIO4

2�, H2PO4
� ions

and an excess of La3� ions. Red cubic crystals of 1 form by
slow evaporation of an hydrobromic acid solution while
crystals of 2 are obtained from a reaction mixture containing
chloride ions. The blue color of the filtrate can be attributed to
the presence of either high-nuclearity species often known as
™molybdenum blues∫ and extensively studied by M¸ller
et al.[12] or to partially reduced PMo12O40 species. Attempts
to synthesize compounds 1 and 2 in absence of MoVIO4

2� ions
have failed. Indeed, potentiometric titrations have shown that
both compounds contain 8MoVand 4MoVI centers. This result
is unexpected, all the previously characterized �-Keggin
molybdenum complexes containing only MoV ions. As no
intervalence MoV�MoVI charge-transfer bands have been
observed by electronic absorption spectroscopy (1 and 2 are
red), it is assumed that the MoV centers form MoV±MoV

diamagnetic pairs. Both 1 and 2 contain the �-Mo12O40 core,
derived formally from the �-Keggin isomer by rotation of all
four Mo3O13 groups by 60� around the C3 axes. The twelve Mo
ions lie on the vertices of a truncated tetrahedron (Figure 1b)
and form six Mo ±Mo pairs. Because of the cubic symmetry of

Figure 1. a) Polyhedral representation of the �-Keggin core in 1 capped
with four {La(H2O)4}3� groups. Six of the terminal oxygen atoms of the
water molecules on the La3� ions have half occupancy factors; b) dispo-
sition of the twelve Mo atoms, the Mo ±Mo pairs are linked in black.

the structure, the four MoV±MoV and the two MoVI ±MoVI

pairs have been found disordered (dMo±Mo� 2.697(3) ±
2.780(1) ä). The central cavity accommodates a PO4 tetrahe-
dron with P�O bonds (1.59(1) ä) in the expected range. The
overall Td symmetry of the �-{Mo12O40} structure is main-
tained by the aggregation of four stabilizing La3� units on the
four faces of the truncated tetrahedron defined by the twelve
Mo centers (Figure 1a). The La3� ions are bound to the
Keggin core by three oxygen atoms. In 1, their coordination
sphere is completed by four water molecules, three of which
are disordered over two positions. Seven-coordinate La3� ions
are not commonly observed but a few examples have been
described.[13] Furthermore, in 1, five disordered bromide ions
are located in the voids left by the Keggin polyoxocations. The
overall charge of the Keggin unit is thus 5� which implies the
presence of four protons on four of the twelve �2-O atoms.

Because of the high symmetry of the cation, these protons
cannot be located and are assumed to be delocalized on the
overall structure. The detailed formula of the �-Keggin cation
in 1 is thus [�-PMoV

8 MoVI
36O36(OH)4{La(H2O)4}4. In 2, the

chloride counterions, which are better ligands than bromide
ions, are directly bound to the La3� ions and substitute five of
the disordered water molecules (dLa±Cl� 2.75(1) ä).

Compound 1 dissolves readily in water to give dark red
solutions. The 31P NMR spectrum reveals two resonances �1

and �2 , located at �� 1.37 and 0.91, respectively, and with
relative intensities 1:5 (Figure 2a). The evolution of the NMR

Figure 2. 31P NMR spectra of an aqueous solution of [�-
PMo12O36(OH)4{La(H2O)4}4]5� (�-PMo12) to which LaCl3 was added; the
ratios of initial concentrations were a) [La3�]:[�-PMo12]0� 0:1, b) [La3�]:
[�-PMo12]0� 0.3:1, c) [La3�]:[�-PMo12]0� 0.8:1.

spectrum after the addition of increasing amounts of LaCl3 in
the solution (Figure 2) has been compared to a similar
experiment where LaCl3 is replaced by NaCl. When NaCl is
added, the spectrum remains unchanged while the addition of
LaCl3 has a dramatic effect on the �1 line, which progressively
decreases and completely disappears. These results show that
the Keggin ion is involved in an equilibrium with La3� ions.
Considering the evidence of only two 31P NMR peaks, we can
propose the following equilibrium [Eq. (1)].

[�-PMo12O36(OH)4{La(H2O)4}4]5� �
[�-PMo12O36(OH)4{La(H2O)4}3]2��La3�� 4H2O

(1)

The smallest peak (�1) is thus attributed to the species with
three capping La3� ions while the remaining peak (�2) is
assigned to the parent ion. From these data the value of the
related apparent constant of the equilibrium is K� 2.4�
10�4 molL�1. Furthermore, as 1 and 2 have identical 31P
NMR spectra, it is thus likely that in water the chlorine atoms
of 2 are rapidly exchanged with water molecules to give the
fully hydrated ions.

When a solution of 2 is left in air at room temperature for
several days, a brown powder, totally insoluble in water and in
the most usual organic solvents, slowly precipitates which
shows that the �-Keggin ion can be readily oxidized. A few
dark brown crystals of the oxidation product 3 have been
obtained from an aqueous KCl solution of 2. A single-crystal
analysis has shown that, unexpectedly, 3 is a composite of the
� cation and an �-Keggin isomer of PMo12O40. As the
nonreduced � isomer (0�) readily decomposes at pH� 2 and
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the four-electron-reduced � isomer (���) is more stable than
the ��� isomer in aqueous solution,[14] it can be postulated that
in 3 the � isomer is the two-electron-reduced [�-
PMoV

2 MoVI
10O40]5� (���) Keggin ion. Both isomers, the �- and

�-Keggin ions thus play the role of counterions to each other,
an unprecedented feature in the chemistry of polyoxometal-
ates. Three chlorine atoms have been found disordered on the
four capping La3� groups, which can be explained by the high
concentration of chlorine ions in the medium (0.2�). Con-
comitantly, three disordered potassium ions have been
located in the structure. The geometrical features of the �-
Keggin ions, especially the mean values for the bond valence
sum calculations[15] on the �2-O atoms, are maintained, which
shows that the degree of protonation of the �-Keggin ion in 2
remains unchanged in 3. In the �-Keggin ion, the two MoV

units among the twelve Mo centers are delocalized on the
overall structure, as usually observed for two-electron-re-
duced Keggin structures.[2c, 16] The 3D structure of 3 is
remarkable, columns of �-Keggin polyoxometalates, positive-
ly charged, alternate with columns of �-Keggin ions, neg-
atively charged (Figure 3). The positions of the ions, along the

Figure 3. View of the columns of �- and �-Keggin ions in 3.

c axis, are shifted from a cationic column to an anionic
column, to optimize the cation ± anion interactions and obtain
the most compact structure. The 3D arrangement can thus be
described as a pseudo CsCl structure, which is not surprising
considering that the anionic and cationic species can be
approximated to spheres of comparable radii (�6 ä).

The mechanism of the formation of 3 from 2 involves
several intermediates but it can be assumed that in solution, as
shown by the NMR spectroscopic studies, two species are in
equilibrium, one with four and the other with three capping
La3� ions. The loss of one capping La3� ion destabilizes the

� cation which is more easily oxidized in solution by air, and
slowly decomposes to form the ��� Keggin anion. This anion,
once formed, precipitates as the totally insoluble salt 3. This
hypothesis was confirmed by the direct synthesis of a mixed
salt of the two Keggin derivatives by adding a stoichiometric
amount of ��� to a solution of 2, stabilized by a small quantity
of LaCl3. A microcrystalline brown precipitate, compound 4,
immediately formed the IR spectrum and X-ray diffraction
powder patterns of which are similar to the experimental IR
spectrum and to the simulated powder pattern, respectively,
of 3 (Figure 4). The microanalysis of 4 is consistent with
the formula [�-PMo12O36(OH)4{La(H2O)4}4][�-PMo12O40] ¥
31H2O. Compound 4 is thus the analogue of 3 without
chloride and potassium ions. Both compounds crystallize in
the same crystal lattice, imposed by the large Keggin
polyanions and polycations. Similarly 4 can be also synthe-
sized by adding a solution of ��� to an aqueous solution of 1.

Figure 4. Comparison of the experimental X-ray diffraction powder
pattern of 4 and the simulated powder pattern of 3.

In summary, a novel polyoxocation with the rare �-Keggin
structure has been obtained and characterized. The polyoxo-
cation is soluble in water and can be precipitated with the two-
electron-reduced [�-PMo12O40]5� Keggin ion to form a
composite salt. The crystallization of the �-Keggin ion in
concentrated chloride solutions has shown that the water
molecules bound to the lanthanum ions are labile and can be
substituted by chloride ions. The functionalization of the �-
Keggin ion could thus be possible by reaction with various
ligands, either inorganic (SCN�, CN� . . .) or organic.

Experimental Section

1: A solution of {Mo2O4(H2O)4}2� 0.2� was prepared by dissolving
Na2MoO4 ¥ 2H2O (0.5 g, 2 mmol) in 4� HBr (10 mL) followed by the
addition of N2H4 ¥ 2H2O (26 �L, 0.5 mmol). The solution was stirred
overnight. To this red solution 1� Na2MoO4 (0.5 mL, 0.5 mmol) and 0.1�
NaH2PO4 (2.1 mL, 0.21 mmol) was added dropwise. Meanwhile, a solution
of La3� ions was obtained by dissolution of La2O3 (4.07 g, 12.5 mmol) in
HBr 4� (18.75 mL, 75 mmol). The pH value was adjusted to 1.5 by addition
of 8� NaOH. The dark green reaction mixture was stirred for 15 min,
filtered, and then allowed to stand at room temperature for crystallization.
After two weeks dark red cubic crystals of 1 (0.114 g, 15% yield, based on
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Mo) suitable for X-ray diffraction were collected by filtration and washed
with ethanol. It should be noted that the yield of the synthesis is not
significantly improved when a stoichiometric amount of MoVI ions is added
in the synthesis. IR: �� � 999(w), 989(w), 966(w), 930(s), 917(s), 811(m),
766(s), 748(sh), 693(w), 603(m), 518(w), 503(w), 477 cm�1 (w); UV/Vis
spectra (H2O): 	max(�)� 432 (14100), 292 nm (42200); elemental analysis
calcd (%) for H72Br5La4Mo12O72P: Br 11.78, La 16.39, Mo 33.97, P 0.91;
found Br 11.13, La 15.81, Mo 34.01, P 1.08.

2 : A solution of {Mo2O4(H2O)4}2� 0.2� was prepared by dissolving
Na2MoO4 ¥ 2H2O (0.5 g, 2 mmol) in 4� HCl (10 mL) followed by the
addition of N2H4 ¥ 2H2O (26 �L, 0.5 mmol). The solution was stirred
overnight. To this red solution was added dropwise 1� Na2MoO4 (0.5 mL,
0.5 mmol), 0.1� NaH2PO4 (2.1 mL, 0.21 mmol), and then LaCl3 ¥ 7H2O
(9.28 g, 25 mmol) dissolved in water (30 mL). The pH value was adjusted to
1.5 by addition of 8� NaOH. The dark green reaction mixture was stirred
for 15 min, filtered and then allowed to stand at room temperature for
crystallization. After two weeks dark red cubic crystals of 2 (0.148 g, 21%
yield, based on Mo) suitable for X-ray diffraction studies were filtered and
washed with ethanol. The IR spectra of 1 and 2 have the same characteristic
bands; elemental analysis calcd (%) for H100Cl5La4Mo12O86P: Cl 5.23, La
16.38, Mo 33.95, P 0.91; found Cl 5.78, La 16.39, Mo 33.52, P 1.32.

Single crystals of 3 : Solid KCl (0.149 g, 2.0 mmol) was added to a solution
of 2 (0.050 g, 1.45� 10�5 mol) dissolved in water (10 mL). The solution
(pH 3.4) was stirred for 5 min and then allowed to stand in air. After a week
a few dark brown parallelepiped crystals of 3, mixed with an unidentified
brown powder, were collected by filtration, washed with ethanol and dried
with diethyl ether.

II� : The two-electrons-reduced [�-PMo12O40]5� (���) ion was synthesized by
electrolysis on a platinum electrode at a steady potential (�0.1 V versus
standard calomel electrode (SCE)) of a solution of [PMo12O40]3� in HClO4

1�/1,4-dioxane (50/50).[14] The degree of reduction was controlled by
polarography. The acid salt H5��� ¥� 20H2O was precipitated with concen-
trated HCl, filtered, and dried in air.

4 : As solutions of 2 have been found to be air sensitive, the reaction was
performed under a nitrogen atmosphere using standard Schlenk techni-
ques. A solution of H5��� ¥� 20H2O (0.065 g, 2.95� 10�5 mol) in degassed
water (5 mL) was added dropwise to a solution of 2 (0.100 g, 2.95�
10�5 mol) and LaCl3 ¥ 7H2O (0.011 g, 2.95� 10�5 mol) in degassed water
(5 mL). A dark brown precipitate (0.130 g, yield 87%) immediately
formed, which was collected by filtration and washed with water and
ethanol. IR: �� � 1055(w), 1018(w), 985(w), 963(w), 935(s), 904(sh), 863(sh),
817(s), 766(s), 693(w), 603(m), 518(w), 503(w), 477 cm�1 (w); elemental
analysis calcd (%) for H102La4Mo24O127P2: La 10.88, Mo 45.12, P 1.21; found
La 10.90, Mo 45.04, P 1.45, Cl 0.04.

Chemical analyses: redox back titrations for the determination of the
amount of MoV ions is based on the oxidation of MoV by Ce4� ions. The
sample (about 30 mg) was dissolved in water (20 mL) and excess Ce4� ion
solution (0.05�); the excess Ce4� ion was titrated potentiometrically with
Fe2� ions (0.05�) using a 702 SM Titrino.

NMRmeasurements: 31P NMR spectra were recorded at 278 Kon a Bruker
AC-300 spectrometer operating at 121.5 MHz in 5 mm tubes. 31P chemical
shifts are referenced to the external standard 85% H3PO4. The initial
concentration of 1 was [�-PMo12]0� 8.5 10�3�. Increasing amounts of a
solution of LaCl3 ([La3�]0� 0.17�) were added in the NMR tube.
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A New Highly Efficient Ruthenium Metathesis
Catalyst**
Hideaki Wakamatsu and Siegfried Blechert*

Catalytic olefin metathesis has recently become a powerful
tool for carbon–carbon-bond formation in organic chemis-
try.[1] Over the last three years it has been demonstrated that
ruthenium alkylidenes that bear N-heterocyclic carbene
ligands, for example, 1 and similar analogues, exhibit extra-
ordinary activity and stability.[2] Studies on the mechanism of
olefin metathesis reactions have also been described.[2e,f]

Phosphane-free catalyst 2[3] has also recently been developed
and studied. This catalyst possesses superior general reactivity
toward electron-deficient olefins[4a,b,d] and is readily modified
for attachment to solid supports,[4c,e] thus leading to enhanced
recyclability[4c] and even to efficient metathesis in methanol
and water.[4e] We have also prepared catalyst 3 with the aim of
promoting asymmetric induction in metathesis reactions.[5]

No asymmetric induction was found. However, activity
studies[5] demonstrated a relative reactivity order of 3� 1� 2.
BINOL-derived 3 also exhibited a similar shelf stability to 1
and 2. Herein we report the synthesis and catalytic activity of
4 (Scheme 1), a precatalyst with a markedly greater efficiency
in metathesis processes than either 1, 2, or 3.

At first, encouraged by the success of the BINOL-based
catalyst 3, we were interested in determining which structural
units in the ligand were responsible for the high initiation
rates observed. Extensive studies indicated that the presence
of steric bulk adjacent to the chelating isopropoxy moiety was
critical. Therefore it seemed logical to synthesize complex 4 as
shown in Scheme 1. 2-Hydroxybiphenyl-3-carbaldehyde (6)
was synthesized from commercially available phenol 5,
according to the literature procedure.[6] Ligand 8was obtained
by sequential alkylation and Wittig olefination of 6. The
bright green complex 4 could be produced in good yield by the
reaction of 1 with 8 (2 equiv), and was purified by flash
chromatography. At this point, the potential of 4 in the ring-
closing metathesis (RCM) of tosylamide 9 was tested. When
these reactions were carried out at 0 �C in the presence of

Scheme 1. Synthesis of catalyst 4. a) iPrBr, NaH, DMF, 50 �C, 82%;
b) Ph3P�CH3Br�, tBuOK, Et2O, 0 �C, 88%; c) 1 (1 equiv), 8 (2 equiv), CuCl
(1 equiv), CH2Cl2, 40 �C, 71%.

1 mol% of catalyst, 4 showed a dramatic improvement in
activity over 1 and 3 (Figure 1). At room temperature, the
reaction catalyzed by 4 was too fast for convenient accurate

Figure 1. RCM at 0 �C in the presence of catalyst 1, 3, and 4.

measurement. No conversion with catalyst 2 was observed at
0 �C. Consequently in all further metathesis reactions it made
more practical sense to compare the new alkylidene 4 with
benchmark catalyst 1 instead of with the more sluggish
styrene ether based 2.[5] It was also observed that as little as
0.05 mol% of 4 could induce cyclization of 9 in 80% yield.
The catalyst retained the same activity after being exposed to
air in the solid state for one week.

The RCM of miscellaneous substrates was also examined
and gave impressive results (Scheme 2, Table 1). The superior
activity of complex 4 over complex 1 could be established in
all cases.

The applicability of 4 in other metathesis reactions was also
tested. The results of cross metathesis (CM) of 21 and 22

Scheme 2. Various ring-closing metathesis reactions in the presence of
catalyst 1 and 4.
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(Scheme 3) are shown in Table 2. These reactions were
carried out at 20 �C in the presence of 1 mol% of catalyst.
The reaction of 21a with 22a in the presence of 4 yielded 23a
after only 15 minutes (Table 2, entry 1). Under identical

Scheme 3. Cross metathesis in the presence of catalyst 1 and 4.

conditions, the reaction catalyzed by 1 took 3 h to reach
completion, and the conversion after 15 minutes was 12%
(Table 2, entry 2). The efficiency of 4 relative to 1 in ring-
opening cross metathesis processes was also tested (Table 3).

Oxanorbornene derivatives exo-4,10-dioxatricyclo[5.2.1.0]-
dec-8-ene-dione, protected exo-3-hydroxymethyl-(bicyclo-
[2.2.1]hept-5-en-2-yl)-methanol, and its endo carbocyclic
analogue were treated with allyltrimethylsilane (24) at 20 �C
in the presence of a minute quantity of catalyst (minimum
0.005 mol%) to give ring-opened products 25. These reactions
highlight the vast difference in activity between 1 and 4, which
could also been seen in the ring-opening metathesis polymer-
ization (ROMP) of cyclooctadiene.[7] We found the times
taken to reach complete conversion of the monomer depend-
ed strongly on the reaction conditions, particularly the extent
to which oxygen is excluded, but not on the batch of 1 (either
purchased from commercial sources or synthesized in our
laboratories). For instance, in ROMP reactions with 1, times
of between 30 to over 60 minutes were required, whereas
reaction times for 4 were always significantly shorter. Figure 2

represents an example that clearly demonstrates the differ-
ence in terms of reactivity between 1 and 4 in a ROMP
reaction under identical conditions.

Figure 2. ROMPof cycloocta-1,5-diene in the presence of catalysts 1 and 4.
Conditions: 20 �C, monomer/catalyst ratio 300:1, catalyst� 0.5 m�, CD2Cl2
as solvent. Conversion was determined by 1H NMR.

In an attempt to ascertain the exact cause of the extra-
ordinary activity of precatalyst 4, the RCM of 9 was
monitored under various conditions. At first, parallel experi-
ments were conducted in the presence of 4 (0.01 mol%) in
both the presence and absence of ligand 8 (0.1 mol%);
however, 10 was obtained in the same yield and reaction time
in both cases. Following this, 9 was cyclized by using 4
(1 mol%) in the presence of PCy3 (1 mol%) and also by using
1 (1 mol%) in the presence of ligand 8 (1 mol%). In the case
of the reaction promoted by 4, the final yield was unchanged,
although conversion times were considerably longer. In the
latter case, yield and reaction speed were independent of
added 8. We surmise from these results that in the case of
catalyst 4, the active 14-electron species proposed by Grubbs
and co-workers[2f] must be speedily produced by relatively fast
dissociation of the bulky ligand 8, and that in the presence of
substrate or added PCy3, reassociation of 8 to ruthenium
metal is slow. Therefore, it is thought that a relatively large
proportion of the precatalyst is converted into the active
species in solution, thus leading to excellent activity.

Table 1. Ring-closing metathesis in the presence of 1 and 4.

Entry Substrate Product Catalyst time [min] Yield [%]

1 9 10 4 � 10 99
2 9 10 1 60 99
3 11 12 4 � 10 99
4 11 12 1 90 99
5 13 14 4 40 99
6 13 14 1 240 99
7 15 16 4 � 10 99
8 15 16 1 90 99
9 17 18 4 � 10 99

10 17 18 1 60 99
11 19 20 4 � 10 99
12 19 20 1 240 93

Table 2. Cross metathesis of 21 and 22.[a]

Entry 21 22 Catalyst time [min] Yield [%] (E)-23/(Z)-23

1 a a 4 15 93 97:3
2 a a 1 180 86 (12)[b] 97:3
3 a b 4 20 82 99:1
4[c] b a 4 20 91 99:1
5 b b 4 40 90 99:1

[a] All reactions were carried out at 20 �C in CH2Cl2 (0.05�). [b] Con-
version after 15 min in parenthesis. [c] Catalyst (2.5 mol%).

Table 3. Ring-opening cross metathesis with 24 (1 equiv) in the presence of
catalysts 4 and 1.[a]

Entry 25 Catalyst time [min] Yield [%]

1[b] a 4 30 99
2[b] a 1 30 20[c,d]

3 b 4 5 97
4 b 1 5 1[c,e]

5 c 4 10 87
6 c 1 10 5[c,f]

[a] Conditions: 20 �C, catalyst (0.005 mol%), CH2Cl2 (0.05�). [b] Catalyst
(0.025 mol%). [c] Conversions determined by 1H NMR spectroscopic
analysis. [d] Yield� 94% after 2.5 h. [e] Yield� 92% after 3 h.
[f] Yield� 75% after 3 h.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 13 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2405 $ 20.00+.50/0 2405

Photochemical Sensing of NO2 with SnO2
Nanoribbon Nanosensors at Room
Temperature**
Matt Law, Hannes Kind, Benjamin Messer,
Franklin Kim, and Peidong Yang*

A major area of application for nanowires and nanotubes is
likely to be the sensing of important molecules, either for
medical or environmental health purposes. The ultrahigh
surface-to-volume ratios of these structures make their
electrical properties extremely sensitive to surface-adsorbed
species, as recent work has shown with carbon nanotubes,[1, 2]

functionalized silicon nanowires and metal nanowires.[3, 4]

Chemical nanosensors are interesting because of their poten-
tial for detecting very low concentrations of biomolecules or
pollutants on platforms small enough to be used in vivo or on
a microchip. Here we report the development of photo-
chemical NO2 sensors that work at room temperature and are
based on individual single-crystalline SnO2 nanoribbons.

Tin dioxide is a wide-bandgap (3.6 eV) semiconductor. For
n-type SnO2 single crystals, the intrinsic carrier concentration
is primarily determined by deviations from stoichiometry in
the form of equilibrium oxygen vacancies, which are predom-
inantly atomic defects.[5] The electrical conductivity of nano-
crystalline SnO2 depends strongly on surface states produced
by molecular adsorption that results in space-charge layer
changes and band modulation.[6] NO2, a combustion product
that plays a key role in tropospheric ozone and smog
formation, acts as an electron-trapping adsorbate on SnO2

crystal faces and can be sensed by monitoring the electrical
conductance of the material. Because NO2 chemisorbs
strongly on many metal oxides,[7] commercial sensors based
on particulate or thin-film SnO2 operate at 300 ± 500 �C to
enhance the surface molecular desorption kinetics and con-
tinuously ™clean∫ the sensors.[8] The high-temperature oper-
ation of these oxide sensors is not favorable in many cases,
particularly in an explosive environment. We have found that
the strong photoconducting response of individual single-
crystalline SnO2 nanoribbons makes it possible to achieve
equally favorable adsorption ± desorption behavior at room
temperature by illuminating the devices with ultraviolet (UV)
light of energy near the SnO2 bandgap. The active desorption
process is thus photoinduced molecular desorption (Fig-
ure 1).[9]

In conclusion, we have succeeded in the development of the
ruthenium-based metathesis catalyst 4, which exhibits excel-
lent metathesis activity, without any loss of stability in air.
These findings once again demonstrate that seemingly small
variations in ligand structure can result in significant improve-
ments in catalysis.

Experimental Section

4 : CuCl (21 mg, 0.22 mmol) and then 1 (168 mg, 0.20 mmol) in CH2Cl2
(4 mL total) were added to a solution of 8 (94 mg, 0.39 mmol) in CH2Cl2
(16 mL) in a glove box. This reaction mixture was stirred for 1 h at 40 �C.
The reaction mixture was concentrated in vacuo. The residue was dissolved
in a minimum volume of CH2Cl2, passed through a Pasteur pipette
containing a plug of cotton, and concentrated in vacuo. The residue was
purified by flash chromatography on silica gel (4:1 hexane/MTBE) to
afford 4 (99 mg, 71%). 1H NMR (CD2Cl2): �� 0.81 (d, J� 6.2 Hz, 6H),
2.15 ± 2.72 (br, 18H), 4.16 (s, 4H), 4.36 (septet, J� 6.2 Hz, 1H), 6.92 (dd,
J� 0.9, 7.3 Hz, 1H), 6.99 (t, J� 7.5 Hz, 1H), 7.06 (br, 4H), 7.31 ± 7.42 (m,
6H), 16.60 ppm (s, 1H); 13C NMR (CD2Cl2): �� 19.6, 20.5, 51.2, 77.0, 120.9,
123.1, 127.3, 128.1, 128.6, 128.8, 128.9, 131.1, 132.8, 137.8, 138.5, 138.9, 139.3,
147.7, 148.5, 209.8, 297.4 ppm; IR (film): �� � 3492 (br), 1702 (w), 1605 (w),
1481 (m), 1449 (m), 1422 (m), 1263 (s), 1105 (m) cm�1; HRMSm/z calcd for
C37H42ON2Cl2102Ru: [M�] 702.1711, found: 702.1719; elemental analysis
calcd (%) for C37H42ON2Cl2Ru ¥ 1/2H2O: C 62.44, H 6.09, N 3.94; found: C
62.32; H 5.97, N 3.88.
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Figure 1. A schematic longitudinal cross-section of a nanoribbon in the
dark and in UV light. In the illuminated state, photogenerated holes
recombine with trapped electrons at the surface, desorbing NO2 and other
electron-trapping species: h��NO2��ads� �NO2(gas) . The space charge layer
thins, and the nanoribbon conductivity rises. Ambient NO2 levels are
tracked by monitoring changes in conductance in the illuminated state.

SnO2 nanoribbons were synthesized using a simple thermal
deposition process.[10±12] The nanoribbons are single crystalline
with a rutile structure. Field emission scanning electron
microscopy (FE-SEM) and transmission electron microscopy
(TEM) imaging (Figure 2) reveal they are tens of �m long

Figure 2. A) Low-resolution TEM image of a thin SnO2 nanoribbon. The
short side of the rectangle is visible near the twist. B) HRTEM image
looking down onto the (010) side surface plane near the edge of a
nanoribbon, with the lattice spacing and growth direction indicated in
agreement with ref. [10]. The angle between the (101) and (011) plane is
68�. C) Typical FE-SEM image of a NO2-sensing nanoribbon device on an
insulating substrate.

with rectangular cross sections, typically 80 ± 120 nm wide and
10 ± 30 nm thick. High-resolution (HRTEM) analysis con-
firms that they grow approximately along the [101] direction
and present the (101≈) and (010) rutile planes as surface facets
along the growth axis and the (201) plane on the ends. The as-
synthesized nanoribbons were deposited from ethanol solu-
tion onto prefabricated gold electrodes in a four-terminal
configuration, and SEM imaging was used to ensure that only
a single nanowire bridged the electrodes of each sample
(Figure 2C). The samples were electrically connected to a
Keithley source-measure unit and mounted in a home-made
test chamber for gas sensing measurements.

We analyzed the optoelectronic response of these devices in
air and NO2 environments in order to probe their chemical-
sensing abilities. The behavior of a representative nanoribbon
is shown in Figure 3A. In the dark and in pure air (troughs of
blue curve), the nanoribbons had resistances ranging from
500 M� to 12 G�.[13] When exposed to UV light with a

Figure 3. A) Photoresponse of a single nanoribbon in pure air (blue) and
100 ppm NO2 (red). The large peaks of both curves correspond to 254 nm
UV illumination, the small peaks to 365 nm illumination, and the troughs to
dark current. The blue-to-red signal ratio is 45:1 under 365 nm light and 4:1
under 254 nm light. Note the shorter decay times in the presence of NO2.
Bias is 1.0 V. B) Initial decay of the 254 nm photoresponse for a nanoribbon
in 8� 10�5 mbar vacuum (gray), air (blue), and 100 ppm (red) NO2. 99.9%
decay in vacuum took over 4 h, while the signals in air and NO2 decayed
fully in about 300 and 200 s, respectively. Bias is 0.5 V.

wavelength of 254 nm (intensity� 0.63 mWcm�2; large peak
of blue curve), which corresponds to an energy significantly
greater than the SnO2 bandgap (345 nm), the nanosensor
conductance increased by three to four orders of magnitude
and stabilized within 1 ± 2 min. The conductance rise is due
both to the generation of photocurrent, which directly
increases the number of free carriers within the device, and
to photodesorption of surface species (mostly O2- and H2O-
derived),[14] with a concomitant thinning of the electron
depletion layer near the nanoribbon surface. This phenom-
enon was also observed recently in ZnO nanowires.[15]

The effect was fully reversible when the light was turned off,
with 99.9% decay of the photoresponse in 300 ± 500 s.
Illumination with 365 nm radiation (intensity� 0.5 mWcm�2 ;
small peaks of blue curve in Figure 3A) also resulted in a
photoresponse, typically a 10- to 100-fold increase in the
nanoribbon conductance, with slightly faster rise and decay
constants than in the 254 nm case. The effect of the 365 nm
radiation, which corresponds to an energy slightly smaller
than the bandgap, is likely due to the presence of surface
states that populate the energy gap. The photoswitching
behavior was reproducible at both UV wavelengths indef-
initely.

When the nanoribbons were tested in an atmosphere of
100 ppm NO2 in air (Matheson Tri-Gas), resistance values
were higher for all three states–dark, 254-exposed and 365-
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exposed (red curve in Figure 3A)–compared to their re-
spective values in pure air. The photoresponse decays were
also significantly faster in 100 ppm NO2, with 99.9% falloffs
in 35 ± 50 s. This faster decay rate can be attributed to the
strong adsorption and electron-trapping interaction of NO2 on
SnO2 surfaces. Figure 3B shows the photocurrent decay for a
single nanosensor in vacuum, air, and 100 ppm NO2 environ-
ments after exposure to a 254 nm light source. Decay times get
shorter and dark currents smaller in the sequence vacuum
�air�100 ppm NO2, which reflects the availability of gas-
phase molecules for adsorption and the better oxidizing
ability of NO2 relative to O2. Comparing the two curves in
Figure 3A shows that the current/conductance difference
between the device operating in air and in 100 ppm NO2 was
larger under 365 nm than under 254 nm illumination, so that
greater sensitivity to NO2 occurred using the longer wave-
length. The precise reason for this tendency is unknown, but it
was observed for all samples and the best nanosensors were
operated under continuous 365 nm light during sensing
experiments. Note that UV is vital for sensing, as NO2

adsorption is irreversible in the dark. Figure 4 plots the
response ratios of nine of the nanosensors to concentrations of
NO2 from 2 ± 100 ppm.

Figure 4. Responses for nine samples at different NO2 concentrations.
Only those samples with response ratios (Iair/INO2

) greater than 8 at 100 ppm
NO2 were tested at lower concentrations. The fits to the data are suggestive
only, as the individual nanoribbons showed nonlinear sensing behavior.

The nature of the electrical contacts between the SnO2

nanoribbons and the gold electrodes is important to under-
standing the behavior of these devices, since the contacts
dictate whether the metal ± semiconductor junctions or the
semiconducting nanoribbons themselves are responsible for
the photochemical response. Rectifying current (I) versus
voltage (V) behavior was observed for many of the nano-
sensors, indicating that the contacts act as metal ± semicon-
ductor Schottky diodes. This suggests that the overall current
response in many of the nanowire sensors resulted from four
combined effects: 1) photoconductivity of the nanoribbon,
2) NO2 adsorption on the nanoribbon, 3) photoresponse of
the junctions, and 4) modulation of the Schottky potential
barriers due to NO2 activity in the junction regions. Thus, for
the samples with non-ohmic contacts, sensing was a collective
effect of the nanoribbon and the junctions.

Although most of the nanoribbon sensing devices showed
rectifying behavior, samples with ohmic contacts have also
been tested with nearly linear I-V characteristics under
254 nm irradiation (Figure 5A). Experiments with these
samples (Figure 5B) gave clear evidence that the nanoribbon
is the active sensing element when the contacts are ohmic.
This suggests that the nanoribbons may dominate the photo-
chemical response even in the non-ohmic devices.

Figure 5. A) A nanoribbon device showing nearly ohmic behavior under
254 nmUV light in 100 ppmNO2. In this case, the device properties depend
predominantly on the nanoribbon itself. B) Cycling the nanoribbon
between decreasing concentrations of NO2 (peaks) and 8� 10�5 mbar
vacuum (troughs) under 254 nmUV light. The resolution limit of the sensor
is 5 ± 10 ppm. Current was held constant at 5 nA.

To determine the behavior of the nanosensors under
realistic operating conditions, they were cycled through
different NO2 concentrations under continuous 365 nm illu-
mination and in gas flows of 150 sccm (standard cubic
centimeters per minute). The devices showed greater sensi-
tivity to low NO2 concentrations (�15 ppm), while higher
concentrations caused smaller signal changes as the nano-
ribbon surface became saturated with NO2. In addition, the
signal noise decreased at higher concentrations.

The resolution limit achieved by these nanoribbons fell
between 2 and 10 ppm for the six samples that showed
response ratios of 8 or better at 100 ppm NO2 under 365 nm
light. Figure 6 shows the conductance response of one nano-
sensor cycled between pure air and 3 ppm NO2. Even with the
low signal-to-noise ratio, current steps can be clearly distin-
guished as the NO2 was turned on and off. This behavior was
stable for more than 20 cycles without appreciable drift and

Figure 6. Cycling a nanosensor near its resolution limit under 365 nm light.
NO2 concentrations are indicated. Horizontal bars are signal averages. The
average signal difference for the three cycles is 16%. Bias is 0.5 V.



COMMUNICATIONS

2408 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2408 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 13

Chirality and Macroscopic Polar Order in a
Ferroelectric Smectic Liquid-Crystalline Phase
Formed by Achiral Polyphilic Bent-Core
Molecules**
Gert Dantlgraber, Alexei Eremin, Siegmar Diele,
Anton Hauser, Horst Kresse, Gerhard Pelzl, and
Carsten Tschierske*

Materials with a macroscopic polar order have a variety of
useful properties, such as piezo- and pyroelectricity and
second-order nonlinear optical activity[1, 2] Especially ferro-
electric (FE) and antiferroelectric (AF) liquid crystalli-
ne (LC) materials are of great interest, because they can be
rapidly switched between different states by means of external
electrical fields.[3, 4] These properties makes them useful for
numerous applications, such as electrooptic devices, informa-
tion storage, switchable NLO (nonlinear optic) devices and
light modulators, which may be of interest for optical
computing and other future technologies. At first, smectic
LC phases with tilted arrangements of nonracemic chiral
rodlike and disclike molecules have been used for this
purpose and for a long time molecular chirality appeared to
be essential for obtaining such materials.[3] However, the
discovery by Niori et al. that bent-core mesogenic compounds
(banana-shaped molecules) without molecular chirality, can
also organize in fluid smectic phases with a polar order
opened a new area in the field of LC research.[5, 6] The polar
structure of the smectic layers of such molecules is provided
by the dense directed packing of their bent aromatic cores.
However, to escape from a macroscopic polar order the bent
direction in adjacent layers is antiparallel, so that the layer
polarization alternates from layer to layer, which leads to a
macroscopic apolar AF structure.[7] In most cases of such
mesophases the molecules are additionally tilted relative to
the layer normal.[8] Therefore these phases (also known as
™B2∫-phases) can be described as tilted smectic phases (SmC)
with a polar order of the molecules (P) within the layers, and
an antiparallel polarization in adjacent layers (A), which leads
to the notation SmCPA. Because the molecules in adjacent
layers can have either a synclinic (molecules in adjacent layers
are tilted in the same direction, CS) or an anticlinic (molecules
in adjacent layers are tilted in opposite directions, CA)
interlayer correlation, the four different phase structures
shown in Figure 1 may result for such mesophases.[7] Usually,
the AF phases represent the ground states, whereas the FE
states (SmCSPF and SmCAPF) can only be achieved after

with response times of less than one minute. The average
response ratio at 3 ppm NO2 was 1.16.

Individual SnO2 nanoribbons are small, fast and sensitive
devices for detecting ppm-level NO2 at room temperature
under UV light. These nanodevices can be operated under
laboratory conditions over many cycles without loss of
sensitivity. The advantages of low-temperature, potentially
drift-free operation make SnO2 nanoribbons good candidates
for miniaturized, ultrasensitive gas sensors in many applica-
tions. Further sensitivity increases should be achievable by
using thinner nanoribbons, developing ohmic SnO2 ±metal
contacts and decorating these structures with catalysts. With
such innovations, the chemical detection of single molecules
on nanowires may soon be within reach.
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Figure 1. The four possible states of SmCP phases that are distinguished by
the relative tilt sense and the polar order in adjacent layers. The notations
CS and CA refer to synclinic and anticlinic tilt while PF and PA refer to
ferroelectric (FE) and antiferroelectric (AF) polar order in adjacent
layers.[7]

applying a sufficiently strong external electric field. They are
not stable and relax back to the AF state after the electric field
is switched off. Only recently first examples of ferroelectric
switchable mesophases were reported for a few special bent-
core molecules. Remarkably, the materials showing this
special switching behavior in fluid smectic phases (SmCP
phases) are chiral molecules or their mixtures.[9] Ferroelectric
switching was also observed for higher-ordered ™banana
phases∫, for a ™B7∫ phase formed by a racemic mixture[10] of
bent molecules and for a ™B5∫ phase formed by achiral
molecules.[11] Here we report first examples of nonchiral
molecules forming a ferroelectrical switchable fluid smectic
phase (SmCPF phase). They are a novel type of polyphilic
liquid crystal[2, 12] composed of three incompatible units: A
bent rigid aromatic core,[13] two flexible alkyl chains, and a
bulky oligosiloxane unit[14] at one end.

The synthesis of these molecules is shown in Scheme 1 and
the phase-transition temperatures obtained by polarized-light
optical microscopy and differential scanning calorimetry
(DSC) are summarized in Table 1.[18] The parent compound
1 of this series, composed only of the rigid bent-core unit and
two terminal hydrocarbon chains shows a conventional
SmCPA-phase with a typical AF switching behavior, which is
characterized by the occurrence of two polarization peaks in
the switching current response. This phase is only monotropic
[metastable, phase sequence: Cr 108 (SmCPA 98) Iso], but
hydrosilylation[14d] leads to the ternary block molecules 2 ± 4
which show significantly increased stabilities of their meso-
phases, despite that the oligosiloxane units are very bulky and
therefore are expected to reduce the mesophase stability.
Instead, the mesophase stability is nearly independent of the
size of the siloxane units. Even for molecule 4, with a
branched trisiloxane unit, nearly the same transition temper-
ature is found. All siloxane derivatives 2 ± 4 form mesophases
which are quite distinct from that of the parent compound 1
and all other known liquid-crystalline phases. Typically, they
appear from the isotropic liquid state as fractal nuclei which
coalesce to a grainy unspecific texture which is completely
dark (optically isotropic) between crossed polarizers, showing
only very small irregularly distributed bright spots. The most
remarkable feature is that in these mesophases domains of
opposite handedness can be distinguished. Rotating the

Scheme 1. Synthesis of compounds 1 ± 4. a) cat. [Pd(PPh3)4], NaHCO3,
H2O, glyme, reflux, 8 h;[15] b) 4-(4-dodecyloxybenzoyloxy)benzoic acid,[13]

CMC, DMAP, CH2Cl2, 20 �C, 24 h;[16] c) H2, Pd/C, AcOEt, 20 �C, 24 h; d) 4-
(10-undecene-1-yloxy)benzoic acid,[17] CMC, DMAP, CH2Cl2, 20 �C,
24 h;[16] e) R3SiH (R is shown in Table 1), Karstedt×s catalyst, toluene,
20 �C, 30 min;[14d] CMC�N-cyclohexyl-N�-(2-morpholinoethyl)carbodi-
imide methyl p-toluenesulfonate; DMAP� 4-dimethylaminopyridine

analyzer by a small angle (5 ± 10�) dark and more bright
domains become visible. If the analyzer is rotated in the
opposite direction the brightness of the domains is reversed
(Figure 2). The light transmission does not change if the
sample is rotated. This effect has already been reported for
the ™B4∫ phase,[19] which actually represents a soft crystal, and
the ™Sm1∫-phase which also seems to have a three-dimen-
sional superstructure though only a simple layer structure is
found by X-ray diffraction.[20] However, in contrast to these

Table 1. Transition temperatures (T) and corresponding enthalpy values
[in square brackets] of the compounds 2 ± 4.[a]

Compound R3Si- T [�C] [�H/kJmol�1]

2 Me3SiOSiMe2- Cr 77 SmCPA 118 Iso
[17.0] [23.5]

3 Me3Si(OSiMe2)2- Cr 70 SmCPF 115 Iso
[29.3] [24.3]

4 (Me3SiO)2SiMe- Cr 63 SmCPF 116 Iso
[8.9] [21.1]

[a] Abbreviations: Cr� crystalline solid state; SmCPA� antiferroelectri-
cally switchable smectic mesophase in which the molecules are tilted with
respect to the layer normal and have a polar order within the layers;
SmCPF� ferroelectrically switchable smectic mesophase in which the
molecules are tilted with respect to the layer normal and have a polar
order within the layers; Iso� isotropic liquid phase. Transition temper-
atures and enthalpies were determined by DSC (Perkin-Elmer DSC-7, first
heating scan, rate: 10 Kmin�1) and confirmed by polarized-light optical
microscopy.
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Figure 2. Texture of the mesophase of compound 4 (T� 105 �C) obtained
by cooling the isotropic liquid without applied field. The photographs were
taken with polarizer and analyzer slightly uncrossed to distinguish domains
of opposite chirality. Changing the direction of the analyzer as indicated by
the arrows [compare (a) and (b)] reverses the brightness of the domains.
The brightness of the images is strongly enhanced to make the different
regions visible.

phases, in the mesophases of 2 ± 4 the transparent blue color
which is typical for B4 and Sm1 phases cannot be observed,
and these mesophases are highly fluid, like conventional SmA
and SmC phases.

X-ray investigations (non-oriented samples, Guinier cam-
era) confirm the presence of a well-defined layer structure by
the appearance of a sharp layer reflection and its higher
orders (up to the 4th order) with d� 4.4 nm for compound 4.
For this compound the diffuse scattering in the wide-angle
range has a very asymmetric profile in which two maxima can
be separated, one maximum at 0.45 nm corresponds to the
mean distance between the fluid alkyl chains and the second
one with a maximum at about 0.7 nm corresponding to the
mean distance between the disordered siloxane units. This is
an indication of a fluid nanosegregated organization. It can be
assumed that because of the significantly larger space
required by the siloxane units compared to the rest of the
molecule the molecules should adapt an antiparallel end-to-
end packing within the layers. In this way the siloxane units
build up their own sublayers, which leads to the triple-layer
structure shown in Figure 3. The effective molecular length L

Figure 3. Proposed triple-layer organization of the molecules 3 and 4 in the
SmCPF state.

is around 5.5 nm, which is significantly larger than the layer
spacing found in X-ray measurements. This result is in line
with the proposed monolayer structure in which the molecules
are additionally tilted by an angle of about 30 ± 35 degrees
with respect to the layer normal.

In the next step electrooptical investigations were carried
out in a transparent sandwich-type capacitor cell consisting of
two indium-tin-oxide (ITO) coated glass plates. The repola-

rization current in response to an applied triangular-wave
field[21] shows two peaks for the disiloxane derivative 2 (AF
switching) and only one peak for compounds 3 and 4, as
typical for FE switching (Figure 4). Compound 4 was inves-

Figure 4. Switching current response in the mesophase of compound 4 on
applying a triangular-wave voltage at 104 �C in a 10 �mnon-coated ITO cell
(EHC, Japan) at a frequency of 1 Hz.

tigated in more detail. Even at very low frequency (0.02 Hz)
we observed only one very sharp current response peak,
corresponding to a high value of the spontaneous polarization
of 700 nCcm�2. This one-peak response is found in every case,
independent of the sample preparation. It is a strong
indication for an FE switching behavior which is additionally
supported by optical observations of the switching process.

If the isotropic liquid is slowly cooled under an applied dc
electric field (10 V�m�1) a texture with many circular
domains appears (Figure 5a). In these domains the smectic
layers are circularly arranged around the center of the
domains. The characteristic feature of these domains are
extinction crosses, whereby the direction of the extinction
brushes corresponds to the direction of the optical axes of the
smectic layers. In these bright birefringent field-induced
circular domains the extinction crosses are rotated by 70 ±
80� clockwise or anticlockwise depending on the sign of the
applied field. This angle corresponds to twice the tilt angle. It
should be emphasized that the extinction crosses remain
unchanged if the field is switched off, that means, there is no
relaxation of the switched state as observed in the AF phases.
This bistable switching clearly points to an FE ground state,
which confirms the results of the current-response measure-
ments. In this FE ground state the correlation between
adjacent smectic layers is synclinic (SmCSPF).

If however, an alternating field (ac, 10 V �m�1, 200 Hz) is
applied during cooling the isotropic liquid, the appearing
mesophase shows in addition to a weakly birefringent fanlike
texture also weakly birefringent circular domains (Figure 5b).
In these domains the extinction crosses coincide with the
direction of polarizer and analyzer. On applying an electric
field the extinction crosses do not rotate, although a switching
process is clearly visible. In this case the ferroelectric ground
state can be explained by an anticlinic packing of the
molecules in adjacent layers (SmCAPF).

In contrast to the states obtained under the influence of an
external electric field, there is obviously no birefringence if
the smectic phase is formed without such an applied field, that
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Figure 5. Switching behavior observed between crossed polarizers. a) Tex-
ture obtained by cooling the isotropic liquid under an electric dc field of
10 V�m�1. The extinction cross of the circular domains does not coincide
with the crossed polarizers. By switching the electric field between
�1.5 V�m�1 (left-hand side) and �1.5 V�m�1 (right-hand side) the ex-
tinction cross rotates by an angle of 70 ± 80� (sample thickness: 10 �m; T�
70 �C)[22] b) Texture obtained by cooling the isotropic liquid under an
electric ac field of 10 V�m�1 (200 Hz). The extinction crosses coincide with
the crossed polarizers and do not rotate on applying an electric field
(sample thickness: 10 �m; T� 70 �C).

is, this phase seems to be optically uniaxial. However, the
polar order and the tilted organization of the molecules in the
layers would require an optical biaxiality of this phase, that is,
a birefringence is expected to occur. Another characteristic
feature of this texture is the existence of domains with
opposite chirality (see above). These findings point to the
presence of a helical arrangement of the molecules with the
helix axis perpendicular to the substrate surfaces, whereby the
pitch of this helix is different from the wavelength of the
visible light and the helix-sense is different in regions with
opposite chirality. The helix axis can occur perpendicular to
the layer planes (SmC*-like) or parallel to the layer planes
(TGB-like). Both helical superstructures would lead to optical
uniaxiality of the phases and would allow a compensation of
the layer polarity on a macroscopic scale by retaining a nearly
parallel alignment of the bent directions of the molecules in
adjacent layers.

In summary, the mesophase presented here is the first FE
switchable SmCP phase which is formed by achiral bent-core
mesogens. Additionally, the materials have interesting prop-
erties which could be of use in applications; they are stable,
have a low conductivity, and their mesophases occur at

comparatively low temperatures. The appearance of siloxane
sublayers seems to have an essential influence on the
preference of a parallel alignment of the molecular bent
directions in adjacent layers. Usually, the packing of the bent
molecules in adjacent layers is antiparallel (AF), which
provides synclinic interlayer interfaces (see side views in
Figure 1). These easily allow interlayer fluctuations and are
therefore entropically favorable. In the FE state the parallel
molecular bent directions in adjacent layers lead to anticlinic
interlayer interfaces between them, which are disfavored
because they suppress the interlayer fluctuations. Decoupling
the layer interfaces by the siloxane sublayers reduces or
inhibits these interlayer penetrations and therefore their
importance for the molecular organization is reduced, which
allows a ferroelectric order more easily.[23] The importance of
the decoupling of the layers is also shown in that reducing the
number of siloxane units gives rise to AF properties
(compounds 1 and 2). This decoupling may also be respon-
sible for the possibility to control the relative tilt direction of
the molecules in adjacent layers (synclinic versus anticlinic)
by changing the type of the applied electric field (dc versus
ac). Additionally, it should be pointed out that the supra-
molecular organization of these molecules is strongly influ-
enced not only by external fields, but also by the interactions
with the substrate surfaces, which all together define the
system as a whole.
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COVER PICTURE
The cover picture shows a polyhedral representation of a polyoxovanadate core
{V6O13(OMe)6}2�, which is linked to two vanadyl moieties. These are coordinated
through the N2O2 donor set of organic ligands, which additionally stabilize the
hexavanadate through two hydrogen bonds. This compound can be considered as
™bridging the gap∫ between polyoxometalates and classic coordination com-
pounds. Fittingly, in the background, is M¸ngsten railway bridge near Wuppertal,
Germany, which links the towns of Remscheid and Solingen. The bridge, which
was built in 1897, at a height of 107 m, an arch width of 170 m, and a total length of
500 m was considered an engineering masterpiece of its time in Europe. More
about the successful linkage of two important classes of compounds is reported in
the communication by M. Piepenbrink, M. U. Triller, N. H. J. Gorman, and B.
Krebs on pp. 2523 ff.

REVIEW Contents

Since the discovery of the carbon nanotubes in
1991, much effort has been made to find nanotubes
and other anisotropic nanomaterials. This interest
is caused by the outstanding structural character-
istics of such materials that are combined with
promising physical and chemical properties. This
review focuses on the advances made in oxidic
nanotubes, such as vanadium oxide nanotubes (see
picture) and nanorods, and highlights the most
important synthetic trends.
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G. R. Patzke, F. Krumeich,
R. Nesper* . . . . . . . . . . . . . . . . . 2446 ± 2461

Oxidic Nanotubes and Nanorods–
Anisotropic Modules for a Future
Nanotechnology
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nanotubes ¥ oxides ¥ solvothermal
synthesis
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Cyclization reactions involving thiiranium and thiolanium ion intermediates lead
to highly substituted saturated O, N, and S heterocycles in high yield and with
complete stereocontrol (see scheme).

Angew. Chem. 2002, 114, 2572 ± 2593

D. J. Fox, D. House,*
S. Warren* . . . . . . . . . . . . . . . . . 2462 ± 2482

Mechanisms of Sulfanyl (RS) Migrations:
Synthesis of Heterocycles

Keywords: cyclization ¥ heterocycles ¥
rearrangement ¥ sulfanyl groups ¥
thiiranium ions

ESSAY
Out of the Blue : The noble colors blue and purple
were highly regarded in the past because of their
rarity. Thus ancient civilizations invented blue and
purple pigments, such as, Egyptian Blue (see
amulet shown), Chinese Blue, and Chinese Purple,
all of which contain alkaline-earth metals and
copper. It is shown how their synthesis may have
been developed in ancient times: an understanding
of stoichiometry, the control of reaction temper-
ature, and the hypothesis of knowledge transfer are
essential.

Angew. Chem. 2002, 114, 2595 ± 2600

H. Berke* . . . . . . . . . . . . . . . . . 2483 ± 2487

Chemistry in Ancient Times: The
Development of Blue and Purple
Pigments

Keywords: alkaline-earth metals ¥
dyes/pigments ¥ history of science

HIGHLIGHTS
Revision of the structure originally proposed for the antimitotic natural product
diazonamide A (2) was required after the recent synthesis of polycycle (1); the
total synthesis of 2 still remains elusive. However, there is much to learn from the
significant synthetic contributions and innovative strategies developed to date.

Angew. Chem. 2002, 114, 2601 ± 2606

T. Ritter, E. M. Carreira* . . . 2489 ± 2495

The Diazonamides: The Plot Thickens

Keywords: antitumor agents ¥
atropisomerism ¥ natural products ¥
structure elucidation ¥ total synthesis

The following communications are ™Very Important Papers∫ in the opinion
of two referees. They will be published shortly (that marked with a
diamond will be published in the next issue). Short summaries of these
articles can be found on the Angewandte Chemie homepage at the address
http://www.angewandte.org

Highly Selective Transport of Organic Compounds by Using Supported Liquid
Membranes Based on Ionic Liquids

L. C. Branco, J. G. Crespo, �
C. A. M. Afonso*

Atom-Transfer Tandem Radical Cyclization Reactions Promoted by Lewis
Acids

D. Yang,* S. Gu, H.-W. Zhao,
N.-Y. Zhu

Metallabenzenes and Valence Isomers: Synthesis and Characterization of a
Platinabenzene

V. Jacob, T. J. R. Weakley,
M. M. Haley*

VIPs
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Matrix excitation above the band-gap energy
enables lanthanide ions in host ± guest systems to
be sensitized (see scheme; ET� energy transfer;
REE� rare earth emission). The enhanced lumi-
nescence of the enclosed lanthanide ions gives
characteristic linelike emission spectra.

Angew. Chem. 2002, 114, 2607 ± 2608

H. Maas, A. Currao,
G. Calzaferri * . . . . . . . . . . . . . . 2495 ± 2497

Encapsulated Lanthanides as
Luminescent Materials

Keywords: energy transfer ¥ glasses ¥
lanthanides ¥ luminescence ¥ zeolites

COMMUNICATIONS
Doing a stretch in zeolites : Usually molecular sieves selectively process and yield
the fastest diffusing, least bulky molecule. When sieves were identified that
seemed to selectively yield, adsorb, and stabilize isomers with a larger diameter,
the term ™inverse shape selectivity∫ was coined. Molecular simulations indicate
that these sieves preferentially yield molecules because of entropic effects, which
favor those molecules that have the shortest effective length. In narrow zeolite
pores linear molecules are stretched whereas in wide pores they can be coiled (see
diagram).

Angew. Chem. 2002, 114, 2609 ± 2612

M. Schenk, S. Calero, T. L. M. Maesen,
L. L. van Benthem, M. G. Verbeek,
B. Smit* . . . . . . . . . . . . . . . . . . . 2499 ± 2502

Understanding Zeolite Catalysis: Inverse
Shape Selectivity Revised

Keywords: alkanes ¥ heterogeneous
catalysis ¥ molecular modeling ¥ shape
selectivity ¥ zeolites

Stacking made to order : Weak in-
termolecular interactions such as 2D
hydrogen-bonding networks, aro-
matic-ring stacking, and CH/� or
halogen ± halogen interactions ac-
count for the columnar organization
of muconic and sorbic acid deriva-
tives in the crystalline state (see
picture). When the stacking distance
is close to 5 ä these 1,3-dienes
undergo topochemical polymeriza-
tion upon irradiation.

Angew. Chem. 2002, 114, 2612 ± 2615

A. Matsumoto,* K. Sada,* K. Tashiro,*
M. Miyata,* T. Tsubouchi, T. Tanaka,
T. Odani, S. Nagahama, T. Tanaka,
K. Inoue, S. Saragai,
S. Nakamoto . . . . . . . . . . . . . . . 2502 ± 2505

Reaction Principles and Crystal Structure
Design for the Topochemical
Polymerization of 1,3-Dienes

Keywords: crystal engineering ¥
polymerization ¥ solid-state reactions ¥
supramolecular chemistry ¥
topochemistry

Beautiful offspring : Manganese/oxide/carboxy-
late-cluster chemistry continues to surprise with
its rich variety of structural types. Here a newMn21

cluster (see picture Mn4� (red), Mn3� (green)) with
a 12MnIII9MnIV oxidation level and an approxi-
mately planar core is reported.

Angew. Chem. 2002, 114, 2616 ± 2618

J. T. Brockman, J. C. Huffman,
G. Christou* . . . . . . . . . . . . . . . 2506 ± 2508

A High Nuclearity, Mixed-Valence
Manganese(���,��) Complex:
[Mn21O24(OMe)8(O2CCH2tBu)16(H2O)10]

Keywords: cluster compounds ¥ magnetic
properties ¥ manganese ¥ mixed-valent
compounds ¥ structure elucidation
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Common-or-garden starch can ren-
der single-walled carbon nanotubes
(SWNTs) readily soluble in water.
The secret is to preorganize the
linear amylose component in the
starch into a helix with iodine prior
to bringing the SWNTs on the scene.
The SWNTs displace the iodine molecules in a ™pea-shooting∫ type of mechanism
(see scheme). After some physical cajoling of the aqueous solution containing the
starch ± SWNT complex, a fine ™bucky paper∫ is formed. Spitting in the aqueous
solution, followed by sitting around for a few hours, also enables equally fine
™bucky paper∫ to be harvested.

Angew. Chem. 2002, 114, 2618 ± 2622

A. Star, D. W. Steuerman, J. R. Heath,
J. F. Stoddart* . . . . . . . . . . . . . . 2508 ± 2512

Starched Carbon Nanotubes

Keywords: amylose ¥ hydrophobic
interactions ¥ molecular recognition ¥
nanotubes ¥ self-assembly

Reversible NO binding in acetonitrile is observed in the non-heme FeIII complex
[Fe(PaPy3)(NO)](ClO4)2 (see scheme). The NO moiety is photolabile, and can
dissociate from this complex under very mild conditions. The carboxamido
nitrogen donor trans to NO appears to play a crucial role in the observed
photolability. (PaPy3�N-[N,N-bis(2-pyridylmethyl)aminoethyl]-2-pyridinecar-
boxamide).

Angew. Chem. 2002, 114, 2622 ± 2625

A. K. Patra, R. Afshar, M. M. Olmstead,
P. K. Mascharak* . . . . . . . . . . . 2512 ± 2515

The First Non-Heme Iron(���) Complex
with a Ligated Carboxamido Group That
Exhibits Photolability of a Bound NO
Ligand

Keywords: iron ¥ nitric oxide ¥
N ligands ¥ photolability

Instead of the expected tetrahedral
M4L6 cage, a far more complicated
M12L18 cage forms when the bridging
ligand shown reacts with CoII ions.
The dodecanuclear cage has the
topology of a tetrahedron in which
all four vertices are truncated to
reveal triangular faces. A bridging
ligand spans each of the 18 edges of
the metal cage, and all 12 metal ±
tris(chelate) centers are homochiral.
[BF4]� ions are located in the large
central cavity and in the two-dimen-
sional cavities at the center of each
face.

Angew. Chem. 2002, 114, 2625 ± 2628

Z. R. Bell, J. C. Jeffery, J. A. McCleverty,
M. D. Ward* . . . . . . . . . . . . . . . 2515 ± 2518

Assembly of a Truncated-Tetrahedral
Chiral [M12(�-L)18]24� Cage

Keywords: cage compounds ¥ host ± guest
systems ¥ N ligands ¥ self-assembly ¥
supramolecular chemistry
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Small flashes (b) occur during the
freezing of triethylgallium samples
in liquid nitrogen, and on warming
from�196�C this is accompanied by
decomposition (a). This effect was
observed during the determination
of the crystal structures of GaMe3
and GaEt3, which both show inter-
molecular interactions between
their electron-deficient gallium
atoms and the alkyl groups of
neighboring molecules.

Angew. Chem. 2002, 114, 2629 ± 2633

N. W. Mitzel,* C. Lustig, R. J. F. Berger,
N. Runeberg . . . . . . . . . . . . . . . 2519 ± 2522

Luminescence Phenomena and Solid-
State Structures of Trimethyl- and
Triethylgallium

Keywords: ab initio calculations ¥
gallium ¥ luminescence ¥
photochemistry ¥ solid-state structures

Cluster catalysts for directed oxygen
transfer? In attempts towards the
creation of novel catalytic systems
for directed oxygen-transfer proc-
esses a novel type of polyoxometa-
late cluster containing vanadium
was synthesized. The first example
of a polyoxovanadate composed of a
hexavanadate molecular center and
two reactive, exchangeable, vanadi-
um-centered complexes which are
tilted towards the polyoxometalate
center is presented (see picture).

Angew. Chem. 2002, 114, 2633 ± 2635

M. Piepenbrink, M. U. Triller,
N. H. J. Gorman, B. Krebs* . 2523 ± 2525

Bridging the Gap between
Polyoxometalates and Classic
Coordination Compounds: A Novel Type
of Hexavanadate Complex

Keywords: coordination chemistry ¥
N ligands ¥ polyoxometalates ¥
structure elucidation ¥ vanadium

A completely stereoselective syn-
thesis of pharmacologically relevant
trans-1,3-disubstituted dihydroiso-
benzofurans utilizes the surprising
selectivity during the benzylic de-
protonation of a silylated [phtha-
lan ±Cr(CO)3] complex (see
scheme).

Angew. Chem. 2002, 114, 2635 ± 2638
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S. Zemolka, J. Lex,
H.-G. Schmalz* . . . . . . . . . . . . 2525 ± 2528

Benzylic endo-Alkylation of Phthalan ±
Cr(CO)3 Complexes via Temporary
Silylation: An Entry to trans-1,3-
Disubstituted Dihydroisobenzofurans

Keywords: alkylation ¥ arenes ¥
chromium ¥ deprotonation ¥
enantioselectivity

Quaternary rhodium borides of gen-
eral formula A2MRh5B2 (see pic-
ture: Mg green, Mn red, Rh blue, B
yellow) offer a nice playground for
combined synthetic ± theoretical in-
vestigations. The relative robustness
of the underlying structure type
allows various adjustments of the
valence-electron concentration to
be explored. In synthesizing new
magnetic materials by following a
chemical theory of cooperative
magnetic phenomena, it is demon-
strated how physical properties, such as antiferromagnetic or ferromagnetic
behavior can be understood, predicted, and, eventually, realized.

Angew. Chem. 2002, 114, 2638 ± 2642

R. Dronskowski,* K. Korczak,
H. Lueken, W. Jung . . . . . . . . . 2528 ± 2532

Chemically Tuning between
Ferromagnetism and Antiferromagnetism
by Combining Theory and Synthesis in
Iron/Manganese Rhodium Borides

Keywords: borides ¥ density functional
calculations ¥ intermetallic phases ¥
magnetism ¥ solid-state structures
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Catalytically active nanoparticle
sites : Different catalytic activity of
different active sites coexisting on a
supported nanoparticle has been
directly observed using molecular-
beam techniques and in situ surface
vibrational spectroscopy. For meth-
anol decomposition on a supported
Pd model catalyst (see picture), it is
shown that carbon ± oxygen-bond
breakage and dehydrogenation occur as competing reaction pathways at particle
defects and on regular facets, respectively.

Angew. Chem. 2002, 114, 2643 ± 2646

S. Schauermann, J. Hoffmann,
V. Joha¬nek, J. Hartmann, J. Libuda,*
H.-J. Freund . . . . . . . . . . . . . . . . 2532 ± 2535

Catalytic Activity and Poisoning of
Specific Sites on Supported Metal
Nanoparticles

Keywords: heterogeneous catalysis ¥
kinetics ¥ molecular beams ¥ supported
catalysts ¥ surface chemistry

Enantiomerically enriched, functionalized, and protected propargylamines are
obtained under mild conditions in a new copper(�)/Quinap-catalyzed addition
reaction of alkynes to enamines (see scheme).

Angew. Chem. 2002, 114, 2651 ± 2654

C. Koradin, K. Polborn,
P. Knochel* . . . . . . . . . . . . . . . . 2535 ± 2538

Enantioselective Synthesis of
Propargylamines by Copper-Catalyzed
Addition of Alkynes to Enamines

Keywords: alkynes ¥ asymmetric
synthesis ¥ C�H activation ¥
heterogeneous catalysis ¥
propargylamines

Despite being unreactive towards many neutral compounds even in the sense of
association, Cr� undergoes gas-phase adduct formation with hexafluoroacetone.
In the presence of water, the monoadduct undergoes three consecutive C�F bond
hydrolysis reactions, which may be followed, after complexation of water, by even
a fourth C�F bond cleavage (see scheme).

Angew. Chem. 2002, 114, 2648 ± 2651

U. Mazurek, D. Schrˆder,
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Hydrolytic Activation of C�F Bonds in
the Gas Phase by Intrinsically Unreactive
Chromium Cations

Keywords: C�F activation ¥ chromium ¥
gas-phase reactions ¥ hydrolysis ¥ mass
spectrometry

Titanocene-� ± alkyne complexes such as 1 are efficient catalysts for the hydro-
amination of terminal alkynes to imines (see scheme; R� alkyl, R�� SiMe3 or
Ph). Excellent yields of imines and good to excellent regioselectivities for the anti-
Markovnikov products were obtained.

Angew. Chem. 2002, 114, 2646 ± 2648

A. Tillack, I. Garcia Castro,
C. G. Hartung, M. Beller* . . 2541 ± 2543

Anti-Markovnikov Hydroamination of
Terminal Alkynes

Keywords: alkynes ¥ homogeneous
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Addition of B(C6F5)3 to the butadiene ligand in 1 leads to the zwitterionic
complex 2 (characterized by single-crystal X-ray diffraction; Ar� 2,6-diisoprop-
ylphenyl), which is an active catalyst for the polymerization of ethylene. The
formation of 2 could have model character for an activation pathway for
homogeneous Ziegler ±Natta catalysts of late transition metals without �-alkyl
ligands.

Angew. Chem. 2002, 114, 2662 ± 2664

J. W. Strauch, G. Erker,* G. Kehr,
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Formation of a Butadienenickel-Based
Zwitterionic Single-Component Catalyst
for Ethylene Polymerization: An
Alternative Activation Pathway for
Homogeneous Ziegler ±Natta Catalysts
of Late Transition Metals

Keywords: diene ligands ¥ homogeneous
catalysis ¥ nickel ¥ polymerization ¥
Ziegler ±Natta catalysis
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The combination of organic synthesis with cell biology provides access to a
chimera of the signal-transducing Ras protein, which contains a photoactivatable
benzophenone group in its isoprenoid membrane anchor, yet retains biological
activity. The semisynthetic protein is a new tool to address open questions
concerning the mechanism of selective plasma membrane localization of Ras and
to identify putative binding partners of Ras.

Angew. Chem. 2002, 114, 2655 ± 2658

J. Kuhlmann,* A. Tebbe, M. Vˆlkert,
M. Wagner, K. Uwai,
H. Waldmann* . . . . . . . . . . . . . 2546 ± 2550

Photoactivatable Synthetic Ras Proteins:
™Baits∫ for the Identification of Plasma-
Membrane-Bound Binding Partners of
Ras

Keywords: lipoproteins ¥
photoactivation ¥ protein engineering ¥
signal transduction

Fact! That is the answer to the
question posed in the title. Over 40
years passed before the synthesis of
bismuthine (BiH3; see picture) by
Amberger was confirmed success-
fully. High-resolution IR and milli-
meter-wave spectroscopy as well as
ab initio calculations now provide a
detailed picture of the molecular
structure of this compound.

Angew. Chem. 2002, 114, 2659 ± 2661

W. Jerzembeck, H. B¸rger,*
L. Constantin, L. Margule¡s, J. Demaison,
J. Breidung, W. Thiel . . . . . . . . 2550 ± 2552

Bismuthine BiH3: Fact or Fiction? High-
Resolution Infrared, Millimeter-Wave,
and Ab Initio Studies

Keywords: ab initio calculations ¥
bismuth ¥ hydrides ¥ IR spectroscopy ¥
rotational spectroscopy

Shedding light on the environment :
An auxillary light-emitting fragment
(coumarin-343) binds to a CuII ion in
the right-hand compartment (B) of
the ligand shown and its fluores-
cence is ™switched off∫. If the
pH value is raised from 7 to �11 the metal moves to the left compartment (A),
which imposes a square stereochemistry and forces dissociation of the indicator,
thus ™switching on∫ the fluorescence. The pH-driven metal translocation is
reversible and can be carried out for many cycles.

Angew. Chem. 2002, 114, 2665 ± 2668

V. Amendola, L. Fabbrizzi,* C. Mangano,
H. Miller, P. Pallavicini, A. Perotti,
A. Taglietti . . . . . . . . . . . . . . . . . 2553 ± 2556

Signal Amplification by a Fluorescent
Indicator of a pH-Driven Intramolecular
Translocation of a Copper(��) Ion

Keywords: copper ¥ fluorescent probes ¥
molecular devices ¥ N ligands ¥ transition
metals

You can also choose from alkanes!
Either mono- or bifunctional iodo
derivatives can be prepared from
alkanes (see scheme) in an efficient
and selective manner by using
PhI(OAc)2, I2, and an alcohol.

Angew. Chem. 2002, 114, 2668 ± 2670
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J. Barluenga,* F. Gonza¬ lez-Bobes,
J. M. Gonza¬ lez . . . . . . . . . . . . . 2556 ± 2558

Activation of Alkanes upon Reaction
with PhI(OAc)2 ± I2

Keywords: alkanes ¥ C�H activation ¥
iodination ¥ iodine ¥ photochemistry
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In situ dynamic light scattering
(DLS) and high-resolution transmis-
sion electron microscopy (HRTEM)
can be used, in conjunction with
other techniques, to improve our
understanding of the mechanism of
zeolite formation. The effects of
aging and hydrothermal pre-treat-
ment of precursors cause variations
in the size distribution (see diagram;
r� particle size, I� intensity) and
relative crystallinity of the as-pre-
pared zeolitic materials.

Angew. Chem. 2002, 114, 2670 ± 2673

S. Mintova,* N. H. Olson, J. Senker,
T. Bein* . . . . . . . . . . . . . . . . . . . 2558 ± 2561

Mechanism of the Transformation of
Silica Precursor Solutions into Si-MFI
Zeolite

Keywords: dynamic light scattering ¥
electron microscopy ¥ silicon ¥ zeolites

The syn and anti topoisomers of fused subphtha-
locyanine dimers were synthesized and character-
ized. The space-filling model of the anti topoisom-
er is depicted. These compounds are the first step
towards the synthesis of larger curved � surfaces.

Angew. Chem. 2002, 114, 2673 ± 2677

C. G. Claessens, T. Torres* . . 2561 ± 2565

Synthesis, Separation, and
Characterization of the Topoisomers of
Fused Bicyclic Subphthalocyanine
Dimers

Keywords: boron ¥ electronic
spectroscopy ¥ macrocycles ¥
phthalocyanines

The structures of cis and trans forms of a binuclear subphthalocyanine (SubPc)
have been determined by X-ray crystallography (see pictures). Electronic
absorption and magnetic circular dichrosim spectra of these dimers are similar
in shape, but the Q band of the trans isomer appears at longer wavelength than
that of the cis isomer by about 3 ± 4 nm.

Angew. Chem. 2002, 114, 2677 ± 2680

T. Fukuda, J. R. Stork, R. J. Potucek,
M. M. Olmstead, B. C. Noll,
N. Kobayashi,*
W. S. Durfee* . . . . . . . . . . . . . . 2565 ± 2568

cis and trans Forms of a Binuclear
Subphthalocyanine

Keywords: boron ¥ electronic
spectroscopy ¥ macrocycles ¥
phthalocyanines ¥ structure elucidation

A novel reaction of a thermally stable silylene with 1, obtained by regio- and
stereospecific insertion of the �-halogen-free adamantyl cyanide into the Li�C
bond of the bis(silyl)methyl compound Li[CH(SiMe2OMe)(SiMe3)], yielded the
new azatrisilacyclobutane 2. NN� 1,2-[(tBuCH2)N]2C6H4.

Angew. Chem. 2002, 114, 2680 ± 2683

F. Antolini, B. Gehrhus,* P. B. Hitchcock,
M. F. Lappert* . . . . . . . . . . . . . 2568 ± 2571

Synthesis and Structure of an
Azatrisilacyclobutane and Its Precursor,
a Novel Lithium Enamide Having a
Tricyclic (LiNSiO)2 Skeleton

Keywords: allylic compounds ¥
heterocycles ¥ insertion ¥ silicon ¥
silylenes
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With an outside diameter of approximately 2 nm,
the title complex comprises six copper chloride
moities bridged by six 1,3-(CH2PtBu2)2C6H4 li-
gands (see X-ray crystal structure). The solution
properties of the resulting 48-atom macrocycle
have been studied by variable-temperature NMR
and UV/Vis spectroscopy, as well as by electro-
chemical studies.

Angew. Chem. 2002, 114, 2683 ± 2685

E. D. Blue, T. B. Gunnoe,*
N. R. Brooks . . . . . . . . . . . . . . . 2571 ± 2573

Synthesis, Spectroscopy, and Solid-State
Structural Characterization of the
Hexanuclear Copper Macrocycle
[Cu6Cl6(�-PCHP)6]

Keywords: copper ¥ electrochemistry ¥
fluorescence ¥ macrocycles ¥ phosphane
ligands

The first diphosphaheteroquinoid compound,
which contains two low-coordinate phosphorus
atoms and a thienoquinoid skeleton (see picture),
was isolated as air-stable orange crystals. Its
quinoid nature was confirmed by X-ray crystallog-
raphy and cyclic voltammetry, which revealed the
expected redox behavior.

Angew. Chem. 2002, 114, 2686 ± 2688

F. Murakami, S. Sasaki,
M. Yoshifuji * . . . . . . . . . . . . . . 2574 ± 2576

Synthesis, Structure, and Redox
Properties of Diphosphathienoquinones

Keywords: phosphaalkenes ¥ quinones ¥
radical ions ¥ redox chemistry ¥ sulfur
heterocycles

Double ylidic character in the S-C-S bonds is
apparent from the single-crystal X-ray analysis of
the title compound (see structure). This electronic
configuration was supported by ab initio calcula-
tions on a model compound in which the phenyl
groups were replaced by methyl groups.

Angew. Chem. 2002, 114, 2688 ± 2690

T. Fujii, T. Ikeda, T. Mikami, T. Suzuki,
T. Yoshimura* . . . . . . . . . . . . . 2576 ± 2578

Synthesis and Structure of
(MeN)Ph2S�C�SPh2(NMe)

Keywords: bond theory ¥ carbanions ¥
multiple bonds ¥ sulfur ¥ ylides

Make the weak bonds first : Addition of carbon to a
metallaborane rather than a metal to a carborane
permits the isolation of metallacarboranes with
a) identical compositions and different shapes,
b) an exocluster bridging boryl group (see picture),
and c) isomers with two CMe or CH and CEt
fragments.

Angew. Chem. 2002, 114, 2690 ± 2693

H. Yan, A. M. Beatty,
T. P. Fehlner* . . . . . . . . . . . . . . 2578 ± 2581

Reaction of 2-Butyne with nido-[1,2-
(Cp*RuH)2B3H7]: Improved Kinetic
Control Leads to Metallacarboranes of
Novel Composition and Structure

Keywords: alkynes ¥ boranes ¥ cluster
compounds ¥ metallacarboranes ¥
ruthenium

A ™two-protons-plus-one-lone-pair∫ bifurcated re-
lationship is adopted by the amine groups in the
amino equivalent of Kemp×s triacid (see structure).
Intramolecular proton transfer occurs in the ami-
nolysis of three esters with this triamine, whereas
two diamines, studied for comparison, switch
abruptly from intramolecular to intermolecular
proton transfer, depending upon the ester reactivity. The triamine offers attractive
possibilities as a framework for bioorganic modeling.

Angew. Chem. 2002, 114, 2693 ± 2696

F. M. Menger,* J. Bian,
V. A. Azov . . . . . . . . . . . . . . . . . 2581 ± 2584

A 1,3,5-Triaxial Triaminocyclohexane:
The Triamine Corresponding to Kemp×s
Triacid

Keywords: amines ¥ enzyme models ¥
hydrogen bonds ¥ reaction mechanisms
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Simultaneous generation of an enolate and Nicholas carbocation unit (2) occurs
on treatment of enol ether ± cobalt complexes 1 with Lewis acids (X). Subsequent
cyclization provides �-functionalized �-alkynyl cycloalkanones 3 in a regiospe-
cific fashion. The scope of this rearrangement process is discussed, as is the
stereoselectivity of �-alkyl incorporation.
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Angew. Chem. 2002, 114, 2696 ± 2699

D. R. Carbery, S. Reignier, J. W. Myatt,
N. D. Miller, J. P. A. Harrity* 2584 ± 2587

Development of a Co-Mediated
Rearrangement Reaction

Keywords: alkyne ligands ¥
carbocations ¥ cobalt ¥ cyclization ¥ enol
ethers

The nature of oxide-supported metal catalysts may change in oxidizing
conditions : Studies on the correlation between the Rh phase in the structure of
the Rh/Al2O3 catalyst and the catalytic performance for the reduction of NO by
H2 to N2 (on reduced, metallic sites) and N2O (on oxidized sites) reveal that the
phases of the supported metal species can be interconverted on time scales that
can be deterministic in terms of the activity and selectivity of the catalysts.

Angew. Chem. 2002, 114, 2699 ± 2701

M. A. Newton, A. J. Dent,
S. Diaz-Moreno, S. G. Fiddy,
J. Evans* . . . . . . . . . . . . . . . . . . . 2587 ± 2589

Rapid Phase Fluxionality as the
Determining Factor in Activity and
Selectivity of Highly Dispersed, Rh/Al2O3

in deNOx Catalysis

Keywords: heterogeneous catalysis ¥
nanostructures ¥ rhodium ¥ structure ±
activity relationships ¥ X-ray absorption
spectroscopy

Pores for order : Particles of silica
gel can be transformed into MCM-
41 without losing their size and
shape by a low-temperature hydro-
thermal treatment (see electron mi-
crographs). This method allows easy
preparation of custom-tailored ma-
terials for chromatography and sep-
aration.

Angew. Chem. 2002, 114, 2702 ± 2704

T. Martin, A. Galarneau, F. Di Renzo,*
F. Fajula, D. Plee . . . . . . . . . . . 2590 ± 2592

Morphological Control of MCM-41 by
Pseudomorphic Synthesis

Keywords: microporous materials ¥
particles ¥ pseudomorphism ¥ silicates ¥
zeolites

Are �-cyclodextrin cavities chloro-
phillic? The �-CD-derived diphos-
phane 1, a ligand which shows a
marked tendency to act as a trans-
spanning chelator, provides an an-
swer to this question. Reaction of 1
with a variety of transition metal
chlorides systematically afforded
complexes in which the M�Cl
bond(s) is(are) captured by the
cavity and results in weak interac-
tions between the sequestered Cl atoms and inwardly oriented C�H bonds. The
shortest H-5 ¥¥ ¥ Cl distance in the Pd complex is 2.64(2) ä.

Angew. Chem. 2002, 114, 2705 ± 2708

E. Engeldinger, D. Armspach,* D. Matt,*
P. G. Jones, R. Welter . . . . . . . 2593 ± 2596

A Cyclodextrin Diphosphane as a First
and Second Coordination Sphere
Cavitand: Evidence for Weak
C�H ¥¥¥ Cl�M Hydrogen Bonds within
Metal-Capped Cavities

Keywords: chelates ¥ cyclodextrins ¥
metallocavitands ¥ noncovalent
interactions ¥ phosphanes
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By simply stirring in water, organic azides and terminal alkynes are readily and
cleanly converted into 1,4-disubstituted 1,2,3-triazoles through a highly efficient
and regioselective copper(�)-catalyzed process (see scheme for an example).

Angew. Chem. 2002, 114, 2708 ± 2711

V. V. Rostovtsev, L. G. Green,
V. V. Fokin,*
K. B. Sharpless* . . . . . . . . . . . . 2596 ± 2599

A Stepwise Huisgen Cycloaddition
Process: Copper(�)-Catalyzed
Regioselective ™Ligation∫ of Azides and
Terminal Alkynes

Keywords: azides ¥ copper ¥
cycloaddition ¥ homogeneous catalysis ¥
nitrogen heterocycles

CO2 is perhaps the most attractive carbon-based feedstock owing to its abundance
and low toxicity. Utilization of this contributor to global warming is a long-
standing goal. Reported here are new single-site �-diiminate zinc catalysts that
exhibit unprecedented activities for CO2/epoxide polymerization (see scheme).

Angew. Chem. 2002, 114, 2711 ± 2714

D. R. Moore, M. Cheng, E. B. Lobkovsky,
G. W. Coates* . . . . . . . . . . . . . . 2599 ± 2602

Electronic and Steric Effects on Catalysts
for CO2/Epoxide Polymerization: Subtle
Modifications Resulting in Superior
Activities

Keywords: carbon dioxide fixation ¥
green chemistry ¥ homogeneous
catalysis ¥ ligand effects ¥ ring-opening
polymerization

Styrene as ligand and support : An excellent polymer-supported ruthenium
catalyst 1 has been developed in which the benzene rings of polystyrene are
utilized as ligands to immobilize the ruthenium onto the polymer. In the presence
of 1, ring-closing olefin metathesis proceeded smoothly to afford adducts in high
yields. Furthermore, the catalyst was recovered quantitatively by filtration, and
could be reused without loss of activity.
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Angew. Chem. 2002, 114, 2714 ± 2716

R. Akiyama, S. Kobayashi* . 2602 ± 2604

A Novel Polymer-Supported Arene ±
Ruthenium Complex for Ring-Closing
Olefin Metathesis

Keywords: alkenes ¥ metathesis ¥
microencapsulation ¥ ruthenium ¥
supported catalysts
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The missing link in the new deoxyxylulose phosphate metabolic pathway leading
to the biosynthesis of plant terpenoids has been identified. The intermediate
between the cyclic diphosphate 1 and the basic isoprenoid building blocks
dimethylallyl diphosphate and isopentenyl diphosphate has been shown for the
first time to be (E)-4-hydroxy-3-methylbut-2-enyl diphosphate (2) by incorpo-
ration of tritium-labeled 2 into phytoene.
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(E)-4-Hydroxy-3-methylbut-2-enyl
Diphosphate: An Intermediate in the
Formation of Terpenoids in Plant
Chromoplasts

Keywords: biosynthesis ¥ diphosphates ¥
isoprenes ¥ isotopic labeling ¥ terpenoids

Supporting information on the WWW
(see article for access details).

* Author to whom correspondence should be addressed

Accelerated publications

BOOKS
Bioninformatics ± From Genome to Drugs. Thomas Lengauer Andrew H. Davis . . . . . . . . . . . . . . . . . 2609

Organobismuth Chemistry Hitomi Suzuki,
Yoshihiro Matano

K. Seppelt . . . . . . . . . . . . . . . . . . . . . . . . 2610

Metal Oxygen Cluster John B. Moffat H. Knˆzinger . . . . . . . . . . . . . . . . . . . . . 2611

Extraction of Metals from Soils and Waters D. Max Roundhill R. Ludwig . . . . . . . . . . . . . . . . . . . . . . . 2611

WEB SITES
http://www.ch.cam.ac.uk/c2k/ The Best Chemistry

Sites?
M. M¸ller . . . . . . . . . . . . . . . . . . . . . . 2615

SERVICE
� VIPs 2426

� Angewandte×s Sister-Journals 2437 ± 2439

� Keywords 2616

� Authors 2617

� Preview 2618
Don×t forget all the Tables of Contents
from 1998 onwards may be still found

on the WWW under:
http: //www.angewandte.org

Issue 13, 2002 was published online on July 1.

CORRIGENDA
In the book review on Voodoo Science: the road from foolishness to fraud by N. J. Turro (Angew. Chem. 2002, 41, 1069), the
references were inadvertantly omitted. The editorial office apologies for this, and the references are now given.

[1] T. S. Kuhn, The Nature of Scientific Revelutions, 2nd ed. , University of Chicago Press, Chicago, IL, 1970.
[2] a) N. J. Turro, Angew. Chem. 2000, 112, 2343; Angew. Chem. Int. Ed. 2000, 39, 2255; b) N. J. Turro, Angew. Chem. 2000, 98,

872; Angew. Chem. Int. Ed. Engl. 1986, 25, 882.
[3] R. Ehrlich, Nine Crazy Ideas in Science, Princeton University Press, Princeton, NJ, 2001.
[4] M. Shermer, Why People Believe Weird Things, Freeman, NY, 1997.
[5] W. Gratzer, The Undergrowth of Science, Oxford University Press, Oxford, 2000.
[6] I. Langmuir, Phys. Today, 1989, 42, 36



VOx Nanotubes

SiO2 Nanotubes

MoO3 Nanorods

Oxidic nanotubes and nanorods
are accessible now in various
systems with well-developed
morphology. Structural versatility
as well as anisotropic chemical
and physical properties are uni-
que characteristics that make
them promising materials.



1. Introduction

Entering the world of nanomaterials has become an
exciting challenge for chemists, physicists, and materials
scientists. During the final decade of the last century, a vast
knowledge about the synthesis and properties of various
nanoparticles and nanocomposites was collected, with new
insights and discoveries emerging almost on a daily basis.
Now expectations concerning the application of nanoma-

terials as the upcoming functional materials for the 21st
Century are rising: the technological limits of today×s micro-
devices are already becoming apparent. Thus, downscaling
conventional technologies by at least an order of magnitude
would be the next logical step, and nanoparticles are the
perfect building blocks for this purpose. This revolutionary
development offers completely new dimensions when it

comes to the production of nanodevices: a drastic reduction
in the necessary amount of functional materials–and there-
fore also of price and toxicity–could turn production
processes which are considered laborious and environmen-
tally harmful into elegant ™white technologies∫. The dimen-
sions of nanoparticles, located between those of molecules
and conventional microelectronics, allow mimicking of na-
ture×s efficient ways of managing with less when it comes to
chemical and physical processing.
Moreover, physical and chemical properties of substances

can be considerably altered when they are exhibited on a
nanoscopic scale, and this phenomenon opens up a completely
new perspective for materials design that benefits from the
introduction of particle size as a new, powerful parameter.[1]

So what can stop us from getting rid of our old-fashioned
techniques and shrinking them down to the economically and
practically preferable nanoscale?
First of all, the multitude of nanoparticles known and their

syntheses have to be mastered. This includes the scaling up of
known laboratory-scale syntheses into reliable, standard
manufacturing procedures for nanomaterials with uniform,
monodisperse morphologies. This alone is not enough: once

Oxidic Nanotubes and Nanorods–Anisotropic Modules
for a Future Nanotechnology

Greta R. Patzke, Frank Krumeich, and Reinhard Nesper*

The discovery of carbon nanotubes in
1991 is a milestone in nanomaterials
research. Since then, more and more
anisotropic nanoparticles have been
detected and characterized. The devel-
opment of nanodevices might benefit
from the distinct morphology and high
aspect ratio of nanorods and nano-
tubes as these can be functionalized in
unique ways such as incorporation of
nanorods in nanotubes. Downscaling a
broad range of materials to 1D nano-
scopic structures is currently the focus
of a rapidly growing scientific com-
munity. Developing general pathways
to this goal would transfer a wide variety
of properties to the nanoscale–a spec-

trum of phenomena so diverse that it
would cover not only inorganic systems
but all of materials science. Synthesis
of real functional materials, however,
always involves considerable synthetic
ingenuity, interdisciplinary collabora-
tion, as well as technological and
economical realism. The major topic
of this review is to provide a survey of
recent progress in the synthesis of
oxidic nanotubes and nanorods–with
their non-oxidic counterparts briefly
highlighted–and to outline the major
synthetic routes leading to them. With
the challenges of synthesizing bulk
oxidic materials in mind, the establish-
ment of trustworthy and uncomplicat-

ed ways of providing them as aniso-
tropic nano-modules on an industrial
scale appears to be more or less
serendipity. Of the methods utilized
in nanotube and nanorod synthesis
solvothermal processes have emerged
as powerful tools for generalizing and
systematizing controlled syntheses of
nano-morphologies. The flexibility and
reliability of this synthetic approach is
demonstrated here for the transforma-
tion of transition-metal oxides into
high-quality anisotropic nanomaterials.

Keywords: nanorods ¥ nanotubes ¥
nanomaterials ¥ oxides ¥ solvothermal
synthesis ¥
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readily available, these particles should then be improved by
means of coating and functionalization. Moreover, there are
still many substance classes remaining–especially three-and-
more-element systems such as oxidic high-temperature super-
conductors–that have yet to be transformed into nanoscale
materials. But even if all these problems have been mastered,
there is another task left that must be tackled to make
technological applications possible: addressing and alignment
of single particles which is necessary, for example, in nano-
capacitors or nanotransistors.
For alignment and functionalization procedures, nanopar-

ticles with an anisotropic morphology are certainly advanta-
geous. Especially nanotubes possess several different areas of
contact (borders, inner and outer surfaces, and structured tube
walls) that in principle can be functionalized in several ways.
Their basic hollow morphology is almost directly associated
with their usage as nanoscale host materials.
The most prominent examples of nanotubes are certainly

the carbon nanotubes. Detailed information about the full
scale of their potential and practical applications can be found
in a series of review articles devoted to this topic.[2] In this
regard, the up-and-coming class of oxidic nanotubes might
offer even more properties and advantages leading directly to
new technological applications.
But their non-hollow counterparts–nanorods and nano-

wires–should not be missing in a future ™nano-toolbox∫ filled
with functional nanoparticles that can be combined to design
new devices. Nanorods and nanowires need not be stabilized
by any kind of incorporated templating material, and the

synthetic requirements for their production are surprisingly
flexible. Oxidic nanorods are currently a major topic in
nanoscopic research activities, and the chase for binary oxidic
nanorods has been successful all over the periodic table.
Ordered arrays of both nanotubes and nanorods are

accessible in principle. The combination of nanotubes and
nanorods by the tube-in-tube or the rod-in-tube approach
would be an outstandingly elegant means of intrinsic func-
tionalization taking advantage both of the inner surface of
nanotubes and the high aspect ratio of nanorods.
The ongoing success on all frontiers of nanomaterials

research makes it more and more difficult to keep up to date
with all new achievements and to derive general trends that
could be the main pathways to future technology. So this
article is intended to give a concise and useful survey of recent
progress in synthesis and characterization of oxidic nanotubes
and nanorods in combination with highlights from other
materials classes. Even a short scan of novel publications
concerning these topics clearly reveals that solvothermal
synthesis is one of the most powerful tools providing access to
distinct morphologies of nanomaterials. Selected recent
examples from our laboratory illustrate the straightforward
applicability of this strategy upon the production of both
nanotubes and nanorods that are uniformly and quantitatively
produced either in the presence of a template or via a self-
organization process in solution. Sometimes it is uncompli-
cated ™chimie douce∫ (soft chemistry) that provides the best
results–with remarkable reliability, selectivity, and efficiency
that can rarely be achieved with conventional methods.
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2. Nanotubes

The discovery of the carbon nanotubes (CNT) by Iijima in
1991[3] in conjunction with the outstanding physical and
chemical properties of this novel material has put the
scientific community into a kind of continuous gold-rush
mood. Up to now, immense efforts have been undertaken
worldwide to optimize the synthesis, to characterize the
structure, and to determine the properties of the CNTs. In
addition to multi-walled CNTs, it was also possible to produce
single-walled CNTs, consisting of only one concentric graph-
ite-type layer, by co-vaporizing carbon and transition met-
als.[4] Various applications of CNTs have been investigated,
for example, as gas detectors,[5] as field emitters,[6] as tips for
scanning-probe microscopy,[7] as quantum wires,[8] and as
electromechanical devices, just to mention a few.[9, 10] For a
while, they also seemed to be very attractive as storage
devices for hydrogen,[11] however, the earlier results could not
be verified in later experiments and finally part of the storage
capacity was traced back to metal impurities.[12] Semiconduct-
ing CNTs may be structurally altered in such a way that each
tube becomes an electronic rectifying device,[13] while metallic
CNTs are presumably able to transfer enormous current
densities.[14] Of course, if CNTs would be available in large
amounts at low costs, they would be an extremely versatile,
novel, lightweight, high-stability material in many respects.
Last but not least, it should be mentioned that the elastic
properties of CNTs are beyond those of all industrial
materials, utilized so far.[15]

As a side-branch of this ongoing research in the field of
CNTs, structurally related nanotubes of boron nitride (BN)[16]

and boron carbide (BC)[17] have been found and microscopi-
cally characterized. Furthermore, an intensive search for
tubular variants of other phases has been started.[18] These
studies led to the successful preparation of nanotubular forms
of several oxides, which are the focus of this review, as well as
of chalcogenides, which will be covered briefly. In other
inorganic systems, the tubular morphology is quite rare: NiCl2
nanotubes were observed as a unique example of a tubular
halogen compound.[19] Metallic nanotubes are accessible from
bismuth,[20] and, furthermore, membranes consisting of gold[21]

and nickel[22] nanotubes, exhibiting interesting transport and
magnetic properties can be obtained by using microporous
alumina as a template. In addition, nanotubes of tellurium
were prepared recently.[23]

In general, tubular phases cover a wide range of size,
extending from mm-long hollow fibers down to nanotubes
with a diameter of only a few nm. Consequently, electron-
microscopy methods are the most indispensable tools for the
characterization of structure and morphology.[24] As an
example for oxides, needle-shaped niobium oxide crystals
can be regarded as macroscopic tubes since there are channels
along the needle axis.[25] This structure is most likely a result of
defects, which arise under the non-equilibrium growth
conditions during the preparation by chemical transport.
Other examples are the hollow needles of W18O47

[26] and
ZnO.[27]

It is noteworthy that similar phenomena have also been
observed in other systems, such as in minerals, for example,

tochinolite 2Fe1�xS ¥ 1.7[(Mg0.7Al0.3)(OH)2],[28] in rare-earth
sialons,[29] in Ag2Se,[30] as well as in misfit layer structures.[31]

The size of other tubular oxides, such as those of titanium and
vanadium, is about three orders of magnitude smaller than
these microtubes, and these materials are therefore designat-
ed as oxide nanotubes. Although there is a wide agreement
among scientists that the use of the term nanotube is restricted
for the description of a material with a corresponding
morphology, recently some misunderstanding has regrettably
been caused by its use for specifying columnar structures, such
as Na2V3O7

[32] or MoS2I0.33.[33] Certainly, this misuse should be
avoided. Under these circumstances, it is noteworthy that S.
Iijima, the discoverer of the CNTs, had designated them in his
first papers modestly as microtubules of graphitic carbon. The
term nanotube was not introduced into the literature until the
following year.
At the present stage, it is important to discriminate between

isolated and aggregated or fused nanotubes on the one hand
and between cylinder-like tubes and scrolls on the other hand.
There are a few distinct differences between the latter two
such as topological flexibility, which is much larger for
nanoscrolls, and dimensionality considerations. Whereas
cylinder-like nanotubes are one-dimensional, nanoscrolls are
still composed of layers which may have a considerable
expansion when unscrolled. In this respect, scrolls may adopt
one- and/or two-dimensional properties.

2.1. Vanadium Oxide Nanotubes

Considering the importance of vanadium oxide in catalysis,
in electrochemistry, and as a functional ceramic, the fabrica-
tion of this material in nanostructured form and with
anisotropic morphology appears to be a particularly attractive
goal. The first successful approach to make a tubular
vanadium oxide was with the use of carbon nanotubes as a
template.[34] It was possible by exploitation of surface-tension
effects to coat the CNTs externally with crystalline layers of a
V2O5-like structure.
A fundamentally new type of vanadium oxide nanotubes

(VOx-NTs) was obtained by a soft-chemistry synthesis involv-
ing an amine with long alkyl chains as a molecular, structure-
directing template.[35] This material which is available in gram
amounts is mostly constructed in a scroll-like fashion. The
tube diameters can be tuned from a few nanometers in the
conventional VOx-NTs up to several hundreds of nm in a new
type discovered recently. VOx-NTs are easily accessible in
high yield by treating a vanadium(�) oxide precursor with an
amine (CnH2n�1NH2 with 4� n� 22) or an �,�-diaminoalkane
(H2N[CH2]nNH2 with 14� n� 20), followed by hydrolyzation,
aging of the gel, and a hydrothermal reaction. The possibility
of using V2O5, VOCl3,[36] or HVO3

[37] as the vanadium source
instead of a vanadium(�) alkoxide provides a low-cost
alternative. Recently, the first VOx-NTs that contain an
aromatic amine were obtained with phenylpropylamine.[38]

The lengths of the VOx-NTs vary in the range 0.5 ± 15 �m
and the outer diameters in the range 15 ± 150 nm. Interest-
ingly, tubes obtained with monoamines tend to form thin tube
walls consisting of rather few layers (2 ± 10), whereas diamines
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predominantly lead to tubes with comparatively thick walls,
consequently comprising a much larger number of layers
(�10). As a rule, the VOx-NTs have open ends (Figure 1a);
closed tubes are scarcely observed. Vanadium oxide layers
between which protonated template molecules are embedded
build up the tube walls. As a result, the distance between the
VOx layers increases with increasing length of the amine or
diamine applied, and interlayer distances between approx-
imately 1.7 and 3.8 nm can be achieved in a controllable way.

Figure 1. a) SEM image of vanadium oxide nanotubes, containing unde-
cylamine as template (C11-VOx-NTs). The tube tips are open. b) TEM
image of the cross-sectional structure of C16-VOx-NTs. The NT on the left
consists of five concentric VOx layers, that on the right of a scrolled single
layer. Gaps appear at several sites in the VOx layers. c) SEM image of
vanadium oxide nanotubes obtained by addition of ammonia during the
synthesis (N-VOx-NTs). d) TEM image of the structure within the tube
walls of a N-VOx-NT. Two different interlayer distances (�0.9 nm,
�2.0 nm, template: dodecylamine) appear alternately.

Both possible types of nanotubes, namely those built up by
closed concentric cylinders and those formed by scrolling one
or more layers, appear in this system (Figure 1b). Most VOx-
NTs are combinations of both pure structural types and show
defects, for example, gaps in the VOx layers inside the walls.[39]

The VOx layers are crystalline as confirmed by X-ray and
electron diffraction, and a 2D square lattice with a length of
about 0.62 nm can describe their structure. All present
experimental evidence shows that the structure of the VOx

layers is the same in all types of VOx-NTs as well as in

BaV7O16 ¥ xH2O.[40] X-ray diffraction (XRD) patterns of VOx-
NTs simulated with a structural model based on this layer
structure agree well with the experimentally observed ones.[41]

These layers have the composition V7O16. They consist of two
sheets of VO5 square pyramids pointing in opposite directions,
and the sheets are connected by VO4 tetrahedra (Figure 2).

Figure 2. Structural model for the layers inside the walls of the VOx-NTs.

Because of the scroll-type morphology, the VOx-NTs
exhibit a remarkable structural flexibility that distinguishes
them from most other nanotube systems. Various exchange
reactions in which the tubular morphology is well preserved
are feasible. Intercalated monoamines can be substituted by
diamines simply by mixing a suspension of the VOx-NTs with
the respective diamine.[42] Furthermore, a certain amount of
the monoamine can be exchanged reversibly by various metal
ions, for example, Na�, K�, Ca2�, Sr2�, Fe2�, or Co2�.[43] The
possibility to insert lithium electrochemically opens up some
new perspectives for battery applications; specific capacities
up to 200 mAhg�1 have been measured by several research
groups.[44] However, the morphological flexibility is a draw-
back in this case and leads to rapid decay of the tubular
morphology. Other materials turn out to be more stable under
the electrochemical redox cycles.[45]

A novel type of vanadium oxide nanotube has been
obtained by adding ammonia during the hydrolysis step of
the synthesis.[46] These tubes have a much larger diameter,
typically around 200 nm (Figure 1c). The main characteristic
is the structure inside the rather thin tube wall that consists of
two different, alternating, interlayer distances (Figure 1d).
The larger separation is a result of the embedded amine
molecules whereas it is assumed that the NH4

� ion is located
in the narrow layers. Most likely, the structure with the shorter
interlayer distance is stiffer than that with the array of amine
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molecules and thus impedes bending, so causing the larger
diameter of these tubes compared to the conventional VOx-
NTs. To our knowledge this type of layer structure with a
regular arrangement of alternating short and long interlayer
distances has been observed in a tubular phase here for the
first time.

2.2. Titanium Oxide Nanotubes

Titanium oxide nanotubes (TiO2-NTs) are accessible with
varying structure and size following different routes. The first
synthesis reported used a polymer mold, on which titanium
oxide was deposited electrochemically.[47] The TiO2-NT prep-
aration in porous alumina, applying different titanium pre-
cursors, represents a similar approach.[48] The use of organic
gelators generates supramolecular assemblies that form TiO2-
NTs after calcination.[49] Furthermore, polymer fibers can be
used as templates: after coating with titanium oxide by a sol ±
gel method and removing the polymer thermally, TiO2-NTs
are obtained.[50] Another synthesis route is the anodic
oxidation of titanium.[51] In these cases, the TiO2-NTs are up
to some 10 �m long and have an outer diameter of 100 ±
200 nm while the actual wall thickness depends on the
synthesis conditions applied.
TiO2-NTs with a much smaller size have recently been

synthesized by a surprisingly simple procedure. TiO2 with
anatase or rutile structure was treated with NaOH and
subsequently with HCl.[52] The resulting TiO2-NTs are 50 ±
200 nm long and their diameter is about 10 nm (Figure 3a).

Figure 3. a) TEM image of TiO2 nanotubes. b) HRTEM image of a well-
developed,�50 nm long NTwith a diameter of�10 nm. Lattice fringes can
be seen. c) TEM image of the cross-section of a scroll-like NT. Projection
along the tube axis is obtained by an embedding method for TEM
preparation. d) Tube fragment that by chance is oriented parallel to the
incident electron beam. This light area in the center demonstrates that the
tube core is empty.

The high resolution (HR) TEM image (Figure 3b) of such a
TiO2-NT shows that the tubes have an inner core and walls.
The presence of lattice fringes indicates the crystalline
structure of TiO2-NTs. Parallel fringes in the walls correspond
to a distance of about 7 nm, which can also be detected as a
broad reflection by X-ray and electron diffraction. The
observed weak reflections indicate that the TiO2-NTs are
built in a layered titanate structure.[53, 54] The reflections of
anatase, which have been detected in previous investiga-
tions,[52] are most likely caused by impurities. Views of the
tube cross-section (Figure 3c) show a spiral arrangement of
the dark fringes in the walls.[54] This observation requires a
special TEM preparation technique that fixes the pre-
orientation of the tubes by embedding them in a resin and
preserves the orientation in the course of the thinning
procedure.[55] The resin is apparently able to fill the tube core
by capillary action, and thus the contrast of an amorphous
material is observed in the tube center. On the other hand, the
TEM image of a tube fragment, which is by chance oriented in
the appropriate direction, shows a bright contrast in its center
indicating an open channel (Figure 3d). Since the TiO2-NTs
are rather stable during thermal treatment, an application in
catalysis or as a material supporting catalytic metal particles
seems more probable than the use of the thermally unstable
VOx-NTs.

2.3. Other Oxidic Nanotubes

Tubular forms of silicon oxide appear in different types and
sizes. It is long known that the fibrous asbestos minerals
serpentine and chrysotile comprise a tubular structure that
consists of curved layers.[56] For instance, the layer structure of
[Mg3(OH)4(Si2O5)] contains sheets of MgO6 octahedra on one
side and SiO4 tetrahedra on the other side. This structural
anisotropy causes the bending of the layers. A comprehensive
TEM investigation of various chrysotile samples revealed the
co-existence of fibers with spiral structures and with concen-
tric layer structures.[57] These structural characteristics are
surprisingly similar to those typical for VOx-NTs.
In contrast to the crystalline silicate minerals, the walls of

artificial tubular SiO2 phases are generally amorphous. Silica
nanotubes can be obtained by template-assisted soft chem-
istry routes,[58] similar to that leading to mesoporous M41-S
materials,[59] or by a high-temperature approach.[60] Well-
developed silica nanotubes with large diameter (up to
200 nm) and rather thin tube walls are formed by an
interesting method using organic molecules as templates.[61]

Derivates of cholesterol gelatinize organic solvents, and some
of the resulting xerogels consist of tubular structures. The
sol ± gel polymerization of tetraethoxysilane occurs on the
surface of these cylindrical templates, and SiO2-NTs form
after calcination. Large nanotubes of SiO2 and TiO2

are formed by calcination of fiberlike crystals of
[Pt(NH3)4](HCO3)2 coated with Si(OEt)4 or Ti(OEt)4.[62]

The tube walls consist of amorphous silicon- or titanium
oxide, respectively, while the inner core is partly filled with Pt
nanoparticles (Figure 4). Owing to the shape of the templat-
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Figure 4. a) SEM image and b) TEM image of silica nanotubes filled with
Pt particles, recognizable as dark spots in (b).

ing [Pt(NH3)4](HCO3)2 single crystals, the tube cross-sections
are often rectangular.
A widely applicable route to inorganic nanotubes is to use

CNTs as templates.[63] The CNTs were coated with a thin film
of secondary material that builds up the tube wall after
removal of the carbon. Besides vanadium oxide nanotubes
(Section 2.1), this procedure generates tubular forms of SiO2,
Al2O3,[64] MoO3, RuO2,[65] and ZrO2.[66] Of course, such
secondary coatings may generally be applied to any kind of
suitable primary nanoparticle to generate so-called core ±
shell nanosystems.

2.4. Ordering Arrays of Nanotubes

Aligned nanotubular arrays have been synthesized for
different materials since the remarkable work on the MCM
mesoporous phases.[67] Long known and well explored is the
electrochemical route to nanotubular aluminum oxide which
is prepared by anodic oxidation of Al films.[68] These porous
aluminum oxide membranes can be used as a template to
generate nanotube or nanorod arrays of various materials.
After deposing the second material from the gas phase, by
sol ± gel reactions, or by other methods, the aluminum oxide is
dissolved by alkaline treatment. Outstanding examples of
arrays generated by this route are those of oxidic nanotubes of
TiO2,[69] In2O3, Ga2O3,[70] BaTiO3, and PbTiO3,[71] as well as of
nanorods of ZnO, MnO2, WO3, Co3O4, and V2O5.[72] In this
context it is interesting to note that both growth and
decomposition as well as dissolution of solids may lead to
the formation of arrays of aligned nanotubes or nanorods.
Quite recently, well-ordered beautiful submicrometer tub-

ular arrays of elemental silicon have been prepared by a
combination of lithographic and HF etching techniques.[73]

Utilizing such arrays as chemical containers for the precip-
itation of secondary materials from the gas phase leads in
many cases to the formation of secondary nanotubes or
nanorods inside the primary tunnel systems.[74] If the primary
matrix is dissolved, isolated secondary nanotubes or nanorods

are created. A more comprehensive exploration of the rapidly
growing research on nanoparticle arrays, however, is beyond
the scope of this article.[75]

2.5. Chalcogenide Nanotubes

Microtubules of misfit layer compounds, for example, in the
systems (BiS)1��(NbS2)n[76] and PbNb2S5,[77] have been known
for a long time. Their typical diameter is in the range of a few
microns, thus somewhat larger than what we would call
nanotubes today. In 1992, shortly after the discovery of the
CNTs, the first chalcogenide nanotubes were found for WS2
by Tenne et al.[78] Multiwalled WS2 nanotubes can conven-
iently be prepared in large amounts by treating needlelike
WO3�x crystals with H2 and H2S.[79] Alternatively, they are
accessible by a chemical transport reaction[80] and by the
pyrolysis of composites of WS2 and intercalated cetyltrime-
thylammonium cations.[81] Similar to the CNTs, WS2-NTs can
function as tips in scanning-probe microscopy.[82]

MoS2 nanotubes were synthesized for the first time in
1995,[83] and in the following years, a variety of synthetic
routes has been developed for MoS2 nanotubes.[84] Remark-
ably, a part of the tungsten content (�10 atom%) in the WS2
nanotubes can be substituted by niobium, thereby generating
novel mixed (W,Nb)S2 nanotubes.[85] Most recently, NbS2,
TaS2,[86] MoSe2, and WSe2[87] nanotubes were prepared for the
first time. Here, the formation of the tubular morphology
occurs during the reduction of the corresponding triselenides
or selenometallates, by hydrogen. Furthermore, it is possible
to coat CNTs with layers of WS2[88] and NbS2.[89] NbS2
nanotubes have been modeled in advance and predicted to
be stable, but the energy for bending is higher than in CNTs.[90]

Similar calculations revealed that multiwalled chalcogenide
nanotubes are more stable than single-walled, and, in the case
of MoS2- and WS2-NTs these multiwalled NTs are semi-
conductors.[91] As the latter sulfides are excellent lubricant
additives, their nanoparticular forms were tested to see if they
have similar properties and gave quite promising results.[92] A
further step towards an application of these materials is the
possibility to store hydrogen electrochemically in MoS2
nanotubes.[93]

A novel method for the synthesis of nanotubes of semi-
conducting and other chalcogenides involves organic agents.
A colloid of a metastable InS phase has been obtained from
tBu3In and H2S in an organic solvent in the presence of
benzenethiol which acts as a catalyst.[94] As a by-product, InS
nanotubes were generated. Nanotubes and nanowires of CdSe
and CdS could be prepared in the presence of a surfactant.[95]

In these tubes, the walls comprise nanocrystalline particles of
CdSe or CdS, respectively. GaSe nanotubes have also been
modeled and predicted to be stable.[96] A novel representative
for nanotubes with a quite complex structure is generated by
self-assembly in a colloid containing PbS nanoparticles, a
polymer (poly(ethylene oxide)), and a surfactant (sodium
dodecylsulfate).[97] The presence of nanotubes in this colloid
was detected by means of SEM and TEM (Figure 5). Their
tube walls comprise well-developed layers of PbS nano-
particles that are embedded in the organic matrix structure.
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Figure 5. a) SEM image and b) TEM image of PbS nanotubes. Layers of
PbS nanoparticles, which can be seen as lines with dark contrast, appear in
the tube walls.

Similar to the vanadium oxide nanotubes, these PbS nano-
tubes also have a composite structure with an organic and an
inorganic part.

2.6. Predicted Kinetically Stable Nanotubes

In addition to theoretical investigations already mentioned,
there are a number of predictions that suggest quite interest-
ing targets for the experimental chemist: a) the famous
semiconductor laser material gallium nitride,[98] b) phospho-
rus,[99] c) silicide as well as silane forms (Figure 6a),[100] and
d) GeH.[101] Also SiO2 in form of silsesquioxane has recently
been explored theoretically and found to form stable tubular
nano arrangements.[102]

We have calculated possible models for V2O5 nanotubes as
an approximation to the more complicated wall structures
which have been determined for the real VOx nanoscrolls.[35]

A completely new set of potential parameters has been
determined based on a series of density function calculations
of binary and ternary vanadium oxides. Different coordina-
tion numbers had to be taken into account as well as a
discrimination between vanadyl and bridging oxygen atoms
(Figure 6b).[103]

It should be noted here, that quite frequently authors argue
that general similarities to CNTs, that is, the existence of
graphite-related six-ring nets, should be a prerequisite for
nanotube formation. According to our experimental experi-
ence and theoretical investigations, we predict that in
principle all layered materials should be convertible into
tubular arrangements under suitable reaction conditions
whether they form six-membered rings or are linked in other
ways. If layers of a lamellar material are being separated from
each other by some chemical or physical means, and if the
interaction of the individual layers with their coordination
shells is weak enough, there should always be the possibility of
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Figure 6. Predicted structures for nanotubes of a) silicides and silanes (Copyright¹ 2001 by APS)[100] and b) V2O5. Bond energies �Ebend of V2O5 double-
layer tubes versus radius of the tubes with respect to the flat double layers (unit cell composition V6O20): �Ebend � Etube / number of cells�Elayer. Both Etube

and Elayer were obtained by lattice energy minimization of the corresponding structures (ref. [103].). At each energy point, the total number of atoms in the
tube is given.
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self-contacts, that is, scroll formation. In the case of charged
layers, this may be enhanced by local charge cancellation as a
result of template coordination, for example.

3. Nanorods

Inorganic nanotubes in general are promising materials
with unique properties, but they also have a common small
drawback: they are rather rare–especially when it comes to
complex or oxidic materials. In many synthesis processes
nanorod formation frequently seems to compete with nano-
tube formation. Even if a reaction fulfills all prerequisites and
passes through all the intermediates that are expected for the
synthesis of a nanotube, the final product may still be a
nanorod. Nanorods are surely morphologically less versatile
host particles than nanotubes because they lack an accessible
inner volume, but nevertheless, they have other advantages,
such as enhanced thermal stability. So, if the sophisticated
synthetic goal of producing hollow anisotropic nanostructures
is sacrificed, then a wide range of synthetic routes opens up to
deliver nanobelts, nanowires, and nanorods with almost any
desired dimensions and aspect ratios. Redox-active materials,
semiconductors, and metals can all be designed from such
nanomodules which might serve in a future nanotechnology,
for example, as electronic, optical, or other functional
materials.
For the sake of clarity, all non-hollow anisotropic inorganic

nanostructures will be addressed as ™nanorods∫ in the
following, may they have been termed rod, fiber, wire, or
filament before. First, we want to discuss briefly the most
important classes of inorganic nanorods, including metals,
semiconductors, and carbon-containing materials, each one
illustrated by a few recent, impressive synthetic examples.
Then, we will turn to the topic of oxidic nanorods with
emphasis on the various synthetic strategies that are em-
ployed to trigger the growth of many different oxides in 1D
nanoscopic arrangements. Finally, new results concerning
molybdenum oxide nanorods will illustrate the power of
solvothermal synthesis, which, at present, is one of the most
convenient strategies used for the design of new nanomate-
rials.

3.1. Inorganic Nanorods, Fibers, and Filaments

The majority of investigations dealing with inorganic
nanorods is focused on the following areas: metallic nanorods,
semiconductor nanorods, carbide- or nitride-based nanorods,
carbon nanorods, and oxidic nanorods.
In the field of metallic nanorods, highly anisotropic nano-

particles of noble metals have attracted considerable interest
as a result of their possible applications in optical, electronic,
and mechanical nanodevices. Silver and selenium nanorods,
for example, are generated easily and flexibly by simple
reactions in aqueous solution at room temperature.
� The preparation of long, continuous silver nanowires is
possible by a photochemical process employing treatment
of an AgBr emulsion with a special developer containing

silver nitrate. The shape of the rods is controlled by the
photographic process.[104]

� Either silver nanorods or nanowires with specific aspect
ratios are accessible by reduction of preformed metal-salt
seeds with ascorbic acid in the presence of a surfactant. A
crucial parameter here is the pH value of the reaction
mixture.[105]

� Selenium nanowires are formed in the course of an
unconventional bioinorganic synthesis including the reduc-
tion of selenate to selenium by the protein cytochrome c3 as
a key step.[106] There are indications that the catalytic
function of this enzyme also accelerates other reduction
reactions that provide nanoparticles.

� A whole series of metal and semiconductor rods of
different quality has been generated inside of carbon
nanotubes.[10, 107]

Once suitable sets of nanoparticles have been established
they may have to be arranged in ordered arrays–a process
which is essential for some applications. Recent success in the
self-assembly of gold nanorods points out that soon these
challenges might be mastered. Gold nanorods with an aspect
ratio of 4.6:1, which have been prepared electrochemically
and by precipitation methods, self-assemble into one-, two-,
and three-dimensional structures. The latter can even be
extended into superlattices of nanorods.[108]

Semiconductor nanorods are in the focus of current
research interests.[109] In this field, the groups of Lieber and
Alivisatos have contributed important synthetic strategies
providing systematic approaches that can be applied to the
synthesis of other materials.
� Laser-assisted catalytic growth is utilized to prepare a
whole class of nanowires such as binary III-V materials
(GaAs, GaP,.. .), ternary III-V materials (GaAs/P, InAs/P),
binary II-VI compounds and binary SiGe alloys.[110] Equi-
librium phase diagrams can be used to predict catalysts and
growth conditions. In this way, single-crystalline nanowires
with diameters as small as 3 nm can be rationally synthe-
sized.

� A morphological series of CdSe nanocrystals including
nanorods is accessible in a predictable but completely
different way: Thermal decomposition of organometallic
precursors in a hot mixture of trioctylphosphane oxide and
hexylphosphonic acid. The various shapes are basically
controlled by the ratio between the two additives which
influences the relative growth rates of different faces of the
emerging CdSe crystals.[111]

Carbon-based nanorods are a third major area of interest in
nanorod research. It has turned out that SiC nanorods possess
outstanding mechanical properties that make them promising
candidates for any kind of reinforcement in the design
of composite materials. Again, the variety of possible
synthetic approaches and the successful mastering of the
crucial alignment step can be demonstrated by two recent
examples:
� The reaction of aligned carbon nanotubes with SiO at
1400 �C affords highly aligned SiC nanorods with well-
separated, nanowire tips. Moreover, these arrays exhibit
excellent field emission properties together with a unique
combination of elasticity and strength.[112]
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� �-SiC nanorods with diameters from 10 to 40 nm and
lengths up to several micrometers are available even at
temperatures 1000 �C lower than the above mentioned
synthesis: hydrothermal reactions can also be applied for
carbide-nanorod formation, and in the case of SiC the
starting materials are SiCl4, CCl4, and Na.[113]

3.2. Oxidic Nanorods

Oxidic nanoparticles are essential for the design of super-
conductors, semiconductors, sensors, and many other devices
in a future nanotechnology. Therefore, a general synthetic
access is needed for their large-scale preparation. From the
scientific point of view, transforming the manifold of techni-
cally relevant oxidic materials into 1D nanostructures offers
fundamental opportunities for investigating the effect of size
and dimensionality on their collective optical, magnetic, and
electronic properties.
Oxidic nanorods in particular have raised scientific interest

because of the observation of high critical current densities
in nanorod-superconductor composites, such as MgO
nanorods incorporated in AgBi2Sr2CaCu2O8.[114] The intro-
duction of nanorods improves the performance of the
superconductor dramatically and is thus an important
step towards large-scale applications, because the critical
current densities need to be enhanced considerably in these
materials.
Table 1 contains a survey of recent research activities

concerning the synthesis of oxidic nanorods. A closer look at

the multitude of available materials, however, reveals the
general trends and, moreover, certain challenges that remain
to be tackled:
� First of all, the variety of different synthetic routes is
obvious. There are many quite successful strategies em-
ployed for specific targets, but: there is no general guide-
line that could be consulted for the design of any kind of
desired novel nanorods.

� This problem could be overcome by the concise study of
the underlying mechanistic processes that lead to the
formation of 1D nanoscopic structures. Up to now, only a
minority of the publications in this area really deliver
synthetic guidelines and explanations that can be produc-
tively applied to the synthesis of other classes of nanorods.
To save the extensive optimization work that precedes
many brilliant nanorod syntheses, it is necessary to devote
more efforts on fundamental mechanistic studies. Such
attempts will certainly be favored by joint collaborations
on mechanistic investigations in catalysis, biomineraliza-
tion, and nanosciences.

� Nevertheless, there are some major synthetic methods that
are often successfully employed for nanorod formation:
gas-phase reaction methods, solvothermal routes, tem-
plate-directed as well as liquid-crystal assisted syntheses,
various solution-based techniques, and sonochemically
driven reactions are widely used. So when it comes to the
development of new nanorod syntheses, there are at least
some principal pathways that are likely to be successful.
For many oxides, gas-phase thermochemical syntheses
seem to prevail, however, a continuous search for low-
temperature alternatives is under way.
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Table 1. Synthetic routes for oxidic nanorods (published since 1995).

Oxide Synthetic route Ref. Oxide Synthetic route Ref.

BaCrO4 Fusion of reverse micelles and microemulsion droplets [122] MnO2 Template method with alumina membranes [127]

BaSO4 Precipitation from aqueous solution in presence of polymers [123] MnO2 Hydrothermal synthesis [142]

BaWO4 Reversed micelle templating method [124] MoO3 Template-directed reaction of molybdic acid and subsequent
leaching process

[143]

CdO Evaporation of metal oxide powders at high temperatures [125] MoO3 Templating against carbon nanotubes [65]

CdWO4 Hydrothermal treatment of CdCl2 and Na2WO4
[126] MoO2 Templating against carbon nanotubes [65]

Co3O4 Template method with alumina membranes [127] PbTiO3 Sol-gel electrophoresis, deposition in polycarbonate membrane [144]

CuO Room temperature reaction of CuCl2 ¥ 2H2O and NaOH with
PEG 400

[128] RuO2 Templating against carbon nanotubes [65]

Fe2O3 Thin-film processing method [129] Sb2O3 Microemulsion method for the system AOT±water ± toluene[a] [145]

Fe3O4 Sonication of aqueous iron(��) acetate in the presence of
�-cyclodextrin

[130] Sb2O5 Microemulsion method for the system AOT±water ± toluene[a] [145]

Ga2O3 DC arc discharge of GaN powders in Ar/O2 mixture [131] Sb2O5 Templating against carbon nanotubes [65]

Ga2O3 Gas reaction method starting from Ga and O2 at 780 �C [132] SnO2 Annealing of powders generated from inverse microemulsions [146]

Ga2O3 Physical evaporation at 300 �C from a bulk gallium target [133] SnO2 Evaporation of metal oxide powders at high temperatures [125]

Ga2O3 DC arc discharge (GaN, graphite, nickel powder) [134] SiO2 Helical mesostructured tubules from Vortex-Assisted Surfactant
Templates

[147]

Ga2O3 Electric arc discharge of GaN powders mixed with Ni and Co [135] TiO2 Sol-gel template method employing alumina membranes [148]

Ga2O3 Heating of Ga with SiO2 powder and a Fe2O3 catalyst [136] V2O5 Vanadium pentoxide gels [149]

GeO2 Carbon-nanotube confined reaction of metallic Ge [137] V2O5 Templating against carbon nanotubes [65]

In2O3 Evaporation of metal oxide powders at high temperatures [125] WO3 Templating against carbon nanotubes [65]

In2O3 Growth from Au droplets [138] YBCO Laser ablation of a high Tc superconductor YBa2Cu3O7
[150]

IrO2 Templating against carbon nanotubes [65] ZnO Gas reaction employing Zn and H2O [151]

K2Ti6O13 Calcination of KF and TiO2
[139] ZnO Evaporation of metal oxide powders at high temperatures [125]

MgO Vapor-solid growth process with in situ generated Mg vapor [114] ZnO Catalyzed epitaxial growth [152]

MgO Heating of MgCl2 at 750 �C in mixture gas (Ar/H2)[b] [140] ZnO Self-organization of nanoparticles [153]

Mg(OH)2 Solvothermal treatment of Mg, H2O, and ethylenediamine [141]

[a] AOT� sodium bis(2-ethylhexyl)sulfosuccinate. [b] The quartz apparatus is probably the oxygen source.
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� In recent years, rapid progress has been made in the
transformation of binary oxides into anisotropic 1D nano-
scale morphologies–but the series of binary oxidic nano-
rods is far from complete. Even if this goal has been
fulfilled, the great variety of ternary and higher oxidic
nanorods still remains to be discovered–and with them
possible drastic enhancements of their manifold properties
which are already fascinating in the bulk materials.
Three recent publications reveal how the main synthetic

strategies are employed in an elegant and effective way.[115]

Solvothermal syntheses will be treated in the next section.
High-temperature evaporation of metal oxides: This sur-

prisingly uncomplicated technique starts out from commer-
cially available oxides of zinc, tin, indium, cadmium, and
gallium which are placed at the center of an alumina tube that
is subsequently inserted in a tube furnace.[125] The evaporation
temperatures are determined on the basis of the melting point
of the oxides. As a result, perfectly shaped nanobelts of the
semiconducting oxides are deposited. They exhibit wire-like
nanostructures with remarkable lengths that even extend to
the millimeter scale.
Reverse micelle- and micro-emulsion templating synthesis:

This technique was utilized to generate uniform oxide
materials such as BaWO4 nanorods.[124] The problem of
particle alignment is tackled during the synthesis, because
as-made assemblies consisting of arrangements in side-by-side
geometry are formed. Similar nanorod superstructures of
BaWO4 are also produced as Langmuir ±Blodgett monolayer
assemblies.
Sonochemical processing of aqueous solutions: Magnetite

nanorods are accessible by straightforward ultrasound irradi-
ation of aqueous iron(��) acetate solutions in the presence of �-
cyclodextrin which acts as a size-stabilizing agent. The starting
material is converted quantitatively into nanorods by three
hours of sonication.[130]

3.3. Solvothermal Synthesis of Molybdenum Oxide
Nanorods: A Case Study

Solvothermal synthesis is one of the most powerful
strategies employed in nanochemistry. Especially when ex-
posed to supercritical conditions, many starting materials
undergo quite unexpected reactions that are often accompa-
nied by the formation of nanoscopic morphologies, which are
not accessible by classical routes.
Another benefit from solvothermal synthesis is the wide

variety of parameters that can be chosen and combined:
reaction temperatures close to room temperature or as high as
several 100 �C, variations in pH value of the systems, choice
and concentration of solvents, introduction and removal of
templates and other additives, choice of different autoclave
geometries, etc.[116] Combinatorial methods might be a
suitable approach towards systematization of these parameter
fields–but the problem of subsequent scale-up procedures
always remains to be solved after a breakthrough in solvo-
thermal combinatorial synthesis.
If, however, a standard procedure for solvothermal forma-

tion of nanoparticles has been established, then these

solvothermal reactions are outstandingly efficient (almost
100% conversion of the starting material), time-saving, and
experimentally effortless, such as the low-cost synthesis of
vanadium oxide nanotubes (see Section 2.1).[36]

3.3.1. Nanorods of �-MoO3 ¥ H2O and MoO3: Template-
Directed versus Template-Free Solvothermal Syntheses

The solvothermal syntheses of MoO3 ¥H2O[143] and MoO3

nanorods[117] are especially suitable to demonstrate the differ-
ences in template-directed and template-free solvothermal
approaches–and the effectiveness of these pathways.
When planning a solvothermal synthesis of nanoparticles

with a distinct anisotropic morphology, it is always convenient
to start from an educt with a layered structure, especially
when a template is involved. Therefore, both of the nanorod
syntheses discussed here have the same starting material in
common: yellow molybdic acid, MoO3 ¥ 2H2O. This precursor
is cheap, easy to synthesize in large amounts, and air and
moisture stable. The layered structure of this host compound
facilitates direct intercalation of template molecules such as
neutral primary amines with long alkyl chains. Yellow
molybdic acid consists of [MoO5(H2O)] octahedra connected
in infinite layers with water molecules intercalated in
between.[118] There are two kinds of differently bound water
molecules which can be removed in a topotactical reaction
proceeding in two steps.[119] This reaction sequence, however,
is observed neither during MoO3 ¥H2O nanorod formation
nor in the template-free route leading to nanorods of MoO3.
So how do these reactions proceed?

3.3.2. Template-Directed Formation of MoO3 ¥ H2O
Nanorods

The synthesis of MoO3 ¥H2O nanorods is basically carried
out in two steps. First, MoO3 ¥ 2H2O undergoes an intercala-
tion of amines and a lamellar composite material is formed.
This intermediate is then treated with HNO3, and a leaching
process takes place which removes the amine from the inter-
calation compound. As a result, template-free MoO3 ¥H2O
nanofibers are quantitatively formed.
The first step includes addition of amine and distilled water,

followed by aging at room temperature for at least 48 hours.
The subsequent hydrothermal treatment is remarkably in-
sensitive towards changes in time. The temperature may range
between 100 and 120 �C: no matter how long the duration of
the hydrothermal treatment (from 1 up to 14 days), the
lamellar phase is always formed. At higher reaction temper-
atures, more caution must be exercised when choosing the
appropriate reaction time. Finally, the intercalation process is
completely inhibited at 180 �C. So there is a relatively wide
window of possible reaction parameters. The lamellar product
for dodecylamine as an intercalate can be expressed by the
general formula (C12H28N)0.5MoO3.25 and exhibits interlayer
distances of 2.76 nm (Figure 7a). Generally, several long-
chained primary amines (CnH2n�1NH2 with 11� n� 16) can
serve as templates.
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Figure 7. a) TEM image of the layered molybdenum oxide amine compo-
site containing dodecylamine as a template. b) SEM image of several
bundles of MoO3 ¥H2O fibers. c) Representative TEM image of MoO3 ¥
H2O fibers consisting of smaller filaments. d) Representative TEM image
of molybdenum oxide fibers after heating at 400 �C in air for several hours.

During the second step the template is leached out again to
give the final product. For this purpose, stirring the mixture
for 2 days at room temperature with 33% HNO3 is sufficient.
At first glance, the formation of a mesoporous material could
reasonably be expected, however, a morphological trans-
formation is observed instead: The lamellar composite
material is turned into fibers, which corresponds to the
conversion of a 2D into a 1D nanoscopic material. As a result,
MoO3 ¥H2O fibers with an approximate diameter around
140 nm and an average length of 5 �m are formed (Figure 7c),
which exhibit an interesting morphological feature: SEM
micrographs reveal that they indeed form bundles of agglom-
erated smaller filaments with diameters ranging from 20 to
50 nm (Figure 7b).
This filament-like shape in the nanoscale dimension leads

to the exposure of a large fraction of the atoms to the surface.
Thus, these materials are promising candidates for the
development of new catalytic materials. Molybdenum oxides
are indeed important and effective catalysts in alcohol[120] and
methane oxidation.
Finally, the fibers withstand thermal treatment at 400 �C.

Their morphology remains almost unchanged, although they
are converted into MoO3 (Figure 7d). There is, however, a
much more simple and elegant route to quickly generate large
amounts of MoO3 nanorods.

3.3.3. Template-Free Formation of MoO3 Nanorods

The synthetic procedure for the direct transformation of
MoO3 ¥ 2H2O into MoO3 nanorods can be outlined quite
briefly: autoclave treatment of the starting material with small
amounts of a solvent, preferably an acid, results in the
quantitative formation of fibrous MoO3. The progress of the
reaction can even be monitored optically, because the yellow
molybdic acid is turned into the blue nanorod material. This

process combines two benefits that seem to be rather contra-
dictory at first sight: although the reaction in general is
remarkably stable towards changes in parameters, the mor-
phology of the emerging rods can still be controlled by varying
the conditions! So what is going on with the yellow molybdic
acid here?
In a standard procedure, MoO3 ¥ 2H2O is simply treated

with diluted glacial acetic acid in an autoclave (180 �C, 7 days).
Plain nanorods with an average diameter of 100 ± 150 nm and
lengths on the microscale (3 ± 8 �m) are formed quantitatively
(Figure 8). After washing off the acid and drying in air, the
product is pure.

Figure 8. a) SEM and b) TEM images of MoO3 fibers after 7 days of
hydrothermal treatment in acetic acid.

The parameters time and temperature can be chosen from a
wide range. Systematic investigations indicate the minimum
experimental requirements necessary for the formation of
nanorods: At 80 �C, practically no product formation can be
observed, because most of the yellow molybdic acid is
dissolved. Complete dissolution of the starting material
without any product formation occurs when the temperature
is raised to 180 �C with the reaction time limited to 1 day.
Thus, the onset of the reaction requires temperatures around
90 �C and at least two or three days reaction time. Figure 9
shows the transition from finely shaped to thicker rods when
the temperature is increased stepwise from 90 �C to 180 �C.
Thus, the morphology of the rods can be directed by
appropriate choice of temperatures below 180 �C.
From a mechanistic point of view, the fact that the educt is

first dissolved completely and then precipitates again clearly
excludes any kind of topotactic reaction. Consequently, the
connection between success of solvothermal treatment and
pre-structured layers in the educt is lost here, which suggests
that much more anisotropic morphologies may be generated
in this straightforward fashion. Therefore, a thorough inves-
tigation is under way to generalize the underlying reaction
principle and so to exploit it for the synthesis of other
nanomaterials.
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Figure 9. Representative TEM images of MoO3 nanorods after 3 days of
hydrothermal treatment in acetic acid at different temperatures: a) 90 �C,
b) 120 �C, c) 150 �C, d) 180 �C.

The pH value of the reaction mixture is an even more
powerful factor than the temperature when nanorods of
specific diameters are to be synthesized. By appropriate
choice of an acidic solvent, nanorod diameters ranging from
the microscopic scale down to about 100 nm are accessible.
The MoO3 fibers can gradually be tuned by changing the
diluted acid (Figure 10). This principle can be used to meet
the specific needs of industrial applications and it can be
further refined by combination with the influence of temper-
ature on the morphology.

Figure 10. SEM images of MoO3 nanorods showing the effect of acid
addition: a) H2SO4, b) HCl, c) salicylic acid.

In summary, these MoO3 ¥ 2H2O± solvent systems are
confined to a few elementary components. Therefore, they
are predestined for fundamental studies elucidating the
mechanisms of solvothermal processes. The products exhibit
a distinct anisotropic morphology in almost 100% yield with
no particle agglomerations. Therefore, morphological changes
related to variation of parameters can be detected unambig-
uously and immediately. In principle, MoO3 nanorods are

formed in an outstandingly high yield within a very wide scope
of experimental conditions with little synthetic effort. Thus,
this synthetic approach is a good and stable candidate for
industrial manufacturing in scaled-up processes.

3.4. General Trends in Nanotube and Nanorod Syntheses

™Trained serendipity∫ is surely one of the most reliable
companions of chemists. The ™training∫, of course, is a
profound chemical knowledge combined with naÔve curiosity
and freeflying fantasy. Though we are far beyond betting on
chance synthetic chemistry still requires an element of luck,
and this is especially true for designing the nano regime.
Quasicrystals and fullerenes could have been detected long
before the eighties but have simply been in the shadow of
other scientific discoveries and went unnoticed. Some general
trends are emerging in the design of nanotubes and nanorods:
� Growth out of nanoscopic catalyst drops as realized for
CNTs and for semiconductor nanorods

� Condensation or polymerization inside or outside of nano-
tubular structures

� Scrolling of layered materials either starting directly from
the bulk solids or from lamellar intermediates

� Nanorod formation on ion exchange in nanotubular or
lamellar materials–cation against H� ions–leading to a
densification of morphology

� Stacking of tori (rings) in a freestanding manner or aided
by nanotubes or rods

� Moulding by use of tenside template solutions or liquid-
crystal structures with or without external fields

� Sonication in suitable solvents. Surprisingly, acid treatment
of single-walled CNTs under supersonication can lead to
formation of carbon rings and tori.[121]

The general trick of course would be a surface-directed
growth process if one knew and could design selected surface
coverages under synthesis conditions. This technique would
go much beyond biomineralization because it is not restricted
to the use of ™biomolecules∫. Furthermore, this fundamental
problem in materials design, catalysis, biomineralization, and
nanoelectronics will benefit from the interdisciplinary ex-
change of ideas circumventing historical research borders.

4. Summary and Outlook

Despite of being mainly focused on oxidic systems, this
review clearly reveals the vast amount of knowledge that has
been gained in the last ten years on anisotropic nanoscopic
materials and the enormous potential these materials have for
nanotechnology. The discovery of the carbon nanotubes in
1991 has catalyzed a fruitful and still growing interest in
nanotubes and nanorods, both in application-oriented indus-
trial as well as in basic research. Although carbon nanotubes
are still the most widely investigated examples for such
materials, especially regarding potential applications, the
world-wide search in other systems is steadily increasing this
structural family. This growing diversity is not only because of
an extension of the systems investigated but also to the skillful
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application of a wide range of different synthetic methods.
Prominent among them are soft chemistry routes that involve
sol ± gel reactions and that frequently employ organic mole-
cules as structure-directing templates. For example, such
procedures are utilized to generate nanotubes of vanadium
and titanium oxide as well as molybdenum oxide fibers. This
approach is outstanding because of the high yield and the high
purity of the products. Another versatile method is the use of
pre-structured materials. They are acting as structure-direct-
ing templates as well, but the term template is used here to
designate a nano- or even microstructured material rather
than a molecule as in the case of the above-mentioned soft
chemistry routes. These templates can be anisotropic particles
themselves, such as carbon nanotubes or polymer fibers,
which are coated with a second material and are removed
afterwards. Alternatively, the template can be a porous
material, such as aluminum oxide, in which the pores are
filled with a second material. After dissolution of the
aluminum oxide, the nanotubes or nanorods remain. It is this
inventiveness concerning new sophisticated synthetic path-
ways that promises to be the basis for the discovery of many
more new and useful anisotropic materials.
However, it is not only the synthetic capability that has

increased immensely in recent years, but also the optimization
of the analytical tools and their wide availability that
contribute to a better characterization of these materials.
For instance, without electron microscopes with high reso-
lution, several of the nanotubular phases might have slipped
the attention of the researchers.
The interesting physical and chemical properties of strongly

anisotropic materials, such as, nanotubes and nanorods quite
often differ from those of the corresponding bulk material and
those of isotropic nanoparticles. The usefulness of these
properties for various applications is mentioned in this review.
However, it must be stated that this is only the beginning.
Because of ongoing attempts to further miniaturize electronic,
optical, and mechanical components, there is a need for
materials that could be used as building blocks in the size
region of a few nanometers. Considering these perspectives,
we are sure that the role of nanotubes and nanorods in a
future nanotechnology can hardly be overestimated.
In a much more advanced stage of technology well-

designed nanoparticles may then become the larger hosts
for molecular devices–molecular in the original meaning of
the term. For further optimization of presently utilized
materials, nanotechnology anyhow is an imperative.
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1 Introduction

In 1977 Nicolaou reported a lactonization procedure of
unsaturated carboxylic acids with phenylsulfenyl chloride.[1]

This ∫sulfenyl ± lactonization∫ reaction is shown in Scheme 1.
The reaction of phenylsulfenyl chloride with alkenes was
already known to produce thiiranium ions,[2] but for the first
time it was demonstrated that these useful intermediates
could be trapped to produce a range of lactones. Following
this report, numerous examples were published in which
thiiranium ions from alkene precursors were trapped.[3]

OH

O
PhS

H

2. PhSCl

1. Et3N, CH2Cl2

86%

3. SiO2

O
O

Scheme 1. Sulfenyl/lactonization procedure of Nicolaou and co-workers.

In 1975, we published our first results on the use of
thiiranium ions for the preparation of allylic sulfides.[4] Our
procedure was different to that of Nicolaou and Lysenko: the
thiiranium ions were generated by treatment of 2-phenyl-
sulfanyl alcohols with a sulfonic acid. One of our earliest
observations was that these thiiranium ions generated
from 2-phenylsulfanyl alcohols tended to react by [1,2]
phenylsulfanyl migration (see Section 2). The aim of this
Review is to collect, for the first time, our results of the
use of sulfanyl migrations in stereoselective organic synthesis
and to rationalize the products that are formed in these
reactions.

Mechanisms of Sulfanyl (RS) Migrations: Synthesis of Heterocycles

David J. Fox, David House,* and Stuart Warren*

Thiiranium (episulfonium) ions had
been acknowledged as reaction inter-
mediates for many years, but it was not
until 1977 that Nicolaou demonstrated
systematically that these reactive het-
erocyclic cations could be trapped by
carboxylic acids to give lactones. In the
years that followed this report, exten-
sive research greatly extended the
scope of this reaction, particularly with
regard to the methods for generating
thiiranium ions, the types of nucleo-
philes that are compatible with this
reaction, and the selectivity involved in
the cyclization reactions. For many
years we have been using thiiranium
ions for the synthesis of saturated
heterocycles. Whereas Nicolaou×s
method relied on electrophilic sulfeny-
lation of alkenes, we have generated
thiiranium ions by displacement of a

leaving group with neighboring-group
participation by a sulfanyl group.Many
of the examples we have reported are
of cyclizations that are reversible and
so where two (and in some cases more)
products can result, the outcome of the
reactions provides fundamental infor-
mation about the relative stability of
different heterocyclic ring systems.
This Review will begin with a brief
introduction to sulfanyl participation
as a method for generating thiiranium
(and thiolanium) ions, and will go on to
explore the idea of using sulfanyl
migrations in synthesis. Initially, em-
phasis will be placed on mechanisms of
[1,2] sulfanyl migrations: we will look
specifically at [1,2] sulfanyl migrations
(usually PhS) with elimination, substi-
tution, and cyclization. Emphasis will
then shift to the factors that affect the

outcome of cyclization reactions. In
particular, we will cover cyclizations
with hydroxy nucleophiles and exam-
ine situations in which there are more
than one hydroxy nucleophile present.
We will also examine cyclizations with
other nucleophiles, namely amines and
sulfides. After our discussion of [1,2]
sulfanyl migrations, we will look very
briefly at the scope of [1,4] sulfanyl
participation, before finally drawing up
some guidelines that (we hope) will
help other organic chemists take ad-
vantage of the rearrangement reac-
tions that the sulfanyl group has to
offer.
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We will use the terms participation, migra-
tion, and rearrangement throughout the dis-
cussion to describe reactions of thiiranium
ions and so at this point we need to define
precisely what they mean to us:
� [1,n] RS participation refers to the nucleo-

philic displacement of a leaving group by a
1,n-related sulfanyl group (RS) to give a
(1�n)-membered cyclic cationic intermedi-
ate. In most cases n will be 2 and hence
thiiranium ions will be produced, although
brief mention will be made of [1,4] partic-
ipation from which thiolanium ions result.

� [1,n] RS migration refers to the actual
movement of the sulfanyl group. Sulfanyl
migrations are mechanistically different
from most carbon migrations[*] (e.g. the
Beckmann rearrangement[5]) since the mi-
gration occurs in two separate steps (Scheme 2): first, [1,n]
participation to give a cyclic intermediate, and second,
cleavage of the C1�S bond either by nucleophilic attack or
elimination.

� Rearrangement refers to an overall reaction in which the
sulfanyl group moves from C1 to Cn. A rearrangement will
normally involve a [1,n] migration and either a cyclization
or an elimination.
During the discussion we hope to demonstrate the effec-

tiveness of using a sulfanyl group (RS) as a tool for
constructing allylic and heterocyclic compounds with, in most
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[1,n] RS migration

rearrangement of a molecule with [1,n] RS migration: 
consists of [1,n] RS participation followed by elimination (or cyclization)

rearrangement of a molecule by a concerted [1,2] migration (e.g. Beckmann rearrangement)
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Scheme 2. Illustration of [1,n] RS participation, [1,n] RS migration, and rearrangement.

[*] Clearly, not all carbon migrations are concerted. Phenyl groups, for
example, may migrate in a stepwise fashion via bridged phenonium ion
intermediates.
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cases, total control over the product stereochemistry. Gen-
erally, the phenylsulfanyl group (R�Ph) is used, as this
provides molecules with a chromophore to aid in chromato-
graphic separations, but alkyl sulfanyl groups, the pyridylsul-
fanyl group, and even sulfanyl (SH) behave in much the same
way (see Section 5.2).
The phenylsulfanyl group is tolerant of many oxidizing

agents, for example, olefins can be dihydroxylated in the
presence of a PhS group,[6] diols may even be cleaved with
sodium periodate without oxidation of sulfur[7] (more aggres-
sive oxidants such as meta-chloroperbenzoic acid, however,
rapidly effect oxidation to sulfoxide and even sulfone.[8])
Figure 1 summarizes some of the principal strategies that we

Figure 1. Strategies for the synthesis of cyclization precursors.

have used for the construction of compounds
that contain the phenylsulfanyl group. Our
syntheses of sulfanyl compounds are not in-
cluded in this Review: we will concern ourselves
only with the outcome of the rearrangement
reactions themselves.
Once the sulfanyl group has served its

purpose, it can be removed easily from the
molecules (Figure 1) by reductive (e.g. Raney
nickel) or oxidative methods (e.g. oxidation to
sulfoxide followed by syn elimination) or by
[2,3] sigmatropic rearrangements of the derived
sulfoxides or sulfonium ylides. These are proc-
esses that may also introduce new functionality
or stereochemistry into the molecule.

2 Mechanisms of Sulfanyl Migrations

2.1 Generation and Structure of Thiiranium Ions

As we have shown, thiiranium ions are normally generated
in one of two ways (Scheme 3): 1) treatment of alkenes with a
sulfur electrophile (usually RSCl), or 2) nucleophilic displace-
ment of a good leaving group (often H2O) with neighboring-
group participation by sulfur. Both methods will be encoun-
tered throughout the ensuing discussion.

S

R S

X

RS-X

X

R

Scheme 3. Generation of thiiranium ions.

Thiiranium ions are reactive intermediates and are not
generally isolable. However, in certain cases thiiranium ions
have been isolated with non-nucleophilic counterions, espe-
cially SbCl6� and BF4

�, as fine crystalline powders with sharp
melting points (although they decompose onmelting).[9] X-ray
crystallographic data have recently been collected for the
thiiranium ions 1 and 2, which bear tert-butyl substituents in a
cis and trans arrangement, respectively.[10] The data shown in
Figure 2 highlight the long C�S bond and the narrow C-S-C
angle. 1H And 13C NMR spectra have also been recorded for
thiiranium ions (in dichloromethane at 20 �C): characteristic
proton resonances occur in the range 3.7 ± 4.8 ppm.[9, 10]

As reactive intermediates, thiiranium ions normally decom-
pose in one of two ways:[*] 1) loss of a � proton to form allylic
sulfides, or 2) nucleophilic capture (Scheme 4). Although we
will discuss allylic sulfide formation by proton loss, the
majority of our article will focus on the second reaction,
nucleophilic capture. Nucleophilic attack on thiiranium ions is
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Figure 2. Selected data for thiiranium ions.

[*] Lucchini et al. have shown that thiiranium ions may also decompose by
ring expansion to thietanium ions, although this slow reaction has only
been observed for ™stable∫ thiiranium ions and is not dealt with in this
Review.[11]
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Scheme 4. Reactions of thiiranium ions.
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often irreversible and two possible regioisomeric products
may be formed; the product distribution will necessarily
reflect the relative rates of reaction at the two electrophilic
sites. In our own work however, most examples of nucleo-
philic attack are reversible and so the product ratios are
determined by thermodynamic factors. Both the reversible
and irreversible cases will be discussed in detail.

2.2 Elimination Reactions of Thiiranium Ions with [1,2]
RS Migration

2.2.1 [1,2] RS Migration from 2-Phenylsulfanyl Alcohol
Precursors

We begin our discussion with elimination reactions of
thiiranium ions and with a simple thiiranium ion precursor,
2-phenylsulfanyl alcohol 3. Treatment of this secondary
alcohol with p-toluenesulfonic acid in benzene (5 min) gives
a single product, the allylic sulfide 4 (Scheme 5a).[4] Proton
loss occurs only from the more substituted end of the

PhS

OH SPh

S

Ph
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HB
TsOH

benzene

[1,2] PhS migration

1
2

1
2
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OH
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85%; 3:1 E:Z
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OH SPh

7; 100%, 9:1 E/Z
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TsOH
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12 14
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OH SPh SPh

TsOH

benzene

8 4:1 E/Z
9:1, 98%

a)

b)

Scheme 5. a) Elimination reactions with downhill migration; b) selectivity
in the formation of allylic sulfides.

thiiranium ion (HA) and consequently the sulfanyl group has
undergone a [1,2] PhS migration. Similar behavior is observed
for the primary alcohol 5 : again the sole product is that
formed by [1,2] PhS migration (Scheme 5a).[12] In both cases
the sulfanyl group has moved to a less substituted carbon
atom and to simplify discussion we refer to this process as a
™downhill∫ migration. Downhill migration of a sulfanyl group
from a secondary to a primary center is also possible, although
slightly more vigorous conditions are needed: 1 equiv TsOH,
refluxing toluene, 4 ± 6 hr (Scheme 5a).[12]

When the migration origin is unsymmetrically substituted,
as in alcohol 6, two different products of downhill migration
may be formed (Scheme 5b).[12] For tertiary to secondary
migrations, regioselectivity is generally excellent. Alcohol 6
gives a single regioisomer of allylic sulfide 7 (E/Z 9:1) on
treatment with acid in benzene. The primary alcohol 8, with a
primary migration terminus, rearranges slightly less selective-
ly. If the migration origin bears a secondary substituent (e.g.
isopropyl) both regio- and stereocontrol are impaired (Sche-
me 5b). Secondary alcohol 9 rearranges to give the regioiso-
meric allylic sulfides 10 and 11 (10:1) and the primary alcohol
12 gives only a 1:1 mixture of regioisomers 13 and 14. For the
cases in which regioisomeric products can be formed, the
mixtures are thought to be dependent on steric crowding in
the transition state for allylic sulfide formation.
More highly functionalized allylic sulfides have also been

generated in this way. For example, the stable enamine 16
could be prepared by rearrangement of the 2-phenylsulfanyl
alcohol 15 (prepared by an anti-selective aldol reaction)
(Scheme 6a).[13] ™Flat∫ (secondary to secondary) and ∫uphill∫
migrations are generally not possible unless there is an extra
driving force for the reaction. This driving force can be
provided by a ∫sacrificial∫ silyl group; thus alcohols 17 and 18
undergo flat and uphill migrations, respectively (Sche-
me 6b).[14] The silyl group stabilizes the cation that results
from the [1,2] migration by the �-silyl effect. ™Flat∫ migrations
can also be driven forward by unsaturated ester formation
from lactones. For example, the lactone 19 was converted into
the unsaturated ester 20 by treatment with p-toluenesulfonic
acid in butanol (Scheme 6c).[15, 16]

The final example in this section is a remarkable [1,2] RS
migration commonly referred to as the de Groot rearrange-
ment.[17, 18] Treatment of tertiary alcohols such as 21 with
thionyl chloride generates a chlorosulfite, which is rapidly
displaced by the neighboring sulfanyl group to give a
thiiranium ion substituted with an ether oxygen atom
(Scheme 6d). By analogy with the �-silyl effect, the [1,2]
PhS migration is completed in a second step in a formally
uphill sense by �-bond formation of the ether oxygen atom.
After hydrolysis of the oxenium ion, a 2-phenylsulfanyl
aldehyde 22 is generally obtained in excellent yield.

2.2.2 Isomerization of Allylic Sulfides: The [1,3] RS
Migration

In the preceding section, almost all the reaction products
were allylic sulfides. These allylic sulfides may undergo a
second sulfur-promoted rearrangement: a [1,3] RS migration
in which the sulfur group will again move to a less substituted
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carbon atom. This reaction has been shown by crossover
experiments to be a radical process (Scheme 7a).[19] Gener-
ally, the [1,3] RSmigration is so efficient, even in daylight, that
for the isolation of the allylic sulfides formed directly from the
[1,2] RS migration it is necessary to exclude light if the [1,3]
RS migration is to be prevented. Unlike the acid-catalyzed
formation of allylic sulfides by [1,2] RS migration, the [1,3] RS
migration is reversible and so equilibrium ratios result.
Use of the tandem [1,2]/[1,3] PhS migration considerably

increases the scope of the allylic sulfide synthesis, since a
common precursor (e.g. alcohols 3, 9, 17, and 18) can give
either of the two allylic sulfides (4, 10, 25, and 27) or (23, 24,
26, and 28), respectively (Scheme 7b).[20] Clearly the [1,3] PhS
is not observed in some allylic sulfides because the two
rearranged compounds are the same.
Paquette and co-workers have recently made use of this

rearrangement for the preparation of the functionalized
cyclopentanone 29 (Scheme 7c).[21] We have also used the
[1,3] PhS migration to equilibrate double bond isomers of
alkenes. Wittig reactions of the aldehydes 22 and 31 gave the
allylic sulfides 30 and 32, respectively, as a mixture of E and Z

isomers. On prolonged exposure to daylight,
solutions of both dienes were equilibrated to give
(E)-30 and (E,E)-32, respectively, as single geo-
metrical isomers (Scheme 7d).[7]

2.2.3 Allylic Alcohol Synthesis: Coupled [1,2]
RS Migrations and [2,3] Evans ± Mislow
Rearrangements

We have shown how the [1,2] PhS migration has
been used to prepare allylic sulfides. Oxidation of
the allylic sulfides produced in this reaction to
allylic sulfoxides enables us to take advantage of
yet another sulfur-promoted rearrangement: the
Evans ±Mislow rearrangement.[22] The combina-
tion of these two rearrangements provides an
efficient route to diastereomerically pure allylic
alcohols with 1,4-related stereogenic centers with
control over the intervening double-bond geome-
try. For example, treatment of the alcohol 33
(derived from an anti-selective aldol reaction) with
p-toluenesulfonic acid results in the stereospecific
formation of allylic sulfide 34 (Scheme 8).[23] [*]

Oxidation of sulfide 34 with sodium periodate
followed by treatment with a thiophile (NaSPh)
leads to the syn allylic alcohol 35. Complete
control over the 1,4-related stereogenic centers is
possible because both rearrangements are stereo-
specific. Similarly, the allylic sulfide 36 was oxi-
dized with sodium borate and rearranged to give
the allylic alcohol 37.[24]

2.3 Nucleophilic Attack on Thiiranium Ions

2.3.1 Nucleophilic Attack on Thiiranium Ions
Derived from Alkenes

So far we have shown thiiranium ions that are generated by
using sulfur as a nucleophile. However, an alternative
approach is to react an alkene with an electrophilic source
of sulfur. The most common sulfur electrophiles used for this
purpose are sulfenyl chlorides (RSCl). Initially, a thiiranium
ion is formed, and in the absence of added nucleophiles, the
chloride counterion attacks the thiiranium ion, thus producing
regioisomeric mixtures of �-chlorosulfides.[25] These chloro-
sulfides tend to be rather unstable and are generally not
isolated or separated. Despite the difficulty in handling these
compounds, �-chlorosulfides may be dehydrated with good
regioselectivity to give allylic sulfides. For example, geranyl
benzyl ether 38 undergoes chemoselective sulfenylation to
give the �-chlorosulfide regioisomers 39 and 40 (Sche-
me 9a).[26] Treatment of this mixture with camphorsulfonic
acid (CSA) gave the allylic sulfide 41. The high regioselectiv-
ity observed in the elimination is a consequence of the
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Scheme 6. a) Formation of a ™stable∫ enamine by [1,2] PhS migration; b) elimination
reactions with flat and uphill migration; c) flat migration driven by unsaturated ester
formation; d) de Groot rearrangement (an uphill [1,2] PhS migration).

[*] The stereochemistry of the [1,2] PhS migration is discussed in
Section 3.1.1.
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elimination, which proceeds
via a thiiranium ion intermedi-
ate, as already discussed.
Besides undergoing elimi-

nation reactions, �-chlorosul-
fides can undergo nucleophilic
substitution reactions. For ex-
ample, treatment of the pre-
vious mixture of �-chlorosul-
fide regioisomers 39 and 40
with silica gel gives the �-
hydroxysulfide 42 in which
the sulfanyl group has under-
gone a [1,2] migration (Sche-
me 9b).[26] By analogy with
our previous observations we
note that reaction has occur-
red exclusively at the more
substituted end of the thiira-
nium ion, thus promoting a
downhill sulfanyl migration.
Similarly, treatment of the
alkene 43 with phenylsulfenyl
chloride followed by sodium
acetate in acetic acid gave the
�-acetoxysulfide 44 as a single
isomer, again the products of
downhill migration (Sche-
me 9c).[27]

2.3.2 Nucleophilic Attack on
Thiiranium Ions Derived
from 2-Phenylsulfanyl
Alcohols

In Section 2.2.1 we dis-
cussed the dehydration of a
simple 2-phenylsulfanyl alco-
hol 3 to give a single allylic
sulfide regioisomer by treat-
ment with p-toluenesulfonic
acid in benzene solution. If
this experiment is performed
with ethanol as the solvent,
none of the allylic sulfide 4 is
formed; instead, ethyl ether
45 is formed by nucleophilic
attack of ethanol on the inter-
mediate thiiranium ion (Sche-
me 10a).[20] Isomeric ether 46
is not produced, which reflects
the reversible nucleophilic
trapping of the thiiranium
ion: the thiiranium ion can
be regenerated by protonation
of the ether oxygen atom and
sulfur participation.
Given that this reaction is

thermodynamically control-
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Scheme 7. a) Mechanistic probe of the [1,3] PhS migration; b) tandem [1,2] and [1,3] PhS migrations; c) example of
a double [1,3] PhS migration; d) use of the [1,3] PhS migration to equilibrate alkene double bond geometry.
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Scheme 8. Stereocontrolled allylic alcohol synthesis by tandem [1,2]
PhS migration and [2,3] Evans ±Mislow rearrangement.

led, we need to account for the difference in stabilities of
the two ethers 45 and 46. To this end we performed
semiempirical molecular modeling calculations on some

simple isomeric compounds, with very interesting results.
The calculations involved the comparisons of the enthalpies
of formation of sulfide isomers 47A and 47B and of 48A
and 48B (Scheme 10b).[*] Table 1 shows the values of �Hf

(from the elements) calculated for these molecules in the

gas phase at 298 K. Although we are not comparing Gibbs
free energies (�Gf) (no entropy term), the results are
nevertheless interesting; in both cases the more stable
isomer has the sulfur substituent on the less substituted
carbon atom. We believe this enthalpy difference to be a
fundamental driving force for sulfur to move ™downhill∫ in
our [1,2] RS migrations under thermodynamic control.
Out of interest, we calculated the enthalpies of formation

for isobutyl alcohol, tert-butyl alcohol, isobutyl thiol, and
tert-butyl thiol (Table 2). Whilst these calculations must be
interpreted cautiously (given the lack of gas-phase thermo-
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Scheme 10. a) Nucleophilic attack under thermodynamic control; b) isomeric
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[*] Calculations were performed with CSMOPAC Pro version 5.0 with a
PM3 basis set.

Table 1. Calculated gas phase enthalpies of formation for sulfide
isomers: 47A, 47B and 48A, 48B.

Compound �Hf(298 K) [kcalmol�1] No. of conformations

47A � 62.1 to �58.7 8
47B � 68.8 to � 63.8 11
48A � 66.4 to �61.6 22
48B � 69.0 to � 64.3 24

Table 2. Calculated gas-phase enthalpies of formation for alcohol and
thiol isomers.

Compound �Hf(298 K) [kcalmol�1]

iBuOH � 69.9
tBuOH � 71.3
iBuSH � 20.3
tBuSH � 17.9
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chemical data) it is interesting to see that isobutyl thiol is
predicted to be the lower-energy isomer, whereas tert-butyl
alcohol is lower in energy than isobutyl alcohol.

3 Cyclization Reactions with [1,2] RS Migration by
Using Oxygen Nucleophiles

In Section 2.2.3 we discussed the preparation of allylic
alcohols by using a [1,2] RS migration with elimination to give
allylic sulfides, which underwent [2,3] sigmatropic rearrange-
ment after oxidation to sulfoxides. If the diol 49, rather than
the protected diol 33, was treated with p-toluenesulfonic acid,
the reaction followed an altogether different course: cycliza-
tion occurred to give the tetrahydrofuran (THF) 50 as the only
product of the reaction (Scheme 11).[23] The remainder of this
Review will focus on the use of thiiranium ions to prepare
saturated heterocycles in high yields and, in almost all cases,
with complete stereocontrol.

3.1 Cyclizations of Alcohols through Intramolecular
Attack of Thiiranium Ions

3.1.1 Stereochemistry of Cyclization Reactions

We were able to show that cyclizations through intra-
molecular attack onto thiiranium ions occur with complete
inversion of configuration at the migration origin and
terminus.[28] For example, treatment of the diol 51 with an
acid catalyst gave the THF 52 with the stereochemistry
indicated in Scheme 12a. Though at first this may seem to be
an obvious observation, nucleophilic substitution at a tertiary
carbon center would normally proceed by an SN1 mechanism
with loss of stereochemical integrity. Here the long C�S bond
means that the electrophilic carbon atom can adopt a near-
planar geometry and the cyclization may occur via a ™loose∫
SN2-type transition state. Table 3 illustrates the generality of
this cyclization reaction: notably, in all cases products are
formed in high yield and without loss of stereochemical
integrity. Even sulfanyl (SH) groups undergo the [1,2] RS
migration, albeit more slowly.[29]

By preparing compounds with a secondary hydroxy group
as the nucleophile, we were able to show that no epimeriza-
tion of this stereogenic center occurs during the cyclization
reaction (53�54 and 55�56, Scheme 12b).[30] The real test,

OH

OH

TsOH

O

PhS

PhS OH

S
Ph

[1,2] PhS

1

2

1
2

52; 80%

benzene

51

O

OH
PhS

TsOH

OH

O
O

PhS

Me

O

OH
PhS

OH

O
O

PhS

Me

CH2Cl2

TsOH

CH2Cl2

54; 96%

56; 94%

53

55

HO
PhS

S

OH
PhS

OH

Me

Ph OH

O
S

PhS

O

PhS

Me

Ph O

PhS

Ph

Me

TsOH

CH2Cl2

TsOH

CH2Cl2
+

58; 98%

93%; 60:40

57

59 60 61

migration

c)

b)

a)

Scheme 12. Stereochemical outcome of cyclization reactions: a) inversion
occurs at migration origin and terminus; b) no epimerization of nucleo-
philic secondary hydroxy group occurs; c) no dehydration occurs with
tertiary hydroxy groups but benzylic tertiary hydroxy groups are prone to
epimerization.

however, came when a tertiary hydroxy group was used as the
nucleophile. Tertiary alcohol 57 gave 58 on treatment with
acid (Scheme 12c).[30] Remarkably, dehydration is not a
competing pathway in this reaction! The benzylic tertiary
alcohol 59 also showed no sign of dehydration, though
epimerization of this stereogenic center resulted in the
formation of the THFs 60 and 61 (60:40).
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3.1.2 Cyclization of 1,3-Diols: Kinetic vs Thermodynamic
Control

In the preceding section we discussed the cyclization onto
thiiranium ions to give ™rearranged∫ THFs. (By ™rearranged∫
we mean a product formed by a [1,2] RS migration.
Conversely, ™unrearranged∫ products are formed without
[1,2] RS migration). We have rather overlooked the possibility
of the alternative cyclization onto the less substituted end of
the thiiranium ion to give unrearranged oxetanes as products
(e.g. 62�63 in contrast to 62�64, Scheme 13a). Since these
cyclizations are reversible, the formation of oxetanes is doubly
disadvantaged on account of the strain energy of a four-
membered ring and the sulfur group not having migrated
downhill.
The question of the relative rates of the two cyclizations

remained unanswered, however, and so non-equilibrating
conditions were sought to gain further insight into the
reaction mechanism. We prepared cyclic sulfites of 1,3-diols
and studied their decomposition by sulfanyl participation and
loss of SO2 and subsequent cyclization of the oxyanion onto
the thiiranium ion.[31] A ratio of 14:86 for 65/66 represents the
kinetic distribution for the cyclization of oxyanion 67
(Scheme 13b). Clearly this need not be the same ratio as for
cyclization in acid, but it is a good model since no equilibra-
tion can occur under basic conditions. Similarly, the cyclic
sulfite prepared from diol 68 decomposed to give 69 and 70
(25:75).
We found that oxetanes could be prepared as the sole

products from 1,3-diols under modified Mitsunobu conditions
by using Ziram (zinc dimethyldithiocarbamate)[32] (Sche-
me 13c).[31] Although the role of Ziram in this reaction
remains unclear, it seems likely that it prevents the sulfur
group from displacing the phosphorus leaving group, thus
allowing the secondary hydroxy group to act as the nucleo-
phile in an unprecedented fashion. Brief exposure of these
oxetanes to acid results in total conversion into THFs, for
example, 71�72 (Scheme 13c).
If we make the migration origin a secondary center, the

cyclization should be less beneficial because in both the
starting material and product the sulfur is bound to an equally
substituted carbon atom (™flat∫ migration). It turns out that
the stereochemistry plays the deciding role in these cycliza-

tions.[28] Diol 73 rearranges to give 74 with 2,3-anti, 3,4-anti
stereochemistry (Scheme 13d). Diol 75 gives the THF 76 with
2,3-syn, 3,4-anti stereochemistry, but the diastereomeric diol
77 does not give the corresponding (2,3-anti,3,4-syn)-78, only
decomposition products (Scheme 13d). Presumably, the
eclipsing interaction that results from the development of
3,4-syn stereochemistry severely destabilizes the transition
state for cyclization. A 1,3-diol with a primary migration
origin does not result in any cyclization, regardless of the
stereochemistry. In this case, THF formation would require
the sulfanyl group to move to a more highly substituted
carbon atom which, as we have already mentioned, is a
thermodynamically unfavorable process.
In a closely related series of experiments, Williams and

Phillips prepared highly substituted THFs from diol precur-
sors; however the alcohol and sulfanyl functionalities are
transposed to give 1,4-diols with an intervening 2-phenyl-
sulfanyl group (Scheme 14a).[33] The cyclizations (e.g. 79�80)
were triggered by treating these compounds with a hard
methylating agent (e.g. dimethyl sulfate). In this way the same
thiiranium ions are formed and in all of the cases reported
THFs are obtained as the sole product, that is, no oxetane is
present (Scheme 14a). The juxtaposition of the hydroxy and
sulfanyl groups means that these cyclizations occur without
[1,2] PhS migration, but with retention of configuration.
Fallis and Tuladhar prepared oxygen heterocycles by

generating thiiranium ions from alkenes.[34] Interestingly,
attempts to cyclize 3-buten-1-ol by treatment with phenyl-
sulfenyl chloride and diisopropylethylamine (to neutralize
HCl production and prevent equilibration) led only to the
alcohol 81 in which the thiiranium ion had been captured by a
chloride ion rather than by the tethered nucleophile (Sche-
me 14b). In light of the previous discussion, the reason for this
is clear: for the sulfanyl group to migrate downhill (secondary
to primary center) an oxetane must be formed and intermo-
lecular capture by a chloride ion is clearly faster than the
4-exo-tet cyclization to the oxetane.
Knight and co-workers have prepared THFs by a related

approach in which iodine was used as the electrophile.[35, 36]

For example when the alkene 82 was treated with iodine in
acetonitrile, the highly substituted THF 83 was obtained
(Scheme 14c).

3.1.3 Cyclizations of 1,4 Diols: THFs and THPs

Perhaps a more interesting cyclization is that of the 1,4-diol
84 ; in this case the two possible products are either an
unrearranged THF 85 or a rearranged tetrahydropyran (THP)
86 (Scheme 15a). Both types of heterocycle are frequently
encountered and so the factors that determine their relative
stability might be expected to be more subtle than for the
THF vs oxetane. It turns out that THP 86, the product of
downhill [1,2] PhS migration, is formed as the sole product
when diol 84 is treated with acid.[37] Why should the THP 86
be more stable than THF 85? We believe that the answer
again lies in the position of the sulfanyl group: in THP 86 the
sulfur group has moved downhill to a secondary center and
the oxygen atom has now become bonded to a tertiary center.
In the THF 85 the situation is reversed. If the 1,4-diol 84 is
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Table 3. Examples of THF synthesis by [1,2] RS Migration.

R1 R2 R3 THF Yield

Me H H 96%
Me Bn H 96%
Me H syn-Me syn 95%
Me H anti-Me anti 98%
�CH2CH2(NMe)CH2CH2� Ph anti-Me anti 85%
�CH2CH2OCH2CH2� Ph syn-Me syn 94%
�CH2CH2SCH2CH2� Ph anti-Me anti 99%
�CH2CH2SCH2CH2� Ph syn-Me syn 99%
c-C8H16 Ph anti-Me anti 76%
c-C12H24 Ph anti-Me anti 100%
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treated with p-toluenesulfonyl chloride
instead of acid, the rearranged THP 86 is
no longer formed. Instead the unrear-
ranged THF 85 is formed as a result of
tosylation of the primary hydroxy group
and the secondary hydroxy group acting
as the nucleophile (Scheme 15b).[37] We
were again able to demonstrate why the
unrearranged product had not been iso-
lated from the acid-catalyzed reaction;
treating this THF with acid caused equi-
libration to give only the product of [1,2]
RS migration, THP 86.
Together with Fallis and co-workers,

we studied the sulfenyletherification of
several 4-penten-1-ols.[38] The parent al-
kene 87 gives the THF 88 as a single
product in 84% yield; in this case the
sulfanyl group is bound to a primary
center, in the THP alternative 89 it is
bound to a secondary center (Sche-
me 15c). If Baldwin×s rules[39] are invoked
(these cyclizations are under kinetic con-
trol), then the outcome of this reaction
represents a pure 5-exo-tet cyclization, as
opposed to a hybrid 6-exo/7-endo-tet
cyclization. Accordingly, the trisubstitut-
ed alkene 90 gave only THP 91, which
avoids the sulfanyl group occupying a
tertiary position (Scheme 15c).[38] In a
similar way, Clive et al. have studied the
capture of seleniranium ions by oxygen
nucleophiles, in this case phenols.[40] In-
terestingly, the alkene 92 cyclizes on
treatment with phenylselenyl chloride to
give the benzodihydrofuran 93 with the
phenylselenyl group bound to a primary
center (Scheme 15d). On the other hand,
cyclization of the dimethyl homologue 94
gives the benzodihydropyran 95 with the
phenylselenyl group occupying a secon-
dary center (rather than a tertiary center
if the alternative product was formed).

3.1.4 Cyclizations of 1,n-Diols (n� 2, 5,
and 6): Limitations of Cyclization
Reactions

To investigate further the scope of
cyclization reactions of tethered alcohols
onto thiiranium ions, 1,n-diols (n� 2, 5,
and 6) were prepared.[37] The 1,2-diol 96
gave the allylic sulfide 97 on treatment
with acid (Scheme 16a). Perhaps unsur-
prisingly, neither of the two possible
cyclization products, epoxide 98 or oxe-
tane 99, were formed. The unstable
epoxide 98 could be prepared by an
alternative route and on treatment with
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acid rearranged quantitatively to the allylic sulfide 97
(Scheme 16a). Clearly, ring strain in these small-ring
heterocycles makes allylic sulfide 97 the most favorable
product. The 1,5-diol that might be expected to cyclize
with [1,2] PhS migration to give the oxepane 100, in fact
gives the unrearranged THP 101 as the major product,
along with some of the allylic sulfide 102 (Scheme 16b).
Ring strain in the seven-membered ring is clearly
sufficient to override the inherent preference for down-
hill migration. Attempting to favor the cyclization by
incorporation of a Z olefin in the side chain (diol 103)
resulted only in the formation of dihydropyran 104
(Scheme 16b). Finally, attempts to prepare oxocane 105
no longer result in cyclization; instead the thiiranium ion
formed in this reaction decomposes by elimination to
give allylic sulfide 106 (Scheme 16c). The chain has
become too long for cyclization to be efficient.

3.2 Higher Levels of Competition: Cyclization with
Triol Substrates

In this section we look at more complicated cycliza-
tions: substrates with two competing nucleophiles. In
each of these reactions there will, in principle, be four
possible products. Either one of the oxygen nucleophiles
present could cyclize onto either end of a thiiranium ion.
By studying these reactions we could investigate the
subtle factors that stabilize one ring system over another.

3.2.1 Competition between Primary Hydroxy End
Groups of Branched Side Chains

When triol 107, which contains two diastereotopic
hydroxy groups, was cyclized, two products could result,

depending on which hydroxy group was involved in the
cyclization.[*] The result is that only the anti THF 108 is
formed in quantitative yield (Scheme 17a).[41] Increasing the
length of one of the side chains of triol 107 gives two
diastereomeric triols: anti-109 and syn-111 (Scheme 17b).
This time, each cyclization can give a rearranged THF or a
rearranged THP, again depending on which of the two
primary hydroxy groups is involved in the cyclization.[41]

Treatment of anti triol 109 with p-toluenesulfonic acid gave
exclusively the anti THP 110. However, treatment of the syn
diastereoisomer 111 with acid led to the formation of the anti
THF 112. Together, these reactions established the impor-
tance of the ring stereochemistry: 3,4-syn stereochemistry in
THFs is unfavorable because the groups are eclipsed, and a
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[*] Clearly, two diastereomeric oxetanes could also result by cyclization
onto the less substituted end of the thiiranium ion, but, as we have
already seen, these compounds are much less stable than the THFs.
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3,4-syn relationship in the THP would necessitate that one of
the substituents be axial.

3.2.2 Competition between Primary Hydroxyl Endgroups of
Separate Side Chains

In a series of closely related experiments, we looked at
cyclizations onto thiiranium ions in which two separate side
chains were terminated by a primary hydroxy group each. An
orthogonal protecting group strategy was used to prepare
authentic samples of the different cyclization products to
establish unequivocally the structure of the products from
these competitive cyclization reactions. These reactions were
mostly designed to probe the importance of substitution
pattern on ring stability. Triol 113 could produce either
THF 114 or THF 115 by [1,2] PhS migration (Scheme 18a).[42]

It was shown that the major product was the more highly
substituted THF 114. This has been attributed to a thermody-

namic manifestation of the Thorpe ± Ingold effect.[43, 44]

By removing the methyl group from the side chain (triol
116) it was assumed that the Thorpe ± Ingold effect would
be minimized and that the product balance would be
altered. Indeed the balance was completely altered, and
the major product was the THF 117 in which the sulfur
group has migrated onto the side chain rather than onto the
ring.
In a second series of experiments, competitions were set up

between five- and six-membered rings. For example, triol 118
could cyclize to produce either THF 119 or THP 120
(Scheme 18b).[45] Once again the major product was shown
to be the more highly substituted heterocycle 119. The final
variation made to this series of compounds was the addition of
a pair of gemmethyl groups to the left-hand side chain to give
triol 121. It was assumed that this substitution would reverse
the selectivity to favor the THP 123. This hypothesis was
correct: a complete reversal in THF/THP selectivity was
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observed from 91:9 (119/120) to 12:88 (122/123).[*] The
conclusion of these experiments was that ring size (five- or
six-membered) is relatively unimportant in deciding the
outcome of the reaction; the degree of substitution of the
rings is a more important consideration.

3.2.3 Competition between Primary and Secondary Hydroxy
Groups in the Same Side Chain

Recently we have studied the cyclization reactions of triols
with all three hydroxy groups in the same chain. Four triols
124, 126, 128, and 130 were prepared by asymmetric
dihydroxylation and stereocontrolled reduction and re-
arranged by treatment with p-toluenesulfonic acid in refluxing
dichloromethane. In each case the thermodynamic products
were found to be the THFs 125, 127, 129, and 131, respectively
(Scheme 19a).[6]

In contrast to the rearrangement of the branched triols 109
and 111 (Scheme 17 b) ring size has become more important
than the relative stereochemistry. Now that the two substitu-
ents are 2,4- rather than 3,4-related, a 2,4-syn THF is
preferred to the alternative 2,4-anti THP (Scheme 19a), in
which one of the two substituents would enter an axial
environment. More interestingly though, the 2,4-anti THF is
preferred to the 2,4-syn THP, in which both groups could now
be equatorial. We presume in this case that the factor that
governs the outcome of the cyclization (the degree of
substitution being equal for both rings) is the gem-disubsti-
tuted migration origin. In the THP, one of the C�C bonds is
forced to be axial; presumably the 1,3-diaxial interactions are
too severe and the flatter THF ring is preferred.

By following these cyclizations by 1H NMR spectroscopy, it
could be shown that the products of the reaction were very
time-dependent, that is, equilibrium was reached slowly.[6] For
example, rearrangement of triol 128 in CDCl3 at 40 �C gave
three products (unrearranged THF 133, rearranged THF 129,
and rearranged THP 132) and starting material after two
hours (Scheme 19b). After nine hours, the THF 129/132 ratio
in the mixture was approximately 1:1; after 36 hours, THF 129
was present with only a trace amount of THP 132.

3.2.4 Competition between Two Secondary Hydroxy Groups
in the Same Side Chain

In the final experiments in this series, the four diastereo-
meric triols 134, 136, 139, and 141, which contain three
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[*] It is possible in this case that equilibrium was not reached.
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secondary hydroxy groups in the same side chain, were
prepared.[46] This would prove to be the most conclusive test
of the relative influence of ring size and stereochemistry.
Again it was found that THFs 135, 137, 140, and 142 were
produced in very high yields under thermodynamic control
(Scheme 20). Only in the case of triol 136 with 2,4-anti, 4,5-
anti stereochemistry was any THP isolated. In this case, THP
138, which has the maximum number of equatorial substitu-
ents, accounted for 17% of the final product mixture. It seems
sensible therefore that 1,3-diaxial interactions that result from
an axial methyl group should strongly disfavor THP formation
in these types of compounds.

3.2.5 Kinetic Control in Competitive Cyclizations

In Sections 3.2.3 and 3.2.4, we saw that 2,4,5-triols that bear
a phenylsulfanyl group at C1 rearrange to THFs as thermo-
dynamic products, independent of the stereochemistry of the
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triol. THFs are favored over THPs as a result of unfavorable
1,3-diaxial interactions in the THPs. The same triols were
rearranged by using a reagent system specially developed to
protect the secondary hydroxy nucleophile and activate the
secondary hydroxy leaving group simultaneously.[47] The
reagents used were trimethyl orthoacetate and pyridinium
p-toluenesulfonate (PPTS, pKa� 5.5). The choice of acid is
very important: orthoesters are known to exchange under
general acid catalysis,[48] but we believe that the acid-catalyzed
rearrangement of 2-phenylsulfanyl alcohols is a specific acid-
catalyzed process (the hydroxy group is protonated before
displacement by the sulfanyl group). Generation of a leaving
group under these mild conditions ensures that there is no
competing direct rearrangement.
Treatment of the anti triol 128 under the conditions

described gives the bicyclic orthoester 143 after a very short
reaction time (t� 2 min) (Scheme 21a). However, if the triol
128 is reacted for a longer period (t� 24 h), two different
products are formed: rearranged THP 144 and unrearranged
THF 145 (Scheme 21b). By following this experiment by
1H NMR spectroscopy and performing a series of control
experiments, we could show that the two heterocycles are
formed under kinetic control and that the product ratio is
independent of reaction time. The results of this experiment
complement our earlier studies on cyclic sulfites (Section 3.1.3)
and the kinetic analysis of the competing formation of THFs
and THPs. This model provides a true kinetic ratio for the
acid-catalyzed cyclization, as the nucleophile is a hydroxy
group rather than the oxyanion in the cyclic sulfite reactions.
This important mechanistic observation may appear to be

useless for synthetic purposes because of the product mixtures
that are formed. On the contrary, treatment of the product
mixtures with p-toluenesulfonic acid leads to complete
equilibration to the protected THP 144 in which the sulfanyl
group has moved ™downhill∫ (Scheme 21c).[47] For the triols
124, 126, 128, and 130 (from Section 3.2.3), which contain a
primary hydroxy group, this reaction proved to be general
(Scheme 21c).
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The triols 134, 136, 139, and 141 (see Section 3.2.4), which
contain three secondary hydroxy groups, revealed that this
two-step route to protected THPs is not without limitations
(Scheme 21d).[46] Depending on the stereochemistry, different
products are observed. Rearrangement and equilibration of
the 2,4-syn, 4,5-anti triol 134 gave only a 74:26 mixture of the
rearranged THP 146 and unrearranged THF 147. The
inference in this case could be that it is unfavorable for the
sulfur group to occupy an axial position, indeed it could be
sufficiently unfavorable that it can partly overcome the
driving force for ™downhill∫ migration. The 2,4-anti, 4,5-anti
triol 136 behaved quite differently; after equilibration of an
initial THF/THP mixture, the only product identified was the
THP 148 with the methyl, acetoxy, and phenylsulfanyl groups
all occupying equatorial positions (Scheme 21d). The 2,4-syn,
4,5-syn triol 139 gave, after the two-step reaction sequence,
the THP 149 with an axial acetate (the alternative THF 150
contains an unfavorable 2,3-syn relationship) (Scheme 21d).
Finally, the 2,4-anti, 4,5-syn diastereoisomer 141 gave only the
bicyclic orthoester 151 after prolonged treatment with tri-
methyl orthoacetate and PPTS.
Gruttadauria et al. have examined competitive cyclizations

of a series of hydroxyselenides and sulfides.[49±52] When the
triols 152 and 153 (which form the same intermediate
seleniranium ion) were treated with perchloric acid in
dichloromethane at room temperature, the two diastereo-
meric THFs 154 and 155 were produced after one minute
(Scheme 22).[50] These THFs are unrearranged products (i.e.
products in which no [1,2] PhSe migration has occurred).
However, if the reaction was run for 30 minutes, unrearranged
THPs 156 and 157 were produced. Clearly the THPs are the
thermodynamic products of this reaction. To explain the fact
that diastereomeric products are formed, the authors pro-
posed that one of the hydroxy groups might interact with the
selenium atom of the seleniranium ion intermediate to the
extent that the C�Se bonds are broken to give a transient
alkene. This would allow rotation to occur and a second
addition of the selenium onto the opposite face of the alkene.
The equilibration of seleniranium ions represents one of main
differences between cyclizations with selenium and sulfur
compounds.

4 Cyclization with Sulfur and Nitrogen Nucleophiles

4.1 Synthesis of Sulfur-Containing Heterocycles

The use of thiiranium ions to promote cyclization reactions
has been extended to include thiols as nucleophiles.[53, 54] The
1,n-hydroxythiols 158 ± 160 were prepared by Mitsunobu
displacement of the primary alcohol of the corresponding
1,n-diol by using Ziram followed by reduction with lithium
aluminum hydride (Scheme 23a). This route could not be
used to prepare the 1,3-hydroxythiol; as we saw in Section
3.1.2, this reaction gives oxetanes instead (Scheme 13c).[53]

However, aldol reaction of aldehyde 31 with the lithium
enolate of ethyl dithioacetate followed by reduction did give
the required 1,3-hydroxythiol 161 (Scheme 23b). On treat-
ment with acid, the 1,3-hydroxythiol 161 gave the spirocyclic
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Scheme 21. a) Formation of an unusual bicyclic orthoester; b) acid-cata-
lyzed rearrangement of a triol under kinetic control; c) two-step rearrange-
ment of triols to give protected THPs as thermodynamic products; d) scope
and limitation of the two-step rearrangement of triols.



REVIEWS S. Warren et al.

thiolane 162, which belongs to a class of compounds that is not
well-known (Scheme 23c).[54] None of the thietane 163 was
detected.
The second member of the series, 1,4-hydroxythiol 158,

rearranged to give not the expected thiane 164, but instead the
unrearranged thiolane 165 (Scheme 23d).[54] This is exactly
the opposite situation to the analogous alcohol 84 cyclization
in which the rearranged THP 86 is formed. Our criteria for
sulfur moving ™downhill∫ can no longer be applied in this case
because two sulfur atoms are present. The primary sulfide
nucleophile is necessarily moving ™uphill∫ and so this must
counteract the tendency of the tertiary sulfanyl group to move
™downhill∫. In this seemingly subtle example, the deciding
factor is likely to be the adverse 1,3-diaxial interactions that
would be present in the thiane 164. As expected the 1,5-
hydroxythiol 159 does not give the thiepane 166, instead the
unrearranged thiane 167 is formed.[54] This must reflect the
increased strain in the seven-membered ring (Scheme 23e).
Finally, as we saw for the 1,6-diol, the 1,6-hydroxythiol 160
undergoes elimination to give the allylic sulfide 168 because
the side chain has now become too long for cyclization to
compete with elimination (Scheme 23 f).[54]

It is not yet clear whether the cyclization reactions with
sulfur nucleophiles are under kinetic or thermodynamic
control. Sulfides are much less basic than ethers and so once
formed, the heterocycles might not be reopened. An alter-
native approach to thiolanes by using [1,4] participation of a
benzylsulfanyl (BnS) group is discussed in Section 5.2.

4.2 Synthesis of Nitrogen-Containing Heterocycles

The synthesis of nitrogen heterocycles by sulfanyl migration
presents a real challenge. Within the acidic reaction con-

ditions used to generate thiiranium ions, any amine nucleo-
philes will be protonated and hence their nucleophilicity
removed. A successful strategy would require the generation
of a leaving group under non-acidic conditions (a subject of
current research) or the fine-tuning of the basicity of the
nitrogen atom with minimal detriment to its nucleophilicity.
Sulfonamides were found to satisfy this second criterion
partially.[24] Treatment of sulfonamide 169 with p-toluenesul-
fonic acid in dichloromethane gives some of the allylic sulfide
170, together with the pyrrolidine 171, but use of trimethylsilyl
triflate gives the protected pyrrolidine 171 in satisfactory yield
(Scheme 24a).
The synthesis of protected pyrrolidines with trimethylsilyl

triflate is quite general, for example, amine functionality in
the substrate is tolerated (e.g. 172�173, Scheme 24b) and
™flat∫ migrations are also possible (e.g. 174�175, Sche-
me 24c), as was the case for certain cyclic ethers.[24] Table 4
shows some other examples of this reaction; enantiomerically
pure starting materials could be prepared by an Evans syn-
selective asymmetric aldol reaction[55, 56] and products with
3,4-syn stereochemistry are possible.
Knight et al. have published details of their iodine-induced

cyclizations by using nitrogen nucleophiles.[57] A particu-
larly interesting example was the treatment of sulfon-
amide 177 with iodine under basic conditions to give the
2,5-anti pyrrolidine 176 and under acidic conditions to give the
2,5-syn pyrrolidine 178 (Scheme 24d). The authors rational-
ized this observation by invoking the participation of the
furan oxygen atom in the base-catalyzed cyclization. Our
attempts to use carbon nucleophiles to trap thiiranium ions
have so far met with only limited success. Edstrom and
Livinghouse have reported the reaction of electron-rich arene
nucleophiles with thiiranium ions in the presence of silver
salts.[58]
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5 Thiolanium Ions and [1,4] RS Participation

Until now the discussion has been mostly centered around
thiiranium ions formed by [1,2] sulfanyl participation, which is
by far the most common example of sulfur participation.
Sulfur is also known to participate to give thietanium,[59, 60]

thiolanium,[61, 62] and thianium ions.[62, 63] We concern ourselves
here with only thiolanium ions, as sulfur participation to give
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Table 4. Examples of Me3SiOTf-promoted pyrrolidine synthesis with [1,2]
PhS migration.

R Yield

c-C5H8 96% (�98% ee)
c-C6H10 99%
�CH2CH2(NMe)CH2CH2� 89%

Scheme 24. a) Trimethylsilyl triflate promoted cyclizationwith a sulfonamide
nucleophile; b) pyrrolidine formation; c) flat migrations may be tolerated in
pyrrolidine formation; d) iodine-promoted pyrrolidine formation.
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four- and six-membered rings is kinetically less favorable
and consequently less well documented.

5.1 Elimination Reactions of Thiolanium Ions

In Section 3 we discussed the 1,3-diol 49 and noted
that this compound provided the link between elimina-
tion and cyclization reactions of thiiranium ions: on
treatment with acid, the free diol cyclizes, whereas the
primary protected compound 33 undergoes elimination
(Scheme 11). If diol 49 is treated with p-toluenesulfonyl
chloride instead of acid, an altogether different pathway
is followed (Scheme 25).[37] The primary hydroxy group
is first tosylated; in a second step sulfur participates in a
[1,4] fashion through a five-membered ring to give the
thiolanium ion 179. With no suitably placed nucleo-
philes, elimination occurs to give the allylic alcohol 180
in which the sulfanyl group has undergone a [1,4]
migration.

5.2 Thiolane Synthesis by Debenzylation of
Thiolanium Ions

The choice of R in [1,2] RS migration reactions is
largely irrelevant. Most commonly, R�Ph because it
provides a chromophore to aid in chromatographic
processes. Alkylsulfanyl (R�Me, Et, tBu), benzylsul-
fanyl, and even sulfanyl (R�H) groups have also been
used successfully.[29] TsCl-promoted [1,4] PhS migration
of the benzylsulfanyl diol 181 opened up yet another
reaction pathway. Not only does elimination occur onto
the thiolanium ion, but the chloride ion released in the
reaction also debenzylates the thiolanium ion to give the
some of the thiolane 182 (Scheme 26a).[64] With a view to
increasing the yields of thiolane formed in these
reactions, acyclic sulfides were also examined (elimina-
tion of an axial proton from within the cyclohexane ring
is particularly favorable). From anti diol 183 and syn diol
185 thiolanes syn-184 and anti-186 were formed in yields
of 92% and 93%, respectively (Scheme 26b).[64] Table 5
shows that sterically crowded thiolanes may also be
formed by using this reaction.
Secondary sulfides also perform well in this reaction:

anti sulfide 187 and syn sulfide 189 were converted into
thiolanes 188 and 190 in yields of 94% and 90% yields,
respectively (Scheme 26c).[64] Amazingly, even primary
sulfides are well behaved in this reaction: the sulfide anti-
191 gives thiolane syn-192 on treatment with p-toluene-
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sulfonyl chloride, despite there being three appealing sites for
an SN2 reaction (Scheme 26d).

5.3 [1,4] PhS Migration as an Alternative Route to THFs

A logical extension to the [1,4] RS participation is to
introduce suitably placed nucleophiles to permit cyclization
by a [1,4] RS migration. Primary protected triols anti-193 and
syn-194 could be prepared by a short sequence of reactions
that included an aldol reaction and a stereocontrolled
reduction. Deprotection of these triols (TBAF) and treatment
with p-toluenesulfonyl chloride led to the highly substituted
THFs 195 and 196, albeit in rather modest yields (Sche-
me 27a).[65] The cyclization was shown to be stereospecific
(NOESY) with inversion at the migration origin as expected.
The minor isomers formed in these reactions are believed to

be the C2 epimers formed by ring opening and reclosing of the
thiolanium ion, a process that we have never observed for
thiiranium ion mediated cyclizations. To prove that these
compounds had not been formed by the normal [1,2] PhS
pathway, the protected triols were rearranged with p-tolue-
nesulfonic acid and deprotected to give the isomeric THFs 197
and 198 (OH-, PhS-exchanged, and different stereochemical
series) (Scheme 27).

6 Summary and Outlook

The strategy of migrating functional groups represents a
useful and efficient method in organic synthesis. The sulfanyl
group enjoys a prominent role in rearrangement reactions;
perhaps no other element in the periodic table offers as
diverse a potential for rearrangement reactions. We have
shown how [1,2], [1,3], and [1,4] sulfanyl migrations can bring
about rearrangements in a high-yielding and stereocontrolled
fashion. One of the main aims of this Review has been to
highlight the kinds of molecules that can be prepared by using
the strategy of sulfanyl migration: this method is particularly
suited to the stereocontrolled synthesis of five- and six-
membered saturated heterocycles and functionalized alkenes
with 1,4-related stereogenic centers. From the examples
encountered in this Review, some general guidelines for
cyclizations can be drawn:
� Only THFs and THPs are formed under equilibrating

conditions; epoxides, oxetanes, and saturated oxygen
heterocycles with seven or more atoms have never been
observed.

� THFs with 3,4-syn stereochemistry are thermodynamically
unfavorable; if a THF or THP alternative is available, this
is likely to be the major product.

Angew. Chem. Int. Ed. 2002, 41, 2462 ± 2482 2481

Table 5. Examples of thiolane synthesis by [1,4] BnS participation and
debenzylation.

R1 R2 Stereochemistry Thiolane Yield

H ± n/a 93%
Me ± n/a 94%
± H anti anti 94%
± H syn syn 91%
± Me anti anti 96%
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� gem-Dialkyl substitution on a cyclizing side chain may
stabilize a product according to the Thorpe ± Ingold effect.

� In situations in which the same gem-dialkyl pair are present
in a THF or a THP, a THF is likely to result.
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Chemistry in Ancient Times: The Development of Blue and Purple Pigments
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Dedicated to Professor Roald Hoffmann on the occasion of his 65th birthday

1. The World of Colors and the Antique Blue and Purple
Pigments

Colors are fascinating. At first man only saw the quality and
variety of colors in nature, but later tried to make them
himself. That is why a special relationship exists between man
and colors, both through perception and through expression.[1]

Both are linked to aesthetics and have influenced the arts in
various ways throughout the history of mankind. As a result,
colored substances and pigments were highly valued and
much sought after in ancient times as raw materials for the
arts.

In prehistoric times and in the antiquity, the availability of
these substances was the key problem, directly linked to their
accessibility. Earth colors were readily available at all times as
they could be directly taken from the soil. They were, for
example, used in cave paintings. Looking at these paintings, it
is striking that no blue color is found. In general, organic or
mineral sources for stable blue dyes and pigments are
exceptionally rare.

In ancient times, the rare blue mineral pigments could be
mined to the major part only from deposits that were difficult
to access. Even later civilizations often suffered from short-
ages of stable blue pigments. This situation did not change
until the 19th century when industrialization led to the
chemical mass production of dyes and pigments. The shortage
of blue pigments most probably caused their high idealistic
and materialistic esteem. The first blue mineral pigment that
was both accessible to mankind and truly stable, was most
likely lapis lazuli ((Na,Ca)8[SiAlO4]6(S,SO4); S3

�- or S2
�-

chromophores embedded into sodalithe cages).[2] This pre-
cious stone was mined in the antiquity in the area of today×s
Afghanistan. The demand for blue pigments was also met by
using the more abundant mineral azurite, a basic copper
carbonate. The less stable azurite is found, for example, as a
component in layers of paint of Chinese art objects from pre-
Christian times. In these times, one was also able to prepare

blue-colored glazes and glasses by the use of cobalt minerals.
The blue glaze of the tiles of Babylon×s Is√tar gate contain
significant amounts of cobalt.[3] To a certain extent smalt, a
cobalt ± aluminum spinel compound, was used in ancient
Egypt.[4]

The blue pigments used in pre-industrial times all suffered
from specific restrictions that hindered their broader appli-
cation. The lack of a blue pigment that could be used
universally, apparently resulted in the development of meth-
ods to produce stable blue materials. These methods also in-
clude the production ofMaya Blue[5] used by Indian civilizations,
which is based on indigo stabilized by intercalation into clays.

People×s efforts to enhance the availability and quality of
blue pigments by producing them themselves began in pre-
dynastic ancient Egypt more than 5200 years ago.[6] At that
time a pigment was created which is known today as Egyptian
Blue (CaCuSi4O10).[7±13] Traces of the compound have been
found in artifacts such as a small plate from 3600 BC for an
olive oil container, which certifies the quality of the oil blessed
by the goddess Iset. Egyptian civilizations used Egyptian Blue
frequently over the next millennia. The golden age of its use
was most likely the period of the New Kingdom (1580 ±
1085 BC), which coincides with the most productive period
of artwork in ancient Egypt. Among the most remarkable
pieces from this time are the crown of Nefertete and the
Talatat stones of the temple of her husband Echnaton, both
painted using Egyptian Blue.[6, 14]

Even before the collapse of the Egyptian Empire Egyptian
Blue reached the ancient Greek and Roman civilizations.[9]

Egyptian Blue was also widely used in Mesopotamia and in
the area of today×s Iran. Concurrently it became a commodity
for the Romans. In his legendary work ™De Architectura∫
from 24 AD, the Roman architect Vitruvius published a
recipe for Egyptian Blue, known to the Romans as caeruleus,
and also mentioned its production in factories. Together with
the end of the Roman Empire, the knowledge of Egyptian
Blue was lost.

Blue pigments also played an important role in China×s
historical development. While the already mentioned azurite
was used in ancient times as mineral blue pigment, cobalt
oxide found use in glazes and glasses. Azurite, relatively
abundant China, was mined mainly to produce copper and
copper alloys.[15] However there was no mineral blue for
universal use in ancient China as azurite is rather unstable and
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the staining by cobalt oxide is limited to special applications.
These disadvantages apparently triggered within the Chinese
civilization the start of the industrial ± chemical development
and production of blue pigments with enhanced properties.
The answers to this challenge are Chinese Blue and Chinese
Purple, also known as Han Blue and Han Purple.[16] Com-
pared with Egyptian Blue these pigments contain the
homologue element barium instead of calcium.[8, 17, 18] They
are chemical compounds of the composition BaCuSi4O10

[19]

and BaCuSi2O6.[20]

The samples investigated so far came from blue and purple
octagonal dye rods, most probably used as a commodity for
paint production.[16, 18] Chinese Blue and Purple were also
found in pigment layers from the Terracotta Army (Fig-
ure 1)[6, 14, 18, 21] or applied for the staining of glasses.[22] Some
samples date back to the ™Warring States∫ period (479 ±
221 BC). The Blue and Purple were most commonly used
during the Q×in and Han dynasties (221 BC± 220 AD).[16, 21]

Later use has not yet been proven.

Figure 1. Sample of the Terracotta Army Xi×an, China. Left: a group of
terracotta soldiers. Top right: fragments of the purple trousers of a soldier
(fragment 003 ± 92). Bottom right: A microscopic view (enlargement 500 -
times) of a cross section of its pigment layer. The displayed part has a
horizontal extension of 0.22 mm. The pigment layer contains grains of
Chinese Purple and Cinnabar. Under the pigment layer there is a dark
lacquer and under that the terracotta.

2. Three Pigments–One Chemistry

As Egyptian Blue, Chinese Blue, and Chinese Purple are all
alkaline-earth-metal copper silicates, they are chemically
related compounds. Samples of the compounds are shown in
Figure 2. Egyptian and Chinese Blue even have the same
copper and silicate stoichiometry and the same microscopic
structure. They are also very similar macroscopically, crystals
of both compounds show the same appearance.[7, 17] Their
structures contain four-membered (SiO)4 rings and oxygen
bridges linking different rings in such a way that four four-
membered rings form an eight-membered ring.[6, 19] The
infinite layered assembly of the rings shows puckering (Fig-
ure 3), with the remaining terminal oxygen atoms of the SiO4

tetrahedra functioning as coordination sites for the metal ions.
Between two opposing four-membered rings lies a Cu2� ion in
a square-planar environment. The Cu2� ions occupy half of

Figure 2. Egyptian Blue (CaCuSi4O10; left), Chinese Blue (BaCuSi4O10;
middle), and Chinese Purple (BaCuSi2O6; right). Egyptian Blue and
Chinese Blue appear very similar under comparable conditions. That they
appear different here is a result of the samples being of different particle
size. Small particles lead to lightening in tone. The sample of Egyptian Blue
consists of coarse crystalline material, while Chinese Blue was ground.

Figure 3. Schematic representation of a puckered layer of MCuSi4O10

(M�Ca, Ba) with Cu2� ions (blue) in square-planar environment. The
coordination sphere of the M2� ions (yellow) is extended to eight-
coordination by binding to a neighboring layer (O red, Si green).

the holes and are arranged in rows. Eight-coordinate M2� ions
(Ca2�, Ba2�) occupy the remaining half of the hole sites and
additionally interconnect two neighboring silicate sheets. The
Cu2� ions in both Egyptian and Chinese Blue have virtually
identical environments. As the Cu2� ions are the chromo-
phores responsible for the blue color,[23] both compounds
show very similar color properties.

Comparing compositions, Chinese Purple (BaCuSi2O6)
contains two equivalents of SiO2 less than the blue com-
pounds. It appears during the reaction leading to Chinese
Blue and is therefore a kinetic product.[6] Even though
Chinese Purple also forms a layered arrangement, the
structural motifs differ significantly from those of Egyptian
and Chinese Blue. The condensation process to give silicate
frameworks stops with the formation of islands of Si4O12

8�

rings; Cu2 units hold these rings together to build up
Cu2Si4O12

4� layers (Figure 4). Barium ions are located in

Figure 4. Layered structure of Chinese Purple BaCuSi2O6. The main
feature is the Cu2 unit (blue) which is held together by four bridging SiO2

moieties from the four-membered silicate rings (Ba yellow, O red, Si dark
green).
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between the sheets and interconnect them in a way similar to
that of Chinese Blue. The unusual and unique feature of this
compound is the Cu�Cu bond with a bond length of 2.73 ä,
very close to the reference compound copper acetate (Cu2-
(acetate)4, 2.64 ä).[6, 18, 20] Thus, the early Chinese chemists–
whether they deserve this title on closer inspection remains
doubtful–were the first to prepare a chemical compound
containing a metal ±metal bond.

The instability of Chinese Purple is to a great extent
attributable to the presence of the Cu�Cu bond. For example,
the compound is sensitive not only to mineral acids but also to
oxalic acid. This might be the reason why microorganisms that
excrete oxalate or oxalic acid are suspected to contribute to
the decay of works of art.[24] Chinese Purple is also thermally
less stable than Chinese Blue as it decomposes at 1200 �C
within 4 hours to generate a green-black glass. It is likely that
Chinese Blue is formed to some extent as the reactions in
Equations (1) and (2) take place.[6, 18]

3BaCuSi2O6 ��� BaCuSi4O10 � 2BaSiO3� 2CuO (1)

2CuO ��� Cu2O � 1
2
O2 (2)

Chinese Blue is stable under these conditions, but Egyptian
Blue decomposes at 1000 �C[7] to a green-black mixture of
copper oxide, tridymite, and glass. This property sets strong
restrictions to a successful syntheses of the compound because
temperature control is required. It also caused in ancient
times the need to develop special processing methods for the
production of compact bodies of Egyptian Blue such as
amulets, seals or bricks (Figure 5). As simple casting was not
possible, these objects had to be made by complicated
multistep sintering processes.

Figure 5. Amulet of dwarfish god Bes consisting of compact Egyptian
Blue, 24th Dynasty (Property of the author).

3. Complex Experimentation

The ancient task of developing methods to produce
Egyptian Blue, Chinese Blue, and Chinese Purple faced more
than the general problems normally associated with chemical
synthesis. In the case of Egyptian Blue the starting materials,

lime, sand, and copper minerals (azurite, malachite), were
easily accessible in ancient times.[7] In some places,[25] azurite is
even found as a mixture together with lime and sand. Such a
three-component mixture might have been used directly for
the synthesis, but how the preparations were developed
remains unknown. We can only speculate that this favorable
natural circumstance might have promoted the early chemical
approaches. From our experience in chemistry today we know
that any basic discovery by chance is only a first step towards
useful products. Following the first discovery of Egyptian
Blue, it was necessary to work out the stoichiometry of raw
materials and flux additives for the pseudo-sintering process,
as well as physical and chemical conditions for the synthesis.
This was surely a tedious development lasting generations.
However, it is important to note that, based on our own
archeometric measurements as well as those of other groups,
the composition of Egyptian Blue samples is quite constant
over 4000 years. This indicates that it was soon realized how
important it was to use constant proportions of the raw
materials. For example, the blue pigment of Nefertete×s crown
has a composition very close to CaCuSi4O10.[6] Nevertheless,
some investigations have shown that ancient samples of
Egyptian Blue often contain wollastonite (CaSiO3), because
too much lime and quartz were used.[11]

The synthesis of Egyptian Blue became more efficient by
the use of a flux additive. As independent experiments
demonstrate, this also significantly enhances the quality of the
product. Specifically, papyrus ash (consisting mainly of
K2CO3), NaCl, and the ancient trona (a mixture of Na2CO3,
Na2SO4, and NaCl from the Wadi Atrun)[7, 9, 12] were used in
ancient times. This important refinement of the production
method was without doubt the result of lengthy empirical
developments. Additionally, the synthesis requires a supply of
air and a firing temperature between 800 and 900 �C. In the
time of the Old Kingdom (3197 ± 2778 BC) this was realized
by blowing air in through pipes. Later this was replaced by
bellows. Direct ways to measure the temperature (like
thermometers) were unknown to ancient Egyptian civiliza-
tions so other criteria were relied upon to indicate whether the
correct temperature had been reached. Since the production
methods were empirical, specialized personnel was required
for development and realization. As a result, a good technical
™infrastructure∫ and a high degree of craftsmanship was
necessary.

The production of Chinese Blue and Chinese Purple is even
more complex than that for Egyptian Blue. One factor is that
the phase diagram for BaO/CuO/SiO2 shows at least four
phases, so strict control of the amounts of the starting
materials is necessary to obtain pure products. The two
historically relevant phases that may be also found as mixtures
have a Ba:Cu ratio of 1:1. It is unclear to what extent the
formation of mixtures was planned to generate different color
tones. The formation of mixtures may, however, happen
independently of the raw-material stoichiometries, because
BaCuSi2O6 is formed first as the kinetic product. BaCuSi4O10

is the product of a comparatively slow subsequent reaction.
High temperatures (�1000 �C) were needed to produce both
pigments and this temperature had to be maintained for a
significant time, in particular to obtain pure BaCuSi4O10.[8, 17]
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clearly, the synthesis required substantial technical demands,
as it still does today.

The greatest problem for the production of Chinese Blue
and Chinese Purple however was the barium source. Inde-
pendent experiments have shown that the use of witherite
(BaCO3) leads to products of satisfactory quality, but with-
erite is very rare and was not readily available in ancient
China. Nevertheless some samples indicate its use. If baryte
(BaSO4) is used in a mixture with quarz and copper minerals,
only small amounts of blue or purple barium ± copper silicates
form.[6, 14, 18] Chinese chemists nevertheless found a brilliant
trick to circumvent these problems: they added lead salts
(lead carbonate or lead oxide) that catalyze a dismutase
reaction leading to the in situ decomposition of BaSO4

(Scheme 1). Since PbSO4 decomposes already at 1000 �C
(much lower than the 1560 �C needed for BaSO4!), it is
reasonable to assume that the PbO formed is performing
catalysis, while BaO is removed from the equilibrium as
Chinese Blue and Chinese Purple are formed.

Scheme 1. Decomposition of BaSO4 with lead catalysis.

There is still no answer to the fundamental question as to
why Chinese chemists considered including barium minerals
into their syntheses. It is not an absolutely impossible idea to
assume that these pigments were discovered in a totally
independent way by applying the rare barium minerals. This is
not very convincing though if an alternative theory is taken
into account that will be presented in the following section. In
either case, the use of barium minerals requires mineralogical
knowledge to be aware that these substances are special
materials. Some general interest in barium minerals related to
glass production is recorded in China since the Warring States
period.[22, 26]

4. Technology Transfer

It was already mentioned that the use of Egyptian Blue had
spread all over the Mediterranean area by the first millen-
ium BC and was employed by many civilizations. Egyptian
Blue of high quality was obtained at this time and as long as no
compact bodies had to be produced, the physical and chemical
conditions for the synthesis were relatively easy to attain.
Additionally, the raw materials were easily available. The
situation was fundamentally different for Chinese Blue and
Chinese Purple at the beginning of the Warring States period.
The syntheses of these color pigments were much harder
concerning restrictions imposed by restraints from the stoi-
chiometry, the more difficult physical conditions, and the
availability of the raw materials. This explains why it seems
quite unlikely that the invention of these pigments was
accomplished in a convergent manner more or less ab initio.
Knowledge about the many conditions for the syntheses,
which includes the restrictions arising from the available raw

materials, had to merge together at the same time in one
experiment to successfully generate the pigments.

On this basis, it seems more likely to assume that the
production methods for Chinese Blue and Chinese Purple
were developed stepwise and that they were based on the
methods to produce Egyptian Blue. From today×s perspective,
the blue compounds only differ because of the chemically
minor variation of the alkaline-earth metal. Considering the
knowledge of the times, the modification of Egyptian Blue has
to be viewed as a big step as there was no knowledge of atoms
and molecules or even the periodic table. Therefore, a very
tedious empirical approach was the only alternative.

Further facts support the hypothesis about the relationship
between Egyptian Blue and the Chinese pigments. Two
antique objects made from Egyptian Blue, a cup and a
sistrum from Hasanlu in Iran,[12, 27] both first of all demon-
strate the use of this synthetic pigment in regions far to the
East of Egypt. Additionally, these objects show a chemical
variation of Egyptian Blue (CaCuSi4O10), since they at least to
some extent contain the strontium analogue SrCuSi4O10.[28] It
seems quite reasonable that the replacement of calcium by
strontium was not planned but instead happened by chance.
But still it happened and most probably based on the
knowledge about Egyptian Blue.

The question remains as to how knowledge about Egyptian
Blue spread. It might have happened along the Silk Road
which was the only existing link between the Mediterranean
and the Far-East. Historians suppose that the Silk Road, that
also passes through Iran, was used from at least 1000 BC. This
is much earlier than the occurrence of Chinese Blue and
Chinese Purple during theWarring States period. In principle,
other similar transfer events give further support to this idea
of a technology transfer along the Silk Road. However, in
such other cases the information was transferred in the other
direction from the Far-East to the Mediterranean. Examples
include the transfer of knowledge about silk[29] and paper[30]

production.
As was already shown, some difficulties with the barium±

copper silicate chemistry could not be solved on the basis of
Egyptian knowledge alone. Additionally, independent devel-
opments were required. The invention of Chinese Blue and
Chinese Purple is therefore an admirable technical ± chemical
feat. The pigment syntheses are excellent examples of the
positive influence of science and technology on society, in this
case related to chemistry and accompanied by technology
transfer. Focusing on ancient Egypt, this occurrence is a well
known fact.[31] Constantly striving for improvement is gen-
erally seen in the ancient Chinese civilization, as well.[32]
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these studies, Dr. Hans-Georg Wiedemann, St‰fa, Switzerland,
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article and for his many useful suggestions. Furthermore, I am
indebted to Prof. Ernst Peter Fischer, Universit‰t Konstanz, for
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number of scientific institutes and museums that made these
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The Diazonamides: The Plot Thickens**

Tobias Ritter and Erick M. Carreira*

The role of total chemical synthesis as a tool for the
structure elucidation of natural products has been largely
supplanted by X-ray crystallographic and NMR spectroscopic
methods. For the most part, in this respect, synthesis has
remained indispensable only as a means to confirm absolute
or relative stereochemical assignments, in particular when the
imprimatur of an X-ray crystallographic assignment is absent.
Thus, it seems quite striking that, in this day and age, synthesis
studies lead to a significant structural revision of a new class of
biologically active natural products. The disclosure in 1991
of diazonamides A and B (Scheme 1) immediately aroused
the attention of the scientific community as a consequence
of the unusual structures of these natural products and
their impressive activity against human cancer-cell lines.
That the structure elucidation was carried out using modern
spectroscopic means and was crowned by X-ray crys-
tallographic analysis of a simple derivative of diazon-

Scheme 1. Original assignments of the structures of nominal diazonam-
ides A (1) and B (2) as well as the crystographically determined structure of
the p-bromobenzamide derivative 3.

amide B (3) would seem to have foreclosed any doubt on the
assignment and provided a green light to subsequent studies,
focused exclusively on devising a workable synthesis strategy.
The synthetic community rose to the challenge, crafting a
number of innovative strategies to key intermediates to the
presumed structure of diazonamides A and B.[1]

Recently, Harran and co-workers at SouthWesternMedical
Center at Dallas documented the successful synthesis of 1.[2]

Not only is their strategy notable for its innovation and
expediency, but also for an important revelation: the structure
of diazonamides was incorrectly assigned. Herein we provide
a brief account of the synthetic work by Harran as well as the
accompanying detective work which allowed the subsequent
corrected assignment to be made.[3] Moreover, despite the fact
that, in retrospect, the assigned structure was incorrect,
analysis of the studies reported and strategies developed to
date are included, as there is much to be learned from them.
These include the strategies documented by the groups of
Magnus,[4] Nicolaou,[5] Vedejs,[6] Wipf,[7] and Wood.[8]

The piquant story commences with the isolation of diazo-
namides A and B from the colonial ascidian Diazona
chinensis. Diazonamide A possesses potent in vitro activity
against HCT-116 human colon carcinoma and B-16 marine
melanoma cancer-cell lines (IC50 values less than
15 ngmL�1).[9] Transformation of diazonamide B to the cor-
responding p-bromobenzamide 3 provided a crystalline de-
rivative suitable for X-ray crystallographic analysis. The
diphenylacetal group in 3 was thought to result from the net
dehydration occurring during derivatization. On the basis of a
small coupling of the C11 proton to a D2O-exchangeable
proton, diazonamide B was thus assigned as the hemiacetal at
the C11 atom. The spectroscopic similarity in 1H and
13C NMR, UV, and IR spectra indicated the same polycyclic
nucleus for the diazonamide A framework. Incorporation of a
valine residue at the C2 amino group reconciles the proposed
structure with the observed high-resolution mass spectrum, in
which it had also been assumed that, during HRMS measure-
ment, loss of water converts the hemiacetal into the acetal.
Given the spectroscopic data amassed, the structural assign-
ment was deemed to be established fact. The shortage of
natural material with which to perform further pharmacolog-
ical studies as well as the unprecedented molecular architec-
ture, whose retrosynthetic deconvolution and subsequent
reconstitution would result in innovative reactions, render
the diazonamides ideal targets for synthesis studies. The
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Laboratorium f¸r Organische Chemie
ETH Hˆnggerberg, HCI, 8093 Z¸rich (Switzerland)
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key problems associated with the core stem from the
halogenated heterocyclic framework found in a single
atropisomeric form and the triaryl acetaldehyde at its epi-
center at the C10 atom.

The construction of the quaternary C10 center and the
heterocyclic core in a single atropisomeric form was addressed
in an early model system by Nicolaou (Scheme 2). Treatment
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Scheme 2. Horner ±Wadsworth ±Emmons cyclization strategy (Nicolaou
et al.).

of diaryl alkene 4 with mCPBA affords an epoxide which
subsequently undergoes regioselective nucelophilic 5-exo-tet
opening[10] by the nitrile enolate to furnish a cyanoalcohol
which is protected to yield 5. Following oxidation to the
benzofuranone 6 and lactone semireduction, methylation
proceeds to give 7 as a stereoisomeric mixture. As subse-
quently observed, see below, the stereochemistry of the lactol
was critical in the subsequent macrocylization.

After converting the aryl bromide 7 into the boronate 8
using the method developed by Ishiyama et al.,[11] Suzuki
coupling of 8 to the phosphonate 9 affords 10 in 30% overall
yield from 7, as a mixture of four isomers which arises from
C11 epimers and atropisomerism. The protected alcohol
group in 10 is converted into the corresponding aldehyde,
which undergoes Horner ±Wadsworth ±Emmons cyclization
at 0 �C to give the desired macrocycle 11 as a single
atropisomer and a single epimer at the C11 center in 25%
yield. It is interesting to note that only one of the diastereo-
meric starting aldehydes participates in the ring closure. Thus,
in analogy with the classic synthesis of erythronolide,[12] the

success or failure of the macrocyclization is coupled to
stereochemical features of the intervening chain.

In a subsequent approach, Nicolaou et al. examined a
strategy in which ring closure is effected using an intra-
molecular pinacol cyclization reaction of an aldehyde and an
oxime (Scheme 3). To avoid the problems observed in the
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earlier route arising from the stereochemistry at the C11
center, the dihydrobenzofuran 12 was synthesized. Treatment
of the aldehyde/oxime with SmI2 in HMPA/THF gives an
aminoalcohol, which on N-acetylation furnishes 13 in 25%
overall yield. Oxidation and oxazole formation provides 14
and 15 as a 2.4:1 mixture. Chlorination and indole depro-
tection of 14 provides 16 in 45%. Conversion of 15 into 17
(74% yield) gives access to additional quantities of 16.

In the route of Wipf et al. , a related disconnection plan is
envisioned for the construction of the macrocycle, albeit with
a distinct, innovative approach to the precursors (Scheme 4).
After establishing a synthesis of benzofuranone 19, Wipf
utilizes a clever application of the Chang rearrangement[13] to
afford the protected amino ketone 21, which is subsequently
converted into the requisite oxazole. Thus, deprotonation of
20 at �78 �C with LDA cleanly provides aminoketone 21 in
superb yield (78%) through smooth rearrangement of the
intermediate carbanion. In the three steps that follow,
bisoxazole 22 is efficiently obtained.

In the approach of Vedejs et al. , the same region of the
molecule is chosen for retrosynthetic unraveling of the
macrocycle, which in the synthetic direction relies on a
Dieckmann-like cyclization reaction (Scheme 5). The prepa-
ration of the cyclization precursor commences with oxidation
of 23 and acylation of the resulting 24 with methylchlorofor-
mate (57% yield) using the method of Black et al.,[14] a
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synthetic step similar to that documented by Moody et al. in
simple model studies toward the diazonamides [Eq. (1)].[15]

O
O

Br

Ph

O
O

Br

Ph CO2EtEtOCOCl
Et3N, DMAP

96 %

(1)

Chemoselective reduction of the resulting lactone 25,
mesylation, and subsequent treatment with methanesulfonic

acid furnishes the requisite dibenzoacetal 27 in 77% yield.
The required aryl boronic acid 29 is prepared in 72% overall
yield from 27 by saponification of the methyl ester, halogen ±
lithium exchange and treatment with triisopropyl borate,
hydrolysis of the boronic ester, and reintroduction of the
methyl ester. In the subsequent Suzuki coupling, aryl
boronic acid 29 is allowed to react with aryl triflate 30 by
utilizing catalytic [Pd(dppf)Cl2] and Cs2CO3 as the base. The
use of this base led to significant rate acceleration and
improved yields to 57 ± 66%. NMR spectroscopic studies
reveal that the two atropisomers interconvert at room
temperature, with a value for the barrier of rotation around
the C16 ±C18 biaryl axis of �G�� 15.5 kcalmol�1. This
result is noteworthy, considering the lack of ready intercon-
version at room temperature between atropisomers 10
in an earlier synthesis (Scheme 2). Treatment of 31 with
LDA leads to he Dieckmann-like reaction, which furnishes
the expected macrocycle 32 in 57% yield as a single
atropisomer.X-ray crystallographic analysis established that
the cyclization affords an intermediate with the desired
stereochemistry.

In the studies of Nicolaou and Vedejs discussed above,
enolate chemistry was relied upon for the installation of the
quaternary center at C10; by contrast Wood et al. docu-
mented a clever and elegant approach in a model study.
Intramolecular cyclopropanation of a benzofuran, fol-

lowed by an anion-induced ring frag-
mentation, leads to a key structure
(Scheme 6). The diazoacetate 33 is
subjected to rhodium(��)-catalyzed cy-
clopropanation to afford pentacy-
cle 34 in excellent yield (89%). Sub-
sequent treatment of 34 with LiOH
initiates ring opening and rearrange-
ment to the orthoester 36, which in-
corporates the requisite quaternary
center. The use of a transition-metal-
catalyzed cyclopropanation reaction
opens the possibility to prepare the
key precursors in an optically active
form; indeed, preliminary work using
Doyle×s catalyst[16] revealed that the
optically active cyclopropane 34 can
be formed in 45% ee.

A significant departure from the
macrocyclization strategies that in-
volve carbanionic intermediates is
proffered by the bold, innovative
strategy developed by Magnus et al.
In this approach, photo-Fries rear-

rangement of 39 was used for the construction of the
diazonamide framework. The precursor lactone 39 is effi-
ciently synthesized in only eight linear steps from indole 37
(Scheme 7). Following debenzylation of 38 (98%), the macro-
lactone 39 was obtained, by using the Keck modification[17] of
the Steglich esterification[18] procedure, in 66% yield, as a
1.5:1 mixture of atropisomers. The macrolactone underwent
photo-rearrangement to afford 40 as two atropisomers (2:1) in
76% yield.
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Scheme 7. Photo-Fries rearrangement strategy (Magnus et al.).

In the Harran approach, the problem of forming the
macrocycle is efficiently tackled by focusing on the triaryl
acetaldehyde epicenter. In this elegant, imaginative strategy,
introduction of the core mac-
rocycle is effected in a highly
convergent manner by con-
struction of the bond-linking
rings E and F (Scheme 1), by
proceeding from advanced,
densely functionalized frag-
ments. The selection of this
key bond disconnection was
critical, leading to the suc-
cessful development of a syn-
thesis of the nominal di-
azonamide A (1).

The bromooxazole 41 and
the vinylchloride 42 were
coupled by use of a Negishi
coupling reaction[19] in 85%
yield (Scheme 8). Following
removal of the N-Boc- and
O-PMB protecting groups,
the iodotyrosine derivative
43 participated in amide-
bond formation to furnish
45. In the ring-closing reac-

tion, Heck coupling of the iodoolefin 45 afforded the macro-
cyclic framework 46 in a remarkable 82% yield. An important
observation from the study of the cyclization reaction is that
the use of 2-(di-tert-butylphosphanyl)biphenyl generated a
robust Pd complex that allows the reaction to be executed
with low catalyst loading; moreover, all other phosphane
ligands used inhibit the reaction. A working hypothesis that
guided the development of the successful cyclization is a
mechanistic model in which macrocyclization is facilitated by
proceeding from 45 through a preorganized intermediate
involving a palladium(��) phenoxide. After derivatization of
the phenol 46 as its 2-bromoethyl ether, the latter was treated
with the dihydroxylation reagent 48, (formed with OsO4 and
(1S,2S)-N,N�-bis(3,3-dimethylbutyl)cyclohexane-1,2-diamine[20])
to afford the glycol 49 in 67% overall yield. The use of this
osmium reagent is necessary to override the intrinsic bias of
the molecule to undergo dihydroxylation with opposite-face
selectivity and to ensure that the correct stereochemistry is
established (93:7 d.r.). Pinacol rearrangement of the diol 49
under acidic conditions then furnished the triaryl acetalde-
hyde 50 as a single stereoisomer in excellent yield (54%) after
amine carbamoylation.

Conversion of the nitrile into the desired substituted
oxazole, along with the necessary functionalization of the
core, was effectively carried out (ten steps, 8.4% yield) to give
the aryl bromide 51 (Scheme 9). This aryl bromide is then the
precursor for a second macrocyclization reaction which is
carried out by a clever application of the photochemical
method developed by Witkop et al.[21] A possible reaction
pathway is an intramolecular photoinduced electron transfer
from the indole chromophore to the adjacent bromoarene and
biradical collapse to form the C16�C18 bond. It has to be
pointed out that this macrocyclization, which is carried out in
32 ± 40% yield, forms 52 as a single atropisomer, thus the
asymmetry associated with the diazonamide polycycle follows
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from the stereochemical control in the early steps of the route.
Chlorination of 52 with N-chlorosuccinimide at C27 and C25
proceeded smoothly. Stannoxane-catalyzed deacetylation
of the acetyl hemiacetal and final hydrogenolysis (80%)
culminated in the total synthesis of the nominal diazonami-
de A (1).

Surprisingly, subsequent structural analysis revealed that
the material obtained from the synthesis study differed from
that isolated from natural sources. Thus, both the 1H NMR
spectrum and the notable chemical instability of the synthetic
material were telling; the synthetic material consists of a
4:1 mixture of C11 lactol epimers, a feature that was not
observed with the natural product. Moreover, in contrast
to the behavior of diazonamide A, the susceptibility of
the synthetic material to degradation prevented further
detailed characterization. Harran et al. reasoned that a
correct structure for diazonamide A would need to reconcile
the observed exact mass of 765.1998 amu with a closely
related polycyclic framework. Careful reexamination of the
original characterization procedure was critical, as acidic
hydrolysis of diazonamide A had not yielded valine as
anticipated.[22] Thus, the first feature that seemingly had to
be corrected was the fact that the C2 side chain of
diazonamide A might have been misassigned. Detailed
NMR spectroscopic analysis then suggested that the C2 side
chain incorporates a hydroxy group rather than an amino
group, as originally assigned. This NH2�OH exchange
requires a adjustment to correct for the corresponding
1-Dalton increase in molecular mass.

In an impressive logical breakthrough, it was reasoned that
the observed exact mass of 743.0340 amu for natural diazo-
namide B (55) is more consistent with the molecular formula
of C35H25N6O4Cl2Br ([M��H]� 743.0576) than with the mass
corresponding to the structure originally assigned to diazon-
amide B (2) ([M�H]��H2O� 744.0416) with the formula
C35H26N5O6Cl2Br. This can be reconciled with the crystallo-
graphic data if a protonated nitrogen atom in diazonamide B

was mistaken for an oxygen atom. Careful
analysis of the X-ray crystallographic data
is revealing: the observed C7�O2 bond
length of 1.371 ä does not deviate from
common aryl C�O bond lengths, whereas
the length of the C17�O3 bond (1.433 ä) is
longer than the maximal value (1.409 ä)
observed for similar bond types. The large
thermal motion of the O3 atom also
suggests an element with fewer electrons
and a larger covalent radius. Based on these
results and on a 1H± 15N NMR correlation
spectrum (HSQC) of diazonamide A, Har-
ran et al. then concluded that the structure
of the diazonamides is more properly
assigned as the C11 diaryl aminal. Thus
structures 54 and 55 are most consistent
with the available data. Of course, the
absolute stereochemistry of the �-hydroxy
acid side chain at C2 remains to be as-
signed, a feature which current synthetic
efforts will surely secure.
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Given the fact that, within experimental error, model
compound 56 (prepared from (S)-hydroxy isovaleric acid) and
diazonamide A (54) are equipotent in in vitro cytotoxicity
assays, Harran has suggested that the natural product is of the
S configuration at the C37 center. The synthetic alcohol 56 is
about 16 times more potent than its C37 epimer and more
than 50 times more potent than the corresponding amine 57 in
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Scheme 9. Late steps of the total synthesis of nominal 1 (Harran et al.).
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the inhibition of the growth of human ovarian adenocarcino-
ma OVCAR-3 in vitro.

While analyzing the correct structure of diazonamide A,
Harran et al. have speculated about its biosynthesis. Retro-
spectively, it is plausible that the diazonamide polycycle is
biosynthetically constructed from four natural amino acids
(Scheme 10). In this respect, the core can be traced back to an
oxidized ditryptophan unit which is oxidatively coupled to a
tyrosine residue.
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Scheme 10. Biosynthesis proposed by Harran et al. [O]� oxidation.

The scientific merit of the studies by various research
groups outlined above rests above all in the discoveries and
contributions made in the field of synthetic methods. How-
ever, one cannot help but also confess some amazement: The
diazonamide story reminds us that the synthetic chemistry of
natural products at the cutting edge can be counted on to have
surprises in store for its practitioner, not only in the hidden
treasures it reveals but also in the impact on biology. The
revised structures will again challenge organic chemists as
targets for synthesis. The modular aspects of the strategies
reported to access the nominal diazonamides are certainly
flexible enough to provide potential access routes to the
natural product. However, anyone who has partaken in a
synthetic challenge of this magnitude knows that even the
slightest structural change in an advanced intermediate of a
synthetic route can have substantial repercussions for the
success or failure of the route. The NH2�OH exchange in the
revised diazonamide structure cannot be considered trite, and
one can look forward to continuing studies into this synthetic
challenge and its culmination.

Abbreviations

cap caprolactamate
mCPBA meta-chloroperbenzoic acid
dba trans,trans-dibenzylideneacetone
Dess ±Martin [O] Dess ±Martin periodinane
DIBAL-H diisobutylaluminum hydride
DMAP 4-dimethylaminopyridine
DMF N,N-dimethylformamide
DMSO dimethylsulfoxide
dppf 1,1�-bis(diphenylphosphanyl)ferrocene
EDCI 1-(3-dimethylaminopropyl)-3-ethylcarbo-

diimide hydrochloride
HMPA hexamethylphorphoramide
imid. imidazole
LDA lithium diisopropylamide

LiHMDS lithium hexamethyldisilazide
MOM methoxymethyl
Ms methanesulfonyl
MS molecular sieves
NCS N-chlorosuccinimide
PMB p-methoxybenzyl
TBAF tetra-n-butylammonium fluoride
TBSCl tert-butyldimethylsilyl chloride
TMS trimethylsilyl
TsOH p-toluenesulfonic acid
Z benzyloxycarbonyl
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Materials which embed organic dyes, rare earth ions,
complexes, or quantum dots in a matrix with specifically
tailored chemical and optical properties provide a challenging
approach to novel chemical and optical applications. These
materials have the potential to be used in microoptics,
optoelectronics, laser materials, solar cells, sensors, battery
electrodes, and photocatalysis. In this article we focus on
lanthanides encapsulated in zeolites, glass films derived from
sol ± gel processes, and semiconductors.

The research work on the unique luminescent
properties of rare earth elements hosted in
different matrixes is strongly motivated by their
technological importance in optoelectronic devi-
ces.[1] The materials emit over the entire spectral
range of interest: near infrared (NIR; Nd3�,
Er3�), red (Eu3�, Pr3�, Sm3�), green (Er3�, Tb3�),
and blue (Tm3�, Ce3�). Their optical transitions
involve 4f orbitals, which are well shielded
from their chemical environment by 5s2 and
5p6 electrons. The f-f transitions are parity for-
bidden and, as a result, the absorption coeffi-
cients are very low and the emissive rates are
slow, which results in long-lived and linelike
emission bands. As a consequence, direct excita-
tion of the lanthanide ions is unfavorable. The
comparatively fast thermal relaxation of the
excitation energy is a problem when using
lanthanide ions for luminescence. This nonradia-
tive relaxation may occur by interaction of the electronic
levels of the lanthanide ion with suitable vibrational modes of
the environment.[2] The efficiency of these processes depends
on the energy gap between the ground and excited states as
well as the vibrational energy of the oscillators. For example,

when solvents containing OH groups are coordinated to
lanthanide ions, efficient nonradiative deactivations take
place through vibronic coupling with the vibrational states
of the OH oscillators. Replacement of the OH oscillators by
low-frequency OD oscillators, diminishes the vibronic deac-
tivation pathway.[3] Different ways to overcome the difficulties
of low absorptivity and thermal relaxation have been used.
We show the apparently most important ones in Figure 1:

a) matrix excitation followed by energy transfer to the
lanthanide ion, b) ligand�metal charge transfer followed
by lanthanide f-f emission, and c) ligand-centered absorption
followed by energy transfer to the lanthanide ion.

We first discuss the use of coordinating ligands as sensi-
tizers. After absorption of light by the ligands, the electronic
excitation energy is transferred and results in a luminescence
of the lanthanide ion (see Figure 1c). A possibility, given by
Vˆgtle, Balzani, and co-workers, is to use a specially designed
dendrimer which is able to play the role of the ligand for the
lanthanide ions but which is also capable of working as an
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Figure 1. Three paths to efficient lanthanide luminescence (ET� energy transfer; REE�
rare earth emission; LMCT� ligand�metal charge transfer absorption; LC� ligand-
centered absorption). a) A matrix is excited above the band-gap energy and, after energy
transfer, the lanthanide ion emits. b) Ligand�metal charge-transfer absorption can lead to
an excited lanthanide ion which luminesces. c) Ligand-centered absorption excites a ligand
which transfers its electronic excitation energy to a lanthanide ion that fluoresces.
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Materials which embed organic dyes, rare earth ions,
complexes, or quantum dots in a matrix with specifically
tailored chemical and optical properties provide a challenging
approach to novel chemical and optical applications. These
materials have the potential to be used in microoptics,
optoelectronics, laser materials, solar cells, sensors, battery
electrodes, and photocatalysis. In this article we focus on
lanthanides encapsulated in zeolites, glass films derived from
sol ± gel processes, and semiconductors.

The research work on the unique luminescent
properties of rare earth elements hosted in
different matrixes is strongly motivated by their
technological importance in optoelectronic devi-
ces.[1] The materials emit over the entire spectral
range of interest: near infrared (NIR; Nd3�,
Er3�), red (Eu3�, Pr3�, Sm3�), green (Er3�, Tb3�),
and blue (Tm3�, Ce3�). Their optical transitions
involve 4f orbitals, which are well shielded
from their chemical environment by 5s2 and
5p6 electrons. The f-f transitions are parity for-
bidden and, as a result, the absorption coeffi-
cients are very low and the emissive rates are
slow, which results in long-lived and linelike
emission bands. As a consequence, direct excita-
tion of the lanthanide ions is unfavorable. The
comparatively fast thermal relaxation of the
excitation energy is a problem when using
lanthanide ions for luminescence. This nonradia-
tive relaxation may occur by interaction of the electronic
levels of the lanthanide ion with suitable vibrational modes of
the environment.[2] The efficiency of these processes depends
on the energy gap between the ground and excited states as
well as the vibrational energy of the oscillators. For example,

when solvents containing OH groups are coordinated to
lanthanide ions, efficient nonradiative deactivations take
place through vibronic coupling with the vibrational states
of the OH oscillators. Replacement of the OH oscillators by
low-frequency OD oscillators, diminishes the vibronic deac-
tivation pathway.[3] Different ways to overcome the difficulties
of low absorptivity and thermal relaxation have been used.
We show the apparently most important ones in Figure 1:

a) matrix excitation followed by energy transfer to the
lanthanide ion, b) ligand�metal charge transfer followed
by lanthanide f-f emission, and c) ligand-centered absorption
followed by energy transfer to the lanthanide ion.

We first discuss the use of coordinating ligands as sensi-
tizers. After absorption of light by the ligands, the electronic
excitation energy is transferred and results in a luminescence
of the lanthanide ion (see Figure 1c). A possibility, given by
Vˆgtle, Balzani, and co-workers, is to use a specially designed
dendrimer which is able to play the role of the ligand for the
lanthanide ions but which is also capable of working as an
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antenna.[4] The dendrimer was used as a light-harvesting
ligand for enhancing the NIR luminescence of the Nd3� ion.

Zeolites possess pore structures and these enable them to
act as host for molecules and ions. The cations present in the
pores of the zeolites have a charge-compensating function and
can generally be exchanged. Rare earth ions and some of their
complexes can be inserted by ion exchange.[5] Ligands can
protect the lanthanide ions from the water molecules present
in zeolites under ambient conditions.[2a] The zeolite frame-
work itself, which consists of a corner-sharing network of
tetrahedrally coordinated TO4 units (T� Si, Al, P, Ga, B, Be,
Ti), only has low vibration quanta which are not expected to
contribute much to nonradiative deactivation of the excited
state of the lanthanide ion. Ligands containing organic
chromophores can be used to excite the lanthanide ion by
the mechanisms shown in Figure 1b and 1c.[2a, 5b] However,
conventional ligands do not usually give rise to inert
complexes because the lanthanide ions are unable to form
strong coordination complexes as a result of their electronic
configuration.[2b] Depending on the solvent, this situation
leads to a competition of the coordination sites between the
ligands and solvent molecules. Lanthanide ions inside zeolite
pores that are not complexed must be excited by sensitization
of another species. For this, one can use, for example,
Ce3� ions which have allowed f-d transitions.[6] Intrazeolite
transitions, which occur at about 180 nm in the UV spectrum,
have been reported to sensitize lanthanide ions.[5a] It is not
clear, however, to what extent charge-transfer transitions
between the zeolite framework oxygen atoms and metal
cations, which were found to be important in other cases, play
a role in these materials.[7]

Another strategy is to use the high porositivity of glass films
derived from sol ± gel processes by incorporating inorganic
lumophores, such as lanthanide cryptate or other macrocycles,
as light-harvesting centers.[8] These efficiently collect photons
and subsequently transfer their energy to the lanthanide ions
to produce intense luminescence. The luminescence can be
activated or enhanced by the presence of a molecule to be
sensed. The target molecule must diffuse through the porous
network of the film and bind to the lanthanide ion, thus
increasing the emission of the light-harvesting centers. The
sensors work by simply monitoring the emission intensity
from the lanthanide centers. The advantageous mechanical
and chemical stability, as well as the optical transparency of
sol ± gel matrixes, has been investigated as optical pH sensors
based on luminescent lanthanide complexes.[9] Very recently,
an enhanced fluorescence has been reported[10] from Eu3�-
doped silica gels in which CdS nanoparticles were adsorbed
onto the pore surface of the gels. The CdS colloids were able
to enhance the photoluminescence of the europium ions by
energy transfer, even in the gel state.

Another way to minimize the difficulties of low absorptivity
and nonradiative relaxation is by encapsulating the lanthanide
ions in a semiconducting matrix. Charge carriers in a semi-
conductor can recombine at a lanthanide-related trap site in
the matrix and transfer their recombination energy to the
lanthanide ion, which then becomes excited and subsequently
emits. Therefore, the lanthanides have been studied as
emission amplifiers for semiconductors, which have an

intrinsic indirect bandgap, such as silicon.[11] Er3�-doped
silicon nanoparticles have been prepared by copyrolysis of
disilane and a volatile erbium complex. These materials show
a characteristic NIR photoluminescence of the Er3� ion at
1540 nm.[12] The charge carriers can be generated optically,
which results in photoluminescence, or electrically, which
gives electroluminescence. Both processes have been ob-
served at room temperature in Eu3�-doped thin films of GaN
grown on Si substrates.[13] Conde-Gallardo et al. showed that
the semiconducting nature of TiO2 grown by the sol ± gel
method on glass and on a crystalline silicon substrate provides
a suitable environment for enhancing the luminescence of the
Eu3� ion.[14] Excitation above the bandgap energy of the
Eu3� ±TiO2 layers on glass or on silicon lead to intense Eu3�

emission. The process seems to correspond to the mechanism
shown in Figure 1a. Excitation below the bandgap energy
mainly caused some weak luminescence from a TiO2 defect.

Thermally stable and ordered mesoporous metal oxides
(for example, TiO2, ZrO2, Al2O3, SiTiO4, ZrTiO4) are
interesting and attractive host matrixes. Stucky and co-
workers reported a simple and versatile synthesis for materi-
als with a pore size of up to 14 nm.[15] They used amphiphilic
block copolymers as structure-directing agents in non-aque-
ous solutions. Hexagonal or cubic mesostructures have been
obtained, depending on the agent used. These mesoporous
oxides contain nanocrystalline domains within relatively thick
amorphous walls. For example, a well-ordered cubic array of
TiO2 mesopores of about 7 ± 8 nm in size and a wall structure
composed of 1 ± 5-nm anatase nanocrystallites embedded in
an amorphous titanium oxide matrix was obtained by this
procedure.[16] This interesting two-phase wall structure of
ordered TiO2 nanoparticles was successfully tested as a host
for Eu3� ions.[17] A cubic mesostructured matrix of titanium
dioxide with a three-dimensional array of embedded anatase
nanocrystals was doped with high concentrations of Eu3� ions
(up to 8 mol%). The semiconducting anatase nanocrystallites
were found to sensitize the Eu3� activator, which leads to an
energy-transfer system shown in Figure 1a) that produces a
bright red luminescence (ca. 614 nm). Most amazing is the
simple preparation by dip-coating and subsequent heat treat-
ment of such films. These films were reported to have a self-
assembled framework, high surface area, and to be air and
moisture stable.
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Entropy strikes again

Anyone who has experience in moving house [the Angewandte team has
just done this!] knows that those boxes filled with small books are the

heaviest, because these small objects pack so easily. The same 
entropy effect explains the catalytic selectivity towards the 

formation of branched hydrocarbons in zeolites. The 
pink tubes represent the zeolite pores at high 

loading in which effective size differences 
between linear and branched mole-

cules (top tube) determine the
selectivity (bottom tube).

For more information
see the following pages.
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Understanding Zeolite Catalysis: Inverse Shape
Selectivity Revised**
Merijn Schenk, Sofia Calero, Theo L. M. Maesen,
Lucas L. van Benthem, Martijn G. Verbeek, and
Berend Smit*

The molecular aspect of shape selectivity in zeolites is one
of the key factors in zeolite science and technology of which a
better understanding is required. The prediction of even
qualitative aspects of a product distribution for a given
reaction in a particular zeolite would be a significant step
forward.[1] In this respect the work of Santilli et al. ,[2] which
introduced the concept of inverse shape selectivity, can be
seen as an important step. Inverse shape selectivity was used
to explain the high yield of dibranched alkanes in AFI-type of
zeolites. This concept is one of the first, apparently successful
attempts, to predict some aspects of a product distribution by
using molecular simulations. Traditional shape selectivity
states, for example, that molecules will not (trans-)form if
they are too bulky to fit inside a channel of a zeolite. There-
fore, selectivity can be obtained by selecting zeolites with
different channel sizes. Santilli et al. argued that the inverse
process could also result in shape selectivity: those molecules
form that have an optimal fit within the channels. For
example, a difference in combustion properties (octane value)
provides an economic incentive to prefer the formation of
branched paraffins to linear paraffins. The concept of inverse
shape selectivity tells us that this demand can be met by using
zeolites that afford a maximum difference in Gibbs free
energy between the branched and linear isomers. Using state-
of-the-art simulation techniques and force fields, Santilli et al.
demonstrated that their idea correlated perfectly with the
measured selectivity. More importantly, Santilli et al.×s con-
cept could be used to predict the optimal structure of a zeolite.

The initial motivation of our work was to redo and further
refine the calculations of Santilli et al. by using more
advanced simulation techniques and improved force fields.
Whereas the simulations of Santilli et al. were limited to the
energetic contributions, our approach, which uses the config-
urational-bias Monte Carlo (CBMC), allows computations of
the entropic contributions as well.[3] In addition, Santilli et al.

Figure 1. Experimental and simulated normalized DMB/n-C6 yield ratios
(y) for various zeolite structures at T� 577 K and P� 3000 kPa. The ratios
were normalized by setting the value for the FAU-type zeolite at one. The
experimental ratios (red) were determined from n-C16 hydroconversion
experiments,[2] the calculated ratios were taken from simulated adsorption
isotherms of 2,2-DMB/n-C6 (yellow) and 2,3-DMB/n-C6 (blue) or from
Henry coefficients (green). The numbers in parentheses are the average
pore sizes [ä]. DMB� dimethylbutane, n-C6�n-hexane.

used the CVFF force field. Macedonia and Maginn have since
shown that this force field is not particularly suited for
simulating branched paraffins,[4] for example, the CVFF force
field does not reproduce the step that is clearly visible in the
measured isotherms of isobutane adsorption by MFI-type
silica at approximately half the loading.[2] The force field we
used does describe the adsorption isotherms of linear and
branched alkanes in MFI quantitatively.

To our surprise, these ™improved∫ simulations predict that
the free energies of the linear and branched isomers in the
™optimal∫ zeolites are nearly identical (see Figure 1). This
result suggests that none of the ™optimal∫ zeolites would favor
the formation of branched alkanes. This prediction is in
marked disagreement with the significant differences in
selectivity observed experimentally. This situation suggests
that the initial success of the predictions of Santilli et al. may
have resulted from a fortuitous cancellation of errors. More
importantly, our results also question the molecular interpre-
tation of Santilli et al. , that an optimum match between a
branched molecule and the zeolite channel induces the
selectivity. Here, we will demonstrate that the molecular
basis of inverse shape selectivity is related to entropic effects
inside the zeolite pores under conditions where the zeolites
are (almost) fully saturated.

An important assumption in the calculations of Santilli
et al. is that at reaction conditions the loading is sufficiently
low, such that alkane ± alkane interactions can be ignored. To
test this assumption, we have computed adsorption isotherms
for various C16 isomers, which is the reactant of the reaction of
interest. Figure 2 shows a binary isotherm (577 K) of equal
amounts of 2,5,8,11-tetramethyldodecane (a teM-C12) and
n-C16 in AFI-type pores. At low pressures there is little
difference between the loading of the isomers, which is
consistent with our observation that the free energies of these
isomers at low loading are similar. However, if we consider
the loading under reaction conditions (3� 103 kPa), the
adsorption isotherm shows that these pores are fully saturated
with reactants. In addition, the AFI-type pores strongly prefer
the adsorption of the shortest, most compact molecule, teM-
C12, to that of the longer molecule, n-C16. Similar simulations
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Figure 2. Simulated adsorption isotherms of equal amounts of teM-C12

(black) and n-C16 (red) in AFI- (�) and DON-type (�) pores at T� 577 K.
The total loading is given in purple. The grand canonical Monte Carlo
simulations have been performed using the CBMC technique as described
in Vlugt et al.[9] A united atom force field has been used to describe the
alkane ± alkane interactions and the zeolite ± alkane interactions. The
parameters can be found in ref. [9]. AFI and DON have 1D linear pores
with average channel diameters of 7.3 and 8.2 ä, respectively.

of different pore structures show that also the other systems
are fully saturated with reactant under reaction conditions.
These results clearly indicate that a key assumption under-
lying the mechanism of inverse shape selectivity does not
hold. An alternative mechanism is therefore needed.

Since teM-C12 is the most likely source for dimethylbutane
(DMB), and dimethyltetradecane (dM-C14) the most likely
source for n-hexane (n-C6),[5, 6] it would be tempting to
conclude that the DMB/n-C6 ratio in the hydrocracking
products is related to the differences in free energy of
formation of these highly branched C16 isomers. However,
Figure 2 also shows that similar
differences in free energy are
observed for the DON struc-
ture, which has a much larger
pore diameter but does not
yield a high DMB/n-C6 ratio.[7]

These results demonstrate that
at reaction conditions the zeo-
lites are saturated with bulky
C16 isomers, which have a very
low diffusion coefficient, hence
the exchange between gas
phase and adsorbed phase will
be extremely slow. Therefore
we cannot assume that the ad-
sorbed phase is in thermody-
namic equilibrium with the gas
phase. However, this does im-
ply that the adsorbed phase will
exhibit an intracrystalline ther-
modynamic equilibrium, that is,
the zeolite will preferentially
form those isomers that have
the lowest free energy of for-
mation at the conditions of
interest. In other words, the
product molecules are trapped
sufficiently long in the zeolite

that they will hydroisomerize towards their intracrystalline
thermodynamic equilibrium distribution. If this assumption
holds, the product distribution is determined by the relative
intracrystalline Gibbs free energies of formation at reaction
conditions. Since we do not know the composition of the
various isomers at these conditions, we cannot compute these
free energies exactly. The free energies can be approximated
if we assume that the dominant factor is that the zeolite is
completely saturated with hydrocarbons, and that the exact
composition of the hydrocarbons is of secondary importance.
In the structures of interest the molecules align nose to tail,
and since the molecules only see the tail and nose of there
neighbors it is of secondary importance whether the rest of the
molecule is big or small.

We estimate the Gibbs free energy of formation of the
hexane isomers by a binary mixture of 2,2- or 2,3-dimethyl-
butane (2,2-DMB or 2,3-DMB) and n-hexane (n-C6) at
reaction conditions and compute the relative free energies
of these two components. In Figure 1 these DMB:n-C6 ratios
are plotted for various zeolite structures. For small-pore
zeolites the branched products are too bulky to form, giving
selectivity towards the linear isomers. For the large-pore
zeolites the linear and branched molecules are equally likely
to form. An optimal selectivity is obtained for zeolites with
pore size of approximately 7 ä. This observation is exactly
what is found experimentally.[2]

A molecular explanation of our observation is shown in
Figure 3. Talbot[8] has shown that if we pack molecules in a 1D
pore, at high pressures the smallest molecule will expel the
bigger molecule. This is a purely entropic effect. A real zeolite
is not a pure 1D system, therefore it is important to introduce

Figure 3. Adsorption of linear and branched hexane isomers in AFI (left) and AET (right). The ™snapshots∫
show some typical conformations of the linear and branched isomers. In the smaller tube (AFI) the linear isomers
are stretched while in the wider tube (AET) coiled conformations are also observed. Top: the projected end-to-
end distance distribution of n-hexane (red) and 2,2-DMB (black), the arrows indicate the effective size of the
molecules.
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Crystal engineering is the planning of the properties and
functions of crystalline materials by using preorganized
molecules.[1] This process involves the control of crystal

the effective size of a molecule, which is defined as the end-to-
end distance projected on the center line of the channel.
Figure 3 shows the distribution of this distance for a large
(AET) and optimal pore size (AFI). In the large-pore
structure we observe for the linear isomer a very broad
distribution, reflecting all possible conformations (curled and
stretched) of this isomer. Hence, the effective size of the linear
and branched isomer is nearly identical. If we reduce the size
of the channel, this distribution is dominated by the stretched
conformations, which increases the effective size of the linear
isomers. Because the effective size of the linear isomer is
large, these molecules are expelled at high pressure.

An important difference between the concept of inverse
shape selectivity and our entropic explanation is the role of
the zeolite. Inverse shape selectivity indicates that one should
look at those zeolites, which have an optimal ™match∫ for the
branched isomer. In our mechanism the role of the zeolite is to
provide an environment in which the length differences
between the linear and branched isomers are maximum,
which translates into an optimal pore diameter. For a given
pressure, the maximum selectivity is determined by the
relative effective sizes of the alkane molecules. The details
of the channel structure are in this mechanism of secondary
importance. This situation suggests that we can ™optimize∫
any zeolite structure by tuning its diameter. In Figure 4 we
have performed this optimization for several known zeolite
structures by changing the pore diameters by a simple scaling
factor. Of course, such an optimization cannot be performed
in practice, but does illustrate our point that irrespective of
the details of the zeolite a similar optimal selectivity is
obtained for nearly identical channel dimensions. At lower
temperatures or higher pressures the entropy effect is more
pronounced and a better selectivity could be expected. The
results shown in Figure 4 are at lower temperatures than those
in Figure 1 (403 K versus 577 K). The data at these lower
temperatures give significantly higher selectivities. A similar
effect can be expected from an increase of the pressure.

Two conclusions of practical importance can be drawn from
our work. We have shown that there is a thermodynamic limit
to the maximum selectivity that can be obtained for these
types of reactions. This limit implies that any novel zeolite

Figure 4. Normalized 2,2-DMB/n-C6 yield ratios (with respect to the FAU
selectivity) for some ™optimized∫ pore structures at T� 403 K and P�
1000 kPa. The size of MOR- (black, pore too small), AFI- (red, optimal),
AET- (green, too wide), and DON-type (blue, too wide) channels was
adjusted by scaling the coordinates. The open symbols represent the zeolite
structures before resizing. MOR was first made circular before the scaling
was applied.

structures will have a selectivity towards branched paraffins
which is at best similar to the selectivity of MAZ and AFI. A
more successful approach to increase the selectivity would be
to operate at higher pressure or lower temperatures, since the
entropy effect is more pronounced at these conditions.
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packing based on information from the chemical structure of
the molecules and is required to clarify the correlation
between the structure and functions. Topochemical polymer-
ization, which is one of the most important functions of
crystalline materials, is the specific crystal-to-crystal reaction
to give a unique chain structure and a polymer single crystal
that cannot be manufactured by solution polymerization or by
recrystallization of a preformed polymer from its solution or
melt. This technique is very useful in developing nanomate-
rials and devices in constrained media including layers,
channels, and solid surfaces.[2] It is well known that some
limited diyne and olefin monomers undergo topochemical
polymerization,[3±7] but other monomers have long been
believed not to polymerize in a topochemical manner. In
fact, no designer crystal has been reported for the 1,3-diene
monomers, despite the pioneering work by Tieke et al.
reported in the 1980s regarding the radiation polymerization
of several layered compounds in the crystalline state.[8] In
recent years we have studied the solid-state photopolymeri-
zation of various 1,3-diene monomers, including the esters and
alkylammonium salts of the (Z,Z)- and (E,E)-muconic and
sorbic acids, which proceeds by means of a topochemical
reaction mechanism.[9±13] The polymer crystals obtained were
characterized as organic intercalation materials.[1d, 9]

Here we propose principles for the topochemical polymer-
ization of 1,3-diene monomers to predict the polymerization
reactivity and design crystalline polymer materials. Currently,
topochemical polymerization is opened not only to the diyne
library, but also to the larger and more popular diene library.
This is a first step in the rational design for the topochemical
polymerization of diene monomers, moving away from the
trial-and-error approach. Diene polymerization has potential
for the construction of advanced organic materials in the solid
state, because the topochemical polymerization of diyne and
diene monomers provides different types of polymers, that is,
conjugate and nonconjugate polymers, respectively, which
could be used as molecular devices for optics and optoelec-
tronics.

We have investigated the molecular packing in the crystals
of many diene monomers that can or cannot undergo
topochemical polymerization. All the muconic and sorbic
acid derivatives with Z,Z and E,E configurations (1 ± 4,
Scheme 1) have similar molecular conformations in the
crystalline state, that is, they are s-trans dienes with a highly
planar structure.[14] The stacking structure of the monomers
was evaluated by using the following parameters (Figure 1):[15]

the intermolecular distance between carbon atoms that react

Figure 1. Definition of stacking parameters used for the prediction of the
topochemical polymerization reactivity. dcc is the intermolecular distance
between the 2 and 5� carbon atoms. ds is the stacking distance between the
adjacent monomers in a column. �1 and �2 are the angles between the
stacking direction and the molecular plane in orthogonally different
directions. The view from direction I is parallel to a vector through the 2
and 5 carbon atoms of the diene moieties.

to make a new bond during the topochemical polymerization
(dcc), the stacking distance along the column (ds), and the
angles between the stacking direction and the molecular plane
in orthogonally different directions (�1 and �2). The values of
the parameters determined for the monomers 1 ± 4 are
summarized in Table 1.[16]

The polymerizable monomer crystals exhibit dcc values in
the range between 3.6 and 5.7 ä, and the distance increases in
the order of monomer species 1� 3� 4. The �1 and �2 values
are also dependent on the monomer structure. In contrast, all

the ds values are in an exclusively limited region of 4.9 ±
5.1 ä. Figure 2 shows the relationship between the ds and
�2 values. The blue curve is calculated for the closest
packing of the planar molecules with a thickness of 3.5 ä
and �1 of 90�. For esters 1 and 2, the plots are situated near
the calculated curve because of the closest packing of the
planar molecules in the crystals. In contrast, the ammo-
nium derivatives often favor structures other than the
columnar structure which results in the scattered points
far from the calculated curve. This is caused by the
diversity in the hydrogen bond pattern including one-
dimensional ladders and two-dimensional sheets, depend-Scheme 1. Diene monomers examined in this study.

Table 1. Stacking structure of the topochemically polymerizable muconic
and sorbic acid derivatives in the crystals.

Monomer R dcc [ä] ds [ä] �1 [�] �2 [�]

1 ethyl 3.79 4.93 79 49
1 4-chlorobenzyl 3.57 5.12 82 44
3 benzyl 4.24 4.86 67 55
3 2-chlorobenzyl 4.19 4.94 62 52
4 2-methylbenzyl 5.35 5.00 28 60
4 4-methylbenzyl 5.43 4.93 24 61
4 1-naphthylmethyl 5.37 4.99 29 61
4 �R�� p-xylylene 5.47 4.99 25 60
Lithium sorbate ± 5.69[a] 5.04[a] 7[a] 32[a]

5a R1�R2�R3�H 5.31 4.95 29 61
5d R1�R2�CH3, R3�H 3.30 4.90 87 42

[a] Calculated from the crystal structure reported in [ref. 22].
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Figure 2. Relationship between the ds and �2 values for the 1,3-diene
monomers in the crystals. (�) 1, (�) 2, (�) 3, (�) 4, and (�) 5 ; data for
lithium sorbate (�) reported by Schlitter and Beck.[22] Closed and open
symbols represent polymerizable and nonpolymerizable monomers, re-
spectively.

ing on the structure of the N-substituted groups. Several
monomers have smaller dcc and ds values, and although this
appears to be advantageous for the polymerization, they are
actually nonpolymerizable (see also Supporting Information).
For example, the diethyl ester of 1 has an alternative crystal
structure at a low temperature as a result of the first-order
phase transition,[17] which seriously affects the polymerization
reactivity; this monomer polymerizes quite rapidly at room
temperature, but not at all below �45 �C. The stacking
parameters of 1 (R�Et) determined at a low temperature
(dcc� 3.88 ä, ds� 4.25 ä, �1� 80�, and �2� 57�) are very
similar to those given in Table 1 for the polymerizable
structure. In this way, a slight change in the ds value from
4.93 to 4.25 ä or a deviation from the shaded red zone in
Figure 2 diminishes the polymerization reactivity of the
diethyl ester of 1.

Which factor determines the polymerization reactivity? We
emphasize the importance of the ds value for the topochem-
ical polymerization process. Namely, the stacking distances of
the polymerizable monomers are close to the values of the
repeating unit, that is, a fiber period of polymer chains with a
fully stretched conformation, produced along with a crystallo-
graphic axis in the crystals. The fiber period for the ethyl ester
polymer of 1 was determined to be 4.84 ä from the X-ray
diffraction data gathered for the polymer single crystal.[10] If
the polymerization proceeds for monomers with ds values
greater or smaller than 5 ä, then the monomer molecules
have to translate along the stacking axis during the polymer-
ization. When ds is close to the fiber period of the resulting
polymer, monomer molecules rotate with the minimum
translational movement and make a bond between the 2
and 5� carbon atoms.

The principles of diene polymerization seem to be similar to
those for diynes, which are already well established,[4] but the
former are more sensitive to structural changes in the
monomer crystals. This results from the difference in the
planar and linear molecular shapes of dienes and diynes,
respectively, that is, the direction of the � orbital of the

reacting moieties. Because the structural factors of diene
polymerization in the crystalline state are not as straightfor-
ward as those for diyne polymerization, the discovery and
generalization of the former has lagged behind.

The next question is how to make a suitable stacking
distance of 5 ä for the polymerization in the crystals of the
diene monomers. Some ™supramolecular synthons∫[19] are
available for the topochemical polymerization of the ammo-
nium and ester derivatives of the 1,3-diene carboxylic acids:
two-dimensional hydrogen bond networks, aromatic ring
stacking, and CH/� or halogen ± halogen interactions (Fig-
ure 3). It is noteworthy that a naphthylmethylammonium

Figure 3. Supramolecular synthons for the molecular stacking with a 5 ä
distance, which is appropriate for the topochemical polymerization of the
1,3-diene monomers. a) Two-dimensional hydrogen bond network formed
between primary ammonium and carboxylate groups, which act as triple
hydrogen bond donors and acceptors, respectively. b) Aromatic ring
stacking. The benzyl and naphthylmethyl moieties are packed in the
crystals with a herringbone or �-type structure. c) CH/� interaction
between aromatic and benzyl groups. In the naphthylmethylammonium
crystals, interactions between the � and aromatic or benzylic hydrogen
atoms are observed. In the crystals of benzylammonium, 4-methylbenzyl-
ammonium, and p-xylylenediammonium crystals, an interaction of �-
electrons with the benzylic hydrogen atoms is important. d) Halogen ±
halogen zigzag chains. The validity of this interaction has been proved by
the chlorine atom substitution of the benzyl ester of 1.[23] Similar halogen
chains are also observed in the crystals of the chloro-substituted benzy-
lammonium salts of 3.

counterion enforces a robust layer structure in which diene
carboxylic acid molecules are arranged in a fashion appro-
priate for the polymerization. These crystals show the
synergetic effects of the two-dimensional hydrogen bond
network, aromatic stacking, and CH/� interaction.[20, 21] Fur-
thermore, we tested the polymerization reactivity of several
diene carboxylic acids other than the muconic and sorbic acids.
All the substituted diene monomers 5a ± 5e (Scheme 1 and
Table 2) polymerized by means of a topochemical polymer-
ization mechanism to give the corresponding stereoregular
polymers under photoirradiation in the crystalline state. The
crystal structures and molecular packing (5a and 5d in Table 1)
were again similar to those of other polymerizable sorbate and
muconate monomers which indicates that the polymerization
principles are valid for a variety of diene monomers.

Here we have proposed reaction principles for the top-
ochemical polymerization of 1,3-diene monomers in the
crystalline state. In the crystals of polymerizable monomers,
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diene molecules stack in a columnar structure with an
exclusively limited stacking distance of 5 ä, a value close to
the repeating distance of the monomer units in the resulting
polymer chain and appropriate for the polymerization by a
topochemical reaction mechanism. We have also identified
supramolecular synthons for constructing the desired mono-
mer stacking in the crystals by using weak intermolecular
interactions such as the two-dimensional hydrogen bond
networks, aromatic ring stacking, and CH/� or halogen ± hal-
ogen interactions.

Experimental Section

The muconic and sorbic acid derivatives used in this work were prepared by
the methods described in previous papers.[9, 11, 12] The reaction of malonic
acid and acrolein was used to prepare trans-2,4-pentadienoic acid;[24]

subsequent reaction with 1-naphthylmethylamine gave 5a quantitatively.
Precursor carboxylic acids for 5b ± 5e were synthesized by the reaction of
triethylphosphonoacetate with the corresponding unsaturated aldehydes
followed by hydrolysis.

Typical procedure: To NaH (1.42 g, 0.036 mmol) in dry THF was added
triethylphosphonoacetate (7.1 mL, 0.036 mmol), and then 3-methyl-2-
butenal (3.0 g, 0.036 mmol) in THF was added dropwise over 1 h. The
reaction mixture was stirred overnight. Silica gel column chromatography
(hexane/ethyl acetate 10:1) provided ethyl 2-trans-5-methyl-2,4-hexadie-
noate. After hydrolysis with KOH, 2-trans-5-methyl-2,4-hexadienoic acid
was isolated as a yellowish powder. Yield 2.65 g (60%). The quantitative
reaction with 1-naphthylmethylamine provided 5b, which was recrystal-
lized from methanol.

Photoirradiation was carried out with a high-pressure Hg lamp (Toshiba
SHL-100-2, 100 W) at a distance of 10 cm through a Pyrex filter. The
polymer yield was determined gravimetrically after any unreacted mono-
mer had been removed with methanol or chloroform. Single-crystal X-ray
data were collected on a Rigaku RAXIS RAPID diffractometer or Nonius
Kappa CCD system with MoK� radiation (�� 0.71073 ä) or CuK� radiation
(�� 1.5418 ä) and a graphite monochromator. The structures were solved
by direct methods with the programs SIR88 and SIR92 and refined by using
full-matrix least-squares procedures. All the calculations were performed
with the CrystalStructure crystallographic software package of Molecular
Structure Corporation or maXus of Mac Science, Japan.
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A High Nuclearity, Mixed-Valence
Manganese(���,��) Complex:
[Mn21O24(OMe)8(O2CCH2tBu)16(H2O)10]**
Jonathan T. Brockman, John C. Huffman, and
George Christou*

High-nuclearity manganese carboxylate clusters have been
attracting intense interest during the last several years from
scientists in various disciplines. This is because of a combina-
tion of factors, not least their aesthetic qualities and their
unusual magnetic properties.[1, 2] The latter arise from their
large, and often abnormally large, ground-state spin values,
which, in combination with significant easy-axis-type magne-
toanisotropy, leads to Mn clusters exhibiting the new mag-
netic phenomenon of single-molecule magnetism.[2] This
property is the ability of discrete molecules to exhibit the
superparamagnet-like property of slow magnetization relax-
ation and thus to behave as magnets below their blocking
temperature by exhibiting magnetization versus field hyste-
resis.[3, 4] The first single-molecule magnet (SMM) was
[Mn12O12(O2CMe)16(H2O)4] (1), which possesses an S� 10
ground state,[3, 5] and a number of other Mnx SMMs have since
been discovered.[1, 2, 6±9]

As part of a continuing effort to prepare new clusters with
large S values that might be SMMs, we have been ex-
ploring new reactions of 1, or its derivatives, such as
[Mn12O12(O2CCH2tBu)16(H2O)4] (2), which can readily be
prepared from 1 by a ligand-substitution procedure.[10] A
solution of 2 in CH2Cl2 was treated with an equal volume of
MeOH, and the solution concentrated by slow evaporation
over several days. After a brown solid was removed by
filtration, black crystals of [Mn21O24(OMe)8(O2CCH2tBu)16-
(H2O)10] (3) formed over few days. The yield is very low
(�3%) but the reaction has been reproduced several times.
The structure of 3 (Figure 1, top)[11] consists of anMn core that
is approximately planar and is ligated on the periphery by
16 �-O2CCH2tBu groups and 10H2O molecules. The complex
is trapped valence, the MnIII ions being the outer Mn6 ±Mn11
atoms and their symmetry-related partners; the complex has
crystallographic Ci symmetry. The MnIII ions were identified
by their metric parameters and Jahn ±Teller distortions. As
expected, the Jahn ±Teller elongated MnIII�O bonds
(2.135(9) ± 2.323(8) ä) are significantly longer than the other
MnIII�O bonds (1.858(7) ± 1.981(8) ä). The MnIV�O bonds
are in a narrower range (1.838(7) ± 1.956(8) ä). The 21 Mn
ions are not all in the same plane: the nine MnIV ions (Mn1 ±
Mn5) and twoMnIII ions (Mn8) are co-planar, but the twoMn5

Figure 1. Top: ORTEP plot of the molecular structure of complex 3 (the
thermal ellipsoids are set at 50% probability). Bottom: side view showing
Mn4� (red), Mn3� (green), and O (yellow) atoms to emphasize the planar
central Mn11 unit.

crescents (Mn7, Mn6, Mn11, Mn10, Mn9) at top and bottom
are slightly above and below this plane (Figure 1, bottom). The
central oxide-bridged Mn9 unit is reminiscent of the planar
CdI2-type sheet structure, as indeed is known for MnIV in the
mineral lithiophorite (Al, Li) MnO2(OH)2.[12, 13] Thus, a useful
description of the [Mn21O24(OMe)8] core is as a CdI2-like
[MnIV

9 O20] sheet held within a non-planar [MnIII
12O12] ring. This

description relates the Mn21 structure to that of 1 and 2, which
can be described as a [MnIV

4 O4] cube held with a non-planar
[MnIII

8 O8] ring (Figure 2).[5, 14, 15] Complex 3 also has similarity
to [Mn19O12(OC2H2OMe)14(HOC2H2OMe)10], which also has
an approximately planar Mn19 topology but all the metal ions
are MnII centers.[16] Similarly, complex 3 is also related to the
[Fe17O4(OH)16(heidi)8(H2O)12]3� and [Fe19O6(OH)14(heidi)10-
(H2O)12]� (heidiH3�N(CH2CO2H)2(CH2OH)(CH2CH2OH)
clusters with planar Fex cores.[17, 18]

The magnetic properties of 3 were investigated by solid-
state magnetic susceptibility (�M) measurements in the 1.8 to
300 K range and DC fields up to 7 Tesla. The �MT value
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Figure 2. Comparison of the structures of Mn12 (top) and Mn21 (bottom)
compounds. Color scheme: Mn4� (red), Mn3� (green), O2� (yellow), other
types of O atom (off-white), C (black).

steadily decreases from 42.1 cm3Kmol�1 at 300 K to
19.0 cm3Kmol�1 at 25.0 K, and then decreases more rapidly
to 4.47 cm3Kmol�1 at 2.00 K (Figure 3). The data strongly
suggest predominantly antiferromagntic exchange interac-
tions within 3. To determine the ground state, magnetization
versus field and temperature data were collected in the 1 ± 7 T
and 1.9 ± 10 K ranges and fitted by a matrix-diagonalization
method to a model that assumes only the ground state is
populated and includes axial zero-field splitting (Sƒ2zD).[8] The
best fit gave S� 13/2, g� 1.79, and D��0.53 cm�1. Compa-
rable fits were obtained with S� 15/2, g� 1.55, D�
�0.40 cm�1, and S� 11/2, g� 2.10, D��0.75 cm�1, but were
rejected owing to their unreasonable g value. The obtained
S� 13/2 value is reasonable given that the MnIV ¥¥ ¥MnIV and
MnIV ¥¥ ¥MnIII interactions within the sheetlike structure are
expected to be antiferromagnetic, but that spin frustration[19]

within the triangular M3 units will prevent maximum spin

compensation to give a S� 1³2 ground state. In
[Mn12O12(O2CR)16(H2O)4] complexes, the acute angles within
the central [MnIV

4 O4] cubane lead to ferromagnetic
MnIV ¥¥ ¥MnIV interactions and a correspondingly higher
(S� 10) ground state, even though the nuclearity of Mn12

clusters is almost half that of 3.
The relatively large S and D values suggested 3 might

display the slowmagnetization relaxation of a single-molecule
magnet, and preliminary AC magnetic susceptibility studies
were therefore performed in a 3.5 G field oscillating at
frequencies up to 1500 Hz. No significant out-of-phase (� ��

M�
signal was observed at temperatures �1.8 K (the limit of our
instrument), which suggests that further studies at lower
temperatures are required.

In summary, the methanolysis of 2 in MeOH/CH2Cl2 has led
to an interesting new structural type in higher-oxidation-state
Mn cluster chemistry, a disk-like Mn21 mixed-valent complex.
Mn chemistry continues to surprise and astound with the
remarkable variety and aesthetic beauty of its molecular
offspring.

Experimental Section

A brown solution of 2 ¥ CH2Cl2 ¥MeCN (0.50 g, 0.18 mmol) in CH2Cl2
(50 mL) was treated with MeOH (50 mL). The solution was allowed to
slowly concentrate by evaporation over 5 days, during which time a brown
precipitate was obtained. The solid was removed by filtration and the
filtrate maintained for two more days at room temperature to give well-
formed black crystals of 3 ¥ 10H2O in about 3% yield. Despite the low yield,
the reaction is reproducible, although the quality of the black crystals
varies. Solid dried in vacuo analyzed as solvent-free, elemental analysis:
(%) calcd for C104H220Mn21O74: C 32.80, H 5.82; found for dried sample: C
32.99, H 5.55; selected IR data (KBr pellet): �� � 1634(s), 1559 (w), 1539 (w),
1477 (w), 1456 (w), 1436 (w), 1410 (m), 1384 (s), 1275 (w), 1232 (w), 1121
(m), 1033 (m), 667 (m), 596 (br, s), 503 cm�1 (w). The brown powder has an
IR spectrum similar to that of the crystals, but could not be purified to our
satisfaction. Thus, only the black crystals were employed for character-
ization and study.

Received: February 18, 2002 [Z18727]

Figure 3. Plot of �MT versus T for complex 3.
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Starched Carbon Nanotubes**
Alexander Star, David W. Steuerman, James R. Heath,
and J. Fraser Stoddart*

Dedicated to Professor David N. Reinhoudt
on the occasion of his 60th birthday

Since their discovery[1] in 1993, single-walled carbon nano-
tubes (SWNTs) have found numerous applications[2] in
chemistry and physics on account of their anisotropic shapes
(diameters of around 1 nm and lengths of micrometers),
remarkable strengths and elasticities, and unique physical
properties, for example, high thermal and electrical conduc-
tivities. By contrast, and despite their clear potential, SWNTs
have not yet been fully integrated into biological systems,[3]

mainly because of the considerable difficulty in rendering
them soluble in aqueous solutions.

Initially, the challenge of achieving soluble SWNTs in
organic solvents was addressed by their covalent modifica-
tion–examples include both end-group[4] and side-wall[5]

functionalization. Covalent modification, however, has the
disadvantage that it impairs their physical properties. For
these, and other reasons, we have been attracted by a
supramolecular approach[6] to the solubilization problem–
namely, the noncovalent functionalization of SWNTs by
wrapping polymers around them in the knowledge that
desired features can be grafted onto the polymers, prior to
their being self-assembled around the SWNTs. Considerable
progress[6, 7] has been made in the use of synthetic polymers to
render SWNTs soluble in organic solvents. However, while
some water-soluble polymers[8] and surfactants[9] can bring
aqueous solubilities to SWNTs, they may not be as biocom-
patible as would be desirable.

It was for this reason, amongst others, that we decided to
explore the possibility of solubilizing SWNTs in aqueous
solutions of starch.[10] We knew from our knowledge of the
supramolecular chemistry of fullerenes[11] that cyclodextrins
(CDs) of the appropriate dimensions (�-CD commonly and
�-CD occasionally), and in the correct stoichiometries, will
dissolve fullerenes (C60 and C70, for example) in water.[12] CDs
are the macrocyclic analogues[13] of starch. The connection is
clear. Here, we report 1) that common starch, provided it is
activated toward complexation by wrapping itself helically
around small molecules, will transport SWNTs competitively
into aqueous solutions, 2) that the process is sufficiently
reversible at high temperatures to permit the separation of
SWNTs in their supramolecular starch-wrapped form by a
series of physical manipulations from amorphous carbon, and
3) that the addition of glucosidases to these starched carbon
nanotubes results in the precipitation of the SWNTs from
aqueous solution.
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Starch and, in particular its linear component, amylose
form[10] inclusion complexes with a wide range of guest
molecules. Amylose is composed of �-1,4 linkages between �-
glucopyranose residues, and adopts[14] a left-handed helical
conformation (Figure 1a) in aqueous solution. It forms
inclusion complexes as a result of hydrophobic interactions
between guest molecules and the cylindrical cavity inside the
amylose helix, which typically comprises around six �-�-
glucopyranose resides per turn. The cavity diameter of the
amylose helix is a variable dimension that allows the

Figure 1. a) Schematic representation of the left-handed helix adopted by
amylose when it complexes with small molecules. One �-1,4-linked �-
glucopyranose residue, with its numbering system is overlaid on the helix.
b) Space-filling representation of the result of computer modeling (molec-
ular mechanics and molecular dynamics simulations using the solvation
model for water) between a short (6,6)-SWNT and maltooctaose. c) Sche-
matic representation of the ™pea-shooting∫ type of mechanism whereby
carbon nanotubes displace iodine molecules from the amylose helix.

biopolymer to adapt itself and accommodate the variety of
differently proportioned guest molecules with which it is
known[15] to complex. In the knowledge that amylose can
adjust its helical dimensions according to the size of the guest,
we have carried out molecular dynamics (MD) calculations[16]

to probe the nature of the interactions between a short (6,6)-
SWNT and an amylose fragment (maltooctaose) containing
eight repeating �-1,4-�-glucopyranose residues. These calcu-
lations lend support to the formation of a supramolecular
complex (Figure 1b) in which the maltooctaose wraps itself
helically in a left-handed fashion around the nanotube. The
hydrophobic faces of the �-glucopyranose residues (more
precisely H-3 and H-5 in Figure 1a) interact with the hydro-
phobic surface of the nanotube leaving the three hydroxy
groups on C-2, C-3, and C-6 to orient themselves so that they
point outwards into the aqueous phase surrounding the
complex and form hydrogen bonds to the water molecules
coating its hydrophilic surface.

Our initial experiments, which were carried out on starch,
revealed that, although SWNTs are not soluble in an aqueous
solution of starch, they are soluble in an aqueous solution of a
starch ± iodine complex. We interpret these observations as
suggesting that the initial preorganization of the amylose in
starch into a helical conformation by iodine–or, indeed, by
small organic molecules–prepares the way for a single
carbon nanotube or bundles (Figure 1c) thereof to displace
the many small molecules inside the helix by a ™pea-shooting∫
type of mechanism, whereby enthalpic gain from favorable
van der Waals interactions is aided and abetted by an entropy-
driven process. In search of evidence for this theory, we
examined the ability of iodine complexes of the separate
components–amylose (the linear one) and amylopectin (the
branched one)–of starch[10] to solubilize SWNTs in water.
While the amylose ± iodine complex is just about as good as
the starch ± iodine complex, the amylopectin ± iodine complex
does not solubilize SWNTs in water. Like amylose, amylo-
pectin contains �-1,4-linked �-glucopyranose chains. These
chains, however, carry branches at C-6 on approximately
every 25 �-glucopyranose residues, which also have the
� configuration. The result is a very large molecular weight,
dendrimer-like, glucan which does not complex with iodine
nearly as well as does amylose in aqueous solution. The
amylopectin ± iodine complex is a dull-red color by compar-
ison, in keeping with its impaired ability to form an inclusion
complex with iodine, and hence with SWNTs. It seems,
however, that the presence of amylopectin, along with
amylose in starch, enhances the ability of the latter to form
water-soluble complexes with SWNTs that are stable for long
periods of time. Presumably the highly branched amylopectin
molecules can interact favorably with the amylose-wrapped
SWNTs and thus stabilize them in aqueous solution.

Amylose can apparently solubilize SWNTs directly in water
because of the presence of complexed nBuOH molecules in
most commercially available samples. Analysis of such a
sample in D2O by 1H NMR spectroscopy confirms the
presence of nBuOH (minimum of 10% by wt). The broad
singlet for the methyl protons in nBuOH complexed by
amylose is centered on �� 0.90 ppm, in contrast with that in
free nBuOH, which is better resolved and resonates at



COMMUNICATIONS

2510 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4114-2510 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 14

�� 0.87 ppm. This upfield shift, which is consistent with
literature data[17] for helical amylose complexes with small
organic molecules, has served as an additional probe in our
present studies. Upon addition of an excess of iodine to the
amylose ± n-butanol complex in D2O, a deep-blue color is
formed and the 1H NMR signal for the Me protons in the
nBuOH molecules appears at �� 0.87 ppm. Similar spectro-
scopic behavior was observed during solubilization of SWNTs
in a solution of the amylose ±n-butanol complex in D2O. Thus,
both iodine and nBuOH molecules can be used as templates
for the preorganization of amylose as a left-handed helix prior
to its solubilizing SWNTs in water.

The release of iodine during the solubilization of SWNTs in
an aqueous solution of the blue amylose ± iodine complex is
evident from a comparison (Figure 2) of UV/Vis spectra.

Figure 2. UV/Vis Spectra recorded in water of the blue amylose ± iodine
complex (a, full line), the amylose ± SWNT complex obtained from the
amylose ± iodine complex (b, dashed line) and the amylose ± n-butanol
complex (c, dotted line); O.D.� optical density.

Figure 2a shows the multiple absorptions present[18] in the
UV/Vis spectrum of the amylose ± iodine complex in water.
These absorptions are eradicated upon solubilization of
SWNTs in an aqueous solution of the amylose ± iodine
complex, and the blue coloration is lost. Moreover, SWNTs
solubilized in water with amylose, using two different
templates (iodine and nBuOH), show very similar UV/Vis
spectra (see Figure 2b and c, respectively). These spectra
reveal small features which are characteristic of SWNTs
prepared by the high-pressure carbon monoxide (HiPco)pro-
cess.[19]

We have also investigated the starch-wrapped SWNTs by
atomic force microscopy (AFM) following spin-evaporation
of a drop of their aqueous solution on mica. AFM images
show (Figure 3) small bundles of starched nanotubes which
are covered profusely with amorphous polysaccharide. Excess
of free starch–probably amylopectin in the main–is also
evidently associated with the starch-wrapped SWNTs.

The consequences of enzymatic hydrolysis on the integrity
of the starch-wrapped SWNTs in water has been investigated
using the commercially available amyloglucosidase[20] from
Rhizopus mold. Addition of this enzyme to an aqueous
solution of the starch-wrapped SWNTs results in the precip-
itation of all the nanotubes inside 10 minutes, as indicated by
light-scattering measurements (Figure 4a) and also by
changes (Figure 4b) that are clearly visible with the naked

Figure 3. An AFM image of isolated bundles of starch-wrapped SWNTs
on a mica surface. Amorphous polysaccharide material is seen to aggregate
with the nanotubes mostly at junctions between bundles.

Figure 4. Enzymatic hydrolysis of the starch ± SWNT complex. a) Changes
(y is the refraction in arbitrary units) in light scattering upon addition of
amyloglucosidase and b) a photograph of vials containing the complex
before (left) and after (right) addition of the enzyme.

eye. 1H NMR spectroscopy was also used to follow the
enzymatic hydrolysis of starch-wrapped SWNTs in D2O. The
spectrum of the starch ± SWNT complex in D2O, which,
although severely broadened–probably because of the
presence of ferromagnetic particles carried over from the
process used to produce the SWNTs–changes during the
course of an hour to another broad spectrum, which
corresponds to that of glucose.

The fact that the supramolecular chemistry which operates
between SWNTs and amylose can be conducted under
physical, chemical, or biological control constitutes an im-
portant scientific development[21] with implications for both
carbon nanotube and starch research. At the simplest
practical level, it is now easy to purify SWNTs cheaply, under
ambient conditions, using readily available starch complexes.
A protocol for the cleaning up of SWNTs with starch is given
in Scheme 1. Furthermore, given the recent progress[22] in the
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Scheme 1. Proposed scheme for purification of SWNTs in water with
starch. a) Sonication (water bath–Branson model 1510, 40 kHz) in water
with starch ± iodine complex; b) centrifugation (3300 rpm, 15 min); c) heat-
ing to boiling, whereupon the starch-wrapped SWNTs precipitates out of
solution. The resulting starch-wrapped SWNTs are water-soluble up to
concentrations of 3 gL�1 following sonication for 1 min. d) Addition of
amyloglucosidase and incubation at room temperature for 18 h, followed
by filtration through a PTFE membrane filter and washings with water.

separation of enantiomeric fullerenes, by using amylose-based
chromatographic techniques, the possibility of employing
amylose in some shape or form to differentiate between
enantiomeric carbon nanotubes displaying right- and left-
handed helicities is a prospect that can now at least be
contemplated. Finally, opportunities clearly exist to form
complexes between SWNTs and a range of different amylose
derivatives, so enabling their deeper integration with other
biosystems.

Experimental Section

Commodities: Soluble starch (for iodometry) was from Fisher Scientific.
Amylose, purchased from Aldrich contains more than 10% of nBuOH and
so is ™activated∫ toward the solubilization of SWNTs in water. Amylo-
pectin (from potato starch) was obtained from Fluka. SWNTs, produced by
the literature method,[19] were used as received from Rice University.
Amyloglucosidase fromRhizopusmold (activity, 23 Umg�1) was purchased
from Sigma.

Solubilization of SWNTs in water: An aqueous solution of a starch ± iodine
complex was prepared by saturating a water-soluble starch solution
(10 gL�1) with an excess of iodine overnight. SWNTs (10 mg) were
dispersed in the resulting blue solution (42 mL) of the starch ± iodine
complex (containing 400 mg of starch) by agitation, followed by mild (no
more than 5 min) ultrasonication. A black residue separates from the
starch-wrapped SWNTs on centrifugation at 3300 rpm for 15 min. After
repeating this cycle again on the residue, the amount of amorphous carbon
removed was about 4 mg. The combined aqueous solutions were heated to
boiling, whereupon the starch-wrapped SWNTs precipitated out of
solution. The excess of starch and iodine was removed by centrifugation
and decantation. The precipitate was redissolved in water (42 mL) by
sonication (1 min) and the aqueous solution (which was now stable on
boiling) was concentrated by evaporation over three successive cycles that
involved further centrifugation, decantation, and sonication, to yield
ultimately starch-wrapped SWNTs (12 mg). This product, which can be
dissolved in water up to a concentration of 3 gL�1, was subsequently shown
by enzymatic hydrolysis[20] of the starch to be an approximate 5:1 mixture

(by wt) of starch and SWNTs, respectively. When this procedure was
repeated using amylose the stability of the amylose complex with SWNTs
in water was lower than that when starch was employed. The use of
amylopectin resulted in very much reduced complex stabilities.

Preparation of the starch-wrapped SWNTs for AFM: The sample
preparation for AFM was accomplished by placing a newly cleaved mica
wafer in a base (KOH) bath to ensure hydrophilicity. A solution of the
starch ± nanotube complex was sonicated for 60 s before being dropped
onto the wafer. Finally, this wafer was spun at 4000 rpm for 30 s and then
rinsed in water. The topographical data were recorded with a Digital
Instruments Multimode AFM with a high-resolution stage, controlled by a
Nanoscope IIIa scanning probe microscope controller with a Nanoscope
Extender. The images were recorded with standard tips in tapping mode at
a scan rate of 0.5 Hz.

Enzymatic hydrolysis of starch-wrapped SWNTs: Starch-wrapped SWNTs
(3.3 mg) were dissolved in 0.1� sodium acetate buffer (pH 4.75) in D2O
(1 mL) and 10 �L of an enzyme solution (10 mgmL�1 in the buffer) were
added. 1H NMR spectra (360 MHz) were recorded every 20 min until the
hydrolysis of the starch was completed (after 16 h). In this experiment, and
also in a control with starch alone, the singlet (�� 1.96 ppm) for the acetoxy
groups in the buffer solution was used as an internal reference for
estimating the relative amounts of starch and glucose.[23] Following
hydrolysis,[24] the insoluble SWNTs were isolated by filtration through a
PTFE membrane filter (0.2 �m) and, after washing (water) and drying, the
purified ™bucky paper∫ (0.5 mg) was isolated.
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Nitric oxide (NO) is the first gaseous molecule known to act
as a biological messenger and it participates in several
important functions including control of blood pressure,
neurotransmission, and inhibition of tumor growth.[1] The
tumoricidal property of NO has raised interest in the use of
organic[1] and metal ± nitrosyl complexes[2] that release NO
upon illumination as agents in photodynamic therapy
(PDT).[3] Such compounds can deliver NO to biological
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have been studied extensively as prospective NO-releasing
agents in PDT.

Although a survey of the coordination chemistry of NO
clearly reveals its preference for FeII centers, the binding of
NO to FeIII centers has been reported in a few heme[6] and
non-heme[7, 8] species. Recently, we reported the low-spin FeIII

complex [Fe(PaPy3)(CH3CN)][ClO4]2 (1) which binds to a

variety of ligands, through replacement of the solvent
(acetonitrile) molecule.[9] Herein, we report that 1 readily
reacts with NO to afford [Fe(PaPy3)(NO)][ClO4]2 (2) and that
2 rapidly loses NO upon exposure to light in solvents such as
CH3CN (thus re-forming 1). Binding of NO at the non-heme
FeIII center in 1 is completely reversible and the bound NO is
photolabile. We believe that the photolability of NO observed
with 2 is related to the coordinated carboxamido nitrogen
atom, which provides extra stability to the FeIII center.[10] To
prove this hypothesis we have also synthesized the FeIII

complex of the Schiff base SBPy3, a ligand identical to
PaPy3H except for the presence of an imine group in place of
the carboxamide moiety. The low-spin FeIII complex [Fe-
(SBPy3)(dmf)][ClO4]3 (3) is spontaneously reduced to the
corresponding FeII species [Fe(SBPy3)(CH3CN)][ClO4]2 in
CH3CN and exhibits no affinity toward NO. The behavior of 3
in CH3CN is similar to that of the iron complex containing the
N4Py ligand, as reported by Feringa and co-workers.[11]

When purified NO gas is passed through a solution of 1 in
CH3CN, its purple color rapidly turns red showing the
formation of the NO adduct 2. Since the bound NO in 2 is
labile in CH3CN under light, we have synthesized 2 by an
alternative method. A slurry of [Fe(dmf)6][ClO4]3 and PaPy3H
(1:1) in MeOH, was stirred with one equivalent of a mild base,
in this case, triethylamine, at 45 �C. The mixture became
homogeneous and reddish purple within 30 min. Passage of
NO through this solution caused rapid precipitation of red
microcrystalline 2 in good yield. The IR spectrum of 2 displays
an NO stretch at 1919 cm�1, which is within the range (1822 ±
1937 cm�1) expected for an {Fe ±NO}6-type complex.[6b, 8b]

The 1H NMR spectrum of 2 (prepared and run in the dark)
clearly indicates its S� 0 ground state (see Supporting
Information). The structure of the cation of 2 is shown in
Figure 1.[12] The FeIII center is in a distorted octahedral
geometry. The tert-amine and the three pyridine nitrogen
atoms comprise the equatorial plane, with the carboxamido
nitrogen atom and the NO ligand occupying the axial
positions; the Fe-N-O bond is almost linear (Fe-N6-O2�
173.1(2)�). Although the average Fe�Npy and Fe�Namine bond
lengths of 2 are similar to those in 1, the Fe�Namido bond

Figure 1. ORTEP diagram of [Fe(PaPy3)(NO)]2�, the cation of 2, showing
the atom labeling scheme. All H atoms and the CH3CNmolecule present as
solvent of crystallization have been omitted for clarity. Selected bond
lengths [ä] and bond angles [�]: Fe-N1 1.978(2), Fe-N2 1.9009(19), Fe-N3
1.972(2), Fe-N4 1.982(2), Fe-N5 1.983(2), Fe-N6 1.677(2), N6-O2 1.139(3);
Fe-N6-O2 173.1(2), N6-Fe-N2 174.35(9), N1-Fe-N2 81.18(8), N1-Fe-N3
165.68(8), N1-Fe-N4 97.13(9), N1-Fe-N5 95.88(8), N2-Fe-N3 84.58(8), N2-
Fe-N4 91.82(8), N2-Fe-N5 84.35(8), N3-Fe-N4 81.79(9), N3-Fe-N5 84.13(8),
N3-Fe-N6 97.54(9), N4-Fe-N5 165.71(8), N4-Fe-N6 93.67(9), N5-Fe-N6
90.64(9).

(1.901(2) ä) is longer than that in 1 (1.826(3) ä). There is
evidence of appreciable double bond character in the
Fe�N(O) bond (1.677(2) ä), much like that observed in other
{Fe ±NO}6 species.[6b, 8b]

When the red solution of 2 in CH3CN is kept in the dark, the
electronic absorption spectrum (rapid scan) does not change
appreciably, even after 48 h (see Supporting Information).
However, when the cuvette is exposed to light (50 W tungsten
lamp), the color changes rapidly to purple (namely, the color
of 1).[13] Clean isosbestic points are observed in successive
electronic absorption spectra (Figure 2). Conversely, when
NO is introduced into the cuvette, the color slowly goes back
to red (the color of 2, see Supporting Information).

Figure 2. Conversion of [Fe(PaPy3)(NO)](ClO4)2 (2, red trace) into
[Fe(PaPy3)(CH3CN)](ClO4)2 (1, green trace) in CH3CN under illumination
with a 50 W tungsten lamp (t1/2� 45 s).
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The low-spin FeIII complex [Fe(SBPy3)(dmf)][ClO4]3 (3)
has been isolated from the reaction of [Fe(dmf)6][ClO4]3 and
SBPy3 (1:1) in MeOH. Isolation of this FeIII complex is only
possible fromMeOH since it precipitates out from this solvent
immediately on formation. When 3 is dissolved in CH3CN or
DMF, the red solution rapidly turns purple as a consequence
of the spontaneous reduction of 3 to the corresponding FeII

complex [Fe(SBPy3)(solvent)][ClO4] (see Supporting Infor-
mation). As a consequence of this rapid formation, crystals of
3 suitable for structural studies were not obtained. However,
analytical and spectral data clearly establish the identity of
this compound. We have synthesized the purple diamagnetic
FeII complex [Fe(SBPy3)(CH3CN)][BF4]2 (4) and character-
ized it by X-ray crystallography (see Supporting Informa-
tion).[14] Complex 4 exhibits a half-wave potential (E1/2) of
1.01 V (versus the saturated calomel electrode, SCE) in
CH3CN. Clearly, the SBPy3 ligand stabilizes the FeII center
much like N4Py (E1/2 of [Fe(N4Py)(CH3CN)][ClO4]2 in
CH3CN� 1.01 V versus SCE) and hence, in both cases, one
obtains the FeII complex rather easily. In the present case,
complex 3 is amenable for isolation because of its low
solubility in methanol.

Notably, 3 does not bind NO under any conditions. Since
both 1 and 3 are low-spin, the ground-state electronic
configuration is not responsible for this difference. There is
a difference, however, in their redox potential; the E1/2 value
for 1 in CH3CN is 0.21 V (versus SCE). The presence of just
one carboxamido nitrogen atom around the FeIII center in 1
stabilizes the �3 oxidation state of iron by approximately
0.8 V relative to 3 or [Fe(N4Py)(CH3CN)][ClO4]2. It appears,
therefore, that a more stabilized FeIII center (such as that in 1)
is required for NO binding and the photolability of the bound
NO molecule (as in the NO adduct of 1). Since the bound NO
in 2 is trans to the carboxamido nitrogen atom, it also appears
that a negatively charged donor center is another requirement
for the photolability of the bound NO molecule. Reversible
binding of NO has been observed at the non-heme FeIII site in
the microbial enzyme nitrile hydratase.[15, 16] This FeIII center is
coordinated to carboxamido nitrogen atoms in the equatorial
plane, and is stabilized to a great extent.[17] Additionally, in the
NO-bound ™dark∫ form, NO is trans to a negatively charged
cystinato sulfur donor and the enzyme releases NO upon
illumination.

In conclusion, [Fe(PaPy3)(NO)][ClO4]2 (2) is the first
example of an {Fe ±NO}6-type iron ± nitrosyl species with a
carboxamido nitrogen atom as a donor.[18] It is also the first
non-heme FeIII species that binds NO reversibly and exhibits
the photolability of a bound NO moiety under very mild
conditions. Photokinetic studies of 2 and related complexes
are ongoing.

Experimental Section

All reactions were carried out in an inert N2 atmosphere.

2 : A slurry of [Fe(dmf)6][ClO4]3 (0.23 g, 0.29 mmol) in MeOH (10 mL) was
added to a stirred solution of PaPy3H (0.10 g, 0.29 mmol) in MeOH
(10 mL), followed by the addition of triethylamine (0.03 g, 0.3 mmol)
diluted in MeOH (2 mL). The reaction mixture was then stirred at 45 �C for
30 min, by which time a reddish purple solution was obtained. Purified NO
gas was then introduced into the flask, and a red-colored complex

precipitated out immediately. It was then filtered, washed with anhydrous
Et2O, and dried under vacuum (0.095 g, 52% yield). Crystals of [Fe(Pa-
Py3)(NO)][ClO4]2 ¥ CH3CN (2 ¥ CH3CN), suitable for X-ray diffraction,
were grown in the dark by diffusion of Et2O into a solution of the complex
in CH3CN. Elemental analysis calcd for C22H23Cl2FeN7O10 (2 ¥ CH3CN): C
39.31, H 3.45, N 14.59; found: C 39.28, H 3.51, N 14.60; FT-IR (KBr): �� �
3082(w), 2932(w), 2867(w), 1919(s), 1642(s), 1609(m), 1453(m), 1385(m),
1289(w), 1228(w), 1090(s), 765(m), 623(m); UV/Vis (CH3CN, prepared in
dark conditions) �max /nm (� in ��1 cm�1)� 500 (1040), 365 (1840); 1H NMR
(500 MHz, CD3CN): �� 8.99 (d, 1H), 8.51 (t, 1H), 8.28 (d, 1H), 8.14 (t,
2H), 8.04 (m, 1H), 7.73 (d, 2H), 7.44(t, 2H), 6.72 (d, 2H), 5.02 (dd, 4H),
3.73 (d, 2H), 3.68 (d, 2H) ppm.

3 : A solution of [Fe(dmf)6][ClO4]3 (0.50 g, 0.63 mmol) in MeOH (20 mL)
was slowly added to a solution of SBPy3 (0.21 g, 0.63 mmol) in MeOH
(10 mL) and stirred. Complex 3 rapidly precipitated from the reaction
mixture as a red microcrystalline solid which was filtered, washed with
anhydrous Et2O, and dried under vacuum (0.26 g, 57% yield). Elemental
analysis calcd for C24H32Cl3FeN6O14 (3 ¥MeOH): C 36.45, H 4.08, N 10.63;
found: C 36.31, H 4.11, N 10.73; selected IR frequencies (cm�1, KBr disk):
�� � 3425(br, m), 3072(w), 2932(w), 2791(w), 1650(m), 1602(m), 1479(w),
1437(m), 1291(m), 1090(vs), 774(s), 620(s); UV/Vis (CH3CN) �max /nm (� in
��1 cm�1)� 545 (sh, 1500), 445 (sh, 2470), 390 (sh, 4240), 345 (5420).
X-band EPR spectrum in 1:1 methanol/acetone glass (86 K): g� 2.313,
2.157, 1.933 (see Supporting Information).

4 : A solution of [Fe(H2O)6][BF4]2 (0.20 g, 0.6 mmol) in MeOH (10 mL) was
added to a solution of SBPy3 (0.20 g, 0.6 mmol) in MeOH (7 mL). The deep
purple solution was stirred for 1 h, at which point CH3CN (3 mL) was
added. Anhydrous Et2O was then allowed to diffuse into this mixture at
4 �C. Magenta plates of [Fe(SBPy3)(CH3CN)][BF4]2 ¥ 1³3Et2O ¥ 2³3CH3OH
(4 ¥ 1³3Et2O ¥ 2³3CH3OH) were isolated after 4 days (0.27 g, 70% yield).
Elemental analysis calcd for C24H30B2F8FeN6O (4 ¥ 1³3Et2O ¥ 2³3CH3OH): C
44.48, H 4.67, N 12.97; found: C 44.21, H 4.81, N 12.73; selected IR
frequencies (cm�1, KBr disk): �� � 3427(br, m), 1605(m), 1460(m), 1294(w),
1054(vs), 771(m), 523(m). UV/Vis (CH3OH) �max /nm (� in ��1 cm�1)� 570
(4030), 395 (5690), 280 (8730), 257 (11870); UV/Vis (CH3CN) �max /nm (� in
��1 cm�1)� 557 (6780), 385 (10560), 280 (10820), 252 (16830); 1H NMR
(500 MHz, CD3CN): �� 9.28 (s, 1H), 8.97 (d, 1H), 8.31 (d, 1H), 8.24 (t,
1H), 7.80 (m, 3H), 7.42 (d, 2H), 7.09 (t, 2H), 6.56 (d, 2H), 4.82 (dd, 4H),
3.82 (t, 2H), 3.18 (t, 2H) ppm.
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Assembly of a Truncated-Tetrahedral Chiral
[M12(�-L)18]24� Cage**
Zˆe R. Bell, John C. Jeffery, Jon A. McCleverty, and
Michael D. Ward*

One of the most active areas of research in metallo-
supramolecular chemistry at present is the assembly of
polyhedral cage complexes from labile metal centers and
multidentate bridging ligands.[1] Apart from the intrinsic
appeal of the structures, they are of interest both for
understanding the mechanisms of the assembly process which
lead to their formation and for the host ± guest chemistry
associated with their large central cavities.[1]

Tetradentate ligands with two bidentate chelating termini
are commonly used in this area. When these coordinate to
octahedral metal centers in the absence of any other ligands,
the resulting complex must have a metal:ligand ratio of 2:3, as
found in dinuclear triple helicates with three bridging
ligands.[2] The next member of this series is the M4L6

tetrahedron, in which a bridging ligand spans each edge of a
tetrahedral array of metal ions. This type of structure has been
extensively studied recently,[3±6] and there is a well-developed
host ± guest chemistry based on the binding of counterions or
solvent molecules in the tetrahedral cavities. The only three-
dimensional cage of which we are aware with a higher
nuclearity but with the same M2L3 ratio is the cube
[Ni8(tab)12]16� (tab� 1,2,3,4-tetraaminobutane);[7] in 1997 we
described a (two-dimensional) circular M8L12 helicate with an
anion encapsulated in the central cavity.[8]

Our recent work in this area is based on ligands such as L1 ±
L3 which contain two bidentate pyrazolylpyridine units linked
to an aromatic core through two methylene spacers.[3, 9] With
cobalt(��) ions these ligands form [Co4L6]8� cages which bind

N

N
N

N

N
N

NN

NN

N N
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L1  X = 1,2-C6H4

L2  X = 2,3-naphthalenediyl
L3  X = 3,3'-biphenyl

L4
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anions in the central cavity. With the shorter ligands L1 and L2

the central anion (perchlorate or tetrafluoroborate) is com-
pletely encapsulated and tightly bound in the central cavity,
and in fact acts as a template for the assembly of the cage
around it.[3] With the larger bridging ligand L3, in contrast, the
anions in the cavity exchange freely with those outside
through large cavities in the center of each face.[9] In seeking
to prepare a related tetrahedral cage with a cavity of
intermediate size, for the purposes of investigating the size
selectivity of anion binding, we prepared ligand L4 in which
the spacer is a 1,8-naphthyl unit. Unexpectedly, this reacts
with cobalt(��) and zinc(��) ions to generate dodecanuclear cage
complexes [M12(�-L4)18]X24 (where X� perchlorate or tetra-
fluoroborate) in which each of the 18 bridging ligands spans
an edge of a truncated-tetrahedral M12 array.

The ligand L4 was prepared[10] by reaction of 1,8-bis(bro-
momethyl)naphthalene with 3-(2-pyridyl)pyrazole by using
the procedure we have described before for related li-
gands.[3, 9] Reaction of L4 with Co(O2CCH3)2 ¥ 4H2O in MeOH
in a 3:2 ratio afforded an orange solution from which a
precipitate was obtained on addition of aqueous NaBF4.
Crystallization by diffusion of ethyl acetate vapor into a
solution of the complex in DMF/MeCN afforded X-ray
quality crystals of a material whose elemental analysis, as
expected, was consistent with the empirical formula
[Co2(L4)3][BF4]4.

The crystal structure is shown in Figures 1-3.[11] The core of
the structure is a truncated tetrahedral array of 12 metal ions;
this polyhedron is generated by truncating each of the four
vertices of a tetrahedron to reveal a triangular face. Each of
the four faces of the initial tetrahedron therefore becomes a
hexagon, and the polyhedron accordingly contains four
triangular and four hexagonal faces (Figure 1). This is a very

Figure 1. Section of the crystal structure of [Co12(L4)18][BF4]24 showing the
dodecanuclear cage of CoII ions and the four encapsulated anions.

rare structural type in metal cage complexes: discrete [Sn12]12�

ionic clusters of this structure occur in the Zintl compounds
CaNa10Sn12 and SrNa10Sn12,[12] and a dodacnuclear ™capsule∫
with this arrangement of metal ions was formed by hydrogen-
bonding association of four approximately planar triangular,
trinuclear complex units.[13]

The Co ¥¥ ¥ Co separations along each of the 18 edges lie in
the range 9.22 ± 9.36 ä. Every cobalt(��) ion is coordinated by a

meridional arrangement of three pyridyl and three pyrazolyl
donors from the three bidentate chelating units. All Co�N
bonds are in the range 2.1 ± 2.2 ä. All twelve cobalt(��) centers
within each complex molecule have the same chirality; the
crystal as a whole is, however, racemic. The space-filling view
(Figure 2) emphasises how the ligands are entwined around
each other, with extensive aromatic �-stacking interactions
between overlapping naphthyl units of the ligands; columnar
stacks of eight naphthyl units occur around the periphery of
the complex. In the solid state the complex has only one
threefold axis, but the idealized symmetry is T, similar to those
of the M4L6 tetrahedral cages in which all four metal ions are
homochiral.[3, 14]

Figure 2. Space-filling view of the complex cation of [Co12(L4)18][BF4]24.

The central cavity of the cage contains four tetrafluorobo-
rate anions (of which one is disordered, with six F atom
positions evident with a site occupancy of two-thirds in each;
Figure 1). The boron atoms of these four anions describe an
approximate tetrahedron with B ¥¥¥ B separations of about
5.3 ä. The proximity of these anions results in F ¥¥ ¥ F contacts
between adjacent anions of 3.25 ä (based on the three
ordered anions only). In addition, the two-dimensional
cavities at the center of the triangular and hexagonal faces
all contain a tetrafluoroborate anion (Figure 3). This situation
results in nonbonded F ¥¥¥ C separations of 3.0 ± 3.3 ä, possibly
involving weak C�H ¥¥¥ F hydrogen-bonding interactions.[15]

Counterions are often found occupying the two-dimensional
cavities at the center of circular helicate complexes[7, 16] and
the three-dimensional cavities at the center of cage com-
plexes;[1, 3±6, 17] with anions bound in both two-dimensional (on
the surface) and three-dimensional (at the center) cavities,
[Co12(�-L4)18][BF4]24 displays both types of behavior. Whether
these anions are acting as templates without which the
[Co12(�-L4)18]24� cage could not form is not yet known.

Electrospray mass spectra (at a variety of cone voltages) of
a solution of redissolved crystals of the complex in DMF
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Figure 3. Sections of the crystal structure of [Co12(L4)18][BF4]24 showing
a) the view looking onto a triangular face, and b) the view looking onto a
hexagonal face. One ligand has been shaded differently in each figure for
clarity. In each case there is a [BF4]� ion in the cavity at the center of the
face.

showed only peaks at low m/z values, most of which were not
readily assignable. Decomposition of the complex in solution
under these conditions was clear from some signals (for
example [HL4]� at m/z 443, and [Co(L4)]2� at m/z 250).
MALDI-TOF and Fourier transform ion cyclotron resonance
(FT-ICR) spectra gave similar results and also failed to show
any peaks consistent with retention of the cage structure.
1H NMR spectroscopy provided further evidence that the
cage structure dissociates in solution. The intact cage has two
different types of edge (12 around the triangular faces, and the
remaining 6 on the hexagonal faces), with each edge having
twofold symmetry. We would therefore expect to see two
independent ligand halves, that is, 22 proton environments for
the intact cage. The spectrum recorded at �20 �C in
[D6]DMSO/CD3CN shows at least 36 paramagnetically shift-
ed proton environments in the range �� 10 ± 110 ppm, which
is characteristic of the ligands coordinated to cobalt(��) ions,[18]

as well a signals in the �� 6 ± 10 ppm region characteristic of
free ligand. The spectrum becomes even more complicated at
higher temperatures. Fragmentation of the cage clearly occurs
in this strongly coordinating solvent; the cage is not soluble in
less well-coordinating solvents.

Finally, we note that we have observed essentially identical
structures with zinc(��) in place of cobalt(��) ions, and also with
a perchlorate as counterion in place of tetrafluorborate.
Details of these structural determinations, and studies on
whether alternative (nontetrahedral) guest anions give similar
cages, will be reported in due course.
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Trialkylgallium compounds are widely used as precursors in
chemical vapor deposition (CVD) processes for the gener-
ation of thin layers of gallium semiconductor compounds such
as GaAs or GaN.[1] Although triethylgallium (GaEt3) was first
described in 1932,[2] to date there have been no reports about
its remarkable luminescent behavior and decomposition upon
cooling to liquid-nitrogen temperature, which we present
herein. We also investigate these phenomena in the context of
the solid-state structures of this class of compounds.

We observed intriguing luminescence phenomena and
decomposition of GaEt3, when we attempted to degas a
100-mL sample (electronic grade purity) to transfer part of it
under vacuum for a crystal-growth experiment in the course
of structure determination. A large number of little flashes
were observed during the freezing process in liquid nitrogen,
but even more intense flashes occurred after removing the
coolant (Figure 1b). The light emissions start about one
minute after the sample is removed from the coolant, that is,
when the temperature is between�180 and�150 �C, and stop
when the sample reaches an average temperature of about
�100 �C. The light emission is accompanied by a sound
resembling the cracking of ice, which indicates the origin of
the effect; triboluminescence[3] caused by breaking of the
GaEt3 crystals.

Triboluminescence occurs in certain crystalline phases
when mechanical stress is applied (in our case because of
thermal contraction or expansion of the polycrystalline
sample). The light emission in these cases is said to be caused
by the charge separation over the new surfaces generated by
breaking a crystal, the discharge of such accumulated charge,
and the subsequent excitation of the gas between the new

Figure 1. a) Two samples of GaEt3. Left: a pure sample; Right: a sample
after 15 freeze ± thaw cycles under argon, b) the triboluminescence flashes
which occur upon warming a sample of GaEt3 under argon that had been
frozen in liquid nitrogen.

surfaces. This explanation is consistent with our observation
that GaEt3 samples handled under inert gases (He, Ne, Ar,
Xe) show luminescence, and that the observed emission
spectrum (Figure 2) contains the atomic emission spectrum of
the corresponding noble gas. Only for xenon were other lines
observed, but these could not be identified to date. This
observation is fully consistent with other reports on the
dependence of triboluminescence spectra on the present gas
atmosphere.[3]

Figure 2. Luminescence spectra of GaEt3 under different inert gases,
recorded about 1 min after removing a 100-mL sample from cooling
(�196 �C). For the lower spectrum (He), an assignment of some lines is
given.

The decomposition of the sample with emission is easily
seen by a blackening of the liquid, which becomes darker after
each freeze ± thaw cycle (Figure 1a). In a neon atmosphere,
the strongest decomposition is observed. Finally a fine, black
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precipitate of elemental Ga settles after standing for a few
days. Thus, this physical effect of luminescence is accompa-
nied by a chemical change of the sample. To understand this
decomposition in more detail, we repeated the freeze ± thaw
cycles about 100 times with a small sample of neat GaEt3 in an
NMR spectroscopy tube and measured the 1H and 13C NMR
spectra before and after this treatment. Small amounts of
ethane and even smaller amounts of ethene could be detected.
The gases could be accumulated and isolated by repeating the
experiment about 30 times with a 100-mL sample and
pumping the volatile components through a series of cold
traps on a high vacuum line. Tiny amounts of ethane and
ethene passed through a �78 �C trap and were identified by
gas-phase IR spectroscopy and NMR spectroscopy. Apart
from the black precipitate (which is finely divided gallium), no
other decomposition product was found, in particular no
dihydrogen gas or butane (from dimerized ethyl substituents
of the GaEt3). Decomposition of the homologous AlEt3 by
photochemical processes is known to yield elemental alumi-
num and ethane[4] and therefore we anticipated a similar
process in our case. This process parallels the photochemical
initialization of chemical reactions by triboluminescence, such
as detonations, which were previously reported.[5]

We could verify this hypothesis by directly exposing GaEt3
in a glass tube to a neon discharge, to simulate the conditions
of discharge and light emission involved in triboluminescence.
In these experiments samples of liquid GaEt3 at �78 �C and
solid GaEt3 at �110 �C were placed in a neon atmosphere
(about 5 mbar), which was excited about 5 cm above the
GaEt3 surface by applying a weak, high frequency field, so
that the typical red neon light was observable. Under these
conditions the same decomposition products (ethane, traces
of ethene, and a small amount of a black gallium precipitate)
were observed.

To date we could not find other gallium alkyls showing
triboluminescence under these conditions, but we have tested
only tri-n-butylgallium, tri-tert-butylgallium, and
trimethylgallium. The reason for this different
behavior can be rationalized by the solid-state
structures, as GaEt3 is the only compound
crystallizing in an acentric and polar space group,
which was often described as a prerequisite for
triboluminescence[6] and the crystals of most
triboluminescent compounds are found to adopt
acentric space groups (exceptions are known, but
are disputed).[3] By contrast to GaEt3, GaMe3
crystallizes centrosymmetrically and both butyl-
gallium compounds are glassy solids.

Mechanical energy is the source of energy for
the observed triboluminescence in GaEt3, but
without application of external mechanical stress.
For an improved understanding of the cracking of
the galliumtrialkyl compounds during freezing
and thawing, we looked at the thermal contrac-
tion of these compounds. GaEt3 and GaMe3
undergo an enormous shrinkage during the
liquid ± solid phase transition. According to our
crystallographic data (see below) the density in
the solids at �130 �C is 24.5% and 26.2% higher

than that of liquid GaEt3 (�(30 �C)� 1.058 gcm�3) and GaMe3
(�(25 �C)� 1.151 gcm�3), respectively.[7] For GaEt3 we ob-
served an almost linear increase in density of 12% while
cooling the liquid from �30 to �82 �C, a spontaneous rise in
density of 10% during the liquid ± solid phase transition at
�82 �C, but only a small thermal contraction of 2% in the
solid state of GaEt3 by further cooling to �145 �C. These
density changes were determined by crystallographic meas-
urement of the cell dimensions at five temperatures between
�85 �C (i.e. near the melting point of �82 �C, ��
1.307 gcm�3) and �145 �C (�� 1.331 gcm�3). This large
shrinkage during solidification probably builds up the strain
that is later released by cracking of the crystals, which leads to
the observed triboluminescence. The reason for the relatively
high density of the solids of GaEt3 and GaMe3 becomes
obvious from their crystal structures, which will now be
described.

The solid-state structure of GaEt3 (Figure 3) is quite
complicated,[8] as it comprises layers of wavelike networks
of the four independent molecules in the unit cell. The Ga
atoms are between 2.50 and 3.16 ä away from the H atoms of
their next neighbors. The corresponding Ga ¥¥ ¥ C distances,
which describe the relevant contacts, lie between 3.087 ±
3.593 ä. Each of the Ga atoms is weakly coordinated by
two such intermolecular Ga ¥¥¥ C contacts, apart from Ga1,
which is involved in only one such short interaction. Note that
the Ga atoms form contacts to both sorts of C atoms,
methylene and methyl carbon atoms, of the neighboring
molecules. All GaEt3 molecules are present in conformations
with almost planar GaC6 skeletons and no gauche conforma-
tion for CCGaC units occurs. Three of the four molecules are
found in a propeller-like arrangement and only the GaEt3
molecule containing Ga3 does not adopt approximate C3

symmetry and has two ethyl groups pointing towards each
another. The wide Ga-C-C angles (between 113.3(2) and
118.8(2)�) resemble the B-C-C angles in the structure of solid

Figure 3. Crystal structure of GaEt3. Upper left: layers of GaEt3 wavelike arranged
networks; lower left: part of one of the layers showing the connectivity of the network;
right: the four independent molecules and their geometries.
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BEt3 (118.7 ± 119.3�), which was explained by hyperconjuga-
tion of the boron p orbital into C-H orbitals.[9]

With the structure determination and ab initio calculations
of a GaMe3 dimer, we wanted to provide more detailed
knowledge about the intermolecular forces responsible for
the thermal contraction of the gallium alkyls in general and
thus the triboluminescence of GaEt3. The crystal structure of
GaMe3 was unknown to date, as well as the structure of BMe3,
while the structures of the other trimethyl compounds of the
group 13 elements are described. By chance, the determina-
tion of the structure of GaMe3 was simultaneously and
independently undertaken by two other groups but, interest-
ingly, two different structures of GaMe3 were obtained; a
monoclinic one (�(�143 �C)� 1.444 gcm�3, space group C2/c,
two independent molecules) in the hands of Boese, Parsons,
and co-workers[10] and a tetragonal one from our experiments
(�(�140 �C)� 1.453 gcm�3, space group P42/n, Figure 4).[8]

Boese and co-workers also determined the structure of
BMe3.[10] With these newly established data, the structures
of the trimethyl compounds of the group 13 elements are
found to differ markedly from one another: BMe3 is mono-
meric,[10] AlMe3 crystallizes as a dimer with two bridging
methyl units, with short Al�C distances and four-coordinate
Al atoms,[11, 12] , whereas InMe3[13] and TlMe3[14] are arranged
into tetramers with considerably longer metal ± carbon dis-
tances, with the metal atoms adopting a primary trigonal-
planar coordination, while the weaker intermolecular inter-
actions are in perpendicular direction to the primary coordi-
nation plane.

Our tetragonal structure of GaMe3 is closely related to the
structures of InMe3 and TlMe3, which are also tetragonal and
tetrameric. The gallium atoms in GaMe3 are planar (sum of
angles about Ga 359.9�) and weakly coordinated to a methyl
group of a neighboring molecule, with Ga ¥¥¥ H distances
between 2.95 ± 2.96 ä and a Ga ¥¥¥ C distance of 3.134 ä.
Surprisingly this distance is longer than that of InMe3 (In ¥¥¥ C
3.083(12) ä)[13] and shorter than in TlMe3 (Tl ¥¥ ¥ C 3.16 ä).[14]

The interactions between the metal atoms and the methyl
groups of molecules of other tetramers are much longer than
those within the tetramers (In ¥¥¥ C 3.558(15) and Tl ¥¥¥ C
3.31 ä) and are even longer in GaMe3 (3.647(3) ä). These
weak contacts arrange the GaMe3 tetramers into endless 2D
networks.

Although less symmetrical, the monoclinic structure of
GaMe3[10] can also be described as containing tetrameric units
(Ga ¥¥ ¥ C 3.069 and 3.210 ä), which are also part of a large 2D
network formed by longer Ga ¥¥¥ C contacts of 3.234 and
3.523 ä, but these rather similar distances make a clear
distinction between the longer and shorter distances impos-
sible. In our tetragonal structure of GaMe3 the order of Ga�C
bond lengths is fully consistent with the involvement of the
respective methyl groups in secondary bonding. They are: Ga-
C3 1.952(3) ä (no Ga ¥¥¥ C contact), Ga-C2 1.958(2) ä (weak
Ga ¥¥¥ C2� contact of 3.647(2) ä) and Ga-C1 1.962(2) ä (short
Ga ¥¥¥ C(1)� contact of 3.314(2) ä). They are only marginally
shorter than in gaseous GaMe3 (1.967(2) ä),[12] , which shows
that the intermolecular interactions do not strongly distort the
structure of the monomers.

As no detailed investigations on the cause of these
interactions have been reported to date, we performed
quantum chemical calculations. For computational feasibility
we chose to model the interactions in the tetrameric structure
by only considering a dimer of GaMe3, that is, to model only
one of the interactions between a Ga center and the methyl
group of another GaMe3 molecule. The structure of the
GaMe3 dimer was optimized and the interaction energy
analyzed at the local MP2/TZVP level.[15] The optimized
structure is shown in Figure 5 and, apart from a slight twist,
the geometry appears to be very similar to a fragment of the
tetrameric unit in the crystal. The calculated intermolecular

Figure 5. Calculated geometry of the dimer of GaMe3 (LMP2/TZVP).

Ga ¥¥ ¥ C distance is in the dimer 3.206 ä and 3.134(1) ä in the
tetramer of solid, tetragonal GaMe3. The calculations repro-
duce the slight elongation of the Ga�C bond of the
coordinated methyl group involved in the dimer/tetramer
formation, as well as the staggered arrangement of the
hydrogen atoms in this methyl group, relative to the GaC3

skeleton of the neighboring GaMe3 molecule. The calculated
interaction energy between the GaMe3 molecules is
11.4 kJmol�1.

The interaction energy obtained at the LMP2 level can be
partitioned into the following components: The SCF contri-
bution, which should contain the major part of any covalent,
ionic, or electrostatic contributions. This contribution is
calculated to be 3.4 kJmol�1. The remaining part is the
correlation contribution of the interaction energy and it can
be separated into different classes, according to referen-

Figure 4. A tetramer of GaMe3 and its connectivity in the layers of
tetragonal crystals.
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ce [15a]. The calculated attractive contributions for disper-
sion are 7.5 kJmol�1, for ionic excitations 4.2 kJmol�1, and for
exchange dispersion 0.0 kJmol�1. In addition, there is a
repulsive contribution of �3.8 kJmol�1, which corresponds
to the reduced intramonomer correlation when the monomers
approach each other. As the SCF interaction can be repro-
duced by a model, which only takes into account the classical
electrostatic interactions between the GaMe3 monomers
without any induction or dispersion effects,[16] we conclude
that the interaction has no covalent character, but consists of
dispersion and ionic correlation contributions, as well as
classical electrostatic contributions.

The topology of the electron density in the region of this
Ga ¥¥¥ C interaction shows a bond-critical point on the line
connecting the Ga atom and the C atom of the neighboring
methyl group. This point indicates that there is no interaction
of the agostic type which would require Ga ¥¥ ¥H interactions
with bond-critical points between Ga and H atoms.[17]

Furthermore, the calculated Ga-C-H angles at the interacting
methyl group are only slightly wider than the other Ga-C-H
angles in the dimer.

We showed a connection between weak intermolecular
forces leading to a large temperature dependence of the
density and thus to mechanical properties, which causes the
triboluminescence of GaEt3, as this crystallizes in an polar,
acentric space group and which is distinct from the non-
triboluminescent GaMe3. Many details remain still unclear
and deserve further investigation. These include the chemistry
involved in the decomposition of GaEt3 and the interaction of
GaEt3 with xenon.
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Polyoxometalates have gained great interest because of
their remarkable chemical properties and their enormous
potential shown in fields of catalytic, technical, and medical
applications.[1] During the last decade, the research in this
rapidly growing area has focused on the design of new
compounds, among them many in interdisciplinary fields
between solid-state chemistry, material science, and organic
synthesis.[2, 3] To find new pathways for the synthesis of
catalysts and to understand the mechanistic background of
catalysis, one of the most challenging tasks is the development
of novel selective and highly efficient catalytic systems
containing polyoxoanions.[4] Therefore, our group has focused
on the design of novel polyoxometalate catalysts for directed
oxygen-transfer processes.[5]

In comparison to the extensive work on polyoxomolybdates
and polyoxotungstates, considerably less research has been
conducted in the field of polyoxovanadates. Among the
structural types known in this area, the {V6O19}n� core is
extremely rare.[6] A small number of compounds containing
this structural motif (with tris(alkoxo) ligands as the only
substituents) have been reported.[7] In addition, some poly-
oxometalate-supported organometallic complexes have been
synthesized and characterized where heterometal fragments
(Cp*M2�)n (Cp*�C5Me5, M2��Rh, Ir) cap the hexavana-
date core.[8] These few species represent the only structurally
characterized vanadium clusters incorporating the Lindqvist
structure type ({V6O19}n�).

Herein we present the first example of a {V6O19}n� core that
is substituted by two vanadyl moieties ligated by exchange-
able ligands. With this new approach of combining polyoxo-
metalate chemistry and classic coordination chemistry we
hope to enhance the catalytic potential of polyoxovanadates.
The coordination sphere of the two scaffolding vanadyl
moieties resembles the structural motif in the active site of
vanadium-containing haloperoxidases.[9] These vanadium cen-
ters are ligated by the new ligand bis(1-methylimidazol-2-yl)-
4-methoxyphen-1-ylmethanol (bmimpm) and are attached to
the hexavanadate core by oxygen atom bridges. The two
vanadyl complexes cap the polyoxovanadate and are tilted
towards the polyoxometalate unit (Figure 1). This tilt is
facilitated by a hydrogen bond originating from the ligand
OH-group towards one edge of a VO6 octahedron.

[{VO(bmimpm)(acac)}2{V6O13(OCH3)6}] (1; acac� acetyl-
acetonate) was synthesized in methanolic solution by adding

Figure 1. The polyoxovanadate core {V6O13(OMe)6}2� linked to two
vanadyl moieties containing organic ligands (polyhedral view).

[VO(acac)2] to bmimpm. After one day, orange prismatic
crystals were obtained and characterized by X-ray diffrac-
tion.[10] The hexavanadate located in the center of the
molecular structure consists of six VO6 octahedra which build
up an octahedron of the Lindqvist type (Figure 2). The oxygen

Figure 2. Central molecular part of the structure of 1 (thermal ellipsoids
set at 50% probability). Selected bond lengths [ä]: V2-O4 1.624(3), V2-O5
2.224(1), V2-O6 1.897(3), V2-O7 1.752(4), V2-O13 2.034(3).

framework contains four oxygen atoms bound to vanadium
centers by double bonds (O8, O10), six �2-oxo bridges (O6,
O7, O9), one central oxygen atom (O5), and six �2-alkoxo
bridging methanol oxygen atoms (O11, O12, O13). The
incorporation of methanol into polyoxovanadates has been
described previously.[7a]

The hexavanadate core can formally be regarded as a
{V6O13(OMe)6}2� ion. As part of this subunit, one terminal
oxygen atom O4 forms a bridge to the outer-shell vanadium
atom. Remarkably, the observed distance between V2 and O4
is 1.624(3) ä, which is expected for vanadyl bonds (V�O),
whereas the V1�O4 bond is unusually long (2.381(3) ä), a
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result of being trans to the oxo group O1 (Figure 3). The atom
V1 has a distorted-octahedral coordination environment. The
two nitrogen atoms of the bidentate ligand bmimpm together

Figure 3. Coordination sphere of V1 and the organic ligand system
(thermal ellipsoids set at 50% probability).

with the two oxygen atoms of the acetylacetonate ligand form
the equatorial plane; the atom V1 is located 0.376 ä above
this N2O2 plane.

Compound 1 exhibits interesting structure-determining
hydrogen-bonding interactions. The hydrogen atom H1 of
the ligand bmimpm forms a hydrogen bond with O7 (1.717 ä)
and O9 (1.893 ä) of the hexavanadate cluster thus tilting the
ligand bmimpm towards the hexavanadate cluster (see Fig-
ure 1). This effect results in a V1-O4-V2 angle of 154.6�, which
deviates considerably from 180�.

According to our experience in polyoxometalate molecular
science the calculation of oxidation states by using bond-
valence parameters for solids is a particularly suitable method
to determine whether or not the distribution of the oxidation
states is disordered. Application of the parameters presented
by Brese and O×Keeffe resulted in VV1� 3.994 (by using bond-
valence parameters of O for N) and 4.209 (by using bond-
valence parameter for N without considering the vanadium
oxidation state).[11] The oxidation states of the three vanadium
atoms forming the polyoxovanadate core were calculated to
be VV2� 5.092, VV3� 5.070, and VV4� 5.078. Therefore we
propose the vanadium atoms V2, V3, and V4 to exist in the
�� oxidation state, leading to a net charge of �2 for the
polyoxometalate cluster, which is counterbalanced by the two
formally positively charged vanadylmoieties (VIV). This configu-
ration is in accord with cyclic voltammetry measurements.

A number of experiments are prompted by the results
presented herein. Variation of the scaffolding vanadyl moi-
eties offers a way to fine tune potential catalytic properties of
the polyoxovanadate unit. We have already started to
synthesize new ligand systems with similar coordination sites.
Furthermore, ligand-exchange experiments appear to be
successful. Since the hydrogen bond facilitates the tilt of the
ligand towards the polyoxometalate core, control over the
protonation state might allow for discrimination between
different substrates in catalysis by using the hydrogen bond as
a molecular switch. By linking transition-metal complexes
containing asymmetric organic ligands to the described
hexavanadate species, it should be possible to generate a
series of new compounds containing steric information for
better directed oxygen-transfer processes. These compounds

would also serve as models to clarify catalytic mechanisms in
polyoxometalate chemistry.

Experimental Section

bmimpm: In a three-neck flask equipped with a dropping funnel, a gas
inlet, and a gas outlet, 1-methylimidazole (75.4 mmol, 6 mL) was dissolved
in dry diethyl ether (200 mL) under a protective argon atmosphere and
cooled to �78 �C. n-Butyllithium (75.4 mmol, 47 mL, 1.6� in hexane) was
added dropwise. The reaction mixture was allowed to warm to 0 �C to
complete deprotonation. After cooling to�78 �C, 4-methoxyethylbenzoate
(prepared by acid-catalyzed esterification of 4-methoxybenzoic acid with
ethanol) was slowly added dropwise. The reaction mixture was allowed to
warm to 0 �C over a period of 12 h and then quenched with water (50 mL).
The phases were separated and the aqueous phase extracted with diethyl
ether (2� 30 mL) and CHCl3 (3� 30 mL). The combined colorless organic
phases were dried over MgSO4. The solvent was removed under reduced
pressure to leave a colorless oil from which the crude product precipitates
as a white solid upon storage of the oil at �20 �C. Recrystallization from
acetone and CHCl3 yields colorless crystals (yield: 4.5 g, 40%). Elemental
analysis (%) calculated for C16H18N4O2: C 64.41, H 6.08, N 18.78; found: C
64.13, H 6.20, N 18.65; 1H NMR (300 MHz, CDCl3, TMS): �� 3.38 (s, 6H;
CH3), 3.77 (s, 3H; OCH3), 6.82 (d, 3J(H,H)� 9 Hz, 2H; CHIm), 6.84 (d,
3J(H,H)� 1 Hz, 2H; CHPh), 6.93 (d, 3J(H,H)� 1 Hz, 2H; CHPh), 6.98 ppm
(d, 3J (H,H)� 9 Hz, 2H; CHIm); 13C NMR (75 MHz, CDCl3, TMS): ��
34.5 (CH3), 55.1 (OCH3), 76.4 (COH), 113.5 (CHPh), 123.2 (CHPh), 125.7
(CHIm), 128.5 (CHIm), 134.0 (CPh), 148.4 (CIm), 192.9 ppm (COMe); IR
(KBr pellet; 4000 ± 400 cm�1): �� � 2954 (m), 1609 (m), 1587 (w), 1511 (s),
1481 (m), 1405 (w), 1251 (s), 1055 (m), 1035 (m), 756 (s), 683 (w), 594 (w);
MS (70eV): m/z (%): 299 (20) [M��H], 298 (100) [M�], 191 (32)
[C9H11N4O�].

1: bmimpm (0.2 mmol, 59 mg) and triethylamine (3 drops) were dissolved
in methanol (5 mL) and [VO(acac)2] (0.8 mmol, 212 mg) was added. The
reaction mixture was stirred for 12 h. From the resulting orange solution,
orange rhombical crystals suitable for X-ray diffraction grew upon leaving
the solution to stand for one day (yield: 36.7 mg, 24%). IR (KBr pellet;
4000 ± 400 cm�1): �� � 3408 (m, br), 3118 (w), 3079 (w), 2920 (m), 2811 (w),
1606 (m), 1586 (s), 1524 (s), 1507 (s), 1443 (m), 1374 (s), 1282 (m), 1252 (m),
1185 (w), 1158 (m), 1146 (m), 1070 (m), 1032 (s, br), 987 (m), 956 (vs), 920
(vs), 839 (m), 784 (m), 756 (s), 733 (m), 660 (m), 594 (m), 542 (w), 499 (w),
463 (w), 443 (m); cyclic voltammetry (saturated in methanol (�1 m�),
supporting electrolyte tetrabutylammonium hexafluorophosphate
100 m�): Measurement taken at a Perkin-Elmer 263A Potentiostat with
a glassy-carbon working electrode, Ag/AgCl reference electrode, and Pt
counter electrode. An irreversible oxidation peak at 130 mV was found
corresponding to the VIV/VV redox couple.
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Benzylic endo-Alkylation of Phthalan ±
Cr(CO)3 Complexes via Temporary Silylation:
An Entry to trans-1,3-Disubstituted
Dihydroisobenzofurans**
Saskia Zemolka, Johann Lex, and Hans-
G¸nther Schmalz*

Substituted 1,3-dihydroisobenzofurans (phthalans) repre-
sent an interesting class of compounds owing to their
promising pharmacological potential,[1] but they have re-
ceived only little attention from synthetic chemists in the
past.[2] In particular, almost no general methods are available
for the stereoselective synthesis of cis- or trans-1,3-disubsti-

tuted derivatives of type 1 and 2, respectively.[3] With regard to
the usefulness of such compounds as intermediates for the
synthesis of bioactive oxonanes[4] and the established bio-
logical activity of compounds of type 3,[5] the search for
efficient stereoselective entries to 1,3-disubstituted phthalans
remains a challenging task.
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In 1989, Davies and co-workers reported the preparation of
a few cis-configured compounds of type 1 (R1, R2�Me, D)
starting from the [phthalan ±Cr(CO)3] complex 4.[6] In two
successive benzylic deprotonation/alkylation steps, 4 can be
transformed (via rac-5) into bis-exo-alkylated complexes of
type 6, from which the free ligands 1 are easily obtained by
oxidative decomplexation.[6] The method exploits both the
ability of the Cr(CO)3 fragment to stabilize a negative charge
in the benzylic position[7] and the strong steric effect of the
metal fragment (shielding of the endo face).[7b, 8] The stabili-
zation of the anionic intermediate 7a derived from 4 by
benzylic deprotonation can be understood in terms of the
resonance structure 7b in which the charge is delocalized to
the Cr(CO)3 unit (Scheme 1).[9]

O

Cr(CO)3

O

Cr(CO)3

7a 7b

– –

Scheme 1. Resonance structures of the benzylic anion derived from 4.

In the course of our research on the application of chiral
arene ±Cr(CO)3 complexes in the stereoselective synthesis of
bioactive compounds,[10] we were interested in using the
silylated complex 8 as a building block for the synthesis of new
1,3-disubstituted phthalans. Compound 8 was selected since it
is easily prepared, even in the optically active form,[11] from
the parent complex 4. Herein we disclose the results of a study
which has led to the discovery of some unexpected, remark-
ably selective transformations and to the development of an
efficient and completely stereoselective route to 1-endo-
alkylated complexes and to trans-1,3-disubstituted phthalans.

When complex rac-8 was treated with tBuLi at low temper-
atures (�100 to �78 �C) followed by quenching of the
resulting anion with different electrophiles, we were surprised
to find that the 1,1-disubstituted products (rac-11) were
formed with complete regio- and diastereoselectivity (Ta-
ble 1). Evidently, the deprotonation of rac-8 does not, as
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A. Stammler, A. Botar, Z. Anorg. Allg. Chem. 1995, 621, 1818 ± 1831.

[8] H. K. Chae, W. G. Klemperer, V. W. Day, Inorg. Chem. 1989, 28,
1423 ± 1424.

[9] a) A. Messerschmidt, L. Prade, R. Wever, Biol. Chem. 1997, 378, 309 ±
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Schomburg, J. Mol. Biol. 1999, 293, 595 ± 611.

[10] Crystal-structure analysis for 1: Single-crystal X-ray diffraction data
were collected on a Bruker Nonius Smart diffractometer with a CCD
detector (�(CuK�)� 1.54184 ä) at 200(2) K, crystal dimensions 0.16�
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0.1627 for all reflections, 425 total parameters, GooF� 0.967 on
�F 2 � , max./min. residual electron density 1.131/� 0.555 eä�3. CCDC-
176210 (1) 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 Crystallo-
graphic Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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The oxidation state of atom i is given by �j�ij�V with �ij� exp[(Rij�
dij)/b]. Here b is taken to be a ™universal∫ constant equal to 0.37 ä, �ij
is the valence of a bond between two atoms i and j, Rij is given by the
empirical parameters, and dij is the observed length of the bond.
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originally anticipated (see below), lead to the intermediate
rac-9a (Scheme 2). Instead, the isomeric benzylic anion rac-
9b is generated, which is subsequently alkylated by the

electrophile (R1X) from the unhindered exo face. Thus, the
bulky TMS group ends up in the endo position with respect to
the Cr(CO)3 fragment, as found in the X-ray crystal structures
of 11a and rac-11d (Figure 1).[12]

Starting from 4, the preparation of 1,1-disubstituted com-
plexes of type rac-11 could also be carried out in an efficient
one-pot procedure (Scheme 2): treatment of a solution of 4

Figure 1. Structure of 11a (left) and rac-11d (right) in the crystalline
state.[12]

and TMSCl (1 equiv) in THF with tBuLi (2 equiv) at low
temperatures (�100 to �78 �C) under in situ quench (ISQ)
conditions[11, 13] directly afforded a deep red solution of the
benzylic anion (rac-9b), which could be quenched (as before)
with different electrophiles to give the products usually even
in better yields than in the former two-step procedure
(Table 1).

The clean access to compounds of type 11 opened interest-
ing perspectives for further transformations (see below).
However, we were puzzled by the fact that deprotonation of 8
with tBuLi selectively affords the intermediate 9b, even at
�100 �C (i.e. kinetic control). We had expected the isomeric
species 9a to be formed, anticipating the benzylic deproto-
nation of 8 to occur from the exo face.[14] Clearly, 9b is
thermodynamically more stable than 9a as a result of the �-
silyl effect.[15] The question was whether an endo deprotona-
tion had occurred at the highly hindered silylated position of 8
(Hendo at C1) or if 9b was possibly
formed by rearrangement of 9a
generated by a ™standard∫ exo
deprotonation at the unhindered
opposite benzylic position (Hexo

at C3) (Schemes 2 and 3).
To distinguish be-

tween these two possi-
bilities, we decided to
employ the deuterated
derivative rac-13 (rac-
[D1]8) in a deprotona-
tion/alkylation sequence. Compound rac-13 was
prepared by diastereoselective complexation
([Cr(CO)6], nBu2O/THF, reflux) of rac-12,[16] which
in turn was obtained from rac-11h by oxidative
decomplexation. When rac-13 was deprotonated
with tBuLi at �78 �C and the resulting anion was
quenched with allyl bromide, the completely dedeu-
terated product rac-11b was isolated in 69% yield
(Scheme 4).[17] This result clearly demonstrates that,
in contrast to established arene ±Cr(CO)3 chemistry,

O

TMS
D

O

Cr(CO)3 TMS
D

O

Cr(CO)3

TMS

12 13 11b

[Cr(CO)6] tBuLi

allyl
bromide

Scheme 4. Proof of the 1-endo-deprotonation of 8 by using the deuterated
derivative 13. The experiment was carried out with the racemic compounds.
Reagents and conditions: step 1: [Cr(CO)6] (1.08 equiv), nBu2O/THF
(10:1), 155 �C, 27 h; step 2: tBuLi (1.1 equiv), THF, �78 �C, 2 h, then allyl
bromide (2 equiv), 2 h.

the deprotonation of rac-8 indeed proceeds from the endo
face (at the silylated position). Most likely, the enhanced
acidity at C1 as a result of the TMS substituent overcompen-
sates the shielding of the endo face by the Cr(CO)3 fragment
in this specific case (Scheme 3).[18]

Desilylation of compounds of type rac-11 with tetrabutyl-
ammonium fluoride (TBAF) in the presence of water
furnished the monosubstituted complexes rac-15 as pure endo

Table 1. Preparation of 1,1-disubstituted complexes of type rac-11 accord-
ing to Scheme 2.

Starting
material

Electrophile
(R1X)

Method[a] Product R1 Yield
[%][b]

rac-8 MeI A rac-11a Me 76
rac-8 allyl bromide A rac-11b allyl 80
rac-8 nBuI A rac-11c nBu 83
rac-8 TMSCl A rac-11d TMS 72
rac-8 TBSOC5H10I A rac-11e TBSOC5H10 54
rac-8 BnOCOCl A rac-11 f CO2Bn 57
4 MeI B rac-11a Me 96
4 allyl bromide B rac-11b allyl 99
4 nBuI B rac-11c nBu 78
4 H2O B rac-11g H 96
4 MeOD B rac-11h D 83

[a] Method A: rac-8, THF, tBuLi (1.1 equiv), �100�� 78 �C, 1 h, then
R1X (2.5 ± 5 equiv), �78�� 45 �C, 1 ± 5 h (TLC control), then H2O
quench and extractive workup; method B: 4, THF, TMSCl (1.01 equiv),
�100 �C, then tBuLi (2.2 equiv), 2 h, �100�� 78 �C, then R1X (3 equiv),
�78�� 50 �C, 1 ± 3.5 h (TLC control). [b] Yield of isolated product after
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Scheme 2. Unexpected formation of 1,1-disubstituted complexes of type 11 by
deprotonation/alkylation of 8. For details see Table 1.
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Scheme 3. Deprotonation
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complex 8.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 14 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4114-2527 $ 20.00+.50/0 2527

diastereomers in excellent yields through diastereoselective
protonation of the intermediate anion rac-14 from the exo
face (Scheme 5).[19]

O

Cr(CO)3 R1
TMS

O

Cr(CO)3
R1

O

Cr(CO)3 H
R1

11 14 15a: R1 = Me   (96%)
15b: R1 = allyl  (87%)
15c: R1 = nBu (91%)

H2OTBAF

–

Scheme 5. Desilylation of complexes of type 11 leads to endo-alkylated
products of type 15 through exo protonation of the intermediate 14.
Reagents and conditions: THF, H2O, 0 �C, TBAF (3 equiv), 10 min, room
temperature, 12 h.

The newly developed, unique entry to endo-alkylated
products prompted us to investigate the possibility of utilizing
the silylated complexes rac-11 in the synthesis of trans-1,3-
disubstituted phthalans. Indeed, after subjecting complexes of
type rac-11 to the typical deprotonation/alkylation conditions
and direct desilylation of the intermediates rac-16, the trans-
1,3-disubstituted complexes rac-17 were obtained as pure
diastereomers (Scheme 6, Table 2). The expected trans con-
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R2X
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Scheme 6. One-pot synthesis of trans-1,3-disubstituted phthalan com-
plexes of type 17. For details, see Table 2.

figuration of the products was unequivocally proven by means
of X-ray crystallographic analysis in the cases of rac-17b and
rac-17 f (Figure 2)[12] and NMR spectroscopic correlations.

To demonstrate the applicability of the developed method-
ology in the preparation of nonracemic compounds, the
chirogenic step (i.e. the deprotonation of the prochiral
complex 4) was performed enantioselectively[11] by using the

Figure 2. Structure of rac-17b (left) and rac-17 f (right) in the crystalline
state.[12]

chiral amide base 18.[20] Therefore, 4 was treated with 18
(1 equiv) in the presence of TMSCl (ISQ conditions) at
�100 �C, and the intermediate 8 (formed in situ) was directly
converted by deprotonation with tBuLi and an electrophilic
quench (MeI) into complex 11a[12] with �99% ee (HPLC) in
75% yield (Scheme 7, Figure 1).[21] By combining the trans-
formations shown in Scheme 7 (4�11) and Scheme 6
(11�17) the diastereo- and enantioselective synthesis of
trans-1,3-disubstituted phthalan complexes can be carried out
through a short and efficient sequence of two one-pot
procedures.

O

Cr(CO)3

O

Cr(CO)3

O

Cr(CO)3
TMS Me

TMS
N N

PhPh

PhPh

4 11a   
75% (>99% ee)

8

tBuLi

MeI

Li    Li
18

TMSCl

Scheme 7. One-pot, enantioselective synthesis of 11a. Reagents and
conditions: TMSCl (1.01 equiv), 18 (1.08 equiv), THF, �100 �C, then slow
addition of 4 in THF, �95�� 85 �C, 45 min., then tBuLi (2.3 equiv),
�78 �C, 1 h, MeI (5 equiv), 1 h.

In conclusion, we have succeeded in elaborating a general,
practical, and fully stereoselective entry to trans-1,3-dialky-
lated dihydroisobenzofurans. The method exploits the re-
markable and unexpected finding that the deprotonation of 8
occurs at the substituted benzylic position (from the endo
face!). Our current investigations are aimed at the application
of this method to the synthesis of more sophisticated systems
related to bioactive natural products.
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Table 2. Preparation of trans-1,3-disubstituted complexes of type rac-17
according to Scheme 6.[a]

Starting
material

Electrophile
(R2-X)

Product R1 R2 Yield
[%][b]

rac-11a allyl bromide rac-17a Me allyl 91
rac-11a nBuI rac-17b Me nBu 76
rac-11a BnBr rac-17c Me Bn 72
rac-11a MeSSMe rac-17d Me S-Me 67
rac-11a Et2NCOCl rac-17e Me CONEt2 56
rac-11a EtOCOCl rac-17 f Me CO2Et 56[c]

rac-11b nBuI rac-17g allyl nBu 50
rac-11b MeI rac-17h allyl Me 77
rac-11c BnBr rac-17 i nBu Bn 77

[a] THF, tBuLi (1.1 equiv), �78 �C, 2 h, then R2X (2 ± 4 equiv), �78�
� 10 �C, 1 to 5 h (TLC control), then H2O, room temperature, 0 �C, then
TBAF (1.5 ± 7.5 equiv), room temperature, 12 h; extractive workup.
[b] Yield of isolated product after chromatographic purification. [c] Inverse
addition: the anion was added at �78 �C to R2X in THF, then 2 h, �78 �C.
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Cooperative magnetic phenomena such as ferromagnetism
and antiferromagnetism have not only made up an enor-
mously rich synthetic and theoretical playground for gener-
ations of solid-state physicists and chemists,[1, 2] they also form
the material basis of the most critical key technology of
today×s information society, namely data storage and data
retrieval.[3, 4] Fortunately enough, within the last two decades
modern high-level electronic-structure calculations of the
density-functional type have proven to be able to reproduce a
number of essential observables (e.g., magnetic moments) in
many (inter)metallic magnets with satisfying accuracy, there-
by offering a first step in an atomistic understanding of these
magnetic properties. Only recently, however, has it been
shown that a more chemically oriented theoretical frame-
work, intended to offer semiquantitative signposts for the
synthesis of new cooperative magnets, can be constructed
simply by identifying bonding ™fingerprints∫ which are
characteristic for either metallic ferromagnets or antiferro-
magnets.[5, 6]

When a nonmagnetic (™spin-restricted∫) band-structure
calculation is performed on a typical ferromagnet such as bcc-
Fe, a crystal orbital Hamilton population (COHP) bonding
analysis yields antibonding Fe ±Fe interactions at the Fermi
level (Figure 1, top left), which indicates an electronic
instability. Upon spontaneous spin polarization (™spin-unre-
stricted∫ calculation), bcc-Fe undergoes a distortion, but
instead of the atoms the electrons rearrange themselves.[7]

Thus, spontaneous magnetization makes the spin-up (�) and
spin-down (�) electrons inequivalent, thereby reducing the
electronic symmetry, which annihilates the antibonding states
and, consequently, lowering the overall energy and the
bonding energy by a few percent (Figure 1, top right).[5, 6]

For antiferromagnetism, things are a little bit more subtle.
A corresponding nonmagnetic band-structure calculation on a
typical antiferromagnet such as bcc-Cr results in the Fermi
level being positioned exactly between the bonding and
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Figure 1. Top: COHP analysis of Fe ± Fe bonding in nonmagnetic bcc-
Fe (left) and in ferromagnetic, spin-polarized bcc-Fe (right; � spin lattice
(––), � spin lattice (- - - -)). Bottom: COHP analysis of Cr ±Cr bonding in
nonmagnetic bcc-Cr (left) and in antiferromagnetic, spin-polarized bcc-
Cr (right); the Fermi levels (horizontal dotted lines) have been set to zero.

antibonding states, that is, in the nonbonding region (Figure 1,
bottom left). This situation does not alter very much when a
real antiferromagnetic calculation is performed; the states
around the Fermi level remain nonbonding, the strength of
interatomic bonding stays very much the same,[6, 8] and it is
only the slightly changing slope of the COHP close to the
Fermi level that reminds us of a well-known instability in
extended solids[9] (Figure 1, bottom right). To successfully
create new metallic ferromagnets and antiferromagnets, the
synthetic recipe[6, 8] for all transition metals and their alloys
reads as follows: Try to adjust the Fermi level of the material
under investigation so as to position it within the antibonding
states (ferromagnets) or nonbonding states (antiferromagnets)
of the magnetically active atoms, that is, those atoms which
have narrow band widths in their elemental forms. Here are
some examples for such a tuning of the valence-electron
concentration by means of either an electronic enrichment or
depletion:

The quaternary family of intermetallic phases A2MRh5B2

(M�metal) which crystallize in an ordered, substitutional

variant of the Ti3Co5B2 structure type, is especially well-suited
to exploit these ways of chemical thinking since the overall
structure is robust enough to allow a number of chemical
substitutions to take place by skillful syntheses.[10] We will
discuss the structural peculiarities using the example of
Mg2MnRh5B2, an electron-poor representative of this rich
family of compounds, all of which crystallize in the space
group P4/mbm. Within the tetragonal unit cell (see Figure 2,

Figure 2. Left: perspective view of the Mg2MnRh5B2 crystal structure
along the [001] axis with magnesium atoms in green, manganese atoms in
red, rhodium atoms in blue, and boron atoms in yellow; right: tetragonal
rhodium prisms (blue) around manganese atoms (red).

left), there are trigonal, tetragonal, and pentagonal rhodium
prisms stacked on top of each other along the [001] direction.
While the triangular prisms are centered by boron atoms, the
pentagonal prisms accommodate magnesium atoms; the
tetragonal prisms contain the magnetically important man-
ganese atoms (see also Figure 2, right). As a result, there are
quasi 1D Mn±Mn chains running along the c axis with
intrachain distances of about 2.91 ä while the interchain
distances are on the order of 6.60 ä.

Magnetic susceptibility measurements on Mg2MnRh5B2

immediately revealed Curie ±Weiss behavior �mol�C/
(T��P) for temperatures above 160 K with a Weiss constant
�P��130 K and a Curie constant C� 1.61� 10�5 m3K
mol�1.[10] The latter number corresponds to a paramagnetic
moment of 3.2 �B per Mn atom while the former indicates
considerable antiferromagnetic Mn±Mn exchange interac-
tions. Nonetheless, characteristic features for 1D magnetic
behavior are not obvious. Around 3 K, a maximum in �mol is
observed at magnetic fields B0� 0.1 T. Not too surprisingly,
nonmagnetic band-structure calculations on Mg2MnRh5B2

fully corroborate the experimental findings. As shown in the
left part of Figure 3, the Fermi level in the COHP analysis is
clearly positioned in the region of nonbonding Mn±Mn
interactions, just like in the antiferromagnetic archetype (bcc-
Cr). Thus, a tendency for antiferromagnetic spin ordering is
indicated by both experiment and theory. To computationally
describe this (so far still unknown) antiferromagnetic struc-
ture of Mg2MnRh5B2 using the simplest model, we doubled
the short tetragonal axis and switched to a spin-polarized
band-structure calculation. Starting from a rough estimate for
the antiparallel spin ordering on the neighboring Mn atoms
(ca. �2 �B) and a net moment of zero, the spin-polarized
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Figure 3. COHP analysis of Mn ±Mn bonding in nonmagnetic
Mg2MnRh5B2 (left) and in antiferromagnetic, spin-polarized
Mg2MnRh5B2 (right). The Fermi levels (horizontal dotted lines) have been
set to zero. The shaded COHP region in the left part symbolizes a
hypothetical electronic enrichment by three electrons.

calculation in fact keeps to both the zero net moment and the
antiferromagnetic ordering, and it converges to a self-
consistent saturation moment of 3.23 �B on Mn; all the other
atoms are magnetically almost inactive. As expected from the
antiferromagnetic archetype (bcc-Cr), in the COHP analysis
the nonbonding Mn ±Mn states close to the Fermi level (see
right part of Figure 3) of the antiferromagnetic calculation
remain practically untouched.

Keeping in mind the above-mentioned recipe for synthesiz-
ing metallic ferromagnets and antiferromagnets, it is straight-
forward to predict how to chemically create a new ferromag-
net starting from the antiferromagnetic Mg2MnRh5B2 with
62 valence electrons per formula unit (2� 2 (Mg), 1� 7 (Mn),
5� 9 (Rh), 2� 3 (B)). Supposing a rigid-band behavior will
hold upon chemical substitution, the experimentalist needs to
shift the Fermi level up by increasing the valence-electron
concentration such that the new Fermi level will cut through
the strongly antibonding states around�0.4 eVas given in the
preceding Figure 3 (left, shaded region). A numerical COHP
integration shows that such an increase corresponds to three
additional electrons per formula unit, to be realized by
replacing Mg with Sc and Mn with Fe, such that ™Sc2FeRh5B2∫
with 65 valence electrons per formula unit (2� 3 (Sc), 1� 8
(Fe), 5� 9 (Rh), 2� 3 (B)) should do.[11]

Fortunately, Sc2FeRh5B2 can indeed be prepared by classic
high-temperature chemical synthesis, similar to the case of the
manganese compound.[10] The susceptibility measurement
reveals that Sc2FeRh5B2 is, in fact, ferromagnetic below
TC� 450 K. A constant magnetization is easily reached for
temperatures below 300 K at applied fields B0� 2 T with a
maximum value of 3.3 �B per Fe at 1.7 K. The magnetization
above TC as a function of temperature and applied field is
more complicated than would be expected for a simple
ferromagnet; Curie ±Weiss behavior is not observed. The
shape of the corresponding Fe ± Fe COHP analysis within a
nonmagnetic electronic-structure calculation (see Figure 4,
left) is very similar to predictions. In harmony with the

Figure 4. COHP analysis of Fe ± Fe bonding in nonmagnetic Sc2FeRh5-

B2 (left) and in ferromagnetic, spin-polarized Sc2FeRh5B2 (right). The
Fermi levels (horizontal dotted lines) have been set to zero. The shaded
COHP region in the left part symbolizes a hypothetical electronic depletion
by three electrons.

ferromagnetic properties of Sc2FeRh5B2, there are strongly
antibonding Fe ±Fe interactions around the Fermi level,
which remind us of the scenario in the ferromagnetic
archetype (bcc-Fe, see above). One may also expect that
spin-polarization will remove these antibonding interactions
at the Fermi level, thereby lowering the total energy. To do so,
the spin-polarized band-structure calculation of Sc2FeRh5B2

was started from a small extra moment (ca. 1 �B) on the Fe
atom and then iterated to self-consistency. As a result, the
theoretical saturation moment is 3.96 �B while the individual
moments (�B) are �0.05 for Sc, 2.93 for Fe, 0.25 for Rh1, 0.08
for Rh2, and 0.02 for B. Note that one 4d atom, namely Rh1, is
somewhat involved in the magnetic interactions. As predicted,
the formerly antibonding Fe ± Fe interactions at the Fermi
level are no longer visible in a spin-polarized COHP analysis
(Figure 4, right), just like for bcc-Fe.

Adopting a similar strategy to that for the antiferromag-
netic Mn compound, we can try to plan further synthetic steps
on the basis of the non-spin-polarized Fe ±Fe COHP analysis
of ferromagnetic Sc2FeRh5B2 (see again Figure 4, left). It is
clear from the Figure that a further electronic enrichment will
populate more antibonding states which destabilize the
structure; in fact, the attempt to increase the valence-electron
concentration through substituting Sc atoms by Zr atoms does
not lead to alternative ferromagnets but to perovskite-related
phases. On the other hand, an electronic depletion of
ferromagnetic Sc2FeRh5B2, for example, by three electrons,
would position the Fermi level back into a region of non-
bondingmetal ±metal interactions (shaded region in Figure 4,
left) which is the fingerprint of an antiferromagnetic material.
In other words, a chemical reduction of ferromagnetic
Sc2FeRh5B2 by three electrons would result in an antiferro-
magnetic alloy, regardless of the magnetic nature of the
transition element.

We can come up with two crucial experiments testing the
above reasoning, both of which involve a readjusted valence-
electron concentration of the intermetallic alloy. In the first
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case, we start from the composition Sc2FeRh5B2 (65 valence
electrons) and lower it by three electrons by substituting Fe
for Mn and a partial substitution of Rh for Ru. For example,
the hypothetical formula ™Sc2MnRu2Rh3B2∫ with 62 valence
electrons per formula unit (2� 3 electrons for Sc, 1� 7 for
Mn, 2� 8 for Ru, 3� 9 for Rh, and 2� 3 for B) would be such
a candidate for antiferromagnetism.

As a matter of fact, Sc2MnRu2Rh3B2 can be synthesized by
standard methods (see below) in quantitative yields;[12] its
magnetization properties are shown in Figure 5. As predicted,
the new phase shows antiferromagnetic properties, very much
resembling isoelectronic Mg2MnRh5B2. The Weiss constant
�P of Sc2MnRu2Rh3B2 is around �300 K, and the para-
magnetic moment corresponds to 2.3 �B per Mn atom.

Figure 5. Plots of the reciprocal molar susceptibilities of
Sc2MnRu2Rh3B2 (�) and Sc2FeRu3Rh2B2 (�) as a function of the temper-
ature.

But there is also an alternative way of electronically
depleting the 65-electron alloy Sc2FeRh5B2, not touching
upon the chemical nature of the magnetically active transition
metal: To do so, the substitution only involves the Rh
sublattice in which three of the five Rh atoms are replaced
by Ru atoms, thus the synthetic antiferromagnetic target
would be ™Sc2FeRu3Rh2B2∫, again corresponding to 62 va-
lence electrons per formula unit (2� 3 electrons for Sc, 1� 8
for Fe, 3� 8 for Ru, 2� 9 for Rh, and 2� 3 for B).

Fortunately, Sc2FeRu3Rh2B2 is also synthetically accessible
in almost quantitative yield.[13] Its magnetic properties (Fig-
ure 5) prove that the new material is indeed an antiferromag-
net, as predicted on the basis of the rigid-band model and the
associated COHP diagram. The experimental data reveal that
the Weiss constant lies at about �90 K while the para-
magnetic moment is 4.0 �B per Fe atom. Thus, it is clear that
the magnetic type of behavior of both Sc2MnRu2Rh3B2 and
Sc2FeRu3Rh2B2 is solely a function of the electron filling, that
is, an electron concentration which positions the Fermi level in
nonbonding Mn ±Mn or Fe ±Fe states.

In conclusion, we have exemplified how to understand
experimental findings, in terms of the bonding properties of
magnetically active transition-metal atoms in complex inter-
metallic alloys, such as Mg2MnRh5B2 and Sc2FeRh5B2. We
have also shown that the magnetic properties of
Sc2MnRu2Rh3B2 and Sc2FeRu3Rh2B2 (and possibly many
other intermetallic phases) can be predicted by the shape of
COHP diagrams as a function of the electronic energy. From
what has been said so far, it seems clear that related,
isostructural intermetallic phases with 63 or 64 valence
electrons will be interesting candidates for competition
between antiferromagnetic (62 electrons) and ferromagnetic
(65 electrons) exchange interactions. Corresponding, yet to be
synthesized, intermetallic phases with fewer than, say, 62 elec-
trons, should not exhibit strong magnetic phenomena because
the Fermi level would be positioned in bonding M±M states
in which there is no tendency for electronic distortions in
terms of spontaneous spin polarization. Isostructural inter-
metallic phases with more than 65 electrons are probably
impossible to realize synthetically.

Experimental Section and Theoretical Methodology

All intermetallic compounds were synthesized by classic solid-state
chemical routes (elemental components, closed containers, high temper-
atures, and arc melting procedures).[10] The products were structurally
characterized by a combination of single-crystal/powder X-ray diffraction
and neutron diffraction. The crystallographic lattice parameters of
Mg2MnRh5B2, Sc2MnRu2Rh3B2, and Sc2FeRu3Rh2B2 were determined
from powder. Internal coordinates of Mg2MnRh5B2 were assumed to be
identical with Mg2FeRh5B2 because of their excellent lattice match; these
combined spatial parameters were used for the electronic-structure
calculation on Mg2MnRh5B2. For Sc2FeRh5B2, all structural parameters
were determined from single-crystal diffractometry and were used, without
modification, for the theoretical part. Magnetic susceptibilities were
determined between 2 and 400 K at B0� 0.5 T using a SQUID magneto-
meter MPMS-5S (Quantum Design, San Diego, USA). Corrections for
diamagnetic and conduction-electron contributions were not applied. For
Sc2MnRu2Rh3B2 and Sc2FeRu3Rh2B2, the tendency for Curie ±Weiss
behavior becomes only apparent at T� 300 K. This region has thus been
used to estimate the corresponding C and �P values.

Band-structure calculations were performed using Linear Muffin ±Tin
Orbital (LMTO) theory[14] within the local (spin) density approximation
(LDA and LSDA).[15] All calculations were checked for convergence of
energies, orbital moments, integrated COHP values and magnetic moments
with respect to the number of k points used in the reciprocal-space
integrations. The program used was TB-LMTO4.7.[16] Crystal Orbital
Hamilton Population (COHP) analysis[17] is a partitioning scheme for the
band-structure energy (sum of the energies of the Kohn ± Sham orbitals) in
terms of orbital-pair contributions. COHP analysis, while in many ways
analogous to crystal orbital overlap population (COOP) analysis used in
extended H¸ckel calculations,[18] provides a quantitative measure of bond
strengths and is probably more appropriate for a first-principles calcu-
lation. All COHP curves are presented here in a format similar to COOP
curves: positive values are bonding, and negative antibonding (i.e., we are
plotting �COHP instead of COHP).
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Catalytic Activity and Poisoning of Specific
Sites on Supported Metal Nanoparticles**
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Hans-Joachim Freund

Typically, heterogeneous catalysts are based on nanometer-
sized active particles, dispersed on an inert support material.
In many cases it is assumed that the unique reactivities of such
surfaces arise from the simultaneous presence of different
active sites. On a molecular level, however, knowledge of the
reaction kinetics of such systems is scarce (see e.g. refs. [1, 2]
and references therein).

Herein, we present first direct evidence for the different
activity of coexisting sites on a well-defined supported-
nanoparticle system. As a model reaction we choose the
decomposition of methanol on well-ordered Pd crystallites.
For this reaction system two competing decomposition path-
ways exist (Figure 1): whereas dehydrogenation to CO

Figure 1. Schematic representation of the supported Pd nanoparticles and
the blocking of defect sites by carbon species during methanol decom-
position.

represents the dominating reaction channel,[3, 4] slow carbon ±
oxygen-bond breakage leads to formation of adsorbed carbon
and CHx species.[4±6] With increasing carbon coverage the rate
of carbon ± oxygen-bond breakage drops rapidly, whereas the
kinetics of dehydrogenation is hardly affected. We show that
on ordered Pd crystallites these carbon and hydrocarbon
species preferentially block defect sites on the particles such
as particle edges and steps (see Figure 1). From this, we
conclude that activity for carbon ± oxygen-bond breakage is
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drastically enhanced at the particle defect sites, whereas this is
not the case for the dehydrogenation pathway. This type of
detailed investigation is made possible by two factors:

1) We employed a supported model catalyst, which, in
contrast to real catalysts, is characterized by a lower and
controllable level of complexity and which is suitable for the
application of most surface-science experimental techniques
(see refs. [1, 2, 7, 8] and references therein). The model
surface used is based on a well-ordered Al2O3 film on a
NiAl(110) single crystal.[9] On this model support, Pd particles
are grown under well-controlled conditions in ultra-high
vacuum (UHV). The geometric and electronic structure as
well as the adsorption properties of these particles have been
characterized extensively.[10±14] Briefly, the Pd aggregates
represent well-shaped crystallites with an average size of
approximately 6 nm. They grow in the (111) orientation and
predominantly expose (111) facets as well as a small fraction
of (100) facets. In Figure 2a a scanning tunneling microscopy
(STM) image of the Pd particles is shown and a schematic
model is displayed in Figure 1. Further structural details can
be found in the literature.[13]

2) Kinetic measurements were made on these model
surfaces by using molecular-beam techniques (e.g.
refs. [2, 15, 16]) which provide a unique way to derive de-
tailed kinetic information, for example, by enabling us to
modulate reactant fluxes in a flexible way, determine exact

Figure 2. a) STM image of the Pd particles grown at 300 K on Al2O3/
NiAl(110) (20 nm� 20 nm), from ref. [17]; b) RAIR spectra for CO
adsorbed on Pd/Al2O3/NiAl(110) (sample temperature 100 K, after CO
exposure at 300 K); R� reflectivity open symbols: immediately after
preparation; solid symbols: after prolonged exposure to methanol at
440 K.

reaction probabilities, or detect reaction products in a
collision-free manner. To perform such experiments on
supported model catalysts, we used a molecular-beam system
which allows up to three beams to cross on the sample surface
and perform time-resolved reflection ± absorption IR spectros-
copy (TR-RAIRS) and angle resolved/integrated gas ± phase
detection, simultaneously.[17] Recently, we have applied the
molecular-beam approach to the CO oxidation on supported
model catalysts.[18, 19] Here, we focus on the methanol decom-
position as a first example of a more complex reaction system.

In brief, molecular adsorption of methanol is followed by
the formation of methoxy species on the Pd particles. This first
intermediate is stable up to temperatures of 200 K. At higher
temperatures, decomposition proceeds by two competing
reaction pathways. Dehydrogenation as the dominating
reaction channel results in rapid formation of CO. Depending
on the rate of CO formation and desorption (i.e. the surface
temperature), a significant steady-state coverage of adsorbed
CO is built up, which can be monitored by in situ TR-RAIRS
(IR at 440 K: ��(C�O)� 1900, 1840 cm�1).

As a second pathway, we observe slow breakage of the
carbon ± oxygen bonds, which leads to the formation of
adsorbed carbon and hydrocarbon species. This assumption
is corroborated by two observations: First, weak features in
the C�H-stretching-frequency region (IR: �� � 2945,
2830 cm�1) indicate the presence of CHx-species. Such hydro-
carbon species have been shown to be stable up to 500 K.[5]

Second, in a temperature programmed desorption (TPD)
experiment we observe desorption of hydrocarbons (Mr� 15,
700 K) and recombinative desorption of CO (Mr� 28, 800 K),
which is characteristic for the presence of atomic carbon.[20]

It is essential to note that during exposure of the catalyst to
CO under identical conditions no carbon formation is
observed.[18] From this we infer that the carbon deposits do
not originate from CO decomposition, but from breakage of
the C�O bond during the methanol dehydrogenation process.

The question arises: where on the nanoparticles are the
carbon deposits located? This question is answered by
RAIRS with CO as a probe molecule. The corresponding
spectra for the pristine Pd particles and after prolonged
exposure to methanol are compared in Figure 2b.

For the pristine sample (Figure 2b), the spectrum is
dominated by a sharp absorption feature at 1960 cm�1 (1)
with a broad low-frequency shoulder (2; 1930 ± 1840 cm�1)
and an additional weak feature at 2080 cm�1 (3). Previously,
the features between 1930 cm�1 and 1840 cm�1 (2) have been
assigned to CO adsorbed on bridge and hollow sites predom-
inantly on Pd(111), and the absorption peak at 2080 cm�1 (3)
to on-top CO.[11, 12] A detailed comparison with previous work
shows that the prominent absorption band at 1960 cm�1 (1)
originates from a superposition of bridge-bonded CO on
(100) facets and CO adsorbed at defect sites, such as particle
edges or steps.[11, 12] The contribution of (100) facets, however,
is expected to be small because these facets are the minor
fraction and because of their tilted geometry (as a conse-
quence of the surface selection rule, IR absorption is
attenuated on small, tilted facets, e.g. ref. [21]). Following
these arguments, we assume that the absorption feature at
1960 cm�1 is dominated by CO adsorbed on defect sites,
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mainly on steps and particle edges (see Figure 1). Note,
however, that the signals are expected to be strongly modified
by dipole-coupling effects.[22] As a consequence, the relative
intensities do not directly reflect the relative abundance of the
corresponding sites, but the defect feature at high frequency
can gain intensity at the expense of the regular absorption
signal at lower frequency.

After extended exposure to methanol, drastic changes are
observed in the spectrum for the adsorbed CO (Figure 2b).
The defect peak at 1960 cm�1 (1) vanishes almost completely,
whereas the absorption signal in the on-top region (3) strongly
increases (2090 cm�1). All other features in the spectrum, in
particular the region below 1950 cm�1 (regular facets), remain
practically unchanged. Although the dipole-coupling effects
mentioned above preclude a straightforward quantification, it
is apparent from these observations that adsorption at particle
defect sites (i.e. steps and edges) is blocked by carbon species
formed by carbon ± oxygen-bond breakage. We conclude that
these carbon species formed by the decomposition of
methanol preferentially accumulate at defect sites.

Next the effect of carbon accumulation on the kinetics of
both reaction pathways was investigated. Carbon formation
results in a slowly decreasing CO absorption capacity, which
allows us to follow the process in situ by TR-RAIRS. To
quantify the surface fraction covered by carbon, we calibrate
the integral CO absorption as a function of coverage (�CO:
fraction of Pd surface sites covered by CO; note that in
RAIRS there is no simple relation between coverage and
absorption because of the dipole-coupling effects[21]). To do
so, we combine a CO sticking-coefficient measurement and a
TR-RAIRS experiment. The calibration curve is used to
estimate the surface fraction covered by carbon as a function
of exposure time to methanol (�C(t)� �CO(0)� �CO(t), �CO(0):
initial CO coverage). It is apparent that the initial rate of
carbon formation is high, but drops rapidly with increasing
carbon coverage (the calculated rates of carbon formation
rC� d(�CO(0)� �CO(t))/dt are given in Figure 3). From this
observation we conclude that the carbon ± oxygen-bond
breakage is fast only at the defect sites, which are preferen-

Figure 3. Estimated carbon coverage as a function of exposure time t to the
methanol beam (derived from TR-RAIRS, surface temperature of 440 K),
�C� �CO(0)� �CO(t) per monolayer, and calculated rates of carbon
formation (carbon ± oxygen-bond breakage) and CO formation (dehydro-
genation).

tially blocked during the reaction, but not at the regular facet
sites.

The next question to ask is whether the second reaction
pathway, that is, the methanol dehydrogenation, is affected by
carbon accumulation in a similar manner? For experimental
reasons,[23] the dehydrogenation rate is determined in an
isotope-exchange experiment combined with surface detec-
tion by TR-RAIRS. The setup comprises a 12CH3OH beam
and a 13CH3OH beam of equal intensity. Switching between
the two beams, we follow the exchange between the dehy-
drogenation products 12CO and 13CO (IR at 440 K:
��(12C�O)� 1900, 1840 cm�1; ��(13C�O)� 1860, 1800 cm�1)
and determine the time constants for CO exchange �CO on
the clean and the partially carbon-covered catalyst. Moreover,
we can use the steady-state coverages of CO (see above) to
derive the corresponding rates of CO formation (or methanol
dehydrogenation) as rCO� �CO�CO

�1 (Figure 3).
It is apparent that whereas the rate of carbon ± oxygen-

bond breakage drastically decreases with increasing carbon
coverage, the rate constant for CO exchange remains nearly
unaffected by this process. The decrease in the dehydrogen-
ation rate simply reflects the decrease in the carbon-free Pd
surface area. Quantitatively, we find that the ratio between
the rates of dehydrogenation and carbon ± oxygen-bond
breakage rCO/rC increases from 30 on the pristine sample to
approximately 1000 on the carbon-contaminated sample.

In conclusion we have presented the first direct evidence
for the different activity of various reactive sites coexisting on
a well defined supported metal catalyst. Combining molec-
ular-beam methods and TR-RAIRS, we have investigated the
kinetics of methanol decomposition on well-ordered Pd
crystallites. Two competing reaction pathways are observed,
the rapid dehydrogenation to give CO and the slow carbon ±
oxygen-bond breakage leading to formation of carbon and
hydrocarbon species. Employing CO as a probe molecule, it is
shown the carbon-oxygen bond breakage occurs preferen-
tially at particle step and edge sites, whereas this is not the
case for dehydrogenation.

Experimental Section

All experiments were performed in a UHV molecular beam apparatus at
the Fritz-Haber-Institute (Berlin) which allows up to three beams to be
crossed on the sample surface.[17] The CH3OH beam (Merck,�99.8%) and
the 13CH3OH beam (Cambridge Isotope Laboratories, �99%) are
generated by effusive multichannel-array sources. For all methanol experi-
ments the surface temperature was 440 K and the beam intensity was 5.3�
1014 molecules cm�2 s�1. The RAIR spectra in Figure 2 were recorded (at
100 K after CO saturation at 300 K) before and after exposure to a
methanol dose of 2.5� 1018 moleculescm�2. The rates given in Figure 3 for
the partially carbon-covered sample correspond to a similar methanol dose.
For the isotope-exchange experiments, beam modulation was provided by
computer-controlled shutters located inside the second pumping stages of
the beam sources. For coverage calibration, CO sticking-coefficient
measurements were performed using a quadrupole mass spectrometer
(ABB Extrel) and a beam generated from a supersonic expansion (2.2�
1013 molecules cm�2 s�1, sample temperature 300 K). All IR spectra were
acquired employing a vacuum FT-IR spectrometer (Bruker IFS 66v) at a
spectral resolution of 2 cm�1.

The aluminum oxide film was prepared by sputtering and annealing of a
NiAl(110) single crystal, followed by an oxidation and annealing proce-
dure, the details of which are given elsewhere.[9] Cleanliness and quality of
the oxide film was checked by LEED (low-energy electron diffraction) and
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Enantioselective Synthesis of Propargylamines
by Copper-Catalyzed Addition of Alkynes to
Enamines**
Christopher Koradin, Kurt Polborn, and Paul Knochel*

Propargylamines are important as both synthetic inter-
mediates for the preparation of polyfunctional amino deriv-
atives and as biologically active compounds.[1] Their prepara-
tion in enantiomerically enriched form is therefore of great
importance. Although several diastereo- and enantioselective
syntheses have been developed,[2] until now no metal-cata-
lyzed enantioselective synthesis of propargylamines is
known.[3] We report herein a new copper(�)-catalyzed enan-
tioselective addition of alkynes[4] to enamines. First, we
examined the racemic synthesis of propargylamines by
metal-complex catalysis. Various metal salts, including
Sc(OTf)3, Zn(OTf)2, Yb(OTf)3, and CuI and CuII salts,[5]

were tested as catalysts. Copper(�) and copper(��) bromide
proved to give the fastest conversions. We chose test
enamines[6] with readily removable protecting groups such
as an allyl or a benzyl group. Enamines 1a ± h (1.2 ± 1.5 equiv)
reacted readily with terminal alkynes 2a ± k in toluene in the
presence of copper(�) bromide (5 mol%) to give propargylic
amines of type 3 (Scheme 1, Table 1) under mild reaction
conditions.

R1 N

R2
R4

R3

R5 R1 N
R4

R3

R2

R5

CuBr (5 mol%)

toluene
RT or 60 °C

  3 – 24 h

+

1a–h 2a–k 3a-r 66 – 98 %

Scheme 1. Synthesis of propargylamines by the addition of alkynes to
enamines.

A range of functionalized alkynes that bear a methoxy
group, a double bond, a nitrile group, a chloride, a silyloxy
group, an acetal, or a silyl functionality were successfully used
(Table 1, entries 1 ± 8). In the case of nitrile 2d, the reaction
required 5 h at 60 �C for complete conversion. Disubstituted
enamines tend to be more reactive than trisubstituted
enamines (Table 1, entries 10/15 or entries 12/17). In the case
of the cyclic enamine 1h, which is in equilibrium with a
dimeric structure,[7] the reaction was carried out for 3 h at
80 �C (Table 1, entry 18).

After this study, which showed the broad scope of the
reaction, we turned our attention to the enantioselective

AES (auger electron spectroscopy). Before the experiment, Pd (�99.9%)
was deposited by evaporation from a rod by using a commercial evaporator
(Focus, EFM 3) based on electron bombardment (Pd coverage: 2.7�
1015 cm�2, sample temperature: 300 K). The evaporator flux was calibrated
by a quartz microbalance prior to use. After preparation the Pd particles
were stabilized by oxygen and CO exposure as discussed previously.[13, 24]
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addition reaction. Copper(�) bromide was used to test various
chiral ligands, for example, diphosphanes, aminophosphanes,
and diamines. We found that Quinap (4)[8] in combination
with CuBr gave the best results (Scheme 2, Table 2).

Thus, the reaction of phenylacetylene (2a) and the enamine
1a in the presence of copper(�) bromide (5 mol%) and (R)-

R1 N
R3

R2

R5

N
PPh2

R1

N

R5

R2 R3

+
CuBr (5 mol %)
toluene, RT, 24 – 96 h

4: (5.5 mol %)

1a–d 2a–m 3a–t

Scheme 2. Enantioselective synthesis of propargylamines by using cop-
per(�) bromide and Quinap as the catalytic system.

(�)-Quinap(5.5 mol%) in toluene at room temperature
(24 h) afforded the propargylamine 3a in 78% yield and with
83% ee. Polyfunctional propargylamines that bear a chloride,
an OTBDPS, or a nitrile group can be prepared with 54 ±
72% ee (Table 2, entries 4 ± 6). The use of the �-disubstituted

Table 1. Propargylamines of type 3 obtained by the copper(�) bromide catalyzed
addition of alkynes 2 to enamines 1.

Entry 1 2 R5 3 Yield
[%][a]

Pr
NBn2 R5

Pr
NBn2

R5

1 a a Ph a 75
2 a b CH2OMe b 84
3 a c 1-cyclohexenyl c 77
4 a d (CH2)3CN d 82[b]

5 a e (CH2)3Cl e 78
6 a f CH2OTBDPS f 93
7 a g CH(OEt)2 g 66
8 a h TMS h 70

Pr
N

Bn

All
Pr

N(All)Bn

R5

9 b a Ph i 82
10 b i nHex j 75
11 b j H k 69

Pr
NAll2

Pr
NAll2

Ph

12 c a Ph l 98

NBn2

NBn2

R5

13 d a Ph m 94[b]

14 d k p-BrPh n 90[b]

N
All

Bn

N(All)Bn

nHex

15 e i nHex o 80[b]

NAll2

NAll2

nHex

16 f i nHex p 82

NAll2

NAll2

Ph
17 g a Ph q 75[b]

N
Bn

N
Bn Ph

18 h a Ph r 86[c]

[a] Yield of isolated analytically pure product. [b] The reaction was performed at
60 �C. [c] The reaction was performed at 80 �C. TBDPS� tert-butyldiphenylsilyl,
TMS� trimethylsilyl.

Table 2. Enantioselective synthesis of propargylamines 3 by the copper(�) bromide/
Quinap-catalyzed addition of alkynes 2 to enamines 1.

Entry 1 2 R5 3 Yield
[%][a]

ee
[%][b]

Pr
NBn2 R5

Pr
NBn2

R5

1 a a Ph a 78 83
2 a b CH2OMe b 76 55
3 a c 1-cyclohexenyl c 84 74
4 a d (CH2)3CN d 50 54
5 a e (CH2)3Cl e 58 60
6 a f CH2OTBDPS f 85 72
7 a h TMS h 73 86[c]

Pr
N

Bn

All
Pr

N(All)Bn

Ph

8 b a Ph i 91 82[d]

Pr
NAll2

Pr
NAll2

Ph

9 c a Ph l 99 77[d]

NBn2 c-Hex

R5

NBn2

10 d a Ph m 79 88
11 d k p-BrPh n 83 90

Pr
NBn2

N

12 a l 3-pyridyl s 57 70

Pr
NBn2

N

13 a m 2-pyridyl t 73 70

[a] Yield of isolated analytically pure product. [b] Enantiomeric excess determined
by HPLC with a Chiracel OD-H column (n-heptane/iPrOH). [c] Enantiomeric
excess determined after conversion into 3a : 1) TBAF; 2) PhI, Pd0 (cat.), CuI (cat.),
77% overall yield. [d] Enantiomeric excess determined after deprotection to the
secondary amine.[11] TBAF� tetrabutylammonium fluoride.
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enamine 1d and 1-bromo-4-ethynylben-
zene (2k) furnished the corresponding
propargylamine 3n in 83% yield with the
highest enantioselectivity (90% ee ; Ta-
ble 2, entry 11). The propargylamines 3s
and 3 t, which bear heterocyclic rings
(Table 2, entries 12 and 13) were pre-
pared with 70% ee.

To the best of our knowledge, this is
the first report of a copper-catalyzed
asymmetric reaction with Quinap as the
chiral ligand. We were able to isolate the
complex [BrCu(Quinap)]2 (5) as a yel-
low, air-stable solid, which has been
characterized by X-ray crystallographic
analysis (Figure 1).[9] The complex has a
dimeric structure with the typical planar
four-membered Cu2(�-Br)2 ring. The co-
ordination spheres of both copper atoms
are distorted tetrahedra, but they are not
identical. The Cu1 ±N1 distance
(2.348 ä) is much shorter than the

Figure 1. Structure of the complex [BrCu(Quinap)]2 (5) in the solid state
(the hydrogen atoms and crystallized solvents are omitted for clarity).
Selected bond lengths [ä] and angles [�]: Cu1-Br1 2.4728(8), Cu2-Br2
2.4150(8), Cu1-P1 2.199(2), Cu2-P2 2.1827(13); P2-Cu2-Br2 129.28(4), P2-
Cu2-Br1 122.75(4), Br2-Cu2-Br1 104.18(3).

Cu2 ±N2 distance (2.725 ä). In both cases, the long Cu ±N
distances indicate the absence of direct bonding, but they are
shorter than the sum of the van der Waals radii of Cu and N.
Interestingly, the P and the N atoms of the two Quinap
molecules are cis-oriented, in contrast to monodentate P ±N
complexes of CuBr.[10]

The propargylamines 3 obtained can be selectively depro-
tected by known methods.[11, 12] Treatment of the mixed allyl
benzyl propargylamine 3 i with thiosalicylic acid (6) in the
presence of a palladium(0) catalyst ([Pd(dba)2] (5 mol%) and
dppb (5 mol%)) leads to the monobenzylated propargyl-
amine 7 in 90% yield (Scheme 3). The monoallylated amine 8
can be obtained from 3 l in 75% yield by using the same
catalyst. Furthermore, the absolute configuration of the

propargylamine 3 l was determined by its transformation into
the amine 9 by using the method of Guibe¬ and co-workers,[12]

and comparison of its optical rotation with literature
data.[2e, 13] Primary amines can be obtained by hydrogenation
of the propargylamines 3 in good yields. For example, the
amine 3m is hydrogenated to the amine 10 in 70% yield. To
demonstrate further synthetic applications, the allyl-protected
amine 3 i was used in a Pauson ±Khand reaction.[14] Treatment
with [Co2(CO)8] (1.1 equiv), followed by oxidation with
Me3NO (5 equiv) afforded the bicyclic compound 11 as a
single diastereoisomer in 50% yield.[15]

Preliminary mechanistic studies showed that the acetylenic
deuterium atom of [D]phenylacetylene (2n) is transferred to
the � position of the enamine 1a (�90% deuterium incorpo-
rated), leading to 12 in 91% yield (Scheme 4).

Pr
NBn2 Ph

Pr
NBn2

Ph

D

D

12 91 %, > 90 % D2n1a

+
CuBr (5 mol%)

toluene, RT, 14 h

Scheme 4. Deuterium incorporation in propargylic amines.

We suggest the tentative mechanism described in Scheme 5.
The dimeric copper complex 5 dissociates to afford the
monomeric copper species 13, which after successive com-
plexation of alkyne 2 and enamine 1 results in the zwitterionic
intermediate 14. After intramolecular transfer of the alkyne
moiety to the immonium ion, the copper-complexed product
15 is formed. Decomplexation produces the free propargyl-
amine 3 and regenerates the catalyst 13.

In summary, we have reported the first copper(�)/Quinap-
catalyzed addition of functionalized alkynes to enamines in

Bu

NH2

Ph

Bu

N

Ph

Bn

NBn2

Ph

Bu

N

Ph

All Bn

Bu

N

Ph

All All

NH2

Ph

N

Ph

OBn

H

Bu

Bu

HN

Ph

Bn

Bu

HN

Ph

All

[Pd(dba)2] (5 mol%)
dppb (5 mol%)

THF, RT, 4 h

3i 7, 90 %

1) [Co2(CO)8] (1.1 equiv)
    Et2O, RT, 1 h

2) Me3NO (5 equiv)
    CH2Cl2 / MeCN 1:1
     RT, 14 h

11, 50 %

[Pd(dba)2] (5 mol%)
dppb (5 mol%)

6 (1.2 equiv)
THF, 0 °C, 2 h

8, 75 %

[Pd(PPh3)4] (5 mol%)
1,3-dimethylbarbituric 

acid (6 equiv)

CH2Cl2, RT, 90 min

9, 91 % 3l

3i

10, 70 %3m

Pd / C (10 %)

MeOH, RT, 14 h

6 (1.2 equiv)

Scheme 3. Selective transformations of propargylamines. dppb�Diphenylphosphanylbutane, dba�
dibenzylideneacetone.
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Hydrolytic Activation of C�F Bonds in the Gas
Phase by Intrinsically Unreactive Chromium
Cations**
Ulf Mazurek, Detlef Schrˆder, and Helmut Schwarz*

To the best of our knowledge, hydrolytic activation of C�F
bonds in the gas phase has hitherto been unknown.[1] More-
over, considering the facts that 1) thermalized chromium
cations are generally unreactive in the gas phase,[2±6] 2) C�F
bonds show a bond-dissociation energy of 105 ±
110 kcalmol�1 [7, 8] thus being more stable than any other
C�X bond, and 3) hexafluoroacetone is commercially avail-
able in the forms of sesqui- and trihydrates, which means it is
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Scheme 5. Proposed mechanism.

high yields with up to 90% ee. The mild reaction conditions,
the broad scope of the reaction, and the selective deprotection
of the propargylamine products show the potential synthetic
utility of this method. Further synthetic and mechanistic
investigations of this new asymmetric reaction are currently
underway.

Experimental Section

Typical procedures:

a) 3m : CuBr (22 mg, 0.15 mmol, 5 mol%) was suspended in toluene
(3 mL) in a 25-mL Schlenk tube under argon. A solution of 1d (1.049 g,
3.60 mmol, 1.2 equiv), 2a (0.306 g, 3.00 mmol, 1.0 equiv), and n-decane
(0.300 g, 2.11 mmol) as internal standard in toluene (3 mL) was added at
room temperature. The reaction mixture was stirred for 24 h at room
temperature and then for 3 h at 60 �C. Standard workup and purification by
column chromatography (SiO2, pentane/Et2O 98:2) afforded the desired
product as a white solid (1.115 g, 2.83 mmol, 94%).

b) (�)-3a : CuBr (3.6 mg, 0.025 mmol, 5 mol%) and (R)-(�)-Quinap
(12.1 mg, 0.0275 mmol, 5.5 mol%) were suspended in toluene (2 mL) in a
10-mL Schlenk tube under argon. After 30 min, a solution of 1a (0.173 g,
0.65 mmol, 1.3 equiv), 2a (0.051 g, 0.50 mmol, 1.0 equiv) and n-decane
(0.050 g, 0.35 mmol) as internal standard in toluene (2 mL) was added at
room temperature. After stirring for 24 h, standard workup and purifica-
tion by column chromatography (SiO2, pentane/Et2O 98:2) yielded 3a as a
colorless oil (0.144 g, 0.39 mmol, 78%).
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stable against hydrolysis, one would not expect the contact of
Cr� with hexafluoroacetone and water in the gas phase to
cause any chemical reaction. Nonetheless, in the course of
another study[6] we realized that chemical reactions are indeed
observed, as summarized in Equations (1) ± (4).

Following its formation [Eq. (1)], the monoadduct
CrC3F6O� undergoes F/OH exchange [Eq. (2)] and facile
HF loss, thus forming CrC3F4O2

�. The short-lived intermedi-
ate CrC3F5O2H� cannot be observed directly. A second F/OH
exchange transforms CrC3F4O2

� into CrC3F3O3H�, and sub-
sequent complexation of water [Eq. (3)] yields CrC3F3O4H3

�.
At this point, the reaction sequence bifurcates. While com-
plexation of additional water molecules [Eq. (3a)] dominates
the product spectrum, a smaller fraction of ions lose a fourth
molecule of HF prior to further water addition [Eq. (3b)].
Figure 1 shows the temporal evolution of the ion concen-
trations from Cr� through CrC3F2O4H2

�.
While the addition of water to CrC3F3O4H3

� to yield
CrC3F3O5H5

� and eventually CrC3F3O6H7
� dominates the

reaction system, CrC3F2O5H4
� formed from CrC3F2O4H2

�

Figure 1. Complexation of thermalized chromium cations at a hexafluoro-
acetone pressure of 1.0� 10�7 mbar and initial reactions with background
water. For clarity, some data points close to the abscissa as well as side
products were omitted.

constitutes a second bifurcation point of the reaction se-
quence. To a lesser extent, CrC3F2O5H4

� continues to complex
water molecules [Eq. (3b)]; to a larger extent, however,
partially hydrolyzed Cr�-hexafluoroacetone diadducts, pre-
dominantly CrC6F8O7H7

� and CrC6F6O10H11
�, are formed

[Eq. (4)]. These diadducts are suscep-
tible to further F/OH exchange.[9] Addi-
tional F/OH exchange reactions that
transform the cations CrC3F3O3H�,
CrC3F3O4H3

�, and CrC3F3O5H5
� shown

in Equation (3a) in a ™diagonal-mode∫
fashion into their congeners
CrC3F2O4H2

�, CrC3F2O5H4
�, and

CrC3F2O6H6
�, respectively, [Eq. (3b)]

could not be proven beyond doubt.
Figure 2 shows the temporal evolution
of the ion concentrations starting from
CrC3F3O3H�. Three aspects of the com-
plex reaction sequence shall be ad-
dressed in more detail.
a) The first three of the hydrolysis
reactions are more efficient than any
following transformation by at least one
order of magnitude. Furthermore, the

very first C�F bond activation constitutes the rate-limiting
hydrolysis reaction, thus indicating remarkable synergistic
effect: the more C�F bonds that are transformed into C�O
bonds, the more facile the next C�F bond cleavage (up to
n� 3).
b) The structures of the observed cations may be governed
either by pure complexation of the chromium cation or by
insertion of the metal ion into one of the bonds of the ligand.
Deliberate decomposition of CrC3F3O3H�, however, implies
that no metal insertion into a C�C or C�F bond has taken
place during the first three C�F bond cleavage steps.[10]

Furthermore, CrC3F3O4H3
� was found to lose only water in

an analogous experiment, thus supporting the previous
results. We conclude that the C�F bond activation reported
herein does not proceed through the ™harpoon∫ mechanism

Figure 2. Hydrolysis of CrC3F6O� at a water pressure of 5.0� 10�8 mbar.
As a result of the fast rate of the first hydrolysis steps, the reactions could
only be followed by starting with CrC3F3O3H�. For clarity, some data points
close to the abscissa as well as side products were omitted. Of the partially
hydrolyzed diadducts, only their major representatives CrC6F8O7H7

� and
CrC6F6O10H11

� are shown.
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postulated for both lanthanoid cations[11, 12] and Ca�.[13] If the
ligand C3F3O3H is assumed to possess the structure of
trifluoropyruvic acid, one may conclude that 1) the keto
group of hexafluoroacetone remains unchanged, 2) one of the
trifluoromethyl groups is completely hydrolyzed and even-
tually turned into a carboxylic acid group, and 3) both the
newly formed carboxylic acid group and the other (un-
changed) trifluoromethyl group chelate the chromium cation,
whereas the keto group does not interact for steric reasons.
c) Both HF losses from CrC3F5O2H� [Eq. (2)] and
CrC3F3O4H3

� [Eq. (3)] may proceed through two alternative
pathways: intramolecularly formed HF may readily dissociate
from the complex in a unimolecular reaction as a result of its
weak coordination or the HF loss may be assisted by an
additional water molecule coordinating to the complex[6, 14, 15]

in a bimolecular reaction. In an FT-ICR mass spectrometer,
unimolecular dissociations originate from metastable parent
ions, which cannot be detected in general. A bimolecular
reaction, however, cannot proceed with unlimited rate.
Consequently, we postulate that the unobserved cation
CrC3F5O2H� loses HF in an unimolecular reaction. A
bimolecular reaction would have to occur with a reaction
efficiency of 5500%(!) of the collision rate to account for the
observed ion intensities× temporal evolution. In contrast, the
observed cation CrC3F3O4H3

� loses HF in a bimolecular
reaction. The rate constants reported in Equations (2) and (3)
were calculated accordingly.

To summarize, we were able to activate the strong C�F
bond by interaction with an intrinsically unreactive cation.
This activation was sufficient to facilitate hydrolysis of the
C�F bond. Most remarkably, considering the relatively
inefficient Cr�± hexafluoroacetone adduct formation, the
even lower reactivity of Cr� towards water[6] is essential for
the reactions reported herein. If the association of water and
Cr� was more efficient, the chromium cations would be
consumed by this reaction and would no longer be available
for activating hexafluoroacetone. A systematic study of
structurally related compounds (e.g., trifluoroacetone) will
be necessary to reveal whether the hitherto single observation
of a cation-assisted hydrolytic C�F bond activation can be
transformed into a general concept.[33]

Experimental Section

Chemicals: Methane (Linde, 99.95%) and metallic chromium (Balzers,
�99.9 %) were used as purchased. Tap water was used without further
purification. The water was added into a half-micro test tube directly
connected to the gas-inlet system of the mass spectrometer and degassed by
two freeze-pump-thaw cycles. Hexafluoroacetone was liberated from its
sesquihydrate (Merck-Schuchardt, �97 %) by reaction and additional
dehydration with phosphorus pentoxide (P4O10) by adopting established
procedures.[16±19]

Mass spectrometer: All experiments were performed on a Bruker
Spectrospin CMS-47X FT-ICR mass spectrometer whose setup and
operation have been described previously[20, 21] as well as pressure measure-
ment in the reaction cell[22] and both generation and study of chromium
cations.[4±6] The background pressure in the reaction cell was 2.0�
10�9 mbar. Reaction conditions: 1) adduct formation [Eq. (1)]: methane-
thermalized cations 52Cr�, C3F6O pressure 1.0� 10�7 mbar, maximum
reaction time 256 s; 2) hydrolysis reactions [Eq. (2)]: CrC3F6O� was
generated by pulsing-in C3F6O to 52Cr� and subsequent isolation, effective
water pressure 3.0� 10�9 mbar, maximum reaction time 12 s; 3) complex-

ation by water [Eq. (3)]: CrC3F6O� generated by pulsing-in and isolation as
before, water pressure 5.0� 10�8 mbar, maximum reaction time 384 s;
4) connectivity of CrC3F3O3H� : the ion was generated by pulsing-in C3F6O
to Cr� and subsequent reaction with background water; the ion of interest
was isolated and subjected to a CID experiment[23] in the presence of 7.0�
10�8 mbar of argon.

Analysis of results: Reaction sequences were derived from the temporal
evolution of ion intensities and complementary double-resonance experi-
ments.[24] Reaction kinetics were analyzed by using a computer program
that determines rate constants and distribution ratios based on the
experimentally observed temporal evolution of ion intensities, and a
flexible kinetic model.[25] Unless otherwise noted, the reaction rate
constants are reported as effective bimolecular rate constants in units of
cm3molecules�1 s�1 whereas reaction efficiencies � in parenthesis are given
as fractions of the measured bimolecular rate constants and the gas-kinetic
collision rates[28] according to the capture theory.[26, 27] The absolute error of
the experimentally determined rate constants is in the range of �30 %,[22]

whereas the relative rates are more precise (�10 %).[22] The rate constant
of the formation of the monoadduct formation [Eq. (1)] is thought to be
more imprecise (�40 %) as a result of the rough estimation of the
polarizability of hexafluoroacetone. The effective water pressure is only
one and a half times the background pressure, thus the same wider error
margin is assessed for the reactions shown in Equation (2).
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Anti-Markovnikov Hydroamination of
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Imines are of significant importance as intermediates for
the synthesis of various amines and carbonyl compounds. In
general, the synthesis of imines includes amination of a
suitable aldehyde or ketone. A more atom-efficient route is
the direct hydroamination of alkynes.[1] This method has the
additional advantage that no water is produced as a by-

product. Hence, various domino reactions (e.g. direct nucle-
ophilic addition of organometallic reagents) are possible,
which do not work in the presence of water.

The homogeneously catalyzed intermolecular hydroamina-
tion of alkynes is known to proceed in the presence of Hg and
Tl salts,[2] alkali metals (Cs),[3] Ti,[4] Zr,[5] Nd,[6] U, and Th[7]

complexes. In addition, complexes of late-transition metals
(such as Ru, Pd,[8] and Rh[9]) have been used as catalysts for
this transformation. Clearly, catalysts based on cheap and
easily available titanium and zirconium complexes offer
significant advantages compared to those based on toxic metals
(Hg, Tl) or more expensive (U, Th, Ru, Pd, and Rh) complexes.

Recently, important progress in the intermolecular hydro-
amination of alkynes with titanium complexes was made by
Johnson and Bergman[10] and by Doye and co-workers.[4]

While the former group developed the modified titanium
complex [Cp(ArNH)(py)Ti�NAr] (Cp� cyclopentadienyl,
py� pyridyl) and used it for the reaction of 2,6-dimethylani-
line and diphenylacetylene, the latter group described an
efficient and general method for the hydroamination of
various internal alkynes using dimethyltitanocene as a cata-
lyst. Bytschkov and Doye showed that the turnover frequency
of this catalyst can be enhanced by using microwaves.[4c]

Kinetic measurements by Bergman[10] and Doye[11] also
established a general mechanism of the dimethyltitanocene-
catalyzed intermolecular hydroamination of alkynes. Surpris-
ingly little attention was paid to the hydroamination of
terminal alkynes using titanium catalysts,[12] although the
regioselective, sequential amination and hydroxylation of
compounds that are unsaturated at the terminal position is
one of themost challenging goals for industrial catalysis. Herein
we report the first example of a titanocene-catalyzed anti-
Markovnikov hydroamination of terminal aliphatic alkynes.

Some time ago we started a program on catalytic amination
reactions of olefins and alkynes.[13, 9] Inspired by the work of
Doye and Bergman, we also recently looked for easily
available and stable titanocene complexes. Here, titanocene
alkyne complexes of the type [Cp2Ti(�2-Me3SiC�CR)]
(Rosenthal×s catalyst)[14] appeared to be suited as amination
catalysts.[15] These complexes ([Cp2Ti(�2-Me3SiC�CSiMe3)]
1[14a] and [Cp2Ti(�2-Me3SiC�CPh] 2[14b]) are easily synthesized
by reaction of titanocene dichloride with the corresponding
silylated alkyne.

Compared to previously used titanocene precatalysts, the
titanacyclopropene complexes 1 and 2 are safe and stable
under argon at room temperature for many months in
German version. Indeed, hydroamination of internal alkynes
(diphenylacetylene, 1-phenylpropyne) with aniline or tert-
butylamine proceeds in excellent yields in the presence of 1
(81 ± 98% yield after hydrolysis with HCl, Table 1). As shown
in Table 2, different terminal aliphatic alkynes react with tert-
butylamine with extremely high regioselectivity (�98%), in
high yields (84 ± 98%), and within a short time (2 ± 24 h), by
using 0.5 ± 2.5 mol% of catalyst 1, to give the imines 4a ± e and
5. Although the reactions proceed smoothly with 0.5 mol% of
catalyst, we used 2.5 mol% in general because of the shorter
reaction time.

Pleasingly, only the anti-Markovnikov products were ob-
tained, which is explained by the selective formation of the
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azatitanacyclobutene 6. Here, the ligand L
represents either another cyclopentadienyl
ligand, an amine, or an alkyne, because free
cyclopentadiene is observed in most GC
spectra of the reaction mixtures.

In agreement with the binding constant of
the different alkynes, catalyst 1 is slightly

more active than catalyst 2 (Table 2, entries 2 and 5). Inter-
estingly, the dihydroamination of diynes, for example, 1,7-
octadiyne (entry 9), proceeds smoothly. In the presence of an
excess of amine (amine/alkyne� 4:1), both triple bonds react

selectively with anti-Markovnikov regiochemistry to yield the
1,8-bisimine 5. Phenylacetylene also reacts with high regiose-
lectivity to give the anti-Markovnikov product. Unfortunate-
ly, a preparative isolation of the corresponding linear imine
was not possible because of side reactions during distillation
of this product.

Apart from tert-butylamine, other aliphatic (sec-butyl-
amine, 3,3-dimethyl-2-butylamine), benzylic amines (�-meth-
ylbenzylamine), and aniline react with 1-hexyne to give
imines in high yields (Table 3). Except when using aniline, the

anti-Markovnikov products were obtained preferentially.
However, the observed regioselectivity is lower than that
obtained with tert-butylamine, which demonstrates the im-
portance of steric factors for the selective formation of the
azatitanacyclobutene 6. Nevertheless, steric bulk is not the
only important factor influencing the regiochemical outcome
of the reaction, as shown by the hydroamination of 1-hexyne
with aniline.

In summary, we have introduced titanocene ± alkyne com-
plexes as new catalysts for the hydroamination of internal and
terminal alkynes. This class of titanium complexes is easily
available, stable, and can be used in a safe and practical
manner. The reactions of terminal alkynes with aliphatic
amines proceed highly selectively in the presence of catalyst 1
or 2, to give the corresponding primary anti-Markovnikov
functionalized imines in good to excellent yields. Even higher
selectivities for anti-Markovnikov aminations might be ex-
pected by using sterically more hindered titanocenes.

Experimental Section

Chemicals were obtained from Aldrich, Fluka (solvents), Acros, and Strem
and, unless otherwise noted, were used without further purification.

Table 1. Intermolecular hydroamination of internal alkynes in the pres-
ence of 1.[a]

Alkyne Amine Mole% T Conversion Yield
R R� cat. [�C] [%] [%][b]

Ph tBu 3.0 100 100 84 (3a)
Ph Ph 3.0 140 95 92 (3b)
CH3 tBu 3.0 100 100 81 (3c)
CH3 Ph 2.0 140 100 98 (3d)

[a] Toluene, 24 h, amine/alkyne� 1.5:1. [b] Determination of yield of the
corresponding ketone after hydrolysis of the imine (5% HCl) was by gas
chromatography with an internal standard.

Table 2. Hydroamination of terminal aliphatic alkynes with tert-butylamine in
the presence of 1.

Entry Alkyne Mole%
cat.

T
[�C]

t
[h]

Amine/
Alkyne

Yield [%]
(anti-M/M)[a]

1 2.5 85 2 1.5:1 90 (�99:1) 4a

2 2.5 85 2 1.5:1 97 (87:1) 4b

3 1.0 85 24 1.5:1 98 (89:1) 4b

4 0.5 85 24 1.5:1 60 (75:1) 4b

5 2.5 85 24 1.5:1 92 (83:1) 4b

6 2.5 85 24 1.5:1 93 (63:1) 4c

7 2.5 85 24 1.2:1 84 (63:1) 4d

8 2.5 85 24 1.5:1 88 (100:0) 4e

9 5.0 100 2 4.0:1 92 (100:0) 5

[a] GC yield determined with an internal standard (hexadecane or dodecane).
[b] 64% conversion. [c] Catalyst: 2. anti-M/M� anti-Markovnikov/Markovnikov.

Table 3. Hydroamination of 1-hexyne with different amines in the
presence of 1.

Amine Mole%
cat.

T [�C] t [h] Amine/
Alkyne

Yield [%]
(anti-M:M)[a]

2.5 85 2 1.5:1 90 (�99:1) 4a

5.0 85 24 1.5:1 86 (3:1) 4 f

2.5 85 24 1.5:1 96 (4:1) 4g

5.0 100 24 1.2:1 79 (2:1) 4h

5.0 100 24 1.2:1 94 (1:3) 4 i

[a] GC yield determined with internal standard (hexadecane or dodecane).
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Formation of a Butadienenickel-Based
Zwitterionic Single-Component Catalyst for
Ethylene Polymerization: An Alternative
Activation Pathway for Homogeneous
Ziegler±Natta Catalysts of Late Transition
Metals**
Joachim W. Strauch, Gerhard Erker,* Gerald Kehr,
and Roland Frˆhlich

Homogeneous Ziegler ±Natta catalysis has become very
important in recent years.[1] In addition to the many reported
catalysts based onmetallocenes with metals fromGroup 4 and
related systems, a variety of Ziegler ±Natta systems of late

Amines were distilled from CaH2. Alkynes were degassed, flushed with
argon, and stored over molecular sieves (4 ä). All experiments were
carried out under an argon atmosphere.

Catalysts 1 and 2 were synthesized according to a literature procedure.[14a,b]

Imines 4b ± h and 5 were isolated after distillation of the crude hydro-
amination mixtures and were characterized by NMR spectroscopy, MS, IR
spectroscopy, and elemental analyses. Identification of all other products
was performed by comparison with authentic products. Compounds 4a and
4 i were synthesized according to the procedures in references [16] and [9],
respectively.

Example of a typical hydroamination experiment (4b, Table 2, entry 2): A
solution of 1-octyne (3.2 mL, 2.4 g, 21.5 mmol) and tert-butylamine
(3.5 mL, 2.4 g, 32.2 mmol) was treated with 1 (0.15 g, 0.43 mmol,
2 mol%) in toluene (6 mL). This mixture was heated to 85 �C and distilled
under vacuum after 24 h. Product 4b was obtained at 48 ± 49 �C (0.1 mbar);
yield: 2.9 g (75%, �98% (GC) anti-Markovnikov product); 1H NMR
(400 MHz, CDCl3): �� 0.85 (t, 3H, CH3), 1.14 (s, 9H, C-CH3), 1.21 ± 1.34
(m, 8H, CH2), 1.46 (m, 2H, CH2), 2.20 (m, 2H, CH2), 7.56 ppm (t, 3J�
5.35 Hz, 1H, CH); 13C NMR (100 MHz, CDCl3): �� 14.0 (CH3), 22.6, 26.4,
29.1, 29.2 (CH2), 29.6 (C-CH3), 31.7, 36.4 (CH2), 56.4 (Cq), 159.3 ppm (CH);
IR (neat): ��C�N: 1671 cm�1; MS (EI, 70 eV): m/z� 184 [M��1], 183 [M�],
168 [M��CH3], 99 [C7H15

�], 84 [C4H9NCH�], 57 [C4H9
�]; elemental

analysis C12H25N calcd (%) C 78.62, H 13.74, N 7.64; found C 78.19, H 13.99,
N 7.42.

Received: December 21, 2001 [Z18425]

[1] Reviews: a) M. Nobis, B. Driessen-Hˆlscher,Angew. Chem. 2001, 113,
4105 ± 4108; Angew. Chem. Int. Ed. 2001, 40, 3983 ± 3986; b) T. E.
M¸ller, M. Beller, Chem. Rev. 1998, 98, 675 ± 703; c) J.-J. Brunet, D.
Neibecker in Catalytic Heterofunctionalization (Eds.: A. Togni, H.
Gr¸tzmacher), Wiley-VCH, Weinheim, 2001, pp. 91 ± 141; d) T. E.
M¸ller, M. Beller in Transition Metals for Organic Synthesis, Vol. 2
(Eds.: M. Beller, C. Bolm), Wiley-VCH, Weinheim, 1998, pp. 316 ±
330; e) E. Haak, S. Doye, Chem. Unserer Zeit 1999, 33, 297 ± 303;
f) J. J. Brunet, D. Neibecker, F. Niedercorn, J. Mol. Catal. 1989, 49,
235 ± 259; g) R. Taube in Applied Homogeneous Catalysis with
Organometallic Compounds, Vol. 1 (Eds.: B. Cornils, W. A. Herr-
mann), Wiley-VCH, Weinheim, 1996, S. 507 ± 520.

[2] a) J. Barluenga, F. Aznar, Synthesis 1975, 704 ± 705; b) J. Barluenga, F.
Aznar, Synthesis 1977, 195 ± 196; c) J. Barluenga, F. Aznar, R. Liz, R.
Rodes, J. Chem. Soc. Perkin Trans. 1 1980, 2732 ± 2737.

[3] D. Tzalis, C. Koradin, P. Knochel, Tetrahedron Lett. 1999, 40, 6193 ±
6195.

[4] a) E. Haak, I. Bytschkov, S. Doye, Angew. Chem. 1999, 111, 3584 ±
3586; Angew. Chem. Int. Ed. 1999, 38, 3389 ± 3391; b) E. Haak, S.
Doye, Org. Lett. 2000, 2, 1935 ± 1937; c) I. Bytschkov, S. Doye, Eur. J.
Org. Chem. 2001, 4411 ± 4418; d) E. Haak, I. Bytschkov, S. Doye, Eur.
J. Org. Chem. 2002, 457 ± 463.

[5] a) A. M. Baranger, P. J. Walsh, R. G. Bergman, J. Am. Chem. Soc.
1993, 115, 2753 ± 2763; b) P. J. Walsh, A. M. Baranger, R. G. Bergman,
J. Am. Chem. Soc. 1992, 114, 1708 ± 1719.

[6] Y. Li, T. J. Marks, Organometallics 1996, 15, 3770 ± 3772.
[7] a) A. Haskel, T. Straub, M. S. Eisen, Organometallics 1996, 15, 3773 ±

3775; b) M. S. Eisen, T. Straub, A. Haskel, J. Alloys Compd. 1998,
271 ± 273, 116 ± 122; c) T. Straub, A. Haskel, T. G. Neyroud, M. Kapon,
M. Botoshansky, M. S. Eisen, Organometallics 2001, 20, 5017 ± 5035.

[8] a) M. Tokunaga, M. Eckert, Y. Wakatsuki, Angew. Chem. 1999, 111,
3416 ± 3419; Angew. Chem. Int. Ed. 1999, 38, 3222 ± 3225; b) M.
Tokunaga, Y. Wakatsuki, J. Synth. Org. Chem. Jpn. 2000, 58, 587 ± 596;
c) M. Heider, J. Henkelmann, T. Ruehl, Eur. Pat. Appl. EP 646571,
1995 [Chem. Abstr. 1995, 123, 22925s]; d) Y. Uchimaru, Chem.
Commun. 1999, 1133 ± 1134; e) I. Kadota, A. Shibuya, L. Mpaka Lu-
tete, Y. Yamamoto, J. Org. Chem. 1999, 64, 4570 ± 4571.

[9] C. G. Hartung, A. Tillack, H. Trauthwein, M. Beller, J. Org. Chem.
2001, 66, 6339 ± 6343.

[10] J. S. Johnson, R. G. Bergman, J. Am. Chem. Soc. 2001, 123, 2923 ±
2924.

[11] F. Pohlki, S. Doye, Angew. Chem. 2001, 113, 2361 ± 2364; Angew.
Chem. Int. Ed. 2001, 40, 2305 ± 2308.

[12] a) Y. Shi, J. T. Ciszewski, A. L. Odom, Organometallics 2001, 20,
3967 ± 3969; b) C. Cao, J. T. Ciszewski, A. L. Odom, Organometallics
2001, 20, 5011 ± 5013.

[13] a) M. Beller, M. Eichberger, H. Trauthwein, Angew. Chem. 1997, 109,
2306 ± 2308; Angew. Chem. Int. Ed. Engl. 1997, 36, 2225 ± 2227; b) M.
Beller, H. Trauthwein, M. Eichberger, C. Breindl, T. E. M¸ller, A.
Zapf, J. Organomet. Chem. 1998, 566, 277 ± 285; c) M. Beller, H.
Trauthwein, M. Eichberger, C. Breindl, T. E. M¸ller, Eur. J. Inorg.
Chem. 1999, 1121 ± 1132; d) M. Beller, O. R. Thiel, H. Trauthwein,
C. G. Hartung, Chem. Eur. J. 2000, 6, 2513 ± 2522; e) A. Tillack, H.
Trauthwein, C. G. Hartung, M. Eichberger, S. Pitter, A. Jansen, M.
Beller, Monatsh. Chem. 2000, 131, 1327 ± 1334; f) M. Beller, H.
Trauthwein, M. Eichberger, C. Breindl, J. Herwig, T. E. M¸ller, O. R.
Thiel, Chem. Eur. J. 1999, 5, 1306 ± 1319; g) H. Trauthwein, A. Tillack,
M. Beller, Chem. Commun. 1999, 2029 ± 2030.

[14] a) V. V. Burlakov, U. Rosenthal, P. V. Petrovskii, V. B. Shur, M. E.
Vol×pin, Organomet. Chem. USSR 1988, 1, 526; b) V. V. Burlakov, U.
Rosenthal, R. Beckhaus, A. V. Polyakov, Y. T. Struchkov, G. Oehme,
V. B. Shur, M. E. Vol×pin,Organomet. Chem. USSR 1990, 3, 237 ± 238;
c) A. Tillack, C. Lefeber, N. Peulecke, D. Thomas, U. Rosenthal,
Tetrahedron Lett. 1997, 38, 1533 ± 1534; d) N. Peulecke, D. Thomas, W.
Baumann, C. Fischer, U. Rosenthal, Tetrahedron Lett. 1997, 38, 6655 ±
6656; e) N. Peulecke, A. Ohff, P. Kosse, A. Tillack, A. Spannenberg, R.
Kempe, W. Baumann, V. V. Burlakov, U. Rosenthal, Chem. Eur. J.
1998, 4, 1852 ± 1861; f) S. Pulst, F. G. Kirchbauer, B. Heller, W.
Baumann, U. Rosenthal,Angew. Chem. 1998, 110, 2029 ± 2031;Angew.
Chem. Int. Ed. 1998, 37, 1915 ± 1927; g) P. Arndt, A. Spannenberg, W.
Baumann, S. Becke, U. Rosenthal, Eur. J. Inorg. Chem. 2001, 2885 ±
2890; Rosenthal×s catalysts are now commercially available from
Fluka.

[15] N. Peulecke, Ph.D. thesis, Rostock, 1997 describes an amination of
trimethylsilylacetylene and phenylacetylene with aniline in the
presence of 1 with a maximum yield of 50%. However, other amines,
such as tert-butylamine, do not react.

[16] N. Y. Grigor×eva, I. M. Avrutov, O. A. Pinsker, O. N. Yudina, A. I.
Lutsenko, A. M. Moiseenkov, Izv. Akad. Nauk SSSR Ser. Khim. 1985,
8, 1824 ± 1835.

[*] Prof. Dr. G. Erker, Dipl.-Chem. J. W. Strauch, Dr. G. Kehr,
Dr. R. Frˆhlich[�]

Organisch-Chemisches Institut der Universit‰t
Westf‰lische Wilhelms-Universit‰t M¸nster
Corrensstrasse 40, 48149 M¸nster (Germany)
Fax: (�49)251-833-36503
E-mail : erker@uni-muenster.de

[�] X-ray crystal structure analysis.

[**] This work was supported by the Fonds der Chemischen Industrie (and
the BMBF) and the Deutsche Forschungsgemeinschaft.



COMMUNICATIONS

2544 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4114-2544 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 14

transition metal catalysts have significantly contributed to the
expansion of this field, especially those derived from com-
plexes with chelating imine ligands.[2] In all such systems,
regardless of whether they are based on the early or late
d-metal components, the catalytically active species is an
alkylmetal complex cation LnMR� (or its ion-pair equiva-
lent[3]). In the case of the ubiquitous use of methylalumoxane
(MAO) activation, this is usually generated in situ by
alkylation of the corresponding metal dihalide derivative,
followed by transfer of an alkyl anion equivalent. A variety of
other activator components, for example B(C6F5)3, R3C�, or
R3NH�,[4] have also been used successfully for this purpose.

We have previously developed an alternative method of
activation of homogeneous Ziegler ±Natta catalysts contain-
ing metallocenes with transition metals from Group 4 and
related systems: Treatment of the butadienezirconocene
complexes 1 with B(C6F5)3 results in the formation of the
zwitterionic metallocene systems 3 (Scheme 1). These systems
are active neutral single-component catalysts for olefin

Scheme 1. Formation of 3 by addition of B(C6F5)3 to 1.

polymerization that do not require the addition of further
activating components.[5] The systems 3 have allowed some
detailed mechanistic studies of the alkene C�C coupling steps
taking place at such catalyst systems.[6] We report here, to our
knowledge for the first time, the preparation of a related
zwitterionic ™butadiene-borate∫ Ziegler ±Natta catalyst sys-
tem of a late transition metal by addition of the electrophilic
borane B(C6F5)3 to a butadienenickel(0) complex.

This development may be of specific importance in view of
some recent observations made with late transition metal
Ziegler ±Natta catalysts. Treatment of bis(imine)halogenoco-
balt(��) chelate complexes 4 with MAO[7, 8] led to the reduction
to the respective CoI complexes 5 rather than to alkylation
(Scheme 2).[9, 10] Subsequent alkylation of 5 followed by
methyl anion abstraction must then lead to a �-alkyl ligand
free cation which can be considered a direct precursor of the
active catalyst species, although it lacks the essential metal ±

Scheme 2. Reduction of 4 to give 5 and subsequent alkylation.

carbon � bond.[11] One potential explanation for the observed
catalytic olefin polymerization features of this system is based
on the assumption that the activating Lewis acid might have
been added to a cationic intermediate [L]nCo(ethylene)�

complex (see Scheme 2). Our new reaction, in which a
bis(imine)nickel chelate complex participates, represents a
vinylogous analogue of such an activation pathway in which a
�-alkyl group does not participate.

Treatment of [{biacetylbis(2,6-diisopropylphenylimine)}-
NiBr2] with the oligomeric ™butadiene-magnesium∫ re-
agent[12] gave the known (�4-butadiene)nickel complex (8 a ;
Scheme 3).[13] The addition of B(C6F5)3[14] to 8 a took place
cleanly to yield the chelate complex 9 a (81% yield of isolated

Scheme 3. Formation of the catalysts 9a and 9b for the polymerization of
ethylene.

product). Single crystals of 9 a for the X-ray structure analysis
were obtained from benzene (Figure 1). The structure of 9 a
shows the presence of the bis(imine) chelate ligand stabilizing
the central Ni atom (Ni�N1 1.920(1), Ni�N2 1.951(1) ä). The
C�N bonds in the five-membered metallacycle are short
(C11�N1/C21�N2 1.289(2), C11�C21 1.493(2) ä). The planes
of the bulky aryl groups are rotated considerably from the
plane of the central metallacycle, but in different directions
(dihedral angles C14-C13-N1-C11 �107.4(2), C24-C23-N2-
C21 76.0(2)�), a structural feature that evidently occurs
because of the unsymmetrical substitution pattern at the
remaining ligand at the Ni center. The bulky B(C6F5)3 reagent
adds regioselectively at the terminal C4 carbon atom of the
former butadiene ligand (C4�B 1.672(3) ä); the cisoid
arrangement of the butadiene framework is preserved. Thus
9 a contains an anti-configurated monosubstituted �3-allyl
ligand (Z-configurated at the C2�C3 bond). The bulky borate
group is rotated as much as possible away from the core of the
nickel complex[15] (Ni-C3-C4-B 176.0(1)�, the Ni�C4 distance
is 2.803(2) ä). The Ni�C1 (2.007(2) ä) and Ni�C3 bonds
(2.048(2) ä) are slightly longer than the central Ni�C2 bond
(1.968(2) ä) of the (�-allyl)nickel group. C1 and C3 of the �-
allyl group lie almost in the bis(imine)nickel plane (N1-Ni-C3
169.1(1), N2-Ni-C1 172.4(1)�). The C1�C2 and C2�C3 bonds
are equal in length (1.401(3) ä, C1-C2-C3 120.4(2)�), the
C3�C4 bond as expected is longer (1.490(3) ä).
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Figure 1. Stucture of complex 9 a. Selected bond lengths [ä] and angles [�]:
Ni-C1 2.007(2), Ni-C2 1.968(2), Ni-C3 2.048(2), Ni-C4 2.803(2), Ni-N1
1.920(1), Ni-N2 1.951(1), C1-C2 1.401(3), C2-C3 1.401(3), C3-C4 1.490(3),
C4-B 1.672(3), B-C31 1.659(3), B-C41 1.665(3), B-C51 1.653(3), N1-C13
1.448(2), N1-C11 1.289(2), C11-C21 1.493(2), C21-N2 1.289(2), N2-C23
1.449(2); C1-Ni-C2 41.3(1), C1-Ni-C3 73.7(1), C1-Ni-N1 103.5(1), C1-Ni-
N2 172.4(1), C2-Ni-C3 40.8(1), C2-Ni-N1 141.2(1), C2-Ni-N2 131.4(1), C3-
Ni-N1 169.1(1), C3-Ni-N2 101.1(1), N1-Ni-N2 82.7(1), Ni-C1-C2 67.9(1),
Ni-C2-C1 70.9(1), Ni-C2-C3 72.7(1), Ni-C3-C2 66.5(1), Ni-C3-C4 103.7(1),
C1-C2-C3 120.4(2), C2-C3-C4 127.2(2), C3-C4-B 114.4(1), C13-N1-Ni
124.7(1), C11-N1-Ni 114.5(1), C11-N1-C13 120.8(1), N1-C11-C21
114.5(2), C11-C21-N2 114.2(1), C23-N2-Ni 126.2(1), C21-N2-Ni 113.4(1),
C21-N2-C23 120.2(1); for further values see text.

NMR spectra indicate an analogous structure of complex
9 a in solution. The signal patterns of the two bis(imine)
ligands differ owing to the presence of the substituted �3-allyl
ligand (1H and 13C NMR: signals of the methyl groups at ��
1.16/1.15 and 19.5/18.4 ppm, respectively). The �-allyl group
shows characteristic 13C NMR resonances at �� 54.3 (C1),
110.9 (C2), and 100.7 ppm (C3), and there is a broad signal
(�� 26 ppm) corresponding to the C4 atom bound to the
boron atom. The 1H NMR spectrum of 9 a shows the typical
signals for �-allyl groups at �� 2.57 (1-Hsyn), 2.69 (1-Hanti), and
4.88 (2-Hmeso) with typical coupling constants of 7.2 Hz
(3J(Hsyn,Hmeso)) and 14.3 Hz (3J(Hanti,Hmeso)), and signals of
the diastereotopic hydrogen atoms 4-H/4-H� at �� 2.00 and
1.03 ppm. The acenaphthenequinonebis(imine)-derived com-
plex 9 b was prepared analogously. It shows very similar
spectroscopic features, and thus must be considered to have
an analogous anti-configurated �-allyl unit.

Complexes 9 a and 9 b are active Ziegler ±Natta single-
component catalysts for ethylene polymerization, which
do not require the presence of an additional activator
component; however, some triisobutylaluminum was added
as a ™scrubbing agent∫ in the experiments on a pre-
parative scale, as is usually done to prevent catalyst des-
activation by hydrolysis pathways at the very low metal
complex concentrations that were employed. At 25 �C
and a monomer pressure of 2 bar, polyethylene(PE) was
formed with the 9 a catalyst with an activity (a) of
159 kg(PE)mol(Ni)�1 h�1bar(ethene)�1. The catalyst 9 b is

only slightly less active under the same conditions (a� 106).
The resulting polyethylene has a branched structure, as
typically formed with such homogeneous organometallic
Ziegler ±Natta nickel catalysts.[2, 16]

The catalysts 9 a and 9 b are the first examples of the
successful application of the metal/butadiene/borane activa-
tion method to generate active homogeneous Ziegler ±Natta
catalyst systems based on typical late transition metal com-
plexes. The isolated and structurally characterized complexes
may be structurally and chemically related to the active
intermediates in the recently disclosed ™alkyl group free∫
Ziegler ±Natta systems (Scheme 2).[7, 8] It appears that the
addition of an activator component, such as B(C6F5)3 or even
potentially MAO, to a suitable metal alkene � complex might
be a suitable general method for forming (or generating in
situ) active homogeneous Ziegler ±Natta-type catalysts for
alkene polymerization.

Experimental Section

9a : A solution of B(C6F5)3 (198 mg, 387 �mol) in toluene (15 mL) was
added dropwise with stirring to a solution of the butadienenickel complex
8a (200 mg, 387 �mol) in toluene (15 mL) at �78 �C. The mixture was
warmed to room temperature and then stirred for 2 h. The solvent was
removed in vacuo and the residue suspended in pentane (20 mL). The
product was collected by filtration, washed with pentane (2� 20 mL), and
dried in vacuo. Yield of 9a : 321 mg (81%), m.p. 212 �C (decomp);
elemental analysis (%) calcd for C50H46BF15N2Ni (1029.4): C 58.34, H 4.50,
N 2.72; found: C 58.64, H 4.81, N 2.76; 1H NMR ([D8]toluene, 600 MHz,
298 K): �� 7.26 (t, 1H), 7.09 (d, 1H), 7.05 (m, 2H), 6.96 (2d, 2H; aryl), 4.88
(m, 1H; 3J� 14.3 Hz and 7.2 Hz, allyl 2-H), 4.21 (br., 1H; 3-H), 2.69 (d, 1H;
1-Hanti), 2.57 (d, 1H; 1-Hsyn), 2.00, 1.03 (br. each 1H, 4-H/H�) 3.73, 2.98, 2.64,
2.29 (sept., each 1H; -CHMe2), 1.57, 1.49, 1.12, 1.01, 0.98, 0.97, 0.92, 0.77 (d,
each 3H; -CH(CH3)2), 1.16, 1.15 ppm (s, 3H each, N�C-CH3); 13C NMR
([D6]benzene, 150.8 MHz, 298 K): �� 173.1, 172.5 (-C�N-), 148.1 (1JC,F�
240 Hz), 138.4 (1JC,F� 250 Hz), 136.7 (1JC,F� 250 Hz; o-, p-, m-B(C6F5)3),
143.1, 141.1 (arom. C1), 138.2, 137.6, 137.5, 136.0 (arom. C2, C6), 128.0,
127.8, 124.2, 124.1, 123.8, 123.5 (arom. CH), 110.9 (allyl-C2), 100.7 (C3),
54.3 (C1), �26 (br., C4), 30.6, 29.5, 29.1, 28.6 (-CHMe2), 24.4, 24.2, 24.0,
23.9, 23.3, 22.7, 22.2, 22.1 (-CH(CH3)2), 19.5, 18.4 ppm (-N�C-CH3).

X-ray crystal structure analysis of 9a : C50H46BF15N2Ni ¥ 0.5C6H6, Mr�
1068.46, dark red crystal 0.50� 0.40� 0.30 mm, a� 14.550(1), b�
23.070(1), c� 15.141(1) ä, �� 99.91(1)�, V� 5006.5(5) ä3, �calcd�
1.418 gcm�3, �� 4.82 cm�1, empirical absorption correction via SORTAV
(0.795�T� 0.869), Z� 4, monoclinic, space group P21/n (no. 14), ��
0.71073 ä, T� 198 K, 	 and 
 scans, 31004 reflections collected (� h, k,
l), ((sin�)/�)� 0.65 ä�1, 11452 independent (Rint� 0.035) and 9345 ob-
served reflections (I� 2�(I)), 659 refined parameters, R� 0.040, wR2�
0.93, max. residual electron density �0.43 e A�3, hydrogen atoms calcu-
lated and refined as riding atoms. Data set was collected with a Nonius
Kappa CCD diffractometer, equipped with a rotating anode generator
Nonius FR 591, for programs used see reference [17].

CCDC-180390 contains the supplementary crystallographic data for this
paper. These data can be can be obtained free of charge via www.ccdc.ca-
m.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.ac.uk).

9b : Treatment of 8 b (200 mg, 326 �mol) with B(C6F5)3 (16.7 mg, 326 �mol)
was carried out analogously to that for 9 a. Yield 9b : 334 mg (91%), m.p.
182 �C (decomp); elemental analysis (%) calcd for C58H46BF15N2Ni
(1125.5): C 61.90, H 4.12, N 2.49; found: C 62.09, H 4.57, N 2.40; 1H NMR
([D6]benzene, 600 MHz, 298 K): �� 7.40 (t, 1H), 7.20 (d, 1H), 7.19 ± 7.13
(m, 4H; Ph), 7.13, 7.08, 6.62, 6.59, 6.54, 6.47 (acenapht. H), 5.10 (1H; allyl
2-H), 4.64 (1H; 3-H), 2.99 (1H; 1-Hanti), 2.87 (1H; 1-Hsyn), 2.32, 1.45 (br.,
each 1H; 4-H/H�), 4.04, 3.41, 3.17, 2.84 (sept., each 1H; -CHMe2), 1.57, 1.53,
1.45, 1.20, 1.03, 0.96, 0.77, 0.74 ppm (d, each 3H; -CH(CH3)3).
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Photoactivatable Synthetic Ras Proteins:
™Baits∫ for the Identification of Plasma-
Membrane-Bound Binding Partners of Ras**
J¸rgen Kuhlmann,* Andreas Tebbe, Martin Vˆlkert,
Melanie Wagner, Koji Uwai, and Herbert Waldmann*

The regulation of cell growth and differentiation by
proteins of the Ras superfamily[1] requires the correct
subcellular distribution of the small GTP-binding proteins
(GTP� guanosine triphosphate).[2] The biological function of
Ras is strictly dependent on its correct translocation to the
plasma membrane, and this localization is directly linked to
posttranslational S-farnesylation and S-palmitoylation of Ras.[3]

The real mechanism of translocation is still the subject of
debate. On the one hand for K-RasB, which embodies a
polycationic hexalysine stretch and a farnesyl thioether at the
C terminus, a model was proposed in which unspecific but
highly anionic ™sites∫ (formed at least in part by the lipid
bilayer) at the plasma membrane instead of a classical specific
proteinaceous receptor are responsible for association of this
Ras isoform with the plasma membrane.[4] On the other hand
for H- and N-Ras, which have S-farnesyl and S-palmitoyl
substituents at the C terminus, a membrane-trapping model[5]

was postulated in which a prenyl protein specific palmitoyl-

Polymerization reactions: A 1-L glass autoclave was charged with toluene
(200 mL) and triisobutylaluminum (0.5 mL). The mixture was stirred
(700 rpm), thermostated at 25 �C, and saturated with ethylene (2 bar). The
polymerization reaction was started by the injection of a solution of the
respective zwitterionic complex in toluene, generated in situ by treatment
of 8 a or 8b (ca. 35 �mol) with an equimolar amount of B(C6F5)3 in toluene
(8 mL). After 1 h the reaction was quenched by adding aqueous HCl in
methanol (15 mL). The polymer was precipitated with additional methanol
(100 mL), collected by filtration, washed with 6� aqueous HCl (100 mL),
water (200 mL), acetone (50 mL), and then dried in vacuo.
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transferase (PTase) is located in the plasma membrane.
However, these proposals have been challenged by recent
findings that suggest that K-Ras and H-/N-Ras traffic to the
cell surface through different routes and that palmitoyl
substitution of the H- and N-isoform occurs in the endoplas-
matic reticulum.[6]

In addition, the correlation of subcompartmentation of the
plasma membrane[7] with signal transduction events has
received increasing attention. Thus, H-Ras is enriched in
membrane domains with high levels of sphingolipids and
cholesterol (rafts),[8] whereas K-Ras shows a random distri-
bution in the plasma membrane.[6] To unravel the mechanisms
that direct Ras localization and to identify putative binding
partners of Ras in the plasma membrane or other intracellular
compartments, new tools that go beyond the techniques
available from regular biological methodology alone are
urgently needed.

In addressing this challenge, we have synthesized Ras
lipopeptides and a Ras protein that incorporate a photo-
activatable isoprenoid thioether. Our evaluations demon-
strated that the lipopeptides will be suitable ™baits∫ for
covalent coupling of proteins, whereas the protein construct
demonstrated biological activity required to trap Ras binding
partners.

As suitable chemical tools for covalent trapping and
identification of possible membrane-embedded binding part-
ners of the Ras-proteins, lipopeptides were considered that
meet the following requirements:
1. They should embody the characteristic C-terminal amino

acid sequence of the Ras protein that is in contact with the
membrane and most likely also with a putative binding
partner. To fulfill this criterion, the C-terminal heptapep-
tide sequence of N-Ras was chosen which terminates in a
S-farnesyl-substituted cysteine methyl ester.[9]

2. The peptides should be selectively localized to and stably
inserted into the plasma membrane of cells, in our case by
insertion of a palmitoylatable cysteine residue that is
located at the C terminus of N-Ras. This cysteine was
masked as a tert-butyl disulfide, which can be cleaved
readily by treatment with dithiothreitol. The cysteine thiol
functional group liberated is readily derivatized with a
palmitoyl group, and the resulting S-palmitoyl- and S-far-
nesyl-substituted Ras peptide is selectively localized at the
plasma membrane.[10, 11]

3. The conjugate should contain a group that can be photo-
activated,[12] preferably incorporated into the membrane-
embedded isoprenoid residue. For this purpose the benzo-
phenone group (BP) was chosen as an established photo-
phore.[13, 14]

4. They should carry a group that allows the isolation and
detection of the covalently crosslinked products by estab-
lished methods. For this purpose the biotin label was
chosen because it can serve both as a tag for product
enrichment and as a detection label.

5. The synthesis strategy should give access to photoactivat-
able lipopeptides for the labeling experiments and to
protein ± lipopeptide conjugates, which can be used to
determine the activity of the lipopeptides. The maleimi-
docaproic acid (MIC) group was chosen to couple the

lipopeptide to a Ras mutant with a C-terminal cysteine
residue.[15, 16] Such peptides were required to demonstrate
that the conjugate is selectively directed to the plasma
membrane and that the photophore does not significantly
influence the binding to a putative Ras binding protein, if
at all.
These criteria are met by the peptides 4a and 4b, which

were synthesized as shown in Scheme 1. The N-terminal
hexapeptide of the Ras sequence was synthesized efficiently
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Scheme 1. Solid-phase synthesis of the hexapeptides 2a/b and fragment
coupling with the BP-labeled isoprenyl-derivatized cysteine 3. a) Biot-Aca-
OH, HBTU, HOBt, DIPEA, DMF; b) MIC-OH, HBTU, HOBt, DIPEA,
DMF; c) TFA in CH2Cl2 (10%), 2a : 62%, 2b : 33%; d) 3, EDCI, HOBt,
CH2Cl2, 4a : 43%, 4b : 55%; e) NCS, DMS, CH2Cl2; f) CysOMe ¥HCl, NH3,
MeOH, 66% over two steps. BP� benzophenone, SPPS� solid-phase
peptide synthesis, DEAD� diethylazodicarboxylate, HBTU� 2-(1H-ben-
zotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate, HOBt�
1-hydroxybenzotriazole, DIPEA� diisopropylethylamine, DMF�N,N-di-
methylformamide, DMS�dimethyl sulfide, EDCI� 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride, NCS�N-chlorosuccinimide.

on a solid support. The peptide was linked to the polymeric
carrier through the chlorotrityl (chlorotriphenylmethyl) link-
er, and Fmoc-protected amino acids were employed for chain
elongation. After assembly of the hexapeptide and N-termi-
nal deprotection, either biotinylaminocaproic acid (Biot-Aca-
OH) or maleimidocaproic acid (MIC-OH) were introduced
followed by release of the Biot-Aca- and MIC-labeled
peptides 2a and 2b from the solid support. Both compounds
were isolated in high yields and then coupled with the
S-alkylated cysteine methyl ester 3 to yield the target peptides
4a and 4b. In 3 the terminal isoprene unit of the farnesyl
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group has been replaced by the benzophenone photophore,
which approximates it in size and lipophilicity. The lipid-
modified and benzophenone-labeled cysteine methyl ester 3
was synthesized by conversion of allyl alcohol 5[17] into the
corresponding allyl chloride and subsequent nucleophilic
substitution with cysteine methyl ester (Scheme 1).

The synthesis strategy is both efficient and flexible. The
chosen combination of solid-phase and solution synthesis and
the assembly of the target peptides from building blocks that
can be varied readily opens up the opportunity to generate a
variety of further analogues rapidly if required. Furthermore,
variation of the photophore is straightforward. Thus, a variety
of suitable tools for further biological investigations can be
generated efficiently by means of this approach. To inves-
tigate if the benzophenone isoprenoid groups could be
applied to the photoaffinity labeling of Ras interaction
partners, we performed exposure experiments with solutions
of lipopeptide 4a (1.6 ��) and bovine serum albumin (BSA;
8 ��). The reaction mixture was exposed to UV light and
samples were taken before exposure to UV light, and after 5,
15, 30, and 60 min of exposure. The time course of the reaction
was analyzed by SDS-PAGE and Western Blot. Biotinylated
BSA was detected by incubation with a streptavidine ± alka-
line phosphatase conjugate and subsequent enzymatic reac-
tion. The benzophenone moiety was stable in the absence of
UV irradiation, whereas exposure to 300–400-nm light led to
rapid photoactivation and coupling of the lipopeptide to BSA
(Figure 1). Five minutes of exposure to UV light were
sufficient for maximum biotinylation of the BSA sample.

Figure 1. Coupling of biotinylated lipopeptide with BSA. A solution of
lipopeptide 4a (10 ��) and a fivefold excess of BSA were exposed to UV
light, and samples were taken before (1, 2) and 5 min (3, 4), 15 min (5, 6),
30 min (7, 8), and 60 min (9, 10) after start of irradiation. Aliquots
corresponding to 3 �g (1, 3, 5, 7, 9) and 5 �g (2, 4, 6, 8, 10) of BSA were
applied in SDS-PAGE (A) and Western Blot (B).

Utilization of lipopeptides with a benzophenone isoprenoid
group for the affinity labeling of Ras-interaction proteins
requires that the replacement of the farnesyl group by a
geranyl benzophenone moiety does not prevent the recog-
nition of the lipopeptides by receptors or modifying enzymes
for Ras. We generated a lipoprotein by coupling oncogenic
N-Ras mutant N-RasG12V�181 (which has a truncated
C terminus) with lipopeptide 4b (which corresponds to the
native C-terminus of N-Ras with a free palmitoylation site and
a geranyl benzophenone instead of the farnesyl thioether at
the last amino acid residue) as shown in Scheme 1. The reaction
of the MIC group of the lipopeptide with the free cysteine

residue at position 181 of the N-Ras
mutant proceeded almost quantitatively.

N-RasG12V�181 terminates in a
free cysteine residue, which selectively
reacts with the MIC group. The cou-
pling product was extracted by treat-
ment with Triton-X114 and purified by
ion-exchange chromatography. Gel
electrophoresis gave a single band for
the hydrophobic protein (Figure 2).
Mass spectrometric analysis (Figure 3)
gave rise to signals for the coupling
product without the S-tert-butyl pro-
tecting group at the cysteine group,
which can be substituted with a palmi-
toyl group (N-RasG12VCysGerBP,
21659 Da), and a smaller signal for
the coupling product with the protect-
ing group (21747 Da). These data
verify a 1:1 stoichiometry for the
protein ± lipopeptide coupling product. Specific reaction of
MIC lipopeptide 4b with the C-terminal cysteine (Cys181) of
N-RasG12V�181 was validated by tryptic digestion of the
chimeric protein with trypsin and chymotrypsin. ESI-MS and
MALDI-TOF analysis of the proteolytic products excluded
significant formation of lipopeptide thioethers with Cys51,
Cys80, or Cys118 of N-RasG12V�181 (data not shown).

Figure 3. Characterization of the coupling product of N-RasG12V�181
with lipopeptide 4a by ESI MS. Mass spectra of N-RasG12V�181 (black)
and the coupling product of N-RasG12V�181 with lipopeptide 4a (gray).
The base peak in the spectra corresponds to the theoretical mass of the
N-RasG12V�181 that has been truncated at the C terminus (20440 Da).
The minor peak at 20311 Da can be assigned to N-RasG12V�181 without
the N-terminal Met1 (theoretical mass: 20309 Da). The MS spectrum of
the coupling product shows a major peak at 21659 Da and a minor peak at
21747 Da. These signals match the masses of the coupling product
N-RasG12V�181 ± 4a after and before removal of the S-tert-butyl protect-
ing group, respectively.

The rat pheochromocytoma cell line PC12 can be induced
to differentiate by oncogenic Ras mutants.[18] This effect can
be correlated to the transforming potential of Ras mutants in
a microinjection assay.[19] To ensure that benzophenone
lipopeptides are applicable as photoaffinity probes for the
identification of Ras receptors and modifiers, we analyzed the

Figure 2. Characteri-
zation of the coup-
ling product of
N-RasG12V�181 with
lipopeptide 4a by SDS-
PAGE. SDS-PAGE of
the coupling product
shows a protein band
with an apparent mass
of 22 kDa and a purity
�90%.
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differentiating potential of the oncogenic coupling product of
N-RasG12V�181 and the benzophenone lipopeptide 4b and
compared it with the efficiency of N-RasG12V full-length
protein and the ™natural∫ chimera with a C-terminal farnesyl
thioether (N-RasG12VCysFar) to induce the corresponding
morphological pattern in PC12 cells. Gratifyingly, the lip-
oprotein with the benzophenone isoprenoid moiety induced
neurite-like outgrowths in PC12 cells (Figure 4), thus indicat-
ing biological activity of the protein. This result implies that
the construct with a geranyl benzophenone thioether and a
carboxymethylation at the C terminus is sufficient to address
the oncogenic chimera to its functional location, which
includes palmitoylation of the free cysteine of the lipopeptide
moiety.

Figure 4. Differentiation of PC12 cells by N-RasG12VCysGerBP. Overlay of a
phase contrast and fluorescence microscopy image of PC12 cells after co-
injection of 100 �� oncogenic Ras construct and FITC-dextran. Only cells
with a fluorescent marker (dark cell body, white arrowheads) have formed
neurite-like outgrowths (black-bordered white arrows). FITC� fluorescein
isothiocyanate.

The data show that the potential of the benzophenone
derivative to induce neurite-like outgrowths is approximately
one third of the values recorded for N-RasG12V (full length)
or N-RasG12VCysFar (Figure 5). This activity is sufficient to
allow the successful execution of biological experiments,
including photoactivation studies.

Our results demonstrate that introduction of a benzophe-
none group as a photoactivatable ligand in the isoprenoid
moiety of Ras-lipopeptides does not obstruct the ability of a
corresponding oncogenic Ras-lipoprotein chimera to differ-
entiate PC12 cells. Furthermore, photochemical activation of
the benzophenone can be initiated by exposure to near-UV
light (350 ± 360 nm), thus limiting photodamage of the protein
targets. Therefore, probes such as peptide 4a with the
C-terminal peptide sequence of Ras-proteins, a benzophe-
none isoprenoid substitution of the farnesyl group, and a
suitable affinity tag (e.g. biotin) are promising tools for the
isolation of Ras-modifying enzymes and Ras-interaction
partners, in particular of plasma-membrane-localized pro-
teins.

Figure 5. Differentiation efficiency of oncogenic N-Ras constructs. PC12
cells were microinjected with a protein solution that contained
N-RasG12VCysGerBP (�), N-RasG12VCysFar (�), and full-length N-RasG12V
(�) in the given concentrations.

Studies with green fluorescent protein constructs of Ras
proteins have promoted the idea that it is the hydrophobically
modified C terminus of the Ras isoforms that determines
targeting and localization,[6, 20] whereas the G domain is less
important for targeting the protein. The Ras C terminus is
flexible and was not resolved in the crystal structures of the
protein[21, 22] and its complexes[23] nor in the NMR spectro-
scopic analysis of H-Ras.[24] Therefore, it is most probable that
affinity tags presenting the Ras C terminus are sufficient for
recognition by and binding to putative receptors and modi-
fiers.

By combining the power of organic synthesis with cell
biology numerous synthetic lipopeptide and lipoprotein
™baits∫ are accessible. For instance different natural or non-
natural hydrophic modifications, alternative affinity tags, or
radiolabels may be introduced or the entire peptide backbone
may be replaced by a nonpeptide scaffold, thereby opening up
a multitude of possible applications. The combination of
chemical synthesis, cell biology, and elaborated biochemical
and mass spectrometric approaches delineated herein should
provide a new powerful approach to solve some of the most
prevailing problems and answer open questions concerning
signal transduction through Ras proteins.
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Bismuthine BiH3: Fact or Fiction?
High-Resolution Infrared, Millimeter-Wave,
and Ab Initio Studies**
Wolfgang Jerzembeck, Hans B¸rger,*
Lucian Constantin, Laurent Margule¡s, Jean Demaison,
J¸rgen Breidung, and Walter Thiel

Standard Inorganic Chemistry textbooks[1] report that
bismuthine, BiH3, is a common although unstable Group 15
hydride. Typically only the boiling point[2] of �16.8 �C is
mentioned for characterization. Apart from the early obser-
vation of a ™volatile bismuth hydride∫ by Paneth in 1918,[3] its
relevance in analytical chemistry,[4] and a mass spectrometric

study,[5] all experimental information on BiH3 (synthesis,
isolation, and vapor pressure) originates from the report by
Amberger in 1961.[2] To the best of our knowledge nobody has
to date been able to repeat Amberger×s (admittedly pre-
sumptuous) synthesis of BiH3 by decomposition of CH3BiH2

at �55 to �45 �C, or to develop an alternative route to this
compound. Hence, unlike the case of the short-lived mono-
hydride BiH,[6] neither the structure nor the vibrational
spectrum of BiH3 have been determined experimentally.

We report herein the successful repetition of Amberger×s
synthesis of BiH3 and its unambiguous characterization by
independent, modern spectroscopic methods, which are
supported by ab initio caclulations. Our particular interest
in BiH3 concerns those structural and spectroscopic properties
that are expected to be unique for BiH3. First, BiH3 should
have the smallest H-X-H bond
angle (ca. 90.0�) of any of the
hydrides of the composition
XH2 and XH3 (Figure 1). In
the vibrational ground state,
BiH3 should thus be an oblate
symmetric top (Ia� Ib� Ic)
extremely close to the spheri-
cal top (Ia� Ib� Ic) limit, even
more so than SbH3.[7] In vibra-
tionally excited states it may
switch to a prolate symmetric
top with Ia� Ib� Ic. Therefore
it should reveal, with unprece-
dented distinction, particular
ground and excited state rota-
tional energy patterns that require appropriate reductions of
the rotational ± vibrational Hamiltonian.[8] Owing to the near-
rectangular H-Bi-H angle, the heavy central atom, the
expected small HBi/BiH� coupling, and the large anharmo-
nicity of the BiH stretching motion, BiH3 would also be a
prototype molecule for local mode behavior.[9]

After numerous failures we were able to repeat the
reported synthesis[2] and eventually obtained apparently pure
BiH3 in quantities sufficient to enable us to carry out gas-
phase infrared (IR) and millimeter-wave (MMW) measure-
ments over periods of minutes to hours. In brief, we first
prepared Bi(CH3)3 from BiCl3 and CH3MgI, and then reacted
this with BiCl3 to give CH3BiCl2 by using standard proce-
dures.[10] CH3BiCl2 was then reduced with LiAlH4 in di-n-
butyl ether at �78 �C to give CH3BiH2 whose disproportio-
nation at �55 to �45� C yielded BiH3 along with methyl-
bismuthanes. Some hydrogen, which formed by decomposi-
tion of the hydrides, was pumped off while the reaction
mixture was cooled by using liquid nitrogen. Thereafter this
mixture was allowed to warm to about �50� C and volatile
material expanded into cooled absorption cells until a total
vapor pressure of between 10 and 100 Pa was reached.

IR spectra were recorded in the region for stretching
fundamentals �1(A1)/�3(E) at about 1700 cm�1 with a reso-
lution of 4.4� 10�3 cm�1 (Figure 2), and in the region for
bending modes �2(A1)/�4(E) at about 750 cm�1 with a
resolution of 6.6� 10�3 cm�1 (Figure 3).[11] An external dou-
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Figure 1. Molecular structure
of BiH3 with principal axes of
inertia indicated; �e, re� bond
angle and length in the equili-
brium structure.
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Figure 2. The �1 and �3 bands of BiH3. Lines denoted by an asterisk in the
experimental spectrum (top) are attributed to residual H2O in the
interferometer. In the simulated spectrum (bottom) the band centers are
indicated by arrows.

Figure 3. The �2 and �4 bands of BiH3: Experimental (top) and simulated
spectrum (bottom; band centers are indicated by arrows).

ble-jacketed glass cell (inner diameter 70 mm, 120 cm long)
equipped with NaCl windows and cooled to �40 �C was used.
At a total pressure of about 100 Pa data were collected for
periods of 10 ± 30 min before absorptions assignable to BiH3

disappeared and it was necessary to recharge the cell. We
confirm Amberger×s observation[2] that deposited metallic Bi
accelerates the decomposition of BiH3 significantly. Alto-
gether 30 and 76 scans were collected in the �1/�3 and �2/�4
spectral regions, respectively. The analysis of the spectra
established that essentially all observed absorption lines could
be assigned to the �1, �2, �3, and �4 bands of 209BiH3 (Bi is a
monoisotopic element).

Since the analysis of the spectra required highly accurate
constants of the ground vibrational state we also measured
rotational J� 1� 0, 2� 1, 4� 3, and 8� 7 transitions in the
158, 317, 633, and 1260 GHz ranges, respectively.[12] The

J� 8� 7, K� 3� transition is illustrated in Figure 4. The
observed nuclear quadrupole hyperfine structure is in agree-
ment with a spin I� 9/2 for 209Bi. Rotational and vibrational
(ground-state combination difference) data, including 210
combinations with �K�0 providing C0, were merged and
fitted.[13]

Figure 4. Part of the JK� 83�� 73� transition of BiH3, split by quadrupole
hyperfine structure, between the upper components 3� of the split K� 3
sublevels. (F���F�) components are labeled.

The rotational ± vibrational analyses of the �1/�3[14] and �2/�4
bands,[15] which will be reported in detail elsewhere, yield the
vibrational wavenumbers and, among other constants, the
vibrational corrections to the ground state rotational con-
stants (B0�Be, C0�Ce) which can be used to calculate the
equilibrium rotational constants (Be, Ce) and to derive the
equilibrium geometry (re), Table 1.

Since the experimental data differ from published ab initio
results[16, 17] by more than is nowadays tolerable, we have
performed novel ab initio calculations[18±28] at highly corre-
lated levels by using several large basis sets and different
relativistic pseudopotentials for the Bi atom (small-core
pseudopotentials with and without counterpoise corrections,
large-core pseudopotentials with and without core polariza-
tion potential). We will provide a full account of the results of
these calculations elsewhere, here we only present the geo-
metries, rotational constants, and fundamental wavenumbers
at the highest theoretical level applied[18] and compare them
with their experimental counterparts (Table 1).

Table 1. Molecular parameters of BiH3 (all derived from this work).

Experiment Ab initio calculation

�1 [cm�1] 1733.2547 1746[a]

�2 [cm�1] 726.6990 737[a]

�3 [cm�1] 1734.4669 1758[a]

�4 [cm�1] 751.2386 761[a]

B0 [cm�1] 2.6416 2.6257[b]

C0 [cm�1] 2.6010 2.6024[b]

Be [cm�1] 2.6709 2.6517[c]

Ce [cm�1] 2.6297 2.6274[c]

r0(BiH) [pm] 178.52 179.16
�0(HBiH) [�] 90.50 90.07
re(BiH) [pm] 177.59 178.29[c]

�e(HBiH) [�] 90.48 90.08[c]

[a] Harmonic wavenumbers from CCSD(T), anharmonicity corrections
from MP2.[18] [b] Equilibrium values from CCSD(T), vibrational correc-
tions from MP2.[18] [c] From CCSD(T).[18]
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The agreement of experimental (Figure 2, top and Fig-
ure 3, top) and simulated spectra (Figure 2, bottom and
Figure 3, bottom) proves unambiguously that the observed
spectra originate from BiH3, and moreover that the rota-
tional ± vibrational analyses are correct and the determined
molecular constants reliable and meaningful. The results of
our ab initio calculations are consistent with the experimental
data (Table 1) and thus offer further support for the exper-
imental assignments.

In conclusion, we have confirmed that Amberger obtained
BiH3 in his demanding (and thus presumably to date
unrepeated) synthesis. We have determined for the first time
accurate molecular constants for BiH3 from IR and MMW
spectra as well as accurate r0 and re structures, vibrational
energies, and the pattern of rotational and rotational ± vibra-
tional energies. The experimental results are in agreement
with those from high-level ab initio calculations.
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Signal Amplification by a Fluorescent Indicator
of a pH-Driven Intramolecular Translocation of
a Copper(��) Ion**
Valeria Amendola, Luigi Fabbrizzi,* Carlo Mangano,
Hamish Miller, Piersandro Pallavicini, Angelo Perotti,
and Angelo Taglietti

The translocation of a metal ion in a reversible and
repeatable manner from one compartment to the other within
a ditopic ligand could lead to mechanical work at the
molecular level.[1] This possibility gives rise to a new class of
potential artificial molecular machines,[2] thus adding to the
possibilities based on rotaxanes and catenanes.[3, 4] Movement
of metal ions, which takes place following a predetermined
pathway, can be induced by different stimuli, such as a
variation of the redox potential,[5, 6] or a pH change.[7] The use
of pH as the stimulus is especially convenient as it involves a
rather mild perturbation and does not cause degradation of
the system, and hence its operation can be repeated at will,
indefinitely. This situation is not always the case with the more
drastic and destructive processes which involve an auxiliary
oxidation and reduction reaction. The essential requirements
for the occurrence of a pH-driven metal translocation process
are that 1) one of the two coordinating compartments (A) also
shows a distinct acid ± base behavior (for example, through
the AHn�An� � nH� equilibrium), and that 2) the coordi-
nating tendencies of the two compartments decrease along the
series An��B�AHn, where B is the second compartment
that does not display acid ± base behavior, at least in the
investigated pH interval. Thus, at a pH value in which AHn

dominates, the metal ion stays in compartment B. On the
other hand, when the pH value is increased and AHn

deprotonates, the metal ion moves to the more appealing
compartment An�. The metal ion moves back to B on
decreasing the pH value. In the case of transition metal ions,
a change in the compartment typically modifies the stereo-
chemistry and the ligand field experienced by the cation, thus
altering its electronic structure and spectral features. Ulti-
mately, the displacement of the metal ion is signaled by a color
change of the solution. We show here that the position of the
metal ion in the ditopic system can be determined by the
powerful signal of a fluorescent indicator (which is present at
a very low concentration) provided that the indicator is able
to interact selectively with the metal ion.

The envisaged ditopic ligand 1 contains two distinct
tetradentate compartments: A and B. The donor set of A
consists of two secondary amine and two secondary amide
nitrogen atoms. As the amide group itself possesses poor or no

coordinating tendencies, the neutral form AH2 is expected to
display minimum binding tendencies towards the chosen
metal ion, CuII. On the other hand, at neutral or slightly
alkaline pH values, the amide group deprotonates in the
presence of divalent late-transition-metal ions to give rise to a
very strong donor group: thus, the doubly deprotonated A2�

compartment is expected to establish especially intense
metal ± ligand interactions and give rise to a very stable
complex with a square geometry. Compartment B is consti-
tuted by two 2,2�-bipyridine (bpy) fragments, which display
fairly good binding tendencies towards CuII ions. Complexes
of the [CuII(bpy)2]2� type tend to be five coordinate, the
remaining cordination site being occupied by a solvent
molecule or by a coordinating anion. Thus, it appears that
the required sequence of affinity (A2��B�AH2) is estab-
lished and that the CuII ion can be translocated between B and
A and vice versa over a defined pH range.

We used a dioxane/water mixture (4:1) as the solvent. Pure
water could not be used because of the precipitation of
CuII complexes in alkaline conditions. We carried out poten-
tiometric titration experiments and, through nonlinear least-
squares treatment of titration data,[8] we calculated the
formation constants of the species present in equilibrium
between pH 2 and 12. We were then able to draw the
corresponding distribution curves (Figure 1).

Two major metal-containing species are present in alkaline
conditions in a solution containing equimolar amounts of of 1
(LH2) and CuII ions. A species [CuII(LH2)]2� reaches its
maximum abundance (80%) at pH 7.4, and a species [CuII(L)]
reaches 100% abundance at pH� 11.

Figure 1. Concentration of the species present at the equilibrium in a
solution containing equimolar amounts of 1 (�LH2) and Cu2� ions;
profiles a, b, c, and d refer to the variously protonated forms of LH2 (from
LH6

4� to LH3
�). Profile e refers to the metal-containing protonated species

[CuII(LH3)]3�. Profile f refers to the metal-containing species
[CuII(LH2)(OH)]� . Full triangles give the molar absorbance of the d ± d
band (�max� 502 nm) of the [CuII(L)] complex.
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Noticeably, the absorption spectrum of the blue solution at
pH 7.4 (Figure 2) is very similar to that of a solution of the
[CuII(bpy)2]2� model complex. This observation indicates
that the metal ion stays in compartment B. Moreover, the
mass spectra (ESI) recorded at this pH value display
peaks at m/z 776, 778, and 780 which correspond to
{[CuII(LH2)][ClO4]}�, as expected.

Figure 2. d-d spectra of the [CuII(LH2)]2� complex (blue, Cu2� stays in
compartment B) and of the [CuII(L)]2� complex (pink/violet, Cu2� stays in
compartment A).

On the other hand, adjusting the pH value to 12 by the
addition of standard base makes the solution become pink/
violet. The color and the absorption spectrum are similar to
that observed for the model complex with a tetradentate
ligand containing two deprotonated amide groups and two
amine groups (NH2CH2CH2NH(CO)CH2CH2CH2NH-
(CO)CH2CH2NH2 (dioxo-2,3,2-tet)). This evidence suggests
that the metal ion in the species dominating at pH� 11
([CuII(L)]) is located in compartment A2� (Figure 2). Further
evidence is derived from pH-dependent spectrophotometric
measurements. In particular, the intensity of the band at
502 nm superimposes well on the abundance profile of the
[CuII(L)] species. Moreover, the ESI mass spectrum recorded
at pH 12 displays the signal of the expected species,
{[CuII(L)]�Na}�, with m/z 698, 700 (Na� comes from the
added standard base). The solution turns blue again on
addition of standard acid back to pH 7.4, which indicates that
the reverse translocation has taken place. The direct and
reverse translocation processes can be repeated at will, in
principle indefinitely. The detection limit is determined by the
progressive dilution of the solution, which arises as a result of
the consecutive addition of the standard solutions of acid and
base.

The rate of the metal ion translocation, both direct and
reverse, could be determined by stopped-flow spectrophoto-
metric experiments. In particular, the B-to-A metal ion
displacement could be monitored through the development
of the absorption band at 502 nm, which corresponds to the
formation of the pink/violet [CuII(L)] species. The absorbance
versus time profile strictly fits a first-order kinetics, with a
lifetime � of 0.54� 0.05 s. The first-order A-to-B transloca-

tion, investigated through the decay of the band at 502 nm,
exhibits a lifetime � of 0.58� 0.05 s. First-order patterns
observed for both direct and reverse processes indicate the
intramolecular nature of the translocation. No details are
available on the intimate mechanism of the processes. It is
probable that the minor species which forms at pH 8.5 plays
some role. The formula [CuII(L)OH]� is assigned to this singly
charged species: the hydroxide ion results from the deproto-
nation of the water molecule bound to the CuII ion in the five-
coordinate complex in compartment B.

The reversible translocation can be followed through a
more powerful signal, fluorescence, by making use of an
auxiliary light-emitting fragment, namely coumarin-343 (FlH,
2). This molecule is a protic acid, since it contains a carboxylic
acid group, whose pKA value in the 4:1
dioxane/water solution is 7.30� 0.02. The
undissociated form FlH is strongly fluores-
cent, with an emission band centered at
�max� 490 nm; the emission band of the
dissociated form (Fl�) is less intense (fluo-
rescence intensity (IF) is 75% that of FlH)
and is blue-shifted to 471 nm (�max). Thus, a
solution of coumarin-343 (for example, 2�
10�6�) is fluorescent over the entire
pH range, even if a change in the IF and �max values is
observed in the pH 6.5 ± 8.5 range. If the same solution is also
made 4� 10�4� in the copper(��) complex of 1 (a concen-
tration 220 times higher than that of FlH), the pH dependence
of the fluorescence intensity corresponding to the FlH and Fl�

bands changes drastically.
In Figure 3 shows that IF decreases on moving from the

acidic to the alkaline region until it is completely quenched at

Figure 3. Full triangles (left vertical axis) indicate the fluorescence
intensity (IF) of a solution containing 2� 10�6� coumarin-343 (2) and
4� 10�4� of the [CuII(LH2)]2�/[CuII(L)] complex: values of the descending
arm of the well-shaped profile refer to the emission band at 490 nm
(emitting fragment: coumarin-343, undissociated form, FlH); values of the
ascending arm refer to the emission band at 471 nm (emitting fragment:
dissociated form, Fl�). IF values are normalized. Solid lines (right vertical
axis) give the pH dependance of the concentration of FlH,
[CuII(LH2)(Fl)]� , and Fl�, in the same solution. Moving up from pH 7, by
the absence of fluorescence (bottom of the well) signals that the CuII ion
stays in compartment B, while the presence of fluorescence signals that the
CuII ion is in compartment A.
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pH 7± 8, then it increases again (according to a well-shaped
profile) to reach a plateau at pH� 11.5. This behavior can be
accounted for by assuming that in the pH interval where the
well of the IF plot is present, the [CuII(LH2)(H2O)]2� species
forms and the carboxylate group of Fl� replaces the water
molecule coordinated to the CuII center in the B compart-
ment. The binding of Fl� to the transition metal ion causes a
quenching of the fluorescence, through either an electron-
transfer or an energy-transfer process. At pH� 11.5, when
more that 99.8% of the metal has translocated to the A2� site,
a planar complex is formed, which, as a result of the very
strong in-plane interaction, does not exhibit any affinity
towards further ligands. As a consequence, Fl� is released to
the solution and displays its full fluorescence. Thus, B-to-A
translocation is signaled by the switching-on of the fluores-
cence. On the other hand, A-to-B translocation, induced by
adjusting the pH value back to 7 ± 8, is signaled by the
switching-off of the fluorescence. One can switch the pH val-
ues back and forth many times and, as a result of the high
efficiency of the fluorescence signal, the occurrence of the
reversible translocation can be perceived each time, both
visually and instrumentally.

A binding constant of 5.5� 0.1 log units was found from
the spectrofluorimetric data for the equilibrium:
[CuII(LH2)(H2O)]2� � Fl��[CuII(LH2)(Fl)]� � H2O. Thus,
it was possible to draw the distribution diagram shown in
Figure 3. This plot indicates that the [CuII(LH2)(Fl)]� adduct
begins to form at pH 4.5, which causes fluorescence quench-
ing (left arm of the well, �). On the other hand, a decrease in
the [CuII(LH2)(Fl)]� concentration, which is associated with a
translocation to A, corresponds to the release of the Fl� light-
emitting species and to the generation of fluorescence (right
arm of the well, �).

Scheme 1 provides a pictorial sketch of the hypothesized
stereochemical aspects of metal translocation and of com-
plexation/decomplexation of Fl�. It has to be noted that metal
displacement in a previously described pH-driven CuII trans-
location experiment involved drastic rearrangement and
folding of the ligating framework.[9] In the present case, each
compartment displays a distinct coordinating behavior and
does not interfere with metal binding by the other compart-
ment.

Translocation of a transition metal ion between the
unequivalent compartments of a ditopic ligand is an interest-
ing switching process, which can be read by monitoring a
variety of properties (spectroscopic, magnetic, electrochem-
ical). Among these properties, fluorescence is undoubtly one
of the most advantageous, as it is visual and can be detected
instrumentally with extreme sensitivity. A rational, but very
time consuming, way to profit from fluorescence involves the
synthesis of ligands, to whose framework a given fluorophore
has been covalently bound. However, this approach can be
highly perturbative, as the sterically hindering fluorogenic
substituent may strongly reduce the rate of metal-ion move-
ment. In a reported example,[7] the covalent linking of a
fluorescent fragment (anthracene) to the framework of the
ditopic ligand made the translocation rate of the metal ion
(NiII) decrease by an order of magnitude with respect to a
system without steric hinderance (the � value varied from
hundreds of milliseconds to seconds). On the other hand, the
use of an auxiliary fluorescent indicator that possesses
coordinating tendencies is not perturbative at all, particularly
because it is present at an extremely low concentration
(220 times lower than that of the [CuII(LH2)]2� complex).
Moreover, in spite of the fact that Fl� binds only a small
fraction of [CuII(LH2)]2� ions, a powerful ON/OFF signal is
detected even after many cycles and remarkable dilution. The
only prerequisite the designer should address is that of the two
compartments: one should provide coordinative unsaturation
and the other should not. Fluorescent indicators recently
experienced a revival in the sensing of recognition events.[10]

In particular, coumarin-343 has been used as an OFF/ON
indicator to signal the recognition of HCO3

� ions by a
dicopper(��) bis-tren cryptate (tren� tris(2-ethylamino)-
amine).[11] It appears now that fluorescent indicators can also
be profitably utilized to signal the movements occurring at the
molecular level and to monitor the working of molecular
machines.

Experimental Section

Ligand 1 was synthesized through the Schiff-base reaction of 6-benzyl-
1,4,8,11-tetraazaundecane-5,8-dione[7] (1 mmol) with 5-(2,2�)-bipyridine-
carboxyaldehyde[12] (2 mmol) in ethanol (20 mL, room temperature, 24 h),
followed by in situ reduction with an excess of NaBH4 (0.8 g). The solvent

was removed from the reaction mixture on a rotary evapo-
rator and the solid residue was treated with 0.1� NaOH
(20 mL). Extraction with CH2Cl2, drying with MgSO4, and
removal of the solvent under vacuum gave the desired
product as a solid in 35% yield. Elemental analysis calcd
(%) for C36H38N8O2: C 70.37, H 6.18, N 18.23; found C 70.41,
H 6.16, N 18.20. MS (ESI): m/z : 615 [1�H�]; 1H NMR
(CDCl3): �� 8.72 (d, 2H, Ar-H), 8.60 (s, 2H, Ar-H), 8.48 (t,
2H, Ar-H), 7.78 (m, 4H, Ar-H), 7.1 ± 7.3 (m, 9H, Ar-H), 6.95
(br t, 2H, CONH), 3.79 (s, 4H, NHCH2-bipyridine), 3.38 ±
3.20 (m, 7H, CONHCH2CH2 � PhCH2CH), 2.65 (m, 4H,
CONHCH2), 2.15 (br, CH2NHCH2).

Received: December 27, 2001
Revised: April 22, 2002 [Z18443]

[1] J.-M. Lehn, Supramolecular Chemistry, Concepts and
Perspectives, VCH, Weinheim, 1995, pp. 124 ± 127.

[2] V. Amendola, L. Fabbrizzi, C. Mangano, P. Pallavicini,
Acc. Chem. Res. 2001, 34, 488 ± 493.Scheme 1.



COMMUNICATIONS

2556 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4114-2556 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 14

Activation of Alkanes upon Reaction with
PhI(OAc)2 ± I2**
Jose¬ Barluenga,* Francisco Gonza¬ lez-Bobes, and
Jose¬ M. Gonza¬ lez

Carbon ± hydrogen-bond-activation reactions are challeng-
ing processes in organic synthesis.[1] Halogenation reactions
have been thoroughly studied and widely practiced and
provide a simple and classic way to functionalize hydro-
carbons.[2] However, the iodination of alkanes has been a
particularly elusive reaction and still remains as an active
research area.[3] The endothermic nature of the overall
process has been invoked to explain the failure of a radical-
chain approach to accomplish this reaction.[4, 5] While per-
forming �-scission reactions of cycloalkanols,[6] we noticed
that (diacetoxyiodo)benzene [PhI(OAc)2][7] gave rise to a
mixture of compounds, where iodocyclohexane (2b) was
found as the major product, resulting from an activation of the
cyclohexane used as solvent.

Herein we report new approaches to selectively produce
either iodoalkanes 2 or 1-acetoxy-2-iodocycloalkanes 3 from
readily available hydrocarbons 1. The products 2 and 3 arise
from single and double formal C�H-bond-activation reac-
tions, respectively. This unique reaction manifold can be
tuned by treating alkanes 1 with PhI(OAc)2, iodine (I2), and
tert-butylalcohol (tBuOH) simply by using photochemical or
thermal conditions (Scheme 1).

Our initial studies with cyclohexane (1b) showed that the
presence of an alcohol is necessary for an efficient alkane
activation. tBuOH was found to be the most effective of all
the alkanols tested. Thus, cycloalkanes were cleanly converted

PhI(OAc)2, I2PhI(OAc)2, I2
II OAc

n tBuOH, RT, hνtBuOH, 40°C
nn

1 23

Scheme 1. Photochemical and thermal reactivity of hydrocarbons with
PhI(OAc)2 ± I2.

into the corresponding iodinated derivatives, under irradi-
ation conditions (2� 100 W lamps), in high yield, under
relatively mild conditions, and in rather short reaction times.
In addition, toluene (1e) also gives benzyliodide (2e) as the
sole reaction product.[8] Linear alkanes react affording
mixtures of monoiodinated derivatives in good combined
yield, showing high selectivity for secondary positions (Ta-
ble 1).

An outstanding feature of this iodine(���)-induced activation
of alkanes was observed when carrying out the reactions
under thermal instead of photochemical conditions.[9] In this
case, bifunctional compounds 3 were obtained as major, or
even single, reaction products (Scheme 1, Table 2). The global
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112, 3484 ± 3530; Angew. Chem. Int. Ed. 2000, 39, 3348 ± 3391.

[4] J.-P. Sauvage, Acc. Chem. Res. 1998, 31, 611 ± 619.
[5] L. Zelikovich, J. Libman, A. Shanzer, Nature 1995, 374, 790 ± 792.
[6] T. R. Ward, A. Lutz, S. P. Parel, J. Ensling, P. G¸tlich, P. Buglyo¬ , C.

Orvig, Inorg. Chem. 1999, 38, 5007 ± 5017.
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Table 1. Synthesis of iodoalkanes 2 from alkanes 1.[a]

Entry Alkane (1) Concentra-
tion [�][b]

Reaction
time [h]

Product (2) Yield
[%][c]

1

1a

0.04 1.5

I

2a

98

2

1b

0.04 4

I

2b

I

2b

97

3

1c

0.02 6

I

2c

92

4

1d

0.02 8

I

2d

85[d]

5

1e

0.02 1
I

2e

92[e]

6
1f

0.04 4

I

I

I

2f

2g

2h

85[f]

[a] All reactions performed with the following stoichiometry: PhI(OAc)2
(1 equiv), I2 (1.1 equiv), tBuOH (1 equiv). The alkane was used as solvent.
[b] Referred to iodine. [c] GC yield unless otherwise specified. [d] Compound 2d
was isolated in 80% yield upon column chromatography with n-hexane as eluant.
[e] Determined by 1H NMR spectroscopy. [f] Proportions of isomers (determined
by GC): 2g :2h� 1:1.5, 2 f :2g� 2h� 1:15.
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transformation formally represents a direct and unprecedent-
ed diastereoselective 1,2-functionalization of an alkane. All
the reactions were performed under ambient light at 40 �C
(bath temperature) and different amounts of PhI(OAc)2 were
required to obtain fair to excellent yields of compounds 3.
When cycloheptane (1c) was employed as substrate in the
reaction, a ring contraction was observed, affording the
unexpected methylcyclohexane derivative 3c in 47% yield
(Table 2).

For the basis of a mechanistic proposal, an initial formation
of intermediate species of hypoiodite nature, which result
from the interaction of the PhI(OAc)2 ± I2 system and an
alcohol, is widely accepted.[10] Thus, generation of tert-
butylhypoiodite (tBuOI) could be reasonably invoked to
promote the synthesis of the observed iodoalkanes 2 by a
radical-chain mechanism.[4] The formation of the bifunctional
derivatives 3 could be explained assuming a ligand transfer
from PhI(OAc)2 to the iodoalkane 2 previously formed,[11, 12]

which gives rise to (diacetoxyiodo)alkane species (A ;
Scheme 2), which are in general unstable. An elimination
reaction to generate an olefin (B), followed by addition of the

acetylhypoiodite formed ™in situ∫ would account for the
observed trans diastereoselectivity in which 1-acetoxy-2-
iodocycloalkanes 3 are obtained (Scheme 2).

In conclusion, a new method amenable for the selective
mono- and bifunctionalization of alkanes has been described,
under mild, simple and efficient conditions. The reported
examples leading to the synthesis of bifunctional derivatives
constitute the first diastereoselective vicinal activation reac-
tion of a hydrocarbon. Further investigations concerning the
interaction of iodine(���) species with alkanes are in progress.

Experimental Section

All reactions were carried out under a positive pressure of nitrogen.
Alkanes 1 were dried under reflux over sodium, distilled under nitrogen,
and purged with argon to remove oxygen traces prior to their use.

3b : Iodine (1.1 mmol, 280 mg) and tBuOH (2 mmol, 0.2 mL) were
sequentially added to a suspension of PhI(OAc)2 (2 mmol, 644 mg) in 1b
(25 mL). The resulting mixture was stirred at 40 �C (bath temperature) for
14 h. The mixture was allowed to cool and then quenched with sodium
thiosulfate (5% solution in water, 25 mL). The mixture was transferred to a
separating funnel, the aqueous layer was reserved and the organic one
distilled under reduced pressure to recover excess 1b. The distillation
residue was diluted with diethyl ether (20 mL), mixed with the previously
reserved aqueous layer and extracted. The aqueous phase was further
extracted with diethyl ether (3� 20 mL). The combined organic layers were
washed with NaOH (5% solution in water, 2� 40 mL), brine (2� 40 mL),
and dried over sodium sulfate. The solvent was removed at reduced
pressure. The resulting liquid was further purified by column chromatog-
raphy (hexane/ethyl acetate 25/1) to give 3b as a pale yellow liquid (245 mg,
92%).
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Table 2. Synthesis of 1-acetoxy-2-iodocycloalkanes 3 from cycloalkanes
1.[a]

Entry Cycloalkane (1) PhI(OAc)2[b] Product (3) Yield [%][c]

1

1a

3.5

I

OAc
3a

71

2

1b

2

I

OAc

3b

92

3

1c

2

OAc

I

3c

47

4

1d

3

I

OAc

3d

65

[a] All reactions performed with 1.1 equivalent of I2. The alkane was used
as solvent. Reaction time 14 h. [b] Molar ratio [PhI(OAc)2]:tBuOH� 1:1.
[c] Isolated yield referred to I2.

IPhI(OAc)2, I2
tBuOH

I PhI(OAc)2
I

OAc

OAc

- AcOH

I

OAc

A B

- PhI H

(via tBuOI)

+ AcOI

1b 2b

2b 3b

Scheme 2. Proposed reaction mechanism.
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Mechanism of the Transformation of Silica
Precursor Solutions into Si-MFI Zeolite
Svetlana Mintova,* Norman H. Olson, J¸rgen Senker,
and Thomas Bein*
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The mechanisms governing the transformation of precursor
solutions or gels into zeolitic materials are still not fully
understood.[1±5] The scientific challenge is to understand these
mechanisms to enhance synthetic control for the design of
new zeolite structures, and for the preparation of novel
assemblies such as films, monoliths, and functional nano-
structures.

The crystal growth of silicalite-1–a microporous poly-
morph with MFI topology–has received considerable atten-
tion because it can serve as model system for a fundamental
understanding of the mechanism of zeolite formation.[6±9] The
nanoscale organosilicate clusters in the precursor solutions
used for the synthesis of nanosized MFI-type zeolite have
been observed with techniques such as dynamic light scatter-
ing (DLS),[6] nuclear magnetic resonance (NMR),[7, 8] small-
angle X-ray scattering (SAXS),[9, 10] and high-resolution trans-
mission electron microscopy (HRTEM).[11±13] It appears that
nanoscale species with a size of about 3 ± 4 nm are formed in
the precursor solutions before long-range order is establish-
ed.[14, 15] Additional information about the structure, particle
size, and shape of the silicate species in the MFI-precursor
solutions containing organic additives was obtained by using

NMR spectroscopy[16] and in situ SAXS measurements.[9, 10]

These studies suggest that the aggregation of the primary units
is an important step in the nucleation process, and that it
depends on many factors, such as the alkalinity of the
precursor solution, the type of silica source, and aging time.
However, structural information regarding the initial frame-
work species assembled frommolecular precursors is still very
limited.

In previous studies we have investigated the nucleation and
growth processes of zeolites A (LTA) and Y (FAU) (using the
tetramethylammonium (TMA) ion) by HRTEM.[11] It was
observed that the crystalline structures nucleate in amorphous
gel aggregates existing in the colloidal aqueous solutions, and
that these gel aggregates are completely converted into
crystalline products after extended reaction times.

Herein, we examine the formation of the colloidal pre-
cursor solution and the crystal growth of Si-MFI by in situ
DLS combined with 29Si solid-state NMR spectroscopy,
HRTEM, and other techniques.

A clear precursor solution, prepared for the synthesis of Si-
MFI zeolite, was aged at room temperature on an orbital
shaker for 24 h (A24h) to 30 days (A30d). Samples were
heated to 90 �C and then examined by in situ DLS measure-
ments. A major advantage of the in situ study is the
elimination of invasive procedures that may modify the
crystallization process of the Si-MFI zeolite. Figure 1 shows

Figure 1. DLS data of TPA-silica precursor solutions: a) aged for 24 h
(A24h) at room temperature, and after heating for b) 4 min (A24hH4m)
and c) 6 h (A24hH6) at 90 �C. The distribution function analysis (DFA) is
displayed as scattering intensity per unweighted particle size classes (I�
scattering intensity).

the particle size (r) distribution of the precursor solution aged
for 24 h (A24h), and for samples heated to 90�C for 4 min
(A24hH4m) and 6 h (A24hH6). Prior to heating, the presence
of sub-colloidal particles with sizes in the range of about 1 ±
10 nm is observed in the A24h sample. These particles are
shown to be amorphous by X-ray diffraction. After hydro-
thermal treatment of solution A24h for only 4 min (Fig-
ure 1b), an increase of the scattering intensity is observed,
due to the presence of a second generation of particles with
mean radius of about 15 nm (sample A24hH4m; Figure 1b).
The two particle populations present in these samples are
quite diverse, the first having a mean radius of about 2.3 nm
and the second having a radius of about 15 nm. By increasing
the heating time from 4 min to 6 h (sample A24hH6; Fig-
ure 1c), the peak indicative for the presence of sub-colloidal

34% yield was reported in the preparation of 2e from 1e and tBuOCl/
HgI2, see reference [4].

[9] None of the bifunctional derivatives 3 were observed when perform-
ing the reaction under photochemical conditions, even using an excess
of PhI(OAc)2. For instance, when 1a was treated with PhI(OAc)2
(2 equiv), I2 (1.1 equiv), and tBuOH (2 equiv) under the influence of
light at room temperature, only the formation of 2a was observed
after 8 h, the excess PhI(OAc)2 was recovered.

[10] For recent evidence: a) J. Madsen, C. Viuf, M. Bols, Chem. Eur. J.
2000, 6, 1140 ± 1146; b) J. L. Courtneidge, J. Lusztyk, D. Page¬,
Tetrahedron Lett. 1994, 35, 1003 ± 1006.

[11] J. Gallos, A. Varvoglis, J. Chem. Soc. Perkin Trans. 1 1983, 1999 ± 2002.
[12] We have observed that 2b was cleanly converted into 3b under

comparable thermal conditions, thus providing additional evidence for
the proposed mechanism.
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particles (�2.3 nm) is diminished, whereas the peak repre-
senting the new generation of particles (�15 nm) becomes
more pronounced. The solid products extracted by high-speed
centrifugation from the samples A24h and A24hH4m were
shown by X-ray analysis to be entirely amorphous, while
sample A24hH6 displays Bragg reflections corresponding to
the MFI-type structure.[17] The XRD pattern of sample A24h
is similar to that depicted in Figure 3a.

After aging the TPA-silica precursor solution for 30 days at
room temperature (sample A30d), particles with a radius of
between 1 and 15 nm are formed (Figure 2a). The solution

Figure 2. DLS data of TPA-silica precursor solutions: a) aged for 30 days
(A30d) at RT, and after heating for b) 2 h (A30dH2), c) 3 h (A30dH3), and
d) 4 h (A30dH4) at 90 �C. The DFA is displayed as scattering intensity per
unweighted particle size classes.

remained clear over this extended time
period. From the particle size distribu-
tion data of this sample, we can conclude
that the primary sub-colloidal units are
consumed during the long aging period,
and that a new particle population is
formed. The distribution depicted in
Figure 2a shows that upon aging for
30 days, the precursor species rearrange
into two distinct particulate forms, with
mean radii of about 1 nm and 10 nm,
respectively. These particles exhibit
X-ray scattering, suggesting the onset of
crystalline order of the MFI structure
(Figure 3a). After hydrothermal treat-
ment of the samples for 2, 3, and 4 h, the
particle size distribution curves show the
disappearance of the sub-colloidal frac-
tion (�1 nm) in favor of the formation of
larger particles with radii between 10 and
60 nm (Figure 2b, c, d). The appearance
of diffraction lines suggests the emer-
gence of crystalline MFI-type zeolite in
sample A30dH2, (Figure 3b), with a fully
crystalline sample obtained after hydro-
thermal treatment for 3 h (A30dH3)
(Figure 3c).

Analysis by HRTEM supports the
results of the X-ray analysis, as formation
of crystalline Si-MFI is clearly observed
in sample A30d (Figure 4a). This

Figure 3. Powder diffraction patterns of a) a precursor solution aged for
30 days (A30d) at room temperature, and after hydrothermal treatment at
90 �C for b) 2 h (A30dH2) and c) 3 h (A30dH3).

HRTEM image reveals, for the first time, the presence of solid
objects with a mean radius in the range of 2 ± 10 nm having
crystalline fringes corresponding to the MFI structure.
Further evidence of the significant crystallinity of the nano-
sized particles in sample A30d was obtained from IR
spectroscopy. Freeze-dried samples of A30d and A30dH3,
prepared in KBr pellets, yielded distinct absorptions at 459
and 557 cm�1 for A30dH3, while A30d shows two bands
shifted to higher frequencies, at 462 and 580 cm�1. The

Figure 4. HRTEM images of nanosized particles extracted from a) a TPA± silica precursor solution
aged for 30 days (A30d) at room temperature, and after heating for b) 2 h (A30dH2), c) 3 h (A30dH3),
and d) 4 h (A30dH4) at 90 �C. Scale bar� 10 nm. (See Experimental Section for details).
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frequency shift can be ascribed to the small size of silicate
particles containing double 5-rings, while the different ratios
between the two bands (�560/� 460 cm�1) suggest a lower
degree of crystallinity in the A30d sample than in the
hydrothermally treated A30dH3 sample.[15] These data con-
firm that the MFI topology can be formed by aging at room
temperature. Notably, the particles are very stable during the
sample purification process, which includes one-step centri-
fugation and ultrasonic redispersion in doubly distilled water.

A complementary 29Si solid-state NMR investigation was
performed with the solution A30d and freeze-dried particles
of sample A30dH3. Sharp 29Si NMR signals are observed
between ���71.2 and �98 ppm in sample A30d; these are
attributed to Q0, Q1, Q2, and Q3 units of small silicate species
in the liquid phase (Figure 5a). In addition, two broad signals

Figure 5. 29Si NMR spectra of a) the as-prepared TPA± silica precursor
solution aged for 30 days (A30d) at room temperature and b) the freeze-
dried MFI crystalline sample collected from the solution heated at 90 �C for
3 h (A30dH3).

at ���101.5 and �112.2 ppm are also observed, indicating
the presence of species with mainly Q3 and Q4 sites, which
correspond to larger condensed polysilicate units in the solid
nanoparticles (Figure 5a). The difference in the width of the
signals measured for this sample is attributed to the presence
of Q0, Q1, Q2, and Q3 silicate species mainly in the liquid
phase, and Q3 and Q4 units in the solid phase. In the freeze-
dried crystalline MFI sample A30dH3 (Figure 5b), two broad
resonance signals are detected with chemical shifts of ��
�101.5 and �112.2 ppm, respectively. The intensity of the
two resonance signals, assigned to Q3 and Q4 units, is similar.
This is probably due to a high concentration of Q3 silicon
existing at the external surface of the nanoparticles, and at
internal defects. Since the position and the intensity of the two
signals at ���101.5 and �112.2 ppm in the liquid and solid
samples are similar it is suggested that they are due to the
presence of crystalline Si-MFI type nanoparticles in both
cases.

During hydrothermal treatment of sample A30d, the
crystalline particles grow until the small sub-colloidal par-
ticles (�1 nm) are completely consumed. The DLS data
provide information on the consumption of the nanometer-
scale precursor crystalline particles, and the formation of the
larger MFI crystals, which display mono-modal particle size
distribution (Figure 2). The size distribution measured for
sample A30dH3 (3 h HT treatment) is sharper than that for

sample A30dH4 (4 h), which is probably due to a more
homogeneous distribution of round-shaped colloidal crystals
in the former. TEM images of the extracted particles from
these samples are shown in Figure 4b, c, and d. The particles
in all three samples are single crystals with the expected lattice
fringes of MFI-type zeolite. No intergrowth of different lattice
orientations is observed, indicating that each crystal was
generated from one single-crystalline nanoparticle existing in
the aged solution. The Si-MFI crystals obtained from samples
A30dH2 and A30dH3 are cauliflower-shaped, while the
individual particles in sample A30dH4 have the platelike
coffin morphology typical for MFI-type crystals. The forma-
tion of crystalline MFI zeolite is more rapid from the solution
aged for 30 days (about 3 h) than that obtained after aging for
only 24 h(about 6 h). Very effective crystal growth was
achieved in the aged precursor solution, where the nutrient
pool consists of the sub-colloidal MFI particles formed at
room temperature, which resembles Ostwald ripening during
crystal growth processes.

In conclusion, we have shown how DLS, HRTEM, and
other data provide information about the formation and
consumption of particles in reactive organosilica solutions
leading to nanoscale crystalline Si-MFI particles. Most strik-
ingly, sub-colloidal precursor particles crystallize within 1 to
30 days at room temperature to form the MFI topology.
Additional heating leads to the formation of a second larger
crystal-size population at the expense of the sub-colloidal
crystals. These findings strongly suggest that the aging step in
zeolite synthesis leads to the formation of nanoscale crystal-
line particles, or domains of the desired zeolite phase. This
provides a clear understanding of the paramount importance
of such low-temperature pre-treatment steps in zeolite syn-
thesis.

Experimental Section

Nanosized Si-MFI crystals were prepared from clear solutions with a molar
composition: 9TPAOH:25SiO2:530H2O:100EtOH. Tetraethoxysilane
(TEOS, 98%; Aldrich), tetrapropylammonium hydroxide (TPAOH; Al-
drich) and doubly distilled water were used as starting materials. The
precursor solution was aged on an orbital shaker (180 rpm) at room
temperature for between 24 h and 30 days. Further crystallization was
carried out in a quartz cuvette mounted in the DLS instrument with an
internal heater set to 90 �C for up to 6 h. All samples with different times of
aging and crystallization are specified in Table 1.

In situ DLS was used (ALV-NIBS/HPPS) to investigate the polycondensa-
tion process of TEOS in a concentrated aqueous solution of TPAOH at
room temperature, and upon hydrothermal treatment at 90 �C. The back
scattering geometry (scattering angle 173�, HeNe laser with 3 mW output
power at 632.8 nm wavelength) permits measurements at high sample

Table 1. Conditions for the preparation of Si-MFI zeolite.

Sample[a] Aging time Crystallization time

A24h 24 h ±
A24hH4m 24 h 4 min
A24hH6 24 h 6 h
A30d 30 days ±
A30dH2 30 days 2 h
A30dH3 30 days 3 h
A30dH4 30 days 4 h

[a] Abbreviations: A� aged sample; H� hydrothermally treated sample.
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Synthesis, Separation, and Characterization of
the Topoisomers of Fused Bicyclic
Subphthalocyanine Dimers**
Christian G. Claessens and Toma¬s Torres*

Subphthalocyanines (SubPcs, 1)–lower homologues of
phthalocyanines–are nonplanar cone-shaped aromatic mac-
rocycles comprising three N-fused diiminoisoindoline units
around a boron atom core.[1] The 14 �-electron system

characteristic of these compounds confers interesting optical
properties that have been exploited in the fields of dyes,
nonlinear optics, and photonic devices.[1] Moreover, these
properties may be fine-tuned since the axial (X) and
peripheral positions in SubPcs (see 1) can be easily function-
alized or derivatized.[1] On the other hand, the intrinsic
chirality of subphthalocyanines with C3 or C1 symmetries
represents[2] also a promising feature that enhances their
potential as building blocks for the construction of complex
molecules.[1]

One focus of our current efforts is the stepwise synthesis of
extended � surfaces.[3] Thus, we have recently described the
preparation of heterobinuclear azaporphyrinic systems[4a] as
well as multinuclear annulene ± phthalocyanines.[4b] In this
regard, although fused binuclear phthalocyanine dimers are
well-known,[5] only one example of a fused subphthalocyanine
dimer analogue, whose characterization data (1H NMR and
UV/Vis spectroscopy) do not agree with any of the character-
istic features described herein, has been claimed.[6]

concentration, because a complete penetration of the incident light through
the sample was not required. The distribution function analysis (DFA) data
were used to investigate multi-modal particle size distributions in the liquid
samples. HRTEM images were recorded by using a Philips CM 200 FEG
TEM operated at 200 kV. The 29Si MAS experiments were carried out with
4 mm ZrO2 rotors in a commercial double resonance probe using a DSX
advance impulse spectrometer (Bruker DSX Avance 500) working at a
resonance frequency of 99.369 MHz. The samples were examined by using
a single-pulse acquisition. The 90 � pulse length and the recycle delay were
set to 3.0 �s and 40 s. The XRDmeasurements were performed on a Scintag
XDS 2000 diffractometer using CuK� radiation. IR spectra were recorded
from KBr pellets on a Bruker Equinox 55 spectrometer. Prior to the XRD
and IR measurements, nanosized crystals were separated from the mother
liquor by one-step centrifugation at 20000 rpm for 1 h, and redispersed in
an ultrasonic bath in doubly distilled water for 2 h prior to further
investigations. Solid products were obtained by freeze-drying of the
centrifuged samples.
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Herein we report on the synthesis of fused subpthalocya-
nine dimers (Scheme 1), and show for the first time that this
kind of binuclear system is actually formed as a mixture of two
topoisomers that have been separated and characterized.

The dichloro-SubPc dimers 2a and 2b (Scheme 1) were
synthesized by statistical condensation of ten equivalents of
tetrafluorophthalonitrile and one equivalent of 1,2,4,5-benz-
enetetracarbonitrile in the presence of three equivalents of
boron trichloride according to a procedure similar to the one

described in reference [7]. After purification by column
chromatography on silica gel, bright blue dimers 2a and 2b
(Scheme 1) and purple SubPc 1a were obtained in 9, 11, and
43% yield, respectively. Very small quantities of a mixture of
the dark blue trimer 3, which theoretically consists of three
topoisomers (syn,syn, syn,trans, and trans,trans), were also
isolated.

1H NMR spectra of topoisomers 2a and 2b showed a singlet
at �� 10.48 and 10.46 ppm, respectively, corresponding to the

protons attached to the central
benzene ring.[8] These very high
chemical shifts indicate unambigu-
ously the aromatic character of the
junction between the two subptha-
locyanine halves of the molecules.
The small difference between the
chemical shifts corresponding to
each topoisomer shows that the
geometry of the molecule does not
influence very much the ring cur-
rents. The UV/Vis spectra (Fig-
ure 1) of dimers 2a and 2b re-
vealed the presence of the expect-
ed B and Q bands characteristic of
porphyrazines. Both spectra
showed a Q-band region composed
of 1) a sharp band at 693 and
692 nm, respectively, whose inten-
sity (lg(�)� 4.9) is comparable to
that of Pcs, and 2) three less intense
bands at about 660, 630, and
600 nm, whose intensity (lg(�)�
4.4 ± 4.5) is comparable to that of
SubPcs. The UV/Vis spectrum of
trimer 3 shows a very intense
(lg(�)� 4.9) Q band at 755 nm
along with smaller bands at shorter
wavelength (Figure 1). The huge
shifts for the Q band (118 ± 119 nm
for 2a and 2b, and 181 nm for 3a± c,
with respect to the position of the
Q band in SubPc 1a) along with
their higher intensity clearly indi-
cate that the SubPc subunits within
the dimers and trimers are fully
conjugated.[9]

The substitution of the chlorine
atom in the axial position of dimers
2a and 2b by a bulkier group, such
as a phenoxy group, allowed the
assignment of the resulting top-
oisomers 4a and 4b (Scheme 1).
Thus, the previous reaction be-
tween 1,2,4,5-benzenetetracarbo-
nitrile and tetrafluorophthaloni-
trile was performed and the crude
reaction product was treated with
phenol at 120 �C overnight
(Scheme 1). Dimers 4a and 4bScheme 1. Synthesis of compounds 2a,b, 3a ± c, and 4a,b.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 14 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4114-2563 $ 20.00+.50/0 2563

Figure 1. UV/Vis spectra of compounds 2b, 1b, and 3a ± c in chloroform.

were obtained, after purification by column chromatography,
in 6 and 7% yields, respectively. Symmetrical SubPc 1b was
isolated in 34% yield and single crystals suitable for X-ray
crystallography were obtained by slow evaporation from a
solution of 1b in acetone.[10] The X-ray crystal structure of
SubPc 1b (Figure 2) is very similar to those of other SubPcs in
the few examples reported,[11] thus demonstrating the rigid
character of the cone-shaped macrocyclic core that remains
virtually unchanged.[1]

However, remarkably, the packing in the solid state is
(Figure 3) very different from the ones already observed and
shows infinite one-dimensional hydrogen-bonded arrays of
SubPcs. Two subPcs are intermolecularly connected by two
C�H ¥¥¥ F hydrogen bonds between protons H2 and H3 and
fluorine atoms F3 and F4, respectively (See Figure 2 and 3).[12]

Figure 2. Structure of the subphthalocyanine 1b (ORTEP representation).

1H NMR spectra of compounds 4a and 4b both exhibit a
singlet at �� 10.40 and 10.36 ppm, respectively, in a similar
way as 2a and 2b. Moreover, all three spectra corresponding
to 4a, 4b, and 1b showed signals at �� 6.8 ± 5.3 ppm
corresponding to the protons on the phenyl group. In
particular, the ortho aromatic protons close to the SubPc ring
give rise to very shielded doublets at �1� 5.36, �2� 5.49, and
�3� 5.31 ppm in 4a, 4b, and 1b, respectively, as a conse-
quence of the strong ring currents produced by the aromatic
SubPc moieties. The chemical shift difference ��� �2� �1�

Figure 3. Schematic and CPK structure of the one-dimensional H-bonded array of subphthalocyanines in the X-ray crystal structure of 1b.



COMMUNICATIONS

2564 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4114-2564 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 14

0.13 ppm may be interpreted on the basis of computer-
generated CPK models of topoisomers 4a and 4b (Fig-
ure 4).[13]

Figure 4. Computer-generated CPK models of the syn and anti topo-
isomers of dimer 2, showing the shortest possible distances between the
axial phenyl ring and the closest atom in the other half of the dimer.

In the anti topoisomer, the protons of the axial phenyl ring
of one SubPc half are located[14] at a distance�6.5 ä from the
closest atoms of the other SubPc half, showing that these
protons should give rise to 1H NMR signals very similar to the
ones of SubPc 1b. On the other hand, the protons of the axial
phenyl ring in the syn topoisomer are located[14] at a distance
�3.3 ä from the closest atoms of the other phenyl ring, thus
showing a possible magnetic dipolar interaction between the
two phenyl rings. In this way we propose the following model
in which the anti isomer is 4a (�1� �3) and the syn isomer is 4b
(�2��3).[15] Subsequently, it was shown that dimers 2a and 2b,
when treated individually with phenol, gave rise to 4a and 4b,
respectively. It was then possible to ascertain that 2a and 2b
were anti and syn topoisomers, respectively.

In conclusion, we have synthesized and fully characterized
the fused subphthalocyanine dimers 2a,b and 4a,b. The
careful examination of NMR and X-ray data allowed the
assignment of the structure of the topoisomers anti 4a and syn
4b. Chemical derivatization of 2a and 2b into 4a and 4b
allowed the assignment of the topoisomers anti 2a and syn 2b.
This represents, we believe, a first step towards the stepwise
synthesis of larger fully conjugated SubPc structures.

Experimental Section

Compounds 1a, 2a, 2b, and 3a ± c: BCl3 (10.1 mL of a 1� solution in p-
xylene) was added dropwise to a solid mixture of tetrafluorophthalonitrile
(561 mg, 2.81 mmol) and 1,2,4,5-benzenetetracarbonitrile (50 mg,
0.28 mmol). The reaction mixture was refluxed for three hours and after
cooling down to room temperature, was flushed with argon. The resulting
dark purple slurry was then evaporated under vaccuo and subjected to
various column chromatographies on silica gel using acetone/hexane (1:0 to
1:4, v/v). Four main fractions were collected; order of elution: 1a, 2a, 2b, 3 ;

note that the elution order of 2a and 2b is swapped when toluene/hexane
mixtures are employed.

SubPc 1a : Purple powder, 260 mg (43%); see Supporting Information.

Dimer 2a : Blue reddish powder, 27 mg (9%); m.p. �250 �C; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 10.48 ppm (s); IR (KBr): �� � 1539, 1487,
1400, 1285, 1225, 1165, 1115, 1067, 1020, 962, 858, 789, 638, 592, 557 cm�1;
UV/Vis (CHCl3): �max(lg(�))� 693 (4.9), 661 (4.4), 635 (4.4), 604 (4.5), 592
(sh), 441 (3.7), 319 (4.5), 278 nm (4.4); MALDI-TOF:m/z : 1070.7 [M�] and
[M��H]; HR-LSIMS calcd for C42H2N12F16B2Cl2: [M�]: m/z : 1069.9833,
found 1069.9845; elemental analysis calcd (%) for C42H2N12F16B2Cl2:
C 47.10, H 0.19, N 15.69; found: C 47.56, H 0.26, N 15.25.

Dimer 2b: Blue reddish powder, 33 mg (11%); m.p. �250 �C; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 10.46 ppm (s); IR (KBr): �� � 1535, 1481,
1400, 1273, 1219, 1165, 1111, 1070, 1016, 966, 856, 795, 708, 658, 586 cm�1;
UV/Vis (CHCl3): �max(lg(�))� 692 (4.9), 662 (4.4), 636 (4.4), 605 (4.5), 592
(sh), 441 (3.9), 320 (4.5), 278 nm (4.4); MALDI-TOF:m/z : 1071.7 [M�] and
[M��H]; HR-LSIMS calcd for C42H2N12F16B2Cl2: [M�]: m/z : 1069.9833,
found 1069.9825; elemental analysis calcd (%) for C42H2N12F16B2Cl2:
C 47.10, H 0.19, N 15.69; found: C 47.61, H 0.31, N 15.51.

Trimer 3: Dark blue powder, 6 mg (3%); m.p. �250 �C; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 10.58 (s), 10.53 (s), 10.51 (s), 10.48 (s),
10.44 ppm (s); IR(KBr): �� � 1733, 1625, 1537, 1517, 1483, 1402, 1281, 1220,
1166, 1112, 1058, 1017, 858, 794, 706, 653, 578 cm�1; UV/Vis (CHCl3):
�max(lg(�))� 755 (4.9), 697 (4.6), 661 (4.5), 637 (4.4), 585 (4.5), 317 (4.6),
280 nm (4.6); MALDI-TOF: m/z : 1495.6 [M�]; HR-LSIMS calcd for
C60H4N18F20B3Cl3: [M�]: m/z : 1493.9892, found 1493.9936; elemental
analysis calcd (%) for C60H4N18F20B3Cl3: C 48.19, H 0.27, N 16.86; found:
C 48.54, H 0.41, N 16.33.

Compounds 1b, 4a, and 4b : A mixture of phenol (500 mg, 5.3 mmol) and
the crude product from the previous reaction was warmed up to 120 �C
overnight. The resulting solid was then subjected to various column
chromatographies on silica gel using dichloromethane, ethyl acetate/
hexane (1/4), and acetone/hexane (1:0 to 1:4, v/v).

Subphthalocyanine 1b: Purple powder, 224 mg (34%); see Supporting
Information.

Dimer 4a : Dark blue powder, 20 mg (6%); m.p. �250 �C; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 10.40 (s, 2H), 6.75 ± 6.60 (m, 6H), 5.36 ppm
(d, J� 7.6 Hz, 4H); IR(KBr): �� � 1529, 1477, 1393, 1275, 1213, 1161, 1107,
1080, 968, 899, 702, 644, 598 cm�1; UV/Vis (CHCl3): �max(lg(�))� 688 (4.9),
657 (4.4), 631 (4.4), 600 (4.5), 587 (sh), 441 (3.7), 319 (4.4), 274 nm (4.3);
MALDI-TOF: m/z : 1186.9 [M�] and [M��H]; HR-LSIMS calcd for
C54H12N12F16B2O2: [M�]: m/z : 1187.1137, found 1187.1146; elemental
analysis calcd (%) for C54H12N12F16B2O2: C 54.67, H 1.02, N 14.17; found:
C 55.11, H 1.32, N 13.77.

Dimer 4b : Dark blue powder, 23 mg (7%); m.p. �250 �C; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 10.36 (s, 2H), 6.905 ± 6.72 (m, 6H), 5.49 ppm
(d, J� 8.2 Hz, 4H); IR(KBr): �� � 1531, 1477, 1396, 1265, 1225, 1103, 995,
903, 760, 708, 644, 594 cm�1; UV/Vis (CHCl3): �max(lg(�))� 689 (4.9), 657
(4.4), 631 (4.4), 601 (4.5), 586 (sh), 441 (3.9), 319 (4.5), 273 nm (4.5);
MALDI-TOF: m/z : 1186.8 [M�] and [M��H]; HR-LSIMS calcd for
C54H12N12F16B2O2: [M�]: m/z : 1186.1137, found 1186.1190; elemental
analysis calcd (%) for C54H12N12F16B2O2: C 54.67, H 1.02, N 14.17; found:
C 54.95, H 1.27, N 13.64.
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cis and trans Forms of a Binuclear
Subphthalocyanine**
Takamitsu Fukuda, Jay R. Stork, Richard J. Potucek,
Marilyn M. Olmstead, Bruce C. Noll,
Nagao Kobayashi,* and William S. Durfee*

In 1972 Mellor and Ossko[1] reported the synthesis and
spectroscopic characterization of the boron-containing sub-
phthalocyanine (SubPc) macrocycle; the cone shape of
SubPcs was confirmed by X-ray crystallography shortly
thereafter.[2] After a nearly 20 year hiatus, interest in
these unusual systems was renewed when one of us (N.K.)
published the synthesis and spectroscopic study of a binuclear
SubPc in which two SubPc units shared a central benzene
ring.[3] As was subsequently pointed out, the bowl shape
of the SubPc should result in cis and trans forms of the
binuclear species, having C2v and C2h molecular symmetry,
respectively.[4]

We report here on the synthesis of a variation of the original
binuclear SubPc, the separation of the cis and trans binuclear
forms, and their spectroscopic and structural characterization
(Scheme 1). In the original procedure 4-tert-butylphthaloni-
trile and 1,2,4,5-tetracyanobenzene were allowed to react in a
20:1 ratio with BBr3. We have replaced the 4-tert-butyl-
phthalonitrile with tetrafluorophthalonitrile to prevent the
formation of positional isomers that the 4-tert-butyl substitu-
ent engenders, and to reduce the number of benzo units that
can undergo halogenation, an unavoidable side reaction when
BBr3 or BCl3 is used in SubPc syntheses.[5] We also report the
X-ray crystal structure analysis of the perfluorinated mono-
mer,[6] derived from the cyclotrimerization of tetrafluoro-
phthalonitrile, which is unavoidably the major product of the
reaction.[7]

[5] a) N. Kobayashi, T. Fukuda, D. Lelievre, Inorg. Chem. 2000, 39, 3632 ±
3637; b) K. Ishii, N. Kobayashi, Y. Higashi, T. Osa, D. Lelievre, J.
Simon, S. Yamauchi, Chem. Commun. 1999, 969 ± 970; c) N. Kobaya-
shi, H. Lam, W. A. Nevin, P. Janda, C. C. Leznoff, T. Koyama, A.
Monden, H. Shirai, J. Am. Chem. Soc. 1994, 116, 879 ± 890; d) D.
Lelievre, L. Bosio, J. Simon, J.-J. Andre¬, F. Bensebaa, J. Am. Chem.
Soc. 1992, 114, 4475 ± 4479; e) N. Kobayashi, M. Numao, R. Kondo, S.
Nakajima, T. Osa, Inorg. Chem. 1991, 30, 2241 ± 2244; f) E. S. Dods-
worth, A. B. P. Lever, P. Seynour, C. C. Leznoff, J. Phys. Chem. 1985,
89, 5698 ± 5705.

[6] N. Kobayashi, J. Chem. Soc. Chem. Commun. 1991, 1203 ± 1205.
[7] R. S. Nohr, J. G.MacDonald (Kimberly-ClarkWorldwide, Inc., USA),

PCT Int. Appl. WO 0,071,621 2000 [Chem. Abstr. 2001, 134, 18557].
[8] These low-field proton signals at �� 10.5 ppm were not reported in

reference [6].
[9] Few examples have been described of intramolecular interactions

between phthalocyanine subunits in related binuclear phthalocyanine
systems in which the two Pc moieties are connected through benzene
rings.[5] In these cases, the Q band undergoes a shift to the red, which
has been attributed to the enlargement of the �-conjugated system,
with concomitant splitting of the Q band as a consequence of
intramolecular electronic coupling between the Pc subunits. However,
in these cases, both red-shifting and splitting were much smaller than
observed in the present study for SubPc dimers 2 and trimers 3.

[10] CCDC-179556 (1b) 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: (�44)1223-336-033; or deposit@ccdc.cam.ac.uk).

[11] a) R. Potz, M. Gˆldner, H. H¸ckst‰dt, U. Cornelissen, A. Tuta˚, H.
Homborg, Z. Anorg. Allg. Chem. 2000, 626, 588 ± 596; b) J. R. Stork,
R. J. Potucek, W. S. Durfee, B. C. Noll, Tetrahedron Lett. 1999, 40,
8055 ± 8058; c) M. K. Engel, J. Yao, H. Maki, H. Takeuchi, H.
Yonehara, C. Pac, Kawamura Rikagaku Kenkyusho Hokoku 1997, 9,
53 ± 65; d) K. Kasuga., T. Idehara, M. Handa, Y. Ueda, T. Fujiwara, K.
Isa, Bull. Chem. Soc. Jpn. 1996, 69, 2559 ± 2563; e) M. Hanack, J.
Rauschnabel, Tetrahedron Lett. 1995, 36, 1629 ± 1632; f) H. Kietaibl,
Monatsh. Chem. 1974, 105, 405 ± 418.

[12] Two types of intermolecular hydrogen bonds were found in the X-ray
crystal structure of SubPc 1b : 1) C27-H2-F3a defined by d(C ¥¥¥ F)�
3.265 ä, d(H ¥¥¥ F)� 2.667 ä, (C�H ¥¥¥ F)� 167� and 2) C28-H3-F4b
defined by d(C ¥¥¥ F)� 3.432 ä, d(H ¥¥¥ F)� 2.533 ä, (C�H ¥¥¥ F)�
143�.

[13] The CPK models were generated on the basis of the X-ray crystal
structure of compound 1b. They do not correspond to any energy
minimum.

[14] For both the anti and syn isomers, the distances were calculated after
tilting the phenyl ring towards the other half of the dimer (see
Figure 4).

[15] We discarded any possible intermolecular interactions or aggregation
since the 1H NMR chemical shifts as well as the UV bands are not
sensitive to changes of concentration.
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Scheme 1. The structures of 1, 2 (cis), and 3 (trans).

Figure 1 shows the X-ray structures of compounds 1,
2 (cis form), and 3 (trans form). The structures[8] of the
three compounds show how the tetrahedral boron
center forces a cupped geometry on the delocalized
ring system. In each molecule, the boron atom is
nearly 0.6 ä out of the plane of its three bonded
nitrogen atoms. In the cis-SubPc 2, the combination of
two cupped monomer units leads to a full hemicircular
molecule large enough to encircle the hemisphere of
C60. In the trans-SubPc 3, the molecule has crystallo-
graphic inversion symmetry and forms a novel
S-shaped molecule. Highly efficient and appealing
packing arrangements result from the mutual fit of
projections of one molecule into the cavity of its
neighbor (Figure 2). Although the near absence of
hydrogen atoms (0H in 1, 2H in 2 and 3) plays a part,
and solvated CH2Cl2 molecules are present in the
structures of 2 and 3, the efficiency of the packing can
be appreciated from the volume/non-H atoms of
13.0 ä3 in 1, 14.3 ä3 in 2, and 14.5 ä3 in 3.

Figure 3 shows the electronic absorption, magnetic
circular dichroism (MCD) spectra, and calculated
electronic spectra (AM1 calculations using Hyper-
Chem Software[9]) for 2 and 3. Compared with the

spectra of monomeric 1, the Q band of the dimer has more
structure and is shifted to the red by about 120 nm, suggesting
delocalization of electrons over the whole molecule. Both 2
and 3 show similar spectra; however, the Q band of 3 (trans
form) appears at longer wavelength than that of 2 (cis form)
by about 3 ± 4 nm, and the absorbance at a shorter wavelength
side of the Soret band is higher for 3. The MCD peaks in the
Q-band region correspond closely to the absorption peaks
(Faraday B terms), characteristic of systems lacking degener-
ate states. Since the molecules have either C2v (2) or C2h (3)
symmetry, the doubly degenerate bands of monomeric 1 with
C3v symmetry[10] split into two bands close in energy, and
transitions into these orbitals give rise to pairs of intense
oppositely signed B terms in the MCD spectra.[11] Thus, in the
Q-band region, bands at about 690 ± 695 and 600 ± 605 nm can
be safely assigned to the split Q00 transitions.[12] The theoret-
ical spectra reproduce these experimental characteristics.
Although not shown, the Q and Soret bands of 1 were
calculated at 555 and 550 nm with an oscillator strength (f)
value of 0.515 and 0.503, and at 336 and 332 nm with an f value

Figure 1. The X-ray crystal structures of 1 (top), 2 (middle), and 3 (bottom). Only the
atoms of the boron coordination sphere are labeled.
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Figure 2. Crystal packing of 1 (top), 2 (middle), and 3 (bottom).

of 0.350 and 0.325, respectively. As shown in Figure 3, both 2
and 3 are expected to have intense split Q bands. The Q band
of longest wavelength of the trans isomer 3 was calculated to
lie at longer wavelength than that of the cis isomer 2. In
addition, compared to the cis isomer, for the trans isomer
many intense transitions were calculated at the shorter
wavelength side of the Soret band. These results match nicely
with observations.

In conclusion, we have separated the cis and trans isomers
of a binuclear SubPc and characterized both isomers by
various spectroscopic methods and X-ray crystallography. The
electronic absorption and MCD spectra of these dimers are
similar in shape, but the Q band of the trans isomer appeared
at longer wavelength than that of the cis isomer by about

Figure 3. MCD (a) and electronic absorption spectra (b) of 2 (solid lines)
and 3 (broken lines) in chloroform, and calculated electronic spectra for 2
(c) and 3 (d). Coordinates from the X-ray data of 2 and 3 were used for the
calculations. The electronic absorption spectrum of monomeric 1 is shown
as a dotted line in b.

3 ± 4 nm,and the shorter wavelength side of the Soret band of
the trans isomer was stronger than that of the cis isomer.
These characteristics were reproduced by quantum-mechan-
ical calculations.

Experimental Section

Tetrafluorophthalonitrile (2.0 g, 10 mmol) and 1,2,4,5-benzenetetracarbo-
nitrile (0.089 g, 0.50 mmol) were cooled in 1,2,4-trichlorobenzene (20 mL)
to approximately 12 �C. Eight to ten drops of BCl3, condensed by using a
dropping cold finger, were added and the reaction mixture was heated to
reflux (214 �C) for 30 min. The solvent was then removed by vacuum
distillation. The crude product was adsorbed onto silica and purified by
flash chromatography on silica with toluene/hexanes (1:20 v/v) as eluent.
When 1 (the major product) had eluted the polarity was gradually
increased with toluene and the dimer fractions were collected. To obtain
pure samples of 2 and 3 it was necessary to chromatograph the dimer
mixture at least two more times on silica, eluting with toluene/hexanes
(1:1). By comparing X-ray data, we found that the cis isomer was eluted
first.[7] The purity of the samples used for spectroscopy was confirmed by
HPLC and TLC. Slow evaporation of a solution of 1 in toluene produced
crystals suitable for X-ray diffraction. Crystals of 2 and 3 were obtained by
layering solutions of the respective compound in dichloromethane with
cyclohexane and allowing the slow mixing of the two phases.

Received: March 11, 2002 [Z18862]
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Synthesis and Structure of an
Azatrisilacyclobutane and Its Precursor, a
Novel Lithium Enamide Having a Tricyclic
(LiNSiO)2 Skeleton**
Floria Antolini, Barbara Gehrhus,* Peter B. Hitchcock,
and Michael F. Lappert*

We report results that have a bearing on two diverse but
related and currently topical areas of organometallic chem-
istry. The first concerns insertion of an �-hydrogen-free nitrile
into an Li�C bond, and specifically of 1-adamantyl cyanide
(AdCN) into the chiral bis(silyl)methyl compound Li-
[CH(SiMe2OMe)(SiMe3)][1] to yield the lithium enamide 1.
The second deals with the insertion of the thermally stable
bis(amino)silylene Si[(NCH2tBu)2C6H4-1,2] (Si(NN)) 2[2] into
an Li�N bond, and particularly of Si(NN) into 1 to afford the
azatrisilacyclobutane 3, in which a transient insertion product
4 is a plausible intermediate.

The reactions and conditions leading to the new colorless
crystalline compounds 1 and 3 are summarized in Scheme 1.

Scheme 1. Synthesis of 3 via 1.

The yields (1, 64%; 3, 50%) of X-ray quality crystalline
materials were not optimized. Each of 1 and 3 revealed the
parent molecular ion in the EI
mass spectra and gave satisfacto-
ry microanalyses and multinu-
clear NMR spectra.

The crystalline lithium enam-
ide 1 is a centrosymmetric dimer
(Figure 1).[3] It has a rhomboidal, planar (LiN)2 core (the
endocyclic angles at the Li atoms are wider than those at the N

[5] M. Geyer, F. Plenzig, J. Rauschnabel, M. Hanack, B. del Rey, A¬ .
Sastre, T. Torres, Synthesis 1996, 1139.

[6] R. A. Kipp, J. A. Simon, M. Beggs, H. E. Ensley, R. H. Schmehl, J.
Phys. Chem. A 1998, 102, 5659.

[7] Representative data. 1: Yield: 51%; m.p. �300 �C; UV/Vis (CHCl3):
�max (�� 10�4)� 573 (8.96), 555(sh), 532 (2.59), 309 (4.04), 275
(3.03) nm; FAB-MS (m-nitrobenzyl alcohol): calcd for C24BClF12N6:
m/z : 646 [M�]. cis Isomer 2 : Yield: �1%; m.p. �320 �C; 1H NMR
(300 MHz, CDCl3): �� 10.47 ppm (s, 2H, arom); IR (KBr): �� � 2959,
2926, 2857, 1732, 1534, 1483, 1262, 1221, 1165, 1107, 1019, 965, 801, 771,
745, 706, 660, 581, 419 cm�1; UV/Vis (CHCl3): �max (�� 10�4)� 690
(11.1), 658 (3.39), 632 (3.40), 602 (3.94), 443 (0.86), 320 (4.61), 275
(3.81) nm; HR-FAB-MS: calcd for C42H3B2Cl2F16N12: [M��H]: m/z :
1070.9911, found 1070.9927. TLC (silica), Rf� 0.53 (toluene/hexane,
1:1). trans Isomer 3 : Yield: �1%; m.p. �320 �C; 1H NMR (300 MHz,
CDCl3): �� 10.49 ppm (s, 2H, arom); IR (KBr): �� � 2924, 2957, 2855,
1717, 1534, 1483, 1271, 1221, 1165, 1109, 1019, 992, 965, 704, 642, 592,
419 cm�1; UV/Vis (CHCl3): �max (�� 10�4)� 693 (6.43) , 662 (1.90), 636
(1.96), 605 (2.39), 448 (0.51), 320 (2.78), 281 (3.35) nm; HR-FAB-MS:
calcd for C42H3B2Cl2F16N12: [M��H]: m/z : 1070.9911, found
1070.9905. TLC (silica), Rf� 0.43 (toluene/hexane, 1:1).

[8] Crystal data for the SubPc 1: 0.06� 0.17� 0.22 mm, monoclinic, P21/c,
a� 11.2997(11), b� 10.6022(11), c� 19.1563(19) ä, �� 95.507(7)�,
V� 2284.4(4) ä3, Z� 4, �calcd� 1.880 Mgm�3, 2	max� 52.7�, ��
0.71073 ä, 
 scans, 170(2) K, 20288 measured, 4664 independent
reflections included in the refinement, Lorentzian but no absorption
corrections performed (�� 0.297 mm�1, min./max. transmission�
0.937/0.982), solved by direct methods (SHELXS-90), refined by
using SHELXL-97, 397 parameters, no H atoms, R� 0.0948, wR�
0.1055 for all data refined against �F2 � , residual electron density max./
min. 0.32/� 0.31 eä�3. Crystal data for the cis-SubPc dimer ¥ 2CH2Cl2
2 : 0.04� 0.04� 0.40 mm, monoclinic, P21/c, a� 14.4237(13), b�
31.630(3), c� 10.2000(10) ä, �� 101.354(3)�, V� 4562.4(7) ä3, Z�
4, �calcd� 1.807 Mgm�3, 2	max� 56.6�, �� 0.71073 ä, 
 scans,
91(2) K, 37305 measured, 6637 independent reflections included in
the refinement, Lorentzian and absorption corrections (SADABS)
performed (�� 0.495 mm�1, min./max. transmission� 0.826/0.980),
solved by direct methods (SHELXS-90), refined by using SHELXL-
97, 743 parameters, H atoms constrained, R� 0.1135, wR� 0.1586 for
all data refined against �F2 � , residual electron density max./min. 1.18/
� 0.85 eä�3. Crystal data for the trans-SubPc dimer ¥ 3.25CH2Cl2 3 :
0.03� 0.12� 0.16 mm, triclinic, P1≈, a� 10.8638(11), b� 13.4945(15),
c� 17.2990(18) ä, �� 107.608(4), �� 91.300(5), �� 101.347(4)�, V�
2360.8(4) ä3, Z� 2, �calcd� 1.805 Mgm�3, 2	max� 50.7�, �� 0.71073 ä,

 scans, 91(2) K, 22234 measured, 8623 independent reflections
included in the refinement, Lorentzian but no absorption corrections
performed (�� 0.537 mm�1, min./max. transmission� 0.919/0.984),
solved by direct methods (SHELXS-90), refined by using SHELXL-
97, 743 parameters, H atoms constrained, R� 0.1198, wR� 0.1937 for
all data refined against �F2 � , residual electron density max./min. 1.02/
� 0.95 eä�3. CCDC-181314 (1), CCDC-181315 (2), and CCDC-
181316 (3) contain the supplementary crystallographic data for this
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Figure 1. Molecular structure of 1 with selected bond lengths [ä] and
angles [�]: Li-N 2.179(3), Li-N� 1.977(3), N-C2 1.401(2), C2-C1 1.353(2),
Li-O 1.917(3); Li-N-Li� 75.86(14), N-Li-N� 104.14(14).

atoms), which is the center of a fused tricyclic ladder
structure. The outer planar four-membered LiNSiO
rings have endocyclic angles ranging from 77.4(1)� at
Li to 99.5(1)� at Si. As a result of the intramolecular
coordination of the OMe group to Li, the Li�N bond is
slightly longer than the Li�N� bond (2.179(3) and
1.977(3) ä, respectively). The Li�O distance of
1.917(3) ä is appropriate for a donor ± acceptor bond
(cf., 1.933(3) ä in [Li{�-N(SiMe3)C(Ph)�C(H)Si-
Me3}(thf)]2.[4] The other geometric parameters are
unexceptional (cf., ref. [3]). The hydrogen atom and
the adamantyl groups are arranged in a cisoid fashion
about each C�C bond; that is, 1 is the Z isomer.

The molecular structure of the azatrisilacyclobutane
3 is shown in Figure 2.[3] At its core is a puckered Si3N
ring which is folded by 18.4� on the N1�SiMe2 vector;
the silylene moieties point slightly towards each other,
and the neopentyl groups at the nitrogen atoms are cis-
orientated, away from the center of the molecule.
Likewise, the bulky SiMe3 and adamantyl substituents
on the C�C fragment connected to the almost planar
N1 (sum of angles 357.75�) point away from the
molecule to give exclusively the E isomer of 3, in
contrast to 1.

The Si1�Si3 (2.3578(9) ä) and Si2�Si3
(2.3592(8) ä) distances in the Si3N ring are at the
lower end of values reported for comparable tetrasila-
cycles (2.363 ± 2.445 ä).[5] The endocyclic Si�N bond lengths
are slightly longer than those within the silylene moiety. The
internal angles of the Si3N ring range from 75.39(3)� at the
central silicon atom Si3 to 110.46(9)� at the N atom. The
transannular Si ¥¥ ¥ Si distance of 2.884 ä is much longer than
the 2.511 ä of the sterically hindered (tBu2Si)3.[6] This can be
compared to related Si3N ring derivatives (R2Si)3NC6H11 (R�
iPr or tBu; no experimental data were given; Table 1).[7] The
bonding parameters of crystalline 3 are also in good agree-
ment with the calculated values for the parent (H2Si)3NH
(Si1 ¥¥ ¥ Si1� 2.87, Si1�Si2 2.354, Si1�N 1.742 ä, and Si1-N-Si1�

111.1�).[8, 9] No structural information is available for the
azatrisilacyclobutanes (Me2Si)3NM(N3)[CH(SiMe3)2]2 (M�
Ge and Sn), which were obtained by treatment of
M[CH(SiMe3)2]2 with N3(SiMe2)3N3.[10, 11] Only a few other
X-ray-characterized compounds with Si3X (X�Si) ring struc-
tures have been described (Cambridge data base); X�C,[12±15]

X�N,[7] X�Ge,[5, 16] X�O,[17, 18] and X�Te.[19]

The pathway leading to the lithium compound 1 (first step
in Scheme 1) is likely to be similar to that described for the
conversion of Li[CH(SiMe3)2] and tBuCN into the 
3-1-
azaallyllithium compound I.[4, 20] The substitution of an SiMe3
group in Li[CH(SiMe3)2] by SiMe2OMe introduces an ele-
ment of asymmetry and also an available intramolecular
donor site; hence, there are a number of new features. The
first is that the formation of 1 involves selective 1,3-migration
from C to N of the SiMe2OMe (rather than the SiMe3) group;
the second is the preference for the enamidolithium tautomer
in 1 (cf., I). Both are attributed to the presence in 1 of the
strong MeO�Li bond. For comparison, reference is made to
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Figure 2. Molecular structure of 3 with selected bond lengths [ä] and angles [�]: Si1-
N1 1.7576(18), Si1-Si3 2.3578(9), Si2-Si3 2.3592(8), Si1-N5 1.733(2), Si1-N4 1.746(2),
Si2-N1 1.753(2), Si2-N3 1.745(2), N1-C2 1.459(3), C1-C2 1.352(3); N5-Si1-N4 90.56(9),
N2-Si2-N3 91.03(9), N1-Si1-Si3 85.39(6), N1-Si2-Si3 85.44(6), Si1-Si3-Si2 75.39(3),
Si2-N1-Si1 110.46(9).

Table 1. Selected bond lengths [ä] and angles [�] for 3 and related
azatrisilacyclobutanes (R2Si)3NC6H11.[7]

NSiaSibSic R� iPr R� tBu 3

Sia�Sib 2.362(2) 2.365(2) 2.3592(8)
Sib�Sic 2.377(2) 2.393(2) 2.3578(9)

Sia�N 1.757(4) 1.758(2) 1.7534(18)
Sic�N 1.757(4) 1.768(3) 1.7576(18)

Sia-N-Sic 109.5(2) 109.5(2) 110.46(9)
N-Sia-Sib 88.2(1) 88.2(2) 85.44(6)
N-Sic-Sib 87.7(1) 87.7(1) 85.39(6)
Sia-Sib-Sic 74.5(1) 74.5(1) 75.39(3)
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the similar situation in II,[4] which has additional thf ligands.
Finally, steric reasons are probably the origin of stereospecific
formation of 1 as the Z isomer.

We recently examined the facile reactions between the
silylene Si(NN) (2) and various alkali metal alkyls, a silyl, and
amides that contain Li�C, Li�Si, or M�N (M�Li, Na, K)
bonds. In general, 2 was readily inserted into the appropriate
M�X bond to give the metal silyl M[Si(NN)X],[21, 22] except for
X�N(SiMe3)2, for which M[Si(NN)N(SiMe3)2] was the
transient intermediate along the pathway to the metal amide
M[N(SiMe3){Si(NN)SiMe3}] (M�Li, Na, K).[21] Hence, we
anticipated that the reaction between the lithium enamide 1
and Si(NN) would lead to the insertion product 4. We suggest

that 4 was indeed formed, but
that it readily extruded LiOMe
to generate the azadisilacyclo-
propane 5, which in turn under-
went insertion of a further

molecule of Si(NN) to give the stable azatrisilacyclobutane
3. A structure related to 5 is III, obtained from Si(NN) and
AdN3,[23] and facile insertion of Si(NN) into the Si�C bond of

an oxacyclopropane or azacy-
clopropene is well document-
ed.[23, 24] A remaining problem is
to account for the Z-1 to E-3
change. As for the case of 3, the
E stereochemistry is clearly pre-
ferred for steric reasons, while

theZ arrangement is attributed to 1 having reacted in solution
as the 
3-1-azaallyllithium tautomer; such behavior is amply
precedented.[4]

In conclusion, we have synthesized two novel compounds 1
and 3, established their structures, and provided suggestions
relating to plausible intermediates. These results contribute to
the current interest in metal 1-azaallyls[25] and stable bis(ami-
no)silylenes.[26, 27]

Experimental Section

1: AdCN (0.44 g, 2.74 mmol) was added in small portions to a solution of
Li[CH(SiMe2OMe)(SiMe3)] (0.5 g, 2.74 mmol) in diethyl ether (60 mL) at
ambient temperature. The mixture was stirred for 12 h. The volatile
materials were removed in vacuo, and the residual solid was extracted into
hot toluene. After filtration and concentration, the solution was set aside at
ambient temperature to yield colorless crystals of 1 (0.6 g, 64%). Elemental
analysis (%) calcd for C36H68Li2N2O2Si4: C 62.7, H 4.06, N 9.97; found: C
60.7, H 4.03, N 9.76. M.p. 130 �C (decomp.). 1H NMR (C6D5CD3,
500.13 MHz, 348 K): �� 0.17 (s, 15H, SiMe3 and SiMe2), 1.63, 1.75 and
1.95 (br s, 16H, AdCN), 3.20 (s, 3H, MeO), 4.49 (s, 1H, CH allylic);

13C NMR (C6D5CD3, 125.76 MHz, 348 K): �� 1.45 (SiMe3), 20.94 (SiMe2),
29.76 (CH, AdCN), 37.58 (CH2, AdCN), 49.49 (MeO), 97.56 (CH allyl),
179.42 (CN); 7Li NMR (C6D5CD3, 298 K): ���1.88; 29Si NMR
(C6D5CD3, 99.36 MHz, 298 K): ���13.38, �9.35; EI-MS: m/z (%): 687
(10) [M2]� , 337 (25) [M�Li]� .

3 : A solution of 2 (0.41 g, 1.51 mmol) in THF (25 mL) was added dropwise
to a cooled (�40 �C) solution of 1 (0.26 g, 0.76 mmol) in THF (20 mL). The
reaction mixture was allowed to warm to ambient temperature and stirred
for 12 h. The volatile substances were removed in vacuo. The residue was
crystallized from pentane/Et2O at 15 �C to give white crystals of 3 (0.32 g,
50%). Elemental analysis (%) calcd for C49H83N5Si4: C 68.9, H 9.79, N 7.58;
found: C 68.2, H 9.56, N 8.19. M.p. 270 ± 275 �C. 1H NMR (C6D6,
300.13 MHz): �� 0.16 (s, 9H, SiMe3), 0.63 and 0.80 (s, 6H, SiMe2,
diastereotopic), 1.00 and 1.07 (s, 36H, tBu), 1.24 (s, 6H, CH2 Ad), 1.60 ±
1.68 (q, 6H, CH2, Ad), 1.88 (s, 3H, CH, Ad), 3.25, 3.28, 3.39, 3.42, 3.59, 3.63
(two overlapping signals), and 3.66 (2 AB type, 8H, CH2), 4.77 (s, 1H,
�CH), 6.69 ± 6.86 (m, 8H, phenyl); 13C NMR (C6D6, 75.47 MHz): ���0.94
and 2.00 (SiMe2, diastereotopic), 2.70 (SiMe3), 29.51 (CH2, Ad), 29.54 and
29.60 (CMe3) 35.04 and 35.29 (CMe3), 36.97 and 41.36 (CH2, Ad), 53.46 and
55.06 (CH2, SiN2), 109.98, 111.22, 116.88, 117.71, 138.28 and 140.08
(phenyl), 120.01 (�CH), 165.58 (�CN); 29Si NMR (C6D6, 99.36 MHz):
���28.86 (SiMe2), �19.95 (SiN2), �13.05 (SiMe3); EI-MS: m/z (%): 853
(100) [M]� .
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Synthesis, Spectroscopy, and Solid-State
Structural Characterization of the Hexanuclear
Copper Macrocycle [Cu6Cl6(�-PCHP)6]**
Elizabeth D. Blue, T. Brent Gunnoe,* and
Neil R. Brooks

The study of late-transition-metal complexes with electron
counts of d8 ± d10 has been of significant interest as a result of
their interesting photophysical and photoredox chemistry.[1±7]

Extensive study of d10 systems has allowed an increased
understanding of, and control over, photophysical properties,
and it has been suggested that the rich luminescent behavior
of many closed-shell systems arises from weak metal ±metal
interactions.[1±3, 5, 8, 9] Increasing interest in the preparation and

study of late-transition-metal polynuclear systems stems, in
part, from possible applications as therapeutic agents (e.g.,
photocleavage of DNA), photovoltaics, photocatalysts, and
tunable chemical sensors.[2, 10±12] One challenge to both the
study and the understanding of the properties of late-
transition-metal polynuclear complexes is the controlled
preparation of new structural motifs. Tetranuclear copper
cubanes have been the focus of some attention for Group 11
transition metals,[4] and other polynuclear copper complexes
with variable structural patterns are of interest and have been
reported.[13±19] Closely related to work reported herein are
penta- and tetranuclear copper macrocycles and recently
reported high nuclearity gold systems.[12, 20±22] We now report
the synthesis and characterization (including solid-state X-ray
diffraction analysis) of a novel hexanuclear copper macro-
cycle of the type [Cu6Cl6(�-PCHP)6] (PCHP� 1,3-
(CH2PtBu2)2C6H4).

The reaction of CuCl with the bisphosphane 1,3-
(CH2PtBu2)2C6H4 (PCHP) in a 1:2 stoichiometry yields the
hexanuclear complex Cu6Cl6(�-PCHP)6 (1; Scheme 1). Sim-

Scheme 1. Preparation of the macrocycle Cu6Cl6(�-PCHP)6 (1; P�PtBu2).

ilar to reactions of aryl CuI compounds with bis(diphenyl-
phosphanyl)methane in which metal:ligand stoichiometry is
important, slow addition of the CuCl to a solution (CH2Cl2) of
the PCHP ligand is important to the success of the reaction.[23]

Complex 1 is a macrocycle that incorporates 48 atoms into the
large ring structure (if the aryl moieties are each counted as
contributing 3 atoms to the macrocycle) and in which each
copper atom is bound by phosphorus atoms from two
different PCHP ligands. Complex 1 was characterized by
elemental analysis, X-ray crystallography, cyclic voltammetry
experiments, as well as UV/Vis, 1H, 13C, and 31P NMR
spectroscopy.

Broad resonances in the 1H NMR spectrum of 1 at room
temperature in CD2Cl2 reveal a fluxional process. At �10 �C
sharp resonances are observed with a singlet at �� 8.68 ppm
(aromatic H2), doublets at �� 8.25 and 7.04 ppm (aromatic
H4 and H6), a triplet at �� 7.13 ppm (aromatic H5),
multiplets at approximately �� 3.0 ppm corresponding to
the methylene protons, and four phosphane tBu resonances
between �� 1.0 and 1.8 ppm. The aromatic C2�H2 bonds
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remain intact as indicated by the downfield resonance at ��
8.68 ppm. However, agostic bonding is unlikely because of the
distance from the copper centers.[24] The 1H NMR spectrum
obtained at �10 �C is consistent with C6 molecular symmetry,
with all six PCHP ligands equivalent and a lack of mirror
symmetry (all methylene protons and tBu groups are inequi-
valent). At temperatures greater than �10 �C a fluxional
process introduces mirror symmetry, as shown by the meth-
ylene and tBu protons becoming equivalent in the 1H NMR
spectra (consistent with overall D6h symmetry; �G��
51 kJmol�1). At temperatures less than �10 �C the 1H NMR
spectra broaden, presumably as a result of the conversion
from C6 to lower molecular symmetry. However, the reso-
nances are broad down to �70 �C, and the slow exchange
regime has not been accessed. The 31P NMR spectra (CD2Cl2)
obtained between �10 �C and room temperature are consis-
tent with the suggested fluxionality of complex 1. At �10 �C
the 31P NMR spectrum of 1 reveals an AB pattern (2JP,P�
126 Hz) with resonances at �� 38.6 and 36.4 ppm, consistent
with C6 molecular symmetry (that is, the two phosphorus
atoms on each copper atom are inequivalent). Warming a
solution of 1 in C6D6 to 70 �C results in coalescence of the
signals into a single broad phosphane resonance.

Cyclic voltammetry of complex 1 in dichloromethane
reveals an irreversible oxidation at Ep,a� 1.04 V (Ep,a� ano-
dic peak potential; irreversible at scan rates up to 1 Vs�1). The
observation of a single oxidation could imply little electronic
communication between copper redox centers. A second
irreversible oxidation is observed at Ep,a� 1.75 V that is
presumably a consequence of the formation of decomposition
products. The electronic absorption spectrum of 1 in CH2Cl2
reveals maximum absorption at 232 nm (�� 1.07�
105 Lmol�1 cm�1). Similar absorptions of related bisphos-
phane CuI complexes have been attributed to metal ±metal
3d�4s transitions.[25] The emission spectrum of complex 1 in
CH2Cl2 shows maximum absorption at 354 nm.

The solid-state structure of 1 was studied by X-ray
diffraction (Figures 1 and 2).[26] The copper clusters possess
crystallographically imposed hexagonal symmetry, and there
are two crystallographically distinct cluster molecules per unit

Figure 1. Structure of a section of complex 1 with thermal ellipsoids at the
50% level.

Figure 2. Structure of a single molecule of 1.

cell. The macrocycles are stacked one directly over another to
form a cylinder with an open cavity. At the center of the
cylinder are infinite chains of disordered acetonitrile mole-
cules, which coincide with the threefold symmetry axis.
Disordered CH2Cl2 molecules occupy sites within the channel
as well as surrounding the periphery of the clusters. There are
nine molecules of CH2Cl2 and one molecule of MeCN per
copper macrocycle. The inside diameter of the cylinder is
approximately 4.5 ä while the outside diameter of the
macrocycle is approximately 24 ä (Figure 3). No suitable

Figure 3. Structure of complex 1 with thermal ellipsoids at the 100%
probability level illustrating the inside channel of the solid-state structure.

disorder model could be found for the solvent molecules
(CH2Cl2 and CH3CN) so their associated electron density was
removed with the SQUEEZE function of PLATON (see
Supporting Information). The Cu1�P1 and Cu�P2 bond
lengths are 2.2598(4) and 2.639(5) ä (2.2591(5) and
2.2627(5) ä for the second unique molecule), and the
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Cu1�Cl1 bond length is 2.3235(5) ä (2.3293(5) ä for the
second unique molecule). The copper coordination geometry
is best described as distorted trigonal planar with P2-Cu1-P1,
P2-Cu1-Cl1, and P1-Cu1-Cl1 bond angles of 147.100(17),
107.385(16), and 105.46(17)� (146.284(18), 106.747(17), and
106.969(17) for the second unique molecule), respectively.
The sum of the bond angles around Cu1 is 359.95(3)�
(360.00(3)� for the second unique molecule).

In related CuI systems with chelating bis(dicyclohexylphos-
phanyl)methane ligands, the formation of three-coordinate
binuclear complexes with close copper ± copper contacts is
observed in the solid-state.[25] In contrast, binuclear four-
coordinate copper centers with bridging bis(diphenylphos-
phanyl)methane ligands have longer copper ¥¥ ¥ copper sepa-
rations as do three-coordinate systems with (iPr2)PCH2-

P(iPr)(H) ligands.[27, 28] The large bite angle of the PCHP
ligand affords the higher nuclearity (compared with the bi-
and trinuclear systems discussed immediately above) hexa-
nuclear copper complex 1, and the unique geometry effec-
tively insulates the complex from close intramolecular
Cu ¥¥ ¥ Cu interactions. Additionally, the steric bulk of the
tBu groups prevents intermolecular Cu ¥¥¥ Cu interactions in
the solid-state (and presumably in solution). Therefore,
assignment of the emission to any form of copper ¥¥ ¥ copper
interaction can be reliably ruled out.

In summary, the new hexanuclear copper complex
[Cu6Cl6(�-PCHP)6] has been synthesized and fully character-
ized. The novel macrocyclic structure is a result of the large
bite angle of the PCHP ligand, as indicated by an X-ray
crystallographic study. In addition, the solution-phase dynam-
ics of complex 1 have been studied by variable-temperature
NMR spectroscopy.

Experimental Section

1:. The 1,3-(CH2PtBu2)2C6H4) ligand (0.4144 g, 1.05 mmol) was dissolved in
CH2Cl2 (ca. 30 mL). A CuCl suspension (0.0523 g, 0.528 mmol in CH2Cl2
(ca. 20 mL) was added dropwise to this solution. The resulting mixture was
stirred overnight, and the solvent volume was then reduced under vacuum
to approximately 10 mL. The product was precipitated upon addition of
hexanes (approximately 10 mL) and isolated by vacuum filtration through
a medium porosity frit. The resulting white solid was washed with hexanes
and diethyl ether and dried under vacuum (0.160 g, 0.054 mmol, 61%). Full
characterization details can be found in the Supporting Information.
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Synthesis, Structure, and Redox Properties of
Diphosphathienoquinones**
Fumiki Murakami, Shigeru Sasaki, and
Masaaki Yoshifuji*

Although a variety of �-conjugated molecules containing
low-coordinate phosphorus atoms is known,[1] only two stable
phosphaquinoid compounds have been reported: diphospha-
quinone 1 byM‰rkl et al.[2] and
phosphaquinone 2 by us.[3] Di-
phosphathienoquinones 3 are
expected to be more stable
than 1 and still behave chemi-
cally and physically as a qui-
noid compound, since so-
called heteroquinoid, mole-
cules which contain a hetero-
atom such as sulfur in place of
one endocyclic C�C bond of
quinoid compounds, generally
have higher stability than their
benzenoid counterparts without losing the inherent properties
of the quinoid system.[4] Here we report a general synthetic
route for diphosphaquinones and diphosphathienoquinones,
and the synthesis, structure, and redox properties of the first
diphosphathienoquinone 4.
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Diphosphaquinone 1was prepared by dechlorination of 1,4-
bis(chlorophosphanyl)benzene with zinc, but the product was
contaminated with secondary phosphanes because of over-
reduction.[2] To synthesize diphosphaquinones selectively, we
employed 1,6-dehydrochlorination of (chlorophosphanyl)-
phosphanylbenzene or -thiophene precursors 7 as the final
step (Scheme 1). Compounds 7 were prepared by stepwise
introduction of phosphanyl and chlorophosphanyl groups on
the aromatic ring by reaction of the corresponding aryllithium

with Mes*PCl2[5] (Mes*� 2,4,6-tri-tert-butylphenyl) and ob-
tained as mixtures of diastereomers. Deprotonation of 7a and
7b with an excess of potassium hydride in the presence of
[18]crown-6 afforded diphosphaquinone 1 and diphospha-
thienoquinone 3 as inseparable 1:1 mixtures of (E)-1 (�P�
261 ppm) and (Z)-1 (�P� 263 ppm) and of (E,Z)-3 (�P�
209 ppm (d, J(P,P)� 264 Hz), 192 ppm (d, J(P,P)� 264 Hz))
and (Z,Z)-3 (�P� 197) isomers. To enhance the preference for
the Z,Z isomer by steric repulsion between the bulky Mes*
and other substituents, bromine atoms were introduced into
the 3- and 4-positions of the thiophene ring, and 7c was
dehydrochlorinated to afford air-stable orange prisms of 4 as a
single Z,Z isomer.

The 1HNMR spectrum (500 MHz, CD2Cl2) of 4 reflected its
highly symmetrical structure, and only three signals corre-
sponding to aromatic, o-tBu, and p-tBu protons were ob-
served. The 13C NMR spectrum (126 MHz, CD2Cl2) was also
indicative of a symmetrical structure, and three signals
corresponding to the C atoms close to the phosphorus atoms
were observed as a pseudotriplet, typical of an AXX�
pattern.[6] The 31P NMR chemical shifts of diphosphathieno-
quinones (E,Z)-3, (Z,Z)-3, and 4 were observed upfield
relative to those of diphosphaquinones 1 and phosphaquinone
2. The molecular structure of 4 was further studied by X-ray
crystallography (Figure 1) and compared with that of thienyl-
phosphane 6c. The two exocyclic P�C bonds adopt a Z
configuration with bond lengths of 1.712(2) and 1.714(2) ä,
which are longer than those of typical sterically protected
phosphaalkenes (ca. 1.68 ä)[7] but comparable to that of
phosphaquinone 2 (1.705(2) ä). The structural change of the
five-membered ring from an ™aromatic∫ thiophene to a
thienoquinoid structure was revealed by comparing 4 with
6c. The single bonds C1�C2, C3�C4, C4�S1, and S1�C1 were
longer than the corresponding values of 6c by 0.049, 0.060,
0.031, and 0.024 ä, respectively, while the double bond C2�C3
was shorter by 0.063 ä. The five-membered ring and two
exocyclic phosphorus atoms are planar with a maximum
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4: X = S, R = Br (65% from 6c)

6a: X = CH=CH, R = H (90%)
6b: X = S, R = H (76%)
6c: X = S, R = Br (57%)
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Scheme 1. Synthesis of a diphosphaquinone and diphosphathienoquinones. a) Mes*PCl2, Et2O, �78 �C,
b) LiAlH4, Et2O, 0 �C, c) tBuLi (7a, 7b) or nBuLi (7c), Et2O, �78 �C, d) Mes*PCl2, Et2O, �78 �C, e) KH,
[18]crown-6, THF, room temperature.
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Figure 1. ORTEP plot of 4 with 50% probability thermal ellipsoids.
Selected bond lengths [ä] and angles [�]: P1-C1 1.712(2), P2-C4 1.714(2),
C1-C2 1.416(3), C2-C3 1.359(3), C3-C4 1.415(3), C4-S1 1.743(2), C1-S1
1.751(2); C5-P1-C1 98.1(1), C23-P2-C4 100.6(1), P1-C1-C2 126.0(2), P1-C1-
S1 126.0(1), C2-C1-S1 108.0(2), C1-C2-C3 115.2(2), C2-C3-C4 114.3(2), C3-
C4-S1 108.8(2), P2-C4-C3 124.7(2), P2-C4-S1 126.4(1), C4-S1-C1 93.6(1),
S1-C1-C2 108.0(2).

deviation from the least-squares plane of 0.0209 ä (C3).
However, two p-tBu groups are located very close to each
other, and the whole diphosphathienoquinoid skeleton is
twisted as a result of steric repulsion between them (C5-P1-
P2-C23 torsion angle 29.7�).

In analogy with most other quinoid molecules, 4 was
expected to be reduced stepwise to the dianion via a radical
anion (semiquinone). This was confirmed by cyclic voltam-
metry of 4 (Figure 2), in which the first reversible (1E1/2�
�1.50 V versus Ag/Ag�) and the second irreversible (2EP�
�2.49 V) redox waves were observed. The first reduction

Figure 2. Cyclic voltammogram of 4 at 293 K. Conditions: 10�4� in THF
with 0.1� nBu4NClO4 as a supporting electrolyte; working electrode: glassy
carbon; counter electrode: Pt wire; reference electrode: Ag/0.01� AgNO3

in acetonitrile with 0.1� nBu4NClO4 (E1/2(ferrocene/ferricinium)�
0.180 V); scan rate: 50 mVs�1.

potential, which was significantly lower than those of typical
phosphaalkenes (ca. �2.2 V),[8] and the second are very close
to that of phosphaquinone 2 (1E1/2��1.55 V, 2EP��2.45),
but the radical anion of 4 has enhanced stability. The EPR
spectrum of 4 .� obtained by reduction of 4 with sodium metal
(Figure 3a) in THF at 293 K consisted of four lines resulting
from hyperfine coupling (hfc) with two nonequivalent 31P
nuclei (a(P1)� 9.3, a(P2)� 2.1 mT, g� 2.007). The EPR
spectrum of the frozen solution at 77 K (Figure 3b) was
interpreted by assuming axial symmetric hfc and g tensors
with a dominant contribution from a�(P1) (27.7 mT) and other

minor contributions.[9] As observed for phosphaquinone 2,
the isotropic and anisotropic hfc constants were much larger
than those of radical anions of typical phosphaalkenes
but very close to those of phosphanyl radicals[10] which
suggests significant localization of an unpaired electron on
the 3p orbital of one phosphorus atom (P1; 69% by
comparison with atomic hfc constants[11]) and considerable
contribution of thiophene-bearing localized phosphorus
radical and anion centers. Further synthetic studies on
phosphathienoquinoid and phosphaquinoid molecules are in
progress.

Figure 3. EPR spectra obtained at 295 K (a) and 77 K (b) after reduction
of 4 with sodium metal in THF.

Experimental Section

7c : A solution of tert-butyllithium (2.1 mL, 1.50� in n-pentane) was added
to a solution of 6c (669 mg, 1.12 mmol) in diethyl ether (15 mL) at 0 �C. The
solution was stirred for 20 min at 0 �C and added to a solution of Mes*PCl2
(417 mg, 1.20 mmol) in diethyl ether (15 mL) at �78 �C. After stirring for
30 min at �78 �C and 10 h at 20 �C, the mixture was washed with saturated
NaCl solution, dried over anhydrous MgSO4, and concentrated to afford
crude 7c almost quantitatively. 7c : colorless crystals; 31P NMR (81 MHz,
CDCl3): �� 68.8 (s), �67.4 (d, J(P,H)� 229 Hz), 68.1 (s), �65.8 ppm (d,
J(P,H)� 230 Hz).

4 : A solution of 7c in THF (10 mL) was added to a suspension of KH
(192 mg, 40 wt% dispersion in mineral oil) and [18]crown-6 (766 mg,
2.90 mmol) in THF (10 mL) at 20 �C, and the mixture was refluxed for
30 min. Excess KH was decomposed with water (ca. 10 mL) at room
temperature, and the mixture was washed with saturated NaCl solution,
dried over anhydrous MgSO4, and purified by column chromatography
(Al2O3/benzene) and recrystallization from benzene to give 4 (578 mg,
0.729 mmol, 65%). 4 : orange plates (benzene), m.p. 173.0 ± 175.0 �C
(decomp); 1H NMR (500 MHz, CD2Cl2): �� 7.25 (4H, br s, arom.-m),
1.32 (36H, s, C(CH3)3-o) 1.20 ppm (18H, s, C(CH3)3-p); 13C{1H} NMR
(126 MHz, CD2Cl2): �� 172.37 (AXX�, 1J(P,C)� 3J(P�,C)� 73.6 Hz, P�C),
154.76 (s, Mes*-o), 151.37 (s, Mes*-p), 134.90 (AXX�, 1J(P,C)� 5J(P�,C)�
54.2 Hz, Mes*-ipso), 128.74 (AXX�, 2J(P,C)� 3J(P�,C)� 43.3 Hz, quinone-
3), 122.61 (s, Mes*-m), 38.46 (s, C(CH3)3-o), 35.28 (s, C(CH3)3-p), 33.05
(AXX�, 4J(P,C)� 8J(P�,C)� 6.8 Hz, C(CH3)3-o), 31.49 ppm (s, C(CH3)3-p);
31P NMR (81 MHz, CD2Cl2): �� 211.2 ppm (s); UV/Vis (hexanes): �max

(lg�)� 466 (4.39), 370 (3.72), 274 nm (3.91); FABMS m/z (%): 794 (56)
[M��4], 792 (91) [M��2], 790 (45) [M�], 713 (8) [M��2�Br], 711 (5)
[M��Br], 57 (62) [tBu�]; HRMS (70 eV, EI): found: m/z 790.2114; calcd
for C40H58P2SBr2: 790.2101.

Crystal data of 4 : C40H58P2SBr2, Mr� 792.71, red prisms from benzene,
crystal dimensions 0.25� 0.25� 0.20 mm3. T� 115 K, triclinic, space group
P1≈ (no. 2), a� 11.531(2), b� 18.982(4), c� 10.273(5) ä, �� 95.462(9), ��
115.92(3), �� 82.28(2)�, V� 2002(1) ä3, Z� 2, �calcd� 1.315 gcm�3, ��
2.188 mm�1, F(000)� 828.00, 6920 reflections measured (2	max� 51.1�),
Rint� 0.030; 6920 observed reflections [I� 0.00
(I)], 639 variable param-
eters. R� 0.037, Rw� 0.043, GOF S� 1.27 for observed reflections
[I� 0.00
(I)] and R1� 0.030 for [I� 2.00
(I)]. The maximum and
minimum peaks on the final difference Fourier map corresponded to 0.34
and �0.43 eä�3. CCDC-180101 (4) and -180102 (6c) contain the supple-
mentary 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
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Synthesis and Structure of
(MeN)Ph2S�C�SPh2(NMe)
Takayoshi Fujii, Tomio Ikeda, Toshie Mikami,
Tetsuya Suzuki, and Toshiaki Yoshimura*

(X)R2S�C�SR2(X) can be regarded as the isoelectronic
carbon analogue of the [(X)R2S�N�SR2(X)]� ion (R�Ar,
alkyl; X� lone pair, NH, O).[1] There has, however, been little
reported on this compound to date.[2] In view of its chemical
properties and structural features, investigation of this com-
pound has posed an interesting challenge. Herein, we report
the first synthesis, isolation, and crystal structure of
(MeN)Ph2S�C�SPh2(NMe) (6), prepared by the �-proton
abstraction of a new type of iminosulfonium ylide
[(MeN)Ph2S�CH�SPh2(NMe)]� (Scheme 1).
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Scheme 1. Synthesis of 6.

�-Lithiation of methyldiphenyl-�6-sulfanenitrile (1)[3a] with
lithium diisopropylamide (LDA), followed by treatment with
fluorodiphenyl-�6-sulfanenitrile (2)[3b] and acidification with
perchloric acid afforded 3 in 66% yield. This compound was
further treated with ion-exchange resin IRA-410 (OH� form)
to give 4[4±6] almost quantitatively. The reaction of 4 with
methyl iodide in CH3CN at room temperature and then
treatment with NaClO4 afforded precursor 5, which was
isolated in 26% yield by recrystallization from MeOH and
diethyl ether.[7] The desired compound 6 was prepared in
essentially quantitative yield by passing a methanolic solution
of 5 through a column of the above basic resin.[6] The
compositions of 3 ± 6 were identified by NMR (except for 4)
and IR spectroscopy, as well as elemental analysis, and the
molecular structures of 5 and 6 were determined by X-ray
crystallographic analysis (Figure 1 and 2).[8]

The X-ray structure of 6 indicates the following character-
istic properties (Figure 2). Each sulfur center is associated
with one imido and two phenyl groups, in a pseudo-
tetrahedral arrangement. The bond angles N1-S1-C1 and

Figure 1. ORTEP drawing of 5 (50% probability thermal ellipsoids for all
non-hydrogen atoms, perchlorate anion is omitted for clarity). Selected
bond lengths [ä] and angles [�]: S1-N1 1.526(2), S1-C1 1.695(2), S1-C2
1.780(3), S1-C3 1.802(3), S2-N2 1.531(2), S2-C1 1.691(2), S2-C4 1.788(3),
S2-C5 1.802(3), N1-C6 1.479(4), N2-C7 1.469(4); N1-S1-C1 123.1(1), N1-S1-
C2 103.4(1), N1-S1-C3 112.5(1), C1-S1-C2 107.8(1), C1-S1-C3 102.4(1), C2-
S1-C3 106.6(1), N2-S2-C1 119.6(1), N2-S2-C4 103.4(1), N2-S2-C5 115.4(1),
C1-S2-C4 110.7(1), C1-S2-C5 102.1(1), C4-S2-C5 104.9(1), S1-N1-C6
117.3(2), S2-N2-C7 118.0(2), S1-C1-S2 118.0(1).

Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge
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Figure 2. ORTEP drawing of 6 (50% probability thermal ellipsoids for all
non-hydrogen atoms). Selected bond lengths [ä] and angles [�]: S1-N1
1.553(10), S1-C1 1.635(4), S1-C2 1.801(2), S1-C3 1.802(4), S2-N2 1.550(8),
S2-C1 1.636(2), S2-C4 1.799(4), S2-C5 1.808(4), N1-C6 1.464(4), N2-C7
1.470(5); N1-S1-C1 124.1(2), N1-S1-C2 102.2(2), N1-S1-C3 110.6(3), C1-S1-
C2 115.4(1), C1-S1-C3 101.9(3), C2-S1-C3 100.5(1), N2-S2-C1 128.1(2), N2-
S2-C4 101.1(3), N2-S2-C5 110.1(3), C1-S2-C4 111.6(1), C1-S2-C5 102.1(1),
C4-S2-C5 101.0(3), S1-N1-C6 115.2(2), S2-N2-C7 115.7(3), S1-C1-S2
116.8(2).

N2-S2-C1 (124.1(2) and 128.1(2)�, respectively), those involv-
ing the bridging C1 atom, are considerably larger than the
other sulfur-centered bond angles (N-S-C; av. 106.0�, C-S-C;
av. 105.4�). The bonds between the sulfur centers and the
bridging carbon atom are of similar size, as are the two
terminal S�N bonds, and the four bonds between the sulfur
centers and phenylic carbon atoms. The bridging S�C1 bonds
in 6 (1.635(4) and 1.636(2) ä) are shorter than their counter-
parts in 5 (1.695(2) and 1.691(2) ä) and in iminosulfonium
phenacylide (1.672(2) ä[3a]). In contrast, the terminal S1�N1
and S2�N2 bonds (1.553(10) and 1.550(8) ä, respectively) are
slightly longer than those in 5 (1.526(2) and 1.531 ä) and in
iminosulfonium phenacylide (1.538(2) ä[3a]). Interestingly,
the S1-C1-S2 angle in 6 (116.8(2)�) is almost the same as the
corresponding angle in 5 (118.0(1)�), and is indicative of sp2

hybridization of the C1 atom. These findings suggest that the
S1-C1-S2 bonds have double ylidic character, such as is found
in carbodiphosphoranes, R3P�C�PR3,[9] and thus the canon-
ical Lewis structures of B ±E are anticipated (Scheme 2).

To evaluate the electronic structure of 6, ab initio calcu-
lations were carried out on a model compound, (MeN)-
Me2S�C�SMe2(NMe) (7), where the phenyl groups in 6 are all
replaced by methyl groups.[10] Calculations by geometry
optimization, the natural population analysis (NPA), and
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Scheme 2. Structural representation of 6.

the natural bond orbital (NBO) analyses were performed at
the B3LYP/6-311�G(2d,p) level.[11] There is a reasonably
good agreement between the bond lengths and angles of the
N-S-C-S-N unit in the optimized structure (Figure 3), and

Figure 3. View of the B3LYP/6-311�G(2d,p) optimized structure and
charge distribution (natural charge analysis) of 7 (all hydrogen atoms are
omitted for clarity). Selected bond lengths [ä] and angles [�]: S1-N1 1.565,
S1-C1 1.646, S1-C2 1.824, S1-C3 1.831, S2-N2 1.567, S2-C1 1.650, S2-C4
1.819, S2-C5 1.836, N1-C6 1.460, N2-C7 1.465; N1-S1-C1 124.9, N1-S1-C2
99.4, N1-S1-C3 111.5, C1-S1-C2 117.6, C1-S1-C3 100.8, C2-S1-C3 100.3, N2-
S2-C1 129.6, N2-S2-C4 99.1, N2-S2-C5 112.5, C1-S2-C4 110.8, C1-S2-C5
102.0, C4-S2-C5 99.2, S1-N1-C6 117.1, S2-N2-C7 118.1, S1-C1-S2 120.0.

those in the X-ray structure of 6. As indicated by NPA and
NBO analysis, the N-S-C-S-N unit in 7 has strongly polarized
S�C and S�N bonds. The NPA charges at the two sulfur
atoms, the two nitrogen atoms, and the central carbon atom
are calculated to be �1.603 (S1), �1.594 (S2), �1.000 (N1),
�0.997 (N2), and �1.228 (C1), respectively. The NBO
procedure for identifying bonds and lone pairs of the N-S-
C-S-N unit in 7 clearly showed ten � bonds and six lone pairs.
Therefore, the canonical structure E in Scheme 2 shows the
best Lewis representation of the electronic configuration of 6.
The p� and p lone pairs of the central carbon atom (C1) are
highly depleted, with occupancies of 1.74e and 1.52e. NBO
second-order perturbation analysis[11b, 12] of 7 indicates five
strong orbital interactions of the lone pair (p-LP, p�-LP) at the
central carbon atom with the antibonding �* orbitals of the
S�N and S�C bonds, and the interaction of a lone pair at each
terminal nitrogen atom with �*S-C1 and �*S-C orbitals. These
results indicate that ionic bonding, as well as LP(C1)��* and
LP(N)��* negative hyperconjugation exist in 7.

In conclusion, the synthesis of 6 represents the first
successful preparation of an organosulfur compound contain-
ing the SVI�C�SVI unit, the molecular structure of which has
been determined. In addition, the electronic structure of 7, a
model compound based on 6, was predicted by ab initio
molecular calculations.

Experimental Section

3 : Lithium diisopropylamide (4.2 mL of 2.0� solution in heptane/THF/
ethylbenzene, 8.4 mmol) was added dropwise at �78 �C to a solution of 1
(861 mg, 4.0 mmol) in THF (50 mL) and stirred for 30 min. A solution of 2
(965 mg, 4.4 mmol) in THF (10 mL) was then added. The mixture was
stirred for 12 h at �78 �C , warmed up to room temperature, and then
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Reaction of 2-Butyne with nido-[1,2-
(Cp*RuH)2B3H7]: Improved Kinetic Control
Leads to Metallacarboranes of Novel
Composition and Structure**
Hong Yan, Alicia M. Beatty, and Thomas P. Fehlner*

The conventional route to metallacarboranes proceeds in a
sequence of steps leading from polyborane to carborane to
metallacarborane.[1±4] Although a fruitful strategy, it is also
one in which strong bonds are formed before weak ones.
Access to more diverse chemistry might arise by adoption of
the reverse strategy, that is, formation of B�B/B�M before
B�C/M�C bonds, thereby generating the most stable products

quenched with 10% perchloric acid (10 ml) and then extracted with
CH2Cl2. The solvent was evaporated under reduced pressure, and the
residue was washed with MeOH and then recrystallized from EtOH/Et2O
to give colorless crystals of 3 (1.36 g, 66% yield), m.p. 175 ± 176 �C. 1HNMR
(400 MHz, CD3CN): �� 5.08 (s, 1H), 7.59 ± 7.64 (m, 8H), 7.69 ± 7.74 (m,
4H), 8.02 ± 8.06 ppm (m, 8H); 13C NMR (100 MHz, CD3CN): �� 49.3,
127.9, 131.0, 135.2, 140.8 ppm; IR (KBr): �� � 3315, 3269, 3094, 3062,
1095 cm�1; elemental analysis calcd for C25H23ClN2O4S2: C 58.30, H 4.50, N
5.44; found: C 58.29, H 4.46, N, 5.46.

5 : A mixture of 4 (414 mg, 1.0 mmol) and methyl iodide (187 �L, 3 mmol)
in acetonitrile (10 mL) was stirred at room temperature for 1 h. A solution
of sodium perchlorate (184 mg, 1.5 mmol) in acetonitrile (10 mL) was
added, and then the solvent was evaporated under reduced pressure. The
residue was dissolved in water (10 mL) and extracted with CH2Cl2. After
removal of the solvent, the residue was purified by recrystallization from
MeOH/Et2O to afford 5 as colorless crystals (152 mg),[7] m.p. 184 ± 185 �C.
1H NMR (400 MHz, CD3CN): �� 2.75 (s, 6H), 5.18 (s, 1H), 7.52 ± 7.57 (m,
8H), 7.65 ± 7.70 (m, 4H), 7.87 ± 7.90 ppm (m, 8H); 13C NMR (100 MHz,
CD3CN): �� 30.4, 39.3, 128.9, 131.0, 135.3, 136.8 ppm; IR (KBr): �� � 2917,
2872, 2803, 1194, 1091 cm�1; elemental analysis calcd for C27H27ClN2O4S2:
C 59.71, H 5.01, N 5.16; found: C 59.72, H 4.97, N, 5.17.

6 : A solution of 5 (100 mg) in methanol was passed through a column of
Amberlite IRA-410 ion-exchange resin (strong base, OH� form) followed
by evaporation of the solvent to give 6 as a pale yellow powder (74 mg,
98%), m.p. 163 ± 164 �C. 1H NMR (400 MHz, CDCl3): �� 2.62 (s, 6H),
7.28 ± 7.35 (m, 12H), 8.00 ppm (dd, J1� 8.0 Hz, J2� 1.4 Hz, 8H); 13C NMR
(100 MHz, CDCl3): �� 30.1, 39.7, 127.7, 128.3, 130.5, 144.4 ppm; IR (KBr):
�� � 2947, 2840, 2776, 1147 cm�1; elemental analysis calcd for C27H26N2S2: C
73.26, H 5.92, N 6.33; found: C 73.11, H 5.99, N, 6.29.
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last. Having in hand an efficient, general route to metal-
laboranes by the reaction of monocyclopentadienyl metal
chlorides with monoboranes, we were in a position to test this
hypothesis.[5] Insertion of an alkyne into a metallaborane has
precedence but, in the absence of efficient routes to metal-
laboranes, has not been extensively explored.[6±8] The results
described below illustrate the increased scope of metal-
lacarborane chemistry accessible when kinetic barriers are
significantly lowered.

Reaction of nido-[1,2-(Cp*RuH)2B3H7] (1; Cp*� 	5-
C5Me5)[9] with excess 2-butyne at room temperature yields a
major product, 2, and two minor ones, 3 and 4 (Scheme 1).
The major product results from addition of the alkyne
followed by loss of H2. The spectroscopic data were not
consistent with formation of a single 9 skeletal-electron-pair
(sep) nido 7-framework-atom cluster as suggested by the
molecular formula of 2[10, 11] and it took a solid-state structure
determination[12] (Figure 1) to show that the cluster frame-
work adopted by 2 is a nido 6-framework-atom cluster. The
seventh atom, boron, is found as an exopolyhedral BH2

fragment bridging an apical Ru-basal boron edge giving
nido-[1,2-(Cp*Ru)2(
-H)(
-BH2)-4,5-Me2-4,5-C2B2H4] (2).

Formally, the BH2 fragment on 2 is a one-electron ligand
and 2 has an 8 sep count appropriate for its shape. The NMR
spectra and the structure data show that the BH2 fragment
forms a BHB interaction with the terminal hydrogen atom of
the basal boron atom it bridges, thus, 2 can also be considered
to possess an exopolyhedral BH3 unit. Although 2 is unique,
related compounds are: a metallaborane with a terminal
BH2PR3 fragment;[13] a ferraborane with a BH3 unit replacing
the hydrogen atom of a B-H-B bridge;[14] and a compound
with a BX fragment bridging two metal atoms.[15]

Addition of the alkyne to 1 and loss of BH3 gives [1,2-
(Cp*RuH)2-4,5-Me2-4,5-C2B2H4] (3) as a minor product. The
structure of an analogue of 3 which has different substituents
on the carbon atoms was reported earlier to provide a contrast
to the reaction of isoelectronic [1,2-(Cp*Rh)2B3H7] with
alkynes leading to catalytic cyclotrimerization.[16] Consider-
ably more surprising is the isolation of [1,2-(Cp*RuH)2-4-Et-

Figure 1. Molecular structure of 2. Selected bond lengths [ä]: Ru1-B2
2.155(5), Ru1-B1 2.278(6), Ru1-C2 2.292(5), Ru1-B3 2.332(5), Ru1-Ru2
2.9134(5), C1-C2 1.391(8), C1-C3 1.508(7), C1-B2 1.558(7), B1-B2 1.760(9),
Ru2-B2 2.293(6), Ru2-B3 2.327(6), C2-C4 1.519(7), C2-B3 1.520(8).

4,5-C2B2H5] (4), a product that would be expected to arise
from 1-butyne. No detectable 1-butyne was present in the
reagent used and, although the isomerization of internal
alkenes to terminal alkenes by boranes is well known,[17]

similar isomerization of alkynes is not. However, 4 is clearly
a product of the reaction of 1 with 2-butyne. Related complex
chemistry occurs when the alkenyl pentaborane formed from
B5H9 and 2-butyne is converted thermally into 2-Me-3-Et-2-
CB5H�.[18] Although mechanistically suggestive, the high
reaction barrier makes it unlikely that an alkenyl borane is
a precursor to either 3 or 4.

Heating 2 generates nido-[1,7-(Cp*Ru)2-4,5-Me2-4,5-
C2B2H6] (5) and closo-[1,2-(Cp*RuH)2-4,5-Me2-4,5-C2B3H3]
(6). Complex 5 has a molecular formula identical to 3 but very
different spectroscopic properties. A solid-state structure[12]

Scheme 1. Conditions; a), b) 2-butyne, room temperature, 24 h, THF; c) 85 �C, 25 h, toluene. ��H.
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(Figure 2) shows it to be a cluster geometric isomer of 3. Both
are 8 sep clusters based on a pentagonal-bipyramidal geom-
etry. Compound 3 has a vacant 5-connect vertex, common for
a polyborane, whereas 5 has a vacant 4-connect vertex,

Figure 2. Molecular structure of 5. Selected bond lengths [ä]: Ru1-C1
2.197(7), Ru1-C2 2.271(8), Ru1-B1 2.290(8), Ru1-B2 2.425(8), Ru2-C1
2.200(7), Ru2-C2 2.284(8), Ru2-B1 2.286(8), Ru2-B2 2.424(8), B1-C1
1.543(12), B2-C2 1.593(12), C1-C2 1.455(11), C1-C3 1.512(11), C2-C4
1.503(12), Ru1-Ru2 3.6383(5).

unusual for a polyborane. Both are stable up to 90 �C.
Observation of 3 and 5 in the same reaction system under
different conditions is a clear demonstration of kinetic
control. The solid-state structure of 6[12] (Figure 3) reveals a
closo geometry consistent with its sep� 8. Along with loss of
H2, the exopolyhedral borane of 2 has reentered the skeletal
network.

Figure 3. Molecular structure of 6. Selected bond lengths [ä]: Ru1-C12
2.170(9), Ru1-C11 2.206(10), Ru2-B2 2.172(11), Ru2-B3 2.180(11), Ru2-B1
2.196(9), Ru1-Ru2 2.8832(9), B1-C11 1.573(13), B1-B2 1.802(17), B2-C11
1.738(15), B2-C12 1.751(14), B2-B3 1.813(18), B3-C12 1.582(14), C11-C12
1.411(15), C11-C13 1.512(13), C12-C14 1.541(13).

This work clearly demonstrates that combining metal and
boron before carbon permits access to metallacarboranes of
types not previously seen. The work constitutes part of a
continuing realization of the potential of the inorganometallic
chemistry of boron.[19]

Experimental Section

2 ± 4 : MeC�CMe (0.8 g, 14.8 mmol) was added to an orange solution of 1
(150 mg, 0.29 mmol)[9] in THF (40 mL). Reaction for 24 h at ambient
temperature, removal of solvent and excess alkyne, and chromatography
(silica gel, ICN 32-63 D, hexane:toluene� 20:1) gave 2 (83.8 mg, 51%): 1H
(400 MHz, 22 �C, [D6]benzene; t� terminal): �� 4.44 (br, 1H, B-Ht), 3.70
(br, 1H, B-Ht), 3.63 (br, 1H, B-Ht), 1.93 (s, 3H, Me), 1.82 (s, 15H, Cp*),
1.80 (s, 3H, Me), 1.61 (s, 15H, Cp*), �3.25 (brd, J� 65 Hz, 1H, B-H-B),
�11.02 (pcq� partially collapsed quartet, 1H, B-H-Ru), �14.92 (s, 1H,
Ru-H-Ru), �14.94 ppm (br, 1H, B-H-Ru); 11B (128 MHz, 22 �C, [D6]ben-
zene): �� 26.1, 20.1, 11.4 ppm (all br 1:1:1); 13C (125 MHz, 22 �C,
[D6]benzene): �� 10.76 (Cp*), 12.17 (Cp*), 15.01 (Me), 19.98 (Me), 88.71
(Cp*), 93.73 (Cp*), 111.50 (br, C-B), 128.30 ppm (br, C-B); FAB-MS: 563
(100%, [M�� 4H]); IR (KBr): �� � 2411, 2461 cm�1 (�B-H); then 3 (27.4 mg,
17%) 1H (400 MHz, 22 �C, [D6]benzene): �� 2.12 (s, 6H, Me), 2.05 (br, 1H,
B-Ht), 1.87 (s, 15H, Cp*), 1.78 (s, 15H, Cp*), �11.52 (br, s, 2H, Ru-H-Ru),
�12.57 ppm (br, 2H, B-H-Ru); 11B (128 MHz, 22 �C, [D6]benzene): ��
�16.2 ppm (br); 13C (125 MHz, 22 �C, [D6]benzene): �� 11.49 (Cp*), 12.42
(Cp*), 21.20 (Me), 86.71 (Cp*), 90.37 (Cp*), 108.52 ppm (br, C-B);
MALDI-MS: 555 ([M�]); IR(KBr): �� � 2427 (�B-H); then 4 (13 mg, 8%) 1H
(400 MHz, 22 �C, [D6]benzene): �� 4.40 (br s, 1H, CH), 2.31 (m, 2H, CH2),
2.09 (br, 1H, B-Ht), 1.99 (br, 1H, B-Ht), 1.85 (s, 15H, Cp*), 1.79 (s, 15H,
Cp*), 1.45 (t, 3J(H,H)� 7.4 Hz, 3H, CH3), �11.67 (s, 1H, Ru-H-Ru),
�11.83 (s, 1H, Ru-H-Ru), �12.18 (br s, 1H, B-H-Ru), �12.60 ppm (br s,
1H, B-H-Ru); 11B (128 MHz, 22 �C, [D6]benzene): ���18.2, �14.7 ppm
(all br 1:1); 13C (125 MHz, 22 �C, [D6]benzene): �� 11.73 (Cp*), 12.38
(Cp*), 20.79 (Me), 33.18 (CH2), 86.63 (Cp*), 91.14 (Cp*), 97.54 (br, B-C-H)
and 118.77 ppm (br, C-B); MALDI-MS: 555 ([M�]); IR (KBr): �� � 2436
(�B-H).

5 and 6 : 2 (96 mg, 0.17 mmol) in toluene (20 mL) was heated for 25 h at
85 �C under N2. After removal of the solvent and chromatography (silica
gel, ICN 23-60D, hexane) gave 6 (44.2 mg, 46%); 1H (400 MHz, 22 �C,
[D6]benzene): �� 3.82 (pcq, 3H, B-Ht), 2.13 (s, 6H, Me), 2.07 (s, 15H,
Cp*), 1.68 (s, 15H, Cp*), �11.12 ppm (sbr 2H, B-H-Ru); 11B (128 MHz,
22 �C, [D6]benzene): �� 11.07 (d, 2J(B,H)� 145 Hz, 2B), 8.72 ppm (d,
2J(B,H)� 145 Hz, 1B); 13C (125 MHz, 22 �C, [D6]benzene): �� 11.52
(Cp*), 12.29 (Cp*), 21.25 (Me), 86.24 (Cp*), 87.80 (br, C-B), 93.95 ppm
(Cp*); FAB: 563.3 (100%, [M�� 2H]); IR (KBr): �� � 2477 (�B-H); and
(hexane:toluene� 20:1) gave 5 (19.8 mg, 21%); 1H (400 MHz, 22 �C,
[D6]benzene): �� 2.41 (s, 6H, Me), 1.66 (s, 30H, Cp*), 1.18 (br, 2H, B-H-
B), �10.07 ppm (br s, 4H, B-H-Ru); 11B (128 MHz, 22 �C, [D6]benzene):
���32.9 ppm br; 13C (125 MHz, 22 �C, [D6]benzene): �� 10.92 (Cp*),
21.00 (Me), 84.63 ppm (Cp*); FAB: 553 (100%, [M�� 2H]); IR (KBr):
�� � 2420 (�B-H).
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A 1,3,5-Triaxial Triaminocyclohexane:
The Triamine Corresponding to
Kemp×s Triacid**
Fredric M. Menger,* Jianwei Bian, and
Vladimir A. Azov

Kemp×s triacid is a cyclohexane derivative in
which 1,3,5-cis methyl groups force three 1,3,5-cis
carboxy groups into an all-axial conformation.[1] In
the two decades since its inception, Kemp×s triacid
has served as a useful framework for the design of
enzyme models. For example, an aliphatic mono-
amide of Kemp×s triacid hydrolyzes in only
minutes at neutral pH and 22 �C because of
enzyme-like catalysis by a neighboring carboxy
group.[2] Herein, we examine the properties of
triamine 1, an analogue of Kemp×s triacid which has, until
now, escaped synthesis.
cis,cis-1,3,5-Triaminocyclohexane[3] was first prepared in

1957 and, a decade later, its metal complexes were inves-

tigated.[4] More pertinently, triamine 2, an isomer of our
compound, was previously synthesized and examined,[5] which
provided us with a valuable comparison.[6] As will be seen, the
two systems (1 and 2) differ substantially in their basicity and
nucleophilicity.

The synthesis of triamine 1, which started with the addition
of 2 ± 4 g Kemp×s triacid to SOCl2, is given in Scheme 1. The
product was, however, not the desired triacid chloride but the
anhydride/acid chloride. Fortunately, this difficulty could be
circumvented with the aid of a literature procedure in which
an anhydride is converted into two acid chlorides.[7] The key

step, a stereospecific tris-Curtius rearrangement of triazide
(purified chromatographically with CHCl3), proceeded with
high yield in refluxing dioxane or toluene (caution!).[8] The
resulting triisocyanate was hydrolyzed under harsh conditions
(37% HCl/THF), from which the trihydrochloride salt
precipitated. Treatment with an ion-exchange resin released
the free triamine l (m.p. of hydrate 86 ± 90 �C), which was
characterized by 1H and 13C NMR spectroscopy, MS, elemen-
tal analysis, and X-ray crystallography.[9]

X-ray analyses of the crystalline triamine 1, 1 ¥ 1HCl, and
the diacetyl derivative established in each case a preference
for three axial nitrogen atoms. Only the 1 ¥ 3HCl adopted a
conformation with three equatorial nitrogens caused, no
doubt, by electrostatic repulsion among the three cationic
ammonium groups. A similar dependence of conformation
upon the protonation level of triamine 2, as deduced by NMR
spectroscopy, was reported previously.[5] Three factors favor
axial nitrogen atoms: a) the slightly smaller size of an amino
group relative to a methyl group,[10] b) hydrogen bonding
among the amine groups, and c) a beneficial antiperiplanar
�C-H ±�*C-N interaction.[11]
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Scheme 1. Synthesis of triamine 1; a) SOCl2, ether, RT, b) ZnCl2, CHCl2OCH3, reflux,
c) NaN3, Bu4NBr, CH2Cl2/H2O, 0 �C, d) dioxane, reflux, e) 37% HCl, THF, reflux, then
Dowex 550A OH�, CH3OH.
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The X-ray structure of the parent triamine is noteworthy in
that it revealed the spatial disposition of the three amino
groups when forced into a 1,3,5-triaxial relationship. Of the
two rotameric states, namely the ™one-proton-plus-two-lone-
pairs∫ (3) and the ™two-protons-plus-one-lone-pair∫ (4), the
latter was observed exclusively [Eq. (1)]. Conformer 4 has
N1 ¥¥ ¥ N3, N2 ¥¥¥ N3, and N1 ¥¥¥ N2 distances of 3.00, 2.98, and
3.17 ä, respectively, and N1H ¥¥¥ N3 and N2H ¥¥¥ N3 distances of
2.2 ä. N-H-N angles are non-colinear (138�).

Molecular modeling is consistent with the X-ray analytical
information. Conformer searches were first carried out with
MacroModel using the Monte Carlo method with the MMFFs
force field.[12] The lowest energy triaxial and triequatorial
conformers were then reoptimized using density functional
theory at the B3LYP/6-31G(d,p) level (Gaussian 98).[13, 14] The
calculations indicate the following for triamine 1: a) The
conformer with triaxial amine groups is 6.2 kcalmol�1 lower in
energy than the conformer with triequatorial amine groups,
b) the ™two-protons-plus-one-lone-pair∫ configuration is
1.9 kcalmol�1 lower in energy than the ™one-proton-plus-
two-lone-pairs∫ configuration. It seems intuitively reasonable
that formation of weak bifurcated hydrogen bonds[15] in 4
should be favored over 3 because, among other factors, this
avoids the electron ± electron repulsion in 3.

Further characterization of 1 included titrimetric determi-
nation of the pKa values in water (Table 1). Monoprotonation
data indicate that 1 is an unusually strong base (pK1� 12),

whereas 2 is an unusually weak base (pK1� 7.8). The latter
was ascribed to ™disruption to the ideal hydrogen-bonded
network present in the free triamine caused by protona-
tion∫.[5] We prefer to attribute the low pKa value in 2 to
impaired solvation of the -NH3

�, caused by the two methyl
groups butressing the group on either side. This explanation
allows us to rationalize the high basicity of 1 in terms of a
favorable -NH2 ¥¥¥ -NH3

� hydrogen bond. NMR spectroscopic
studies showed that, even at �80 �C in methylene chloride, an
-NH3

� proton is shuffled rapidly among all the amine groups,
but it was not possible, despite repeated attempts, to prove

that the mechanism is an intramolecular ™proton circulation∫,
free from an intermolecular contribution.

Triamine 1 forms crystalline complexes with Cu2�, Zn2�,
Ni2�, and Co3� ions, which, according to X-ray analysis, are
octahedral in nature (consistent with complexes based on
cis,cis-triaminocyclohexane[4] and inositol derivatives[16]). Tri-
amine 1 also forms a crystalline 1:1 complex with Kemp×s
triacid; the corresponding X-ray structure shows two amino
groups perched directly above the three carboxy groups with
salt bridging occurring between the amino ± carboxy group
pairs.

The strong basicity of triamine 1 suggested an abnormally
high nucleophilicity worthy of investigation. Thus, we quanti-
fied the affinity of the triamine 1 toward an ester (p-nitro-
phenyl acetate) in an aprotic solvent (chlorobenzene) at
25.0 �C. These conditions were selected because, three deca-
des ago, we had studied the kinetics of such ester aminolyses
in detail.[17] As seen in Table 2, aminolysis of p-nitrophenyl

acetate by excess 1 is cleanly first order in the amine (i.e. a plot
of kobs vs. [amine] is linear with zero intercept). In sharp
contrast, aminolyses by excess n-butylamine and tert-butyl-
amine are cleanly second order in the amine (i.e. plots of kobs

vs. [amine]2 are linear with zero intercepts).[18] Second-order
dependence on the amine is traditionally explained by a
general-base mechanism in which one amine removes a
proton from the other nucleophilic amine.[19] Nitrogen ± ni-
trogen proton transfer occurs intramolecularly with tria-
mine 1, which accounts for its first-order behavior in the
amine.

Since intramolecularity is an issue with 1, we also inspected
the reactivity of four diamines (H2N(CH2)nNH2 where n� 2 ±
5). The aminolyses are second order in amine for n� 2 and 5,
but first order for n� 3 and 4 (Table 2). Clearly, spatial
effects[20] determine whether or not an intramolecular proton
transfer is kinetically profitable. To understand these effects
better, MacroModel conformer searches were used to define
the lowest energy species with short N ¥¥¥ N distances (ca.
3.0 ä). The n� 2 diamine has a sharp, debilitating N-H-N

Table 1. pKa values of triamines l and 2.

Triamine pK1 pK2 pK3

1 � 12 8.5 5.0
2[a] 7.8 6.7 5.2

[a] Data taken from ref. [5].

Table 2. Reaction order in amine for the aminolyses of p-nitrophenyl
acetate (pNPA) p-cyanophenyl acetate (pCyPA), and p-chlorophenyl
acetate (pChPA) by various amines in an aprotic solvent.[a]

Amine pNPA pCyPA pChPA

triamine 1 first first first[b]

n-butylamine second second second
tert-butylamine second
trans-1,2-diaminocyclohexane second
NH2(CH2)2NH2 second second second
NH2(CH2)3NH2 first second second
NH2(CH2)4NH2 first second second
NH2(CH2)5NH2 second second second

[a] Runs were carried out in chlorobenzene at 25.0 �C. [ester]� 0.9� 10�4�
with triamine 1 and 4 ± 6� 10�4� with other amines. [triamine 1]� 2.1 ±
18� 10�3�. Reactions (monitored spectrophotometrically at 360 or 400 nm
for pNPA and 290 nm for pCyPA and pChPA) were run to infinity. Pseudo-
first-order plots were linear for at least two half-lives. Five rate constants
were usually determined to acertain each of the eighteen reactions orders.
[b] Carried out at 58.5 �C.
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angle of 112� (compared to 137 ± 157� for the other diamines
and for 1 itself). A more linear N-H-N trajectory for the n� 2
diamine, possible only in the bimolecular mode, is thus
preferred. Although the n� 5 diamine does not suffer from a
similar angular constraint, its monomolecularity is disfavored
by enthalpic and entropic factors, which are well known to
impede cyclizations of larger rings.[21, 22]

Aminolysis of less reactive esters, the p-cyanophenyl and
p-chlorophenyl acetates, is quite different. The reaction of
both esters with the n� 3 and n� 4 diamines are second order
in amine (Table 2). Evidently, the intramolecular proton
transfer, which occurs with the nitrophenyl ester, fails to
operate competitively here when these two amines attack the
p-cyanophenyl and p-chlorophenyl esters. Although a change
in mechanism with structure is commonplace, an overt
increase in reaction order with a small reactivity difference
(e.g. the cyanophenyl ester is only about threefold less
reactive than the nitrophenyl ester) is unprecedented. The
unusual conversion from an intramolecular to an intermolec-
ular general-base mechanism reveals a concept of substantial
relevance to enzymology: A mechanistic pathway favored by
a particular catalyst geometry may become kinetically inop-
erative, and be replaced by a different pathway, because of
only a minor change in substrate reactivity.[23] Of course, the
point at which the change of mechanism occurs depends upon
the particular catalyst/nucleophile. Because triamine l retains
(uniquely!) its ™first-order-in-amine∫ status throughout the
series (Table 1), the compound must possess a geometry and
rigidity favorable for intramolecular proton transfer, even
with the less reactive substrates.

Further information was obtained from the actual rate
constants given in Table 3. Note that only rate constants of the
same kinetic order (i.e. either overall second or third order)
can be legitimately compared. Superficially, it appears that
triamine 1 is a fivefold poorer nucleophile than the n� 3 and
n� 4 diamines. The amine groups of 1 are, however, bonded
to tertiary carbon atoms. A comparison of k3 values for n-
butylamine and tert-butylamine (3.8 and 0.007 min�1��2,
respectively) shows that steric effects within the nucleophile
can be substantial. Adjusting for the rate difference seen in
these k3 values, one can estimate that 1 is in fact a more
powerful nucleophile than the n� 3 and n� 4 diamines by two
orders of magnitude (this difference might, of course, stem in
part from a high basicity of 1). However, the diamine rates
themselves contain an intramolecular catalytic component. To

improve our understanding of the diamine catalysis, we
plotted kobs/[amine] versus [amine] for n-butylamine [see
Eq. (2)] and used the error limits of the negligible value of the
intercept to obtain a maximum possible k2 value. This k2 value
is one to two orders of magnitude smaller than the accurately
known k2 values for the n� 3 and n� 4 diamines in Table 3.
By combining comparisons, one finds that triamine 1 reflects a
minimum inherent catalysis, over and above that of n-
butylamine, of about three to four orders of magnitude (by
contrast, triamine 2 is reported to have an impaired reac-
tivity[5] , probably because of steric effects).

kobs� k2 [amine]�k3 [amine]2 (2)

Of course, triamine 1 is also special because it is the only
amine investigated that maintains a first-order dependence on
amine with all three esters.

In summary, we have synthesized triamine 1, a system in
which three amine groups are fixed in 1,3-diaxial relation-
ships. X-ray analysis and theoretical models show that the
three amines have a ™two-protons-plus-one-lone-pair∫ bifur-
cated relationship. Because of this hydrogen-bonded network,
triamine 1 is highly basic and, unlike four diamines studied for
comparison, it maintains an intramolecular general-base
catalysis with three related esters. The kinetics also reveal a
remarkable dependency of rates and mechanism upon slight
variations in substrate reactivity, an observation relevant to
the field of enzyme mechanism.
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Table 3. Overall second-order (k2) and third-order (k3) rate constants for
the aminolysis of three esters by various amines.[a]

Amine pNPA pCyPA pChPA
k2 k3 k2 k3 k3

triamine 1 1.1 0.31
n-butylamine 3.8 1.5 0.06
tert-butylamine 0.007
trans-1,2-diaminocyclohexane 5.1
NH2(CH2)2NH2 38 8.8 0.31
NH2(CH2)3NH2 6.3 22 0.42
NH2(CH2)4NH2 5.3 18 0.34
NH2(CH2)5NH2 27 8.2 0.31

[a] See Table 2 for reaction conditions. k2 in units of min�1��1 , and k3 in
units of min�1��2. Rates are not corrected for statistical factors.
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Development of a Co-Mediated
Rearrangement Reaction**
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Dedicated to Professor Peter L. Pauson

The conjugate addition of organocuprates to enones
represents an important fundamental approach to the elab-
oration of carbonyl-containing compounds through a C�C

bond-forming reaction.[1] This process is extremely versatile
for alkyl, alkenyl, and aryl group incorporation, however, the
inclusion of an alkynyl unit in this fashion is much more
limited.[2] Nonetheless, the conjugate addition of alkynyl
alanes does take place in the presence of a Ni catalyst.[3]

Additionally, the use of Lewis acids such as aluminum tris(2,6-
diphenylphenoxide) (ATPH),[4] silyl triflates,[5] and iodotri-
methylsilane[6] can promote the conjugate addition of alkynyl
metal compounds to cyclic enones, although the employment
of �-substituted substrates generally prevents addition com-
pletely or leads to very poor product yields.

We envisaged a strategically different approach to these
compounds (Scheme 1), whereby disconnection of the C2�C3
bond in the cyclic ketone would generate an enolate bearing a

O
R3

R4

R1

O

R1

R3

R4

O

R1

R4 R3

R2

R2 R2
+

–

1
2
3

Scheme 1. Retrosynthetic analysis of the formation of cyclic ketones
through an enol ether rearrangement.

distal propargylic carbocation. We further surmised that this
intermediate might be generated from a cyclic enol ether. To
aid scission of the propargylic C�O bond of the enol ether, we
examined the effect of the hexacarbonyldicobalt unit on the
alkyne because of its ability to stabilize positive charge at the
�-position strongly.[7] Notably, related intramolecular addi-
tions of enolates to cobalt-stabilized carbocations have been
reported, however, these studies required the propargyl ether
and enolate moieties to be prepared independently and in a
linear fashion. Furthermore, problems associated with regio-
chemical enolate formation can result in poor cyclization
regioselectivity.[8] We anticipated that the proposed rear-
rangement technique would overcome some of these prob-
lems whilst providing a direct method for the preparation of
�-substituted products from appropriately armed enol ether
substrates. We report herein our initial findings on the scope
of the rearrangement process for the synthesis of �-alkynyl
substituted cyclic ketones.

We embarked on this study by examining the rearrange-
ment of readily available and easily handled gem dichloro
substituted enol ethers. These compounds were prepared
from the corresponding lactones following the method of
Lakhrissi and Chapleur (Scheme 2).[9] Addition of an alkynyl
zinc reagent to commercially available 1 provided keto esters
3a and 3b ; the homologous compound 3c was prepared in a
similar manner from 2. Substituted �-lactones 4a,b were
generated by a Luche reduction and saponification before
ring closure. The quaternary substituted analogue 5 was
prepared by an analogous procedure but with alkylation of
3b using MeLi/TiCl4[10] in the initial step. �-Lactone 6 was
prepared from keto ester 3c by a similar route. With the key
intermediates lactones 4 ± 6 in hand, we prepared the corre-
sponding enol ethers in one step using PPh3/CCl4.[9] Finally,
exposure of the enol ethers to octacarbonyldicobalt at room
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Scheme 2. a) � 78 �C± 0 �C, THF, 1 h. b) NaBH4, CeCl3 ¥ 7H2O, MeOH,
25 �C, 1 h. c) MeLi, TiCl4, Et2O, �78�� 10 �C. d) KOH, tBuOH/H2O
(1:1), 0.5 h. e) 2-Chloro-1-methylpyridinium iodide, Et3N, CH2Cl2, 40 �C,
2 h. f) DCC, DMAP, CH2Cl2, 25 �C, 2 h. g) PPh3, CCl4, 77 �C. h) [Co2-
(CO)8], CH2Cl2, 25 �C. DCC�N,N�-dicyclohexylcarbodiimide, DMAP�
4-dimethylaminopyridine.

temperature afforded complexes 7 ± 9 as deep red solids/
oils.[11]

We initially screened a wide variety of Lewis acid pro-
moters[12] such as silyl triflates, Et2AlCl, and SnCl4, but were
disappointed to find that these produced complex reaction
mixtures.[13] In contrast, BF3 ¥OEt2 and TiCl4 were excellent
promoters of the rearrangement process and furnished the
�,�-dichloroketone products in high yield (Table 1, entries 1
and 2). The rearrangement of 1-hexynyl substituted enol

ether 7b under our optimized
conditions proceeded much more
rapidly than that observed for 7a
(compare entries 1/2 with 3/4).
This may reflect reduced steric
congestion in I during C�C bond
formation with R1� nBu in com-

parison to R1�Ph.[14] Notably, this technique is applicable to
the formation of quaternary substituted �-alkynyl cyclohex-
anones, for example, the dichloroenol ether 8 smoothly
underwent rearrangement at 0 �C in the presence of TiCl4 to
provide the corresponding ketone 12 in 84% yield (entry 5).
We also found that the conversion of seven-membered cyclic
enol ethers to the corresponding ketones is possible and
indeed highly efficient in the one example studied (entry 6).[15]

Finally, ester-containing enol ether 10 was prepared from
lactone 4b by following the method of Shibasaki and co-
workers[16] and underwent rapid and clean rearrangement to
the corresponding keto ester 14 in excellent yield.

Having demonstrated the feasibility of the rearrangement
process, we next turned our attention to examining alkyl
substituted enol ethers which would provide a direct means of
�-alkyl incorporation into the ketone products. Therefore,

lactone 4b was reduced to the corresponding lactol and
subsequently treated with PPh3 ¥HBF4, which provided the
requisite phosphonium salt for elaboration to alkyl substitut-
ed enol ethers by the method of Ley et al.[17] Generation of the
phosphonium ylide by treatment with n-butyllithium at
�85 �C, followed by addition of isobutyraldehyde, gave enol
ether 15a as a 7:1 mixture of E/Z isomers on complexation
with octacarbonyldicobalt. Additionally, the phenyl substitut-
ed enol ether complexes 15b were readily generated as an
equal mixture of E/Z isomers by an identical procedure
(Scheme 3).

(OC)6Co2
O

nBu
O O

nBu

R

R=iPr; 15a; 7:1 E:Z

4b 15a,b

R=Ph; 15b; 1:1 E:Z

a-d

Scheme 3. a) 1) DIBAL-H, TMSCl, �78 �C, THF, 1 h. 2) K2CO3, MeOH,
84%. b) PPh3 ¥HBF4, CH3CN, 4 ä molecular sieves, 82 �C, 2 h. c) nBuLi;
RCHO, �85 �C, THF, 1 h. d) [Co2(CO)8], hexanes, 2 h, 25 �C. R� iPr: 15a,
61%; R�Ph: 15b, 78% (over three steps from b). DIBAL-H�diiso-
butylaluminum hydride, TMS� trimethylsilyl.

Unfortunately, the E/Z isomers of 15a were inseparable
and accordingly were subjected to the rearrangement reaction
as a mixture. Treatment of complexes (E/Z)-15a with TiCl4
led to rapid and clean rearrangement to provide the
corresponding �-substituted ketones 16 as a 5:1 mixture of

Table 1. Rearrangement of ester and gem dichloro-substituted enol ethers.[a]

Entry Lewis
acid

Enol ether Product Time Yield
[%]

1 BF3 ¥OEt2
O

Ph

Cl

Cl

(CO)6Co2

7a
Co2(CO)6

O
Cl

Cl

Ph11a

18 h 86
2 TiCl4 9 h 83

3 BF3 ¥OEt2
O

nBu

Cl

Cl

(CO)6Co2

7b Co2(CO)6

O
Cl

Cl

nBu11b

4 h 90
4 TiCl4 10 min 97

5 TiCl4
O

nBu

Cl

ClMe

(CO)6Co2

8
Co2(CO)6

O

nBuMe

Cl

Cl

12

4 h 84

6 BF3 ¥OEt2
(OC)6Co2

O

nBu

Cl

Cl9
Co2(CO)6

O
Cl

Cl

nBu
13

3 h 98

7 TiCl4 O
CO2Me

(CO)6Co2

(E)-10nBu

Co2(CO)6

O

nBu

CO2Me

14

30 min 92[b]

[a] All reactions were initiated at 0 �C in CH2Cl2 with 1.5 equivalents of Lewis
acid, allowed to warm to ambient temperature, and stirred until the starting
material was completely consumed. [b] Complexation and rearrangement were
carried out in one pot.

MLnO
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isomers (Scheme 4; major isomer tentatively assigned as
trans) in high yield.[18] In contrast to 15a, the individual
E/Z isomers of 15b were readily separable by column
chromatography, which allowed the rearrangement of each
isomer to be studied individually. To our surprise, we found
that the rearrangement of complexes 15b proceeded stereo-
specifically such that (E)-15b provided the cis-substituted
ketone 17, whereas the trans-substituted ketone 18 was
formed exclusively from (Z)-15b.[19, 20]

O
nBu

iPr(OC)6Co2

nBu
O

(OC)6Co2

iPr

O
nBu

Ph(OC)6Co2

nBu
O

(OC)6Co2

Ph

O
nBu

(OC)6Co2

nBu
O

(OC)6Co2

PhPh

15a; 7:1 E/Z.
16; 1:5 cis/trans

(E)-15b 17

(Z)-15b 18

1.5 equiv TiCl4, CH2Cl2
−78 °C → 25 °C

30 min, 70%

1.5 equiv TiCl4, CH2Cl2
−78 °C → 25 °C

30 min, 81%

1.5 equiv TiCl4, CH2Cl2
−78 °C → 25 °C

30 min, 78%

Scheme 4. Transformation of enol complexes 15 to alkynyl ketones.

The origin of these different stereochemical outcomes is
intriguing. At present, we are pursuing three possible ration-
ales: 1) Rearrangement of complexes 15a is mechanistically
distinct from that of 15b. 2) Enol ether isomerization (E�Z)
proceeds rapidly for 15a (or the intermediate metal enolate)
such that the relative ratios of cis/trans-16 are determined by
relative rates of rearrangement of each enol(ate) isomer.
3) Product 16 isomerizes under the reaction conditions.[21]

In conclusion, we report a novel approach to �-alkynyl
substituted cyclic ketones through a cobalt-mediated
rearrangement reaction of cyclic enol ethers. This tech-
nique allows the direct and regiospecific �-incorporation of
dichloro-, ester, aryl, and alkyl substituents which can be
readily controlled by judicious choice of the enol ether
substituent.

Experimental Section

Typical experimental procedure as exemplified by the rearrangement of
complex 7b : To a solution of 7b (2.0 g, 3.75 mmol) in CH2Cl2 (20 mL) at
0 �C was added TiCl4 (616 �L, 10.0 mmol, 1.5 equiv) by syringe under
nitrogen. The reaction mixture was stirred at 0 �C for 10 min and quenched
by addition of saturated aqueous NaHCO3 solution. The reaction mixture
was poured into water, extracted with CH2Cl2, dried with MgSO4, and the
solvent removed in vacuo. Recrystallization of the crude complex afforded
11b as a deep red solid (1.95 g, 97%), m.p. 77.1 ± 78.3 �C; 1H NMR
(400 MHz, CDCl3): �� 0.99 (3H, t, J� 7.2 Hz), 1.46 ± 1.56 (2H, m), 1.58 ±
1.72 (2H, m), 1.75 ± 1.86 (1H, m), 2.06 ± 2.24 (3H, m), 2.64 (1H, dd, J� 9.0,
1.2 Hz), 2.91 ± 3.04 (2H, m), 3.18 (1H, td, J� 14.4, 5.8 Hz), 3.63 ppm (1H,
dd, J� 11.4, 3.7 Hz); 13C NMR (100.6 MHz, CDCl3): �� 13.9, 22.7, 24.1,
32.7, 33.9, 34.5, 35.5, 57.0, 92.9 (2�C), 101.2, 194.3, 199.8 ppm (br); �� � 2962
(s), 2936 (s), 2875 (s), 2092 (s), 2036 (s), 2022 (s), 1739 cm�1 (s); HR-MS
calcd for C18H16O7Cl2Co2: 531.8937, found: 531.8941.
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Rapid Phase Fluxionality as the
Determining Factor in Activity and
Selectivity of Highly Dispersed,
Rh/Al2O3 in deNOx Catalysis**
Mark A. Newton, Andrew J. Dent,
Sofia Diaz-Moreno, Steven G. Fiddy, and
John Evans*

Rhodium has for many years been a
primary component in the make up of auto-
exhaust catalysts because of its ability to
catalyze the selective reduction of NOx to
N2.[1, 2] A historical view of this type of system
is of an active, but essentially static, phase
comprising particulate metal; it is from this
axiom that studies of metal single crystals[2]

have been accepted as models of macroscopic
catalyst behavior. However, it has been
established by IR[3] and XAFS[4] (X-ray
absorption fine structure) spectroscopy that
small rhodium particles (on alumina) undergo

corrosive chemisportion to yield a mononuclear {RhI(CO)2}
species. In addition, the oxidation of Rh/Al2O3 under an
atmosphere of air and oxygen has also been demonstrated by
XAFS.[5] Recently, using in situ, microreactor-based, energy-
dispersive EXAFS (EDE)[6] and mass spectrometry[7] we have
used the improved time resolution of these techniques to
demonstrate that Rh on alumina is rapidly oxidized by NO.[8]

Herein we utilize these procedures to probe the correlation
between metal structure and catalytic performance for the
reduction of NO by H2.

Figure 1 shows the total NO conversion and N2O (mass 44)
production as a function of reaction temperature and feed-
stock composition. The net conversions and selectivity of the

Toromanoff, Tetrahedron 1985, 41, 5045. Spectral and analytical data
for all new compounds can be found in the Supporting Information.
CCDC-177450 (7a) and CCDC-177451 (11a) contain the supplemen-
tary 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: (�44)1223-336-033; or deposit@
ccdc.cam.ac.uk).

[21] Subjection of individual isomers cis- and trans-16 to 1.5 equiv TiCl4 at
�78 �C�25 �C for 90 min resulted in only slight (ca. 5 ± 10%)
isomerization at the � center. Therefore, the lack of stereospecificity
in 15a�16 cannot be fully explained by rapid equilibration at the �-
alkyl moiety of the product.
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Figure 1. a) NO conversion as a function of reaction temperature and active feedstock
composition in the reduction of NO/He by H2/He over 5 wt% Rh/�-Al2O3 catalysts derived
from RhCl3 ¥ 3H2O: catalyst charge: 20 mg; NO±H2/He� 4/96; total gas flow�
10 mLmin�1, GHSV ca. �104 h�1. b) N2O production (mass 44) as a function of reaction
temperature and active feedstock composition in the reduction of NO byH2 over 5 wt%Rh/
�-Al2O3 catalysts derived from RhCl3 ¥ 3H2O: conditions as for Figure 1a.
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catalyzed process are very sensitive functions of the feedstock
composition. The ™light off∫ temperature for the reaction
increases as the feedstock with NO proportion until the
maximum level of NO conversion drops away markedly as the
levels of NO are further increased. Also, as NO levels are
increased the catalyst selectivity tends toward the production
of N2O rather than the desired N2.

Figure 2 shows k3-weighted Rh K-edge EDE derived in situ
during a typical experiment (in this case for the reaction of a
feedstock of composition NO/H2/He� 1/3/96), and Table 1
details the results of the analysis in EXCURV98.[9] Reduction
in H2 and purging in He results in an EXAFS signature
attributed to particulate Rh. However, under the mixture of
NO/He� 4/96 at 300 K the EDE is clearly not that of metallic

Figure 2. Representative k3-weighted EDE spectra derived during the
reaction of 5 wt% Rh/�-Al2O3 catalysts for a reaction of a feedstock of
composition NO/H2/He� 1/3/96 at the temperatures indicated. Each
spectrum (solid line) is acquired in 500 ms. The dashed line is the
theoretical fit derived from an explicit analysis by using EXCURV 98.

Rh, consistent with a previous report.[5] Even at room
temperature, the particulate metal phase has been replaced
by a new, oxidic phase (elemental coordintion: NRh

1 � 2.7). By
420 K the Rh phase has oxidized even further with a distinct
reduction in high k EXAFS intensity. This situation changes
rapidly thereafter such that at a temperature 15 K higher
(435 K) the EXAFS derived from the sample has reverted to a
metallic state with NRh

1 of about 8.
Figure 3 shows in more detail the variation of NRh

1 as a
function of reaction temperature and feedstock composition
and it is clear that the variations in NRh

1 mirror the total
conversion and N2O production character displayed in Fig-
ure 1. The operational phase of the supported Rh catalyst is
also therefore a sensitive function of feedstock composition

Figure 3. Variation in NRh
1 derived from analysis of alternate EDE spectra

collected during NO reduction by H2 over 5 wt% Rh/�-Al2O3 catalysts as a
function of feedstock composition and reaction temperature (conditions as
in Figures 1a and b).

and reaction temperature. As the feedstock is made pro-
gressively more oxidizing (increased NO fraction) the for-
mation of particulate Rh is retarded and is not observed at all
up to 673 K when the active feedstock mix is NO/H2/He� 3.5/
0.5/96. However, even when particulate Rh is observed to be
generated the determined value of NRh

1 does not exceed about
8 indicative of nanoparticulate particles containing between
70 and 150 atoms.[10] Furthermore, these processes are
observed to be entirely reversible upon the cooling of the
system under the feedstock.

More reducing conditions promote Rh particle formation at
progressively lower temperatures that tend towards the limit
of the intrinsic stability (under H2) of the oxidic phase that
forms spontaneously at low temperature under NO.[8] How-
ever, it is the decomposition of this phase that is the precursor
of significant NO conversion. It is this phase transition that is
also the source of the transient production of N2O rather than
any surface chemistry intrinsic to extended metal surfaces:

Table 1. Elemental coordination (Ns
x�, bond length (R) , and statistical

parameters derived from explicit analysis of the EDE spectra shown in
Figure 2. Errors in coordination for the oxidic spectra should be regarded
as between 15 ± 20%; those pertaining to particulate systems about 10 ±
15%. Errors in bond length determination are estimated at about 2%.

T [K] Scatterer (s) Ns
x R [ä] 2�2 [ä2] kmin kmax R [%]

300 O 2.4 2 0.005 2 12 47.6
Rh 2.7 2.63 0.011
Rh 1.9 3.76 0.013

420 O 2.5 1.99 0.007 2 12 56.6
Rh 2.4 2.64 0.013
Rh 2.2 3.75 0.015

435 Rh 8.3 2.65 0.014 2 13 36.2
Rh 3.4 3.74 0.015

500 Rh 7.9 2.64 0.015 2 13 35.3
Rh 3 3.73 0.017
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below a NO/H2 ratio of 1, once particulate Rh becomes
predominant, a very rapid curtailment of N2O production is
observed. Recent catalytic and infrared work[11] have already
suggested that the formation of N2O requires the presence of
both metallic Rh and oxidized Rh sites. This is consistent with
our observations for the NO/H2/He� 2/2/96 gas stream. These
results show directly that the presence of rapid phase altering
processes can control the behavior of highly dispersed
supported metal catalysts rather than the intrinsic surface
chemistry of the bulk metal. We have already shown that such
processes may occur when nanoparticulate Rh is exposed to
both NO[8] and O2.[12] Interestingly, Rh thin foils and single
crystals have been reported to oxidize beyond the surface ad-
layer under O2 above 500 K.[13] A consequence of these
phenomena is that the phase of the supported metal at a given
gas composition and temperature can be far from static and
may result from a dynamic equilibrium between processes
that lead to oxidation and those that reductively reform the
particulate metal. While oxidation of these Rh/Al2O3 catalysts
by NO/He� 4/96 is rapid at room temperature, re-reduction
of the NO oxidized Rh sites by H2/He� 4/96 was evident only
above 400 K.[8] It is this differential that is directly responsible
for the activity and selectivity of the catalyst. These processes
may be related to the relatively poor performance of the
three-way exhaust catalyst in, for instance, the lean burn
conditions,[14] currently favored by the automobile industry on
efficiency and environmental grounds; this present study
models one component of this.

As can be seen in Figure 1a, the increase in catalytic activity
over a relatively small temperature range is very marked. The
rapid oxidative processes may be understood in terms of
fundamental, and possibly adiabatic,[15] dissociative chemistry
(occurring in the zero coverage limit) on metallic Rh
particles.[8] As such we may delineate a set of broad criteria
for such a system to develop as follows: 1) dissociative
adsorption is facile and highly exothermic, rapidly injecting a
large amount of energy into the supported metallic nano-
cluster; 2) there are poorly effective means for the particle to
release this energy through interaction with the gaseous phase
or through the particle-support interface; 3) the particles
themselves are not large enough to provide an effective
energy sink that prevents particle collapse, that is high
dispersion; and 4) subsequent reaction with the gaseous
environment may result in a new, stable, phase rather than
sintering to larger metallic particles.

In summary we have shown that in the limit of high
dispersion the nature of oxide-supported metal catalysts may
change in oxidizing conditions. Indeed, we have shown that
the phases of a supported metal species can be interconverted
on time scales that can be deterministic in terms of the activity
and selectivity of such catalysts; in this specific case, the
selectivity of the reduction of NO by H2 to N2 (on reduced,
metallic sites) and N2O (on oxidized sites) can be directly
correlated with the phase of the rhodium.

Experimental Section

Aqueous impregnation of RhCl3 ¥ 3H2O to �-Al2O3 was used to make
5 wt% Rh catalysts. Samples were dried overnight before being calcined

for 6 h at 773 K and then sieved to give a 100 �m fraction. Finally the
samples were reduced for 5 h at 573 K under flowing H2. No attempt to
prevent exposure of the sample to air was made prior to it (20 mg) being
loaded into quartz tubes (i.d. 3 mm, wall thickness ca. 0.2 mm) and secured
in place by using 5 mm long quartz wool plugs. These were then loaded into
a microreactor described previously.[6±8] Typical exposure times were 1 ms
for I0 and 3 ± 5 ms for the sample.

EDE measurements were carried out at the ID24 source at the ESRF
Grenoble, using an asymmetrically cut Si[111] monochromator in Laue
configuration[16] and a masked, Peltier cooled, CCD detector. Energy
calibration was referenced with a Rh foil.

Once loaded into a microreactor the samples were purged with He, re-
reduced in H2 at 373 K, and subsequently purged in He again. This
procedure resulted in the formation of particulate Rh with a first-shell Rh
coordination (NRh

1 � of about 6.5. During catalytic reactions these samples
were then exposed to varying compositions of 4% NO/He and 4% H2/He
at a constant flow rate of 10 mLmin�1 (gas hourly space velocity
(GHSV)� 10000h�1) whilst being heated at 10 Kmin�1 from room
temperature to 673 K. Simultaneously EDE measurements were recorded
at a typical rate of 10 spectramin�1 with individual spectra being collected
with typical acquisition times of about 500 ms. The reactor was interfaced
to a Balzers mass spectrometer station multiplexed to measure sample
temperature (from a Eurotherm temperature controller) and 16 ± 20
masses simultaneously. Data reduction and analysis was carried out by
using PAXAS[17] and EXCURV98.[9] N2O and CO2 were differentiated
through their fragmentation and M2� patterns.
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Morphological Control of MCM-41 by
Pseudomorphic Synthesis
T. Martin, A. Galarneau, F. Di Renzo,* F. Fajula, and
D. Plee

The development of micelle-templated silicas (MTS) has
represented one of the most original fields of materials
research since the seminal papers from the Kresge and Beck
groups on MCM-41 and MCM-48.[1, 2] The self-assembly of
surfactant aggregates and mineral species can be controlled to
provide stable mesoporous materials with extremely narrow
pore-size distributions. Several recent reviews show the
advances in the preparation of ordered porous oxides,[3±5] as
well as their applications in catalysis.[6±8]

Adsorbents with narrow pore-size distribution at the nano-
meter scale allow new applications to be devised for the
separation of large organic molecules. MCM-41 silicas have
been proposed as possible stationary phases for size-exclusion
chromatography,[9] normal-phase HPLC,[10] capillary gas chro-
matography,[11] and enantioselective HPLC.[12, 13]

The control of the size and shape of the adsorbent particles
is an essential condition for any chromatographic application:
particle-size scattering affects separation and plate height.
Indeed, the preparation of spheres of MTS with predeter-
mined monodispersed size has been the target of several
research groups. Positive results have been obtained by
introducing surfactant templates in classical preparations of
silica gel with controlled grain size. In this way, spheres of
MTS have been prepared from water ± alcohol systems,[14, 15]

by controlled hydrolysis,[16, 17] or by spray-drying techni-
ques.[18] A frequent drawback of these methods is the need
to simultaneously optimize the conditions for the synthesis of
the desired silica ± surfactant mesophase and for the success-
ful formation of monodispersed spheres. This situation
restrains the experimental conditions and makes a fine tuning
of the properties of MTS, such as, pore size and topology, wall
thickness, and aluminum content, difficult. It would be
expedient to independently optimize the properties of the
particles and the properties of the micelle-templated phase.
Herein, a method to achieve this result by transformation of
preformed spheres of silica gel into MTS is proposed.

The synthesis procedure is directly adapted from the
synthesis of MCM-41,[1, 2] by using commercial spheres of
silica gel as the source of silica. Lichrosphere 100 (Merck) was
stirred in an alkaline solution of cetyltrimethylammonium
bromide (CTAB), the molar composition of the system being
1 SiO2/0.25 NaOH/0.1 CTAB/20 H2O. After 30 min stirring at
room temperature, the system was put in an autoclave at
388 K for 24 h. The parent silica (Lichrosphere 100) and the

recovered solid share the same spherical morphology and
granulometric distribution (Figure 1). However, while the
parent silica is amorphous, the CTAB-treated solid presents
the characteristic X-ray powder diffraction pattern of
MCM-41.

Figure 1. Pseudomorphic transformation of silica gel to MCM-41. Micro-
graphs (a, b), granulometric distributions; the distribution is given in
volume V as a function of particle diameterDp (c, d), and powder
diffraction patterns (e, f) for Lichrosphere 100 (Merck) before (e) and
after (f) treatment with CTAB solution.

This transformation corresponds to the definition of
pseudomorphism from mineralogy: a pseudomorph is an
altered mineral the form of which has the outward appearance
of another mineral species. In our case, the MCM-41 grains
are pseudomorphs of the silica gel grains.

The pattern of the pseudomorphic transformation can be
monitored by X-ray diffraction and nitrogen sorption experi-
ments (Table 1). The adsorption pattern of the parent silica
(BK385), which corresponds to a broad pore-diameter
distribution centered around 8.5 nm, is completely lost after
15 min at 388 K (Figure 2). This latter material presents a
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Table 1. Properties of cetyltrimethylammonium (CTA) treated silica BK385
(Akzo-Nobel).

Time at CTA/SiO2
[a] YCTA

[b] YSi
[c] Vmp

[d] SBET
[e] ac[f] D[g] t[h]

388 K [h] (w/w) [cm3g�1] [m2g�1] [nm] [nm] [nm]

0.25 0.66 0.92 0.66 0.63 890 5.4 3.7 1.3
1 0.72 0.95 0.62 0.75 980 4.8 3.7 1.0
168 0.81 0.98 0.57 0.89 1078 4.4 3.7 0.8

[a] Composition. [b] Yield of CTA (from thermogravimetric weight loss).
[c] Yield of silica (from thermogravimetric weight loss). [d] Structural pore
volume. [e] BET surface area. [f] Cell parameter. [g] Pore diameter. [h] Wall
thickness at different treatment times.
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Figure 2. Evolution of the N2 adsorption/desorption isotherms during the
transformation of silica BK385 (Akzo-Nobel) into MCM-41 upon treat-
ment at 388 K for the indicated time. Molar composition 1 SiO2/
0.25 NaOH/0.1 CTAB/20 H2O. Samples calcined at 823 K in air.

reversible type IV isotherm with a sharp step around p/p0 0.37,
typical of the structural mesoporosity of MCM-41, and a
secondary porosity corresponding to a broad distribution of
mesopores with a diameter larger than 20 nm. The desorption
around p/p0 0.45 indicates that a part of the secondary
mesoporosity is accessible through the smaller structural
mesopores. The sample incorporates 92% of the available
surfactant (Table 1) and presents two broad X-ray diffraction
peaks, which correspond to an MCM-41 with poor long-range
order[19] (or/and thick walls on short-range order) and could
be indexed according to a hexagonal cell with a� 5.4 nm
(Table 1).

The amount of incorporated surfactant and the loss of the
adsorption pattern of the parent silica suggest that nearly the
whole silica is transformed into MCM-41 after 15 min. The
secondary porosity corresponds to the volume between the
small grains of MCM-41 with poor long-range order formed
by nucleation at the pore ± silica interface of the parent
material. Heterogeneous nucleation of MCM-41 has been
reported.[20] Nevertheless, even if MCM-41 formation is
initiated on the surface, the mechanism here is different
because MCM-41 is formed by the dissolution of the particles
themselves. These intermediates evolve to ordered MCM-41
at longer treatment times by internal reorganization, which is
often the case in such material synthesis.[21] In the process, the
lattice parameter decreases whereas the pore size remains
constant, in agreement with a decrease of the wall thickness
(Table 1). Thinner-wall materials present a higher surfactant/

silica ratio, as shown by the increase of the yield of surfactant,
which is virtually nominal at the end of the treatment.

The conservation of the shape and size of the initial system
suggests that further transfer of silica from the parent phase to
the micelle-templated phase takes place inside the pores of
the grains. Each grain behaves like a microreactor in which
silica is dissolved by the alkaline solution and silicate species
interact with the surfactant to form MTS. In the initial phases
of the synthesis, the silica/surfactant ratio inside the grain is
higher than the overall composition of the system, which
accounts for the formation of a micelle-templated phase with
thick silica walls and poor long-range order. Further equili-
bration with the surfactant-rich and the silica-poor outer
solution results in the formation of more-ordered MCM-41
which occupies a larger pore volume and proportionally
decreases the secondary mesoporosity.

Starting from parent silica BK385, nearly the whole
mesopore volume has the structural porosity of MCM-41
and virtually no secondary mesoporosity is left after seven
days. This is not the case for all possible parent silica. In the
Table 2, the properties of MCM-41 formed from different
parent silica by using the same composition and amount of
treatment solution are reported. The grain morphology of the
parent silica is always conserved, whereas the structural
properties of the final MCM-41 only depend on the compo-
sition of the synthesis system and are not affected by the
different sources of silica. The secondary mesoporosity does
depend on the pore volume of the parent silica. For sources of
silica with a pore volume larger than the porosity of the final
MCM-41, some secondary porosity is left among the crystal-
lites of MCM-41.

On the contrary, for parent silica with a low initial pore
volume, the grain cannot accommodate the forming MCM-41
and bursts during the treatment. Fragmentation of the grain
takes place by spalling of the fast-reacting outer rim (Fig-
ure 3a). Another instance of grain fragmentation is induced
by the use of very alkaline treatment solutions. In this case the
dissolution of the parent silica is faster than the diffusion of
surfactant inside the grain, and the core of the grain becomes
mechanically unstable. Another kind of change of morphol-
ogy can occur with very long synthesis time (treatments for up
to one month have been tested). When the final MCM-41 is
left in the mother solution, Ostwald ripening occurs between
the MCM-41 crystallites which form the macroscopic grain.
Some crystals grow at the expense of others, protrude out of
the particles and form spaghetti-like fibers with, in most cases,
a hexagonal section (Figure 3b).

Table 2. Properties of calcined MCM-41 synthesized from different silica sources.

Silica source Average grain size Morphology Vmp
[a] Vp

[b] ac[c] D[d]

[�m] [cm3g�1] [cm3g�1] [nm] [nm]

Nucleosil (Macherey-Nagel) 5 spheres 0.78 0.93 4.5 3.9
Lichrosphere 60 (Merck) 10 spheres 0.86 0.91 4.7 3.8
Lichrosphere 100 (Merck) 15 spheres 0.82 1.00 4.7 3.6
sylopol (Grace) 50 spheroids 0.76 0.80 4.8 3.9
silica gel (Fluka 60) 130 splinters 0.74 0.80 4.7 3.8
BK385 (Akzo-Nobel) 1 dendrites 0.89 0.93 4.4 3.7
sipernat � 1 dendrites 0.79 1.08 4.4 3.8

[a] Structural pore volume. [b] Total pore volume (p/p0� 0.98). [c] Cell parameter. [d] Pore diameter.
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Figure 3. Examples of loss of morphology in unfavorable conditions.
a) Blasted grains as a result of low porous volume of the parent silica.
b) Long treatment time, Ostwald ripening occurs and spaghetti-like
nanocrystallites grow out from the particles.

Pseudomorphic synthesis is a good method to separately
optimize the morphology of the grain and the structural
properties of MCM-41. The experimental conditions for the
treatment with the surfactant solution can be varied widely.
The thickness of the MTS walls can be adjusted by changing
the alkalinity of the synthesis mixture.[22] The aluminum
content, relevant for catalytic applications, can be controlled
by either using a silica aluminum oxide as the silica source or
by adding the desired amount of sodium aluminate to the
reaction mixture. Quite ordered materials were formed with a
Si:Al ratio down to 7:1 in the reaction mixture (5.5:1 in the
solid formed). The pore size was varied up to 12 nm by adding
a swelling agent (1,3,5-trimethyl benzene) to the reaction
mixture, as described elsewhere.[23]

Pseudomorphic synthesis was successfully applied to a wide
range of particle sizes and morphologies (Table 2) which
makes this procedure suitable for the preparation of materials
with specific morphological requirements. Besides, for chro-
matographic applications, this procedure was successfully
applied to the large-scale preparation of monodispersed
spheres of MCM-41. This method could eventually be applied
to macroscopic objets such as membranes or films. However,
the stress generated during synthesis can lead to mechanical
instability and should be taken into account while choosing
the porosity of the parent silica and the experimental
conditions.

Experimental Section

MTS materials were prepared in a steel autoclave where reactants were
mixed in the following proportions 1 SiO2/0.1 ± 0.4 NaOH/0.05 ± 0.1 cetyl-
trimethylammonium bromide/0 ± 1.3 1,3,5-trimethyl benzene/0 ± 0.1 NaA-
lO2/20 ± 80 H2O. Reactants were mechanically stirred (400 rpm) for half an
hour at room temperature and put carefully in autoclave and left at 388 K
for between 15 min to 1 month. (Therefore, heating rate was not monitored
and it is expected that the 15-min synthesis does not reach the target
temperature). The resulting solids were recovered by filtration, washed
with water, and dried at 353 K overnight. Materials were then calcined
under air flow at 823 K for 8 h. Materials were then characterized by

powder X-ray diffraction (CuK� radiation, CGR Theta 60 diffractometer
with Inel drive), N2 sorption at 77 K (Micromeritics ASAP 2000),
thermogravimetric analyses (Setaram 90C) and scanning electron micro-
scopy (Hitachi). Pore diameters have been evaluated from adsorption data
according to Broekhoff and De Boer[24] and wall thicknesses from
diffraction and adsorption data according to Galarneau et al.[25] The
volume of the structural porosity has been measured above the pore-filling
step of the MCM-41 isotherm and the total mesopore volume includes all
pores with diameter lower than 50 nm. The authors gladly acknowledge the
contribution of D. Cot for electron microscopy.
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ACyclodextrin Diphosphane as a First and
Second Coordination Sphere Cavitand:
Evidence for Weak C�H ¥¥¥ Cl�M Hydrogen
Bonds within Metal-Capped Cavities
Eric Engeldinger, Dominique Armspach,*
Dominique Matt,* Peter G. Jones, and Richard Welter

Metallocavitands are coordination compounds that provide
the opportunity to study host ± guest interactions between
metal-bonded substrates and the internal part of a molecular
cavity.[1±11] Those in which a metal center is rigidly held above
the entrance of an opened cavity are particularly promising
since they may force the latter to form a second coordination
sphere with certain ligands.[12, 13] Through coordination, the
sequestered fragments are subjected to restricted movement
and their controlled positioning is expected to allow specific,
weak interactions to operate.

Modified cyclodextrins are amongst the most studied
molecular cavities, in particular for their ability to form
inclusion complexes with a large range of substrates in
water.[14±16] Many interesting applications derive from this
property,[17±21] but to date little structural data are available
about weak, noncovalent interactions involving the inwardly
pointing CH bonds.[22] On the other hand, the systematic weak
interglucose C-6-H(n) ¥¥ ¥ O-5(n� 1) hydrogen bonds which
contribute to the stability of the structures of methylated CDs
are well documented.[23, 24] We have recently shown that
chelating diphosphanes built on an �-cyclodextrin scaffold
such as 1 constitute unique probes for examining substitution
reactions occurring at a confined metal center.[13] In the course
of our investigations on the coordination properties of such
diphosphanes, we have now found that upon complexation
M�Cl fragments are systematically included in the CD cavity,
the chlorine atom(s) being noncovalently bonded in an
unprecedented way to inner-cavity CH groups.

Cavitand 1[13] bears two short phosphane units ideally suited
for forming trans-chelate complexes with d8 metals. Thus,
reaction of 1 with [PdCl2(PhCN)2] afforded complex 2 in
approximately 40% yield (Scheme 1, Table 1).[25, 26] All NMR
data are consistent with a twofold molecular symmetry, while
the formation of a monomeric species was inferred from the
FAB mass spectrum which displays a strong peak at m/z 1710
with the appropriate isotopic profile for the corresponding
[M�H]� ion. The presence in the 13C NMR spectrum of a
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Scheme 1. trans-Binding behavior of 1. Synthesis of 2 and 3.

virtual triplet for the PCH2 carbon atoms (J(PC) � 3J(PC)�
23 Hz) is in keeping with trans-arranged phosphorus atoms.[27]

The platinum analogue 3 which was obtained from
[PtCl2(PhCN)2] is characterized by a J(PPt) coupling constant
of 2637 Hz, typical of a trans configuration (Table 1). The
trans-spanning behavior of 2 was confirmed by an X-ray
diffraction study (Figure 1). The most striking feature of this
structure is the presence of a Pd�Cl bond that points inside
the cyclodextrin cone with the chlorine atom located near the
two inner H-5 atoms of the phosphorus-substituted glucose
units. A separation of 2.64(2) ä can be calculated for H-5 ¥¥¥
Cl by assuming a C-5-H-5 bond length of 0.95 ä. A clear
indication of a weak CH ¥¥¥ Cl interaction arises from the
1H NMR spectra of both complexes (2 and 3), which show that
two H-5 atoms have undergone a significant low-field shift of
approximately 0.8 ppm(!), with respect to the free ligand.

A further illustration of the ™chlorophillic∫ binding behav-
ior of cyclodextrin 1 is provided by its reaction with
[PdClMe(cod)] (cod� cycloocta-1,5-diene), which results in
quantitative formation of 4 (Scheme 2, Table 2). Again
diphosphane 1 behaves as a trans-binding ligand, as can easily
be deduced from the presence of a triplet for the methyl group
(3J(PH)� 6.0 Hz) in the 1H NMR spectrum. As for the
complexes described above, the two H-5 atoms close to the
phosphorus atoms are significantly low-field shifted relative
to their counterparts in free 1 (����1.35 ppm). Further-
more, 2D ROESY spectra unambiguously confirmed the
spatial proximity of the methyl group and the PPh2 groups,
hence establishing the preference of the cavity for the
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polarized Pd�Cl moiety rather than for the less-polar Pd-alkyl
group. Selective inclusion of the M�Cl bond in the cavity was
also observed for the rhodium complex 5 obtained by reaction
of 1 with [{RhCl(CO)2}2] (Table 2). The H-5 atoms in the
� position to the P atoms are shifted to 0.96 ppm.

The ability of cavitand 1 to bind M�Cl fragments seems to
be a general trend, even when the diphosphane is incorpo-
rated into higher coordination spheres. Thus, reaction of 1
with [RuCl2(CO)2]n in boiling ethoxyethanol afforded the
octahedral trans,cis,cis-complex 6 in approximately 70%
yield, together with trace amounts of another, unidentified
complex (Scheme 2, Table 2).[28] The infrared spectrum
of 6 displays two strong carbonyl bands, as expected for
two cis-coordinated carbonyl groups. The 1H NMR spectrum
is consistent with a C2-symmetric molecule and reveals
that in this case, two pairs of H-5 atoms are involved in
hydrogen bonding with the Cl atoms.[29] The stereochemistry

Figure 1. X-ray structure (space-filling model) of the C2-symmetric com-
plex 2. View from the bottom showing the Cl(2) atom in green and the H-5
atoms in yellow (two of them are hidden). The butanone molecule included
inside the CD has been omitted for clarity. Selected bond lengths [ä] and
angle [�]: Pd-Cl(1) 2.2908(19), Pd-Cl(2) 2.2875(19), Pd-P 2.3619(13); P-Pd-
P 171.81(7). Shortest H-5 ¥¥ ¥ Cl(2) distances: 2.64(2) ä.
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Table 1. Selected analytical data.

2 : yellow powder, yield 40% after column chromatography (SiO2, CH2Cl2/
MeOH, 94:6, v/v). Rf (CH2Cl2/MeOH, 94:6, v/v)� 0.31; m.p. 185 �C
(decomp); 1H NMR (200 MHz, CDCl3, 25 �C): �� 2.67 (brd, 2JH-6a,H-6b�
10.3 Hz; H-6aA,D), 2.85 (s, 6H; CH3O-6), 3.20 (s, 6H; CH3O-6), 3.47 (s, 6H;
OCH3), 3.49 (s, 6H; OCH3), 3.52 (s, 6H; OCH3), 3.61 (s, 6H; OCH3), 3.65
(s, 6H; OCH3), 3.78 (s, 6H; OCH3), 3.06 ± 4.11 (m, 32H; H-2, H-3, H-4,
H-5B,C,E,F, H-6aB,C,E,F, H-6b), 4.78 (d, 3JH-1,H-2� 2.7 Hz, 2H; H-1), 5.01 (d, 3JH-

1,H-2� 3.0 Hz, 2H; H-1), 5.13 (d, 3JH-1,H-2� 3.5 Hz, 2H; H-1), 5.13 (br t, 3J�
10.1 Hz, 2H; H-5A,D), 7.33 ± 7.43 (m, 12H; Hmeta and Hpara), 7.55 ± 7.63 (m,
4H, Hortho), 8.07 ± 8.16 ppm (m, 4H; Hortho); 13C{1H} NMR (50.3 MHz,
CDCl3, 25 �C): �� 34.94 (virtual t, 1JC,P � 3JC,P�� 23.0 Hz; C-6A,D), 57.50,
57.73 (CH3O-6), 58.94, 59.13 (�2) (CH3O-2), 61.13, 61.50, 61.82 (CH3O-3),
70.02 (C-4A,D), 70.61, 70.80 (C-6B,C,E,F), 71.33, 71.46 (C-5B,C,E,F), 80.28, 80.64,
80.77, 81.23 (�2), 81.69, 81.75, 83.36 (C-2, C-3, C-4B,C,E,F), 89.90 (virtual t,
2JC,P � 4JC,P�� 11.5 Hz; C-5A,D), 98.27 (�2) (C-1B,C,E,F), 100.77 (C-1A,D),
127.51 (virtual t, 3JC,P � 5JC,P�� 11.5 Hz; Cmeta), 128.07 (virtual t, 3JC,P �
5JC,P�� 9.8 Hz; Cmeta), 130.10 (s; Cpara), 130.56 (s; Cpara), 133.48 (virtual t,
2JC,P � 4JC,P�� 11.5 Hz; Cortho), 135.71 ppm (virtual t, 2JC,P � 4JC,P�� 13.2 Hz;
Cortho) (the Cipso atoms could not be identified); 31P{1H} NMR (121.5 MHz,
CDCl3, 25 �C): �� 11.9 ppm (s); elemental analysis (%): calcd for
C76H110Cl2O28P2Pd (1710.95): C 53.35, H 6.48; found: C 53.36, H 6.29; MS
(FAB): m/z (%): 1710.2 (33) [M�H]�, 1675.2 (17) [M�Cl]�, 1638.2 (13)
[M� 2Cl]�.

3 : pale yellow, yield: 41% after column chromatography (SiO2, CH2Cl2/
MeOH 94:6, v/v). Rf (CH2Cl2/MeOH, 94:6, v/v)� 0.31; m.p. 218 �C
(decomp); 1H NMR (200 MHz, CDCl3, 25 �C): �� 2.62 (d, 2JH-6a,H-6b�
10.7 Hz; H-6aA,D), 2.88 (s, 6H; CH3O-6), 3.19 (s, 6H; CH3O-6), 3.46 (s,
6H; OCH3), 3.48 (s, 6H; OCH3), 3.52 (s, 6H; OCH3), 3.60 (s, 6H; OCH3),
3.64 (s, 6H; OCH3), 3.78 (s, 6H; OCH3), 3.05 ± 4.08 (m, 32H; H-2, H-3, H-4,
H-5B,C,E,F, H-6aB,C,E,F,H-6b), 4.76 (d, 3JH-1,H-2� 2.6 Hz, 2H; H-1), 5.00 (d, 3JH-

1,H-2� 2.9 Hz, 2H; H-1), 5.13 (d, 3JH-1,H-2� 3.4 Hz, 2H; H-1), 5.18 (br t, 3J�
9.7 Hz, 2H; H-5A,D), 7.32 ± 7.44 (m, 12H; Hmeta and Hpara), 7.58 ± 7.64 (m,
4H; Hortho), 8.09 ± 8.16 ppm (m, 4H; Hortho); 13C{1H} NMR (50.3 MHz,
CDCl3, 25 �C): �� 36.55 (virtual t, 1JC,P � 3JC,P�� 21.5 Hz; C-6A,D), 57.53,
57.86 (CH3O-6), 58.94, 59.20, 59.30 (CH3O-2), 61.13, 61.50, 61.86 (CH3O-3),
69.99 (C-4A,D), 70.54, 70.84 (C-6B,C,E,F), 71.39 (�2) (C-5B,C,E,F), 80.28, 80.74
(�2), 81.26 (�2), 81.69 (�2), 83.39 (C-2, C-3, C-4B,C,E,F), 89.10 (virtual t,
2JC,P � 4JC,P�� 11.5 Hz; C-5A,D), 98.21, 98.27 (C-1B,C,E,F), 100.67 (C-1A,D),
127.42 (virtual t, 3JC,P � 5JC,P�� 9.8 Hz; Cmeta), 127.97 (virtual t, 3JC,P �
5JC,P�� 9.8 Hz; Cmeta), 130.17 (s; Cpara), 130.56 (s; Cpara), 133.55 (virtual t,
2JC,P � 4JC,P�� 11.5 Hz; Cortho), 135.71 (virtual t, 2JC,P � 4JC,P�� 11.5 Hz; Cor-

tho) (the Cipso atoms could not be identified); 31P{1H} NMR (121.5 MHz,
CDCl3, 25 �C): �� 7.8 (s with Pt satellites, 1JPt,P� 2637 Hz); elemental
analysis (%) calcd for C76H110Cl2O28P2Pt ¥ 0.5C6H6 (1799.61�39.06): C
51.61, H 6.19; found: C 51.64, H 6.08; MS (FAB): m/z (%): 1799.7 (0.1)
[M�H]�, 1763.8 (0.5) [M�Cl]�. The molecular structure was confirmed by
an X-ray analysis.
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Table 2. Selected analytical data.

4 : yellow powder, yield: 76%; Rf (CH2Cl2/MeOH, 94:6, v/v)� 0.31;
m.p. 178 �C (decomp); 1H NMR (500 MHz, C6D6, 25 �C): �� 0.02 (t, 3JH,P�
6.0 Hz, 3H; PdCH3), 2.77 (m, 2H; H-6aA,D) 3.20 (s, 6H; OCH3), 3.22 (s, 6H;
OCH3), 3.30 (s, 6H; OCH3), 3.31 (s, 6H; OCH3), 3.33 (s, 6H; OCH3), 3.39
(s, 6H; OCH3), 3.86 (s, 6H; CH3O-6), 3.88 (s, 6H; CH3O-6), 3.13 ± 4.71
(32H; H-2, H-3, H-4, H-5B,C,E,F, H-6aB,C,E,F, H-6b), 5.05 (d, 3J� 2.6 Hz, 2H;
H-1), 5.22 (d, 3J� 3.1 Hz, 2H; H-1), 5.40 (d, 3J� 3.5 Hz, 2H; H-1), 5.98
(br t, 3J� 9.5 Hz, 2H; H-5A,D), 6.86 ± 7.25 (m, 12H; Hmeta and Hpara), 7.70 ±
7.73 (m, 4H; Hortho), 7.88 ± 7.91 ppm (m, 4H; Hortho); 13C{1H} NMR
(50.3 MHz, C6D6, 25 �C): �� 4.51 (PdCH3), 37.30 (virtual t, 1JC,P � 3JC,P��
24.7 Hz; C-6A,D), 57.00, 57.36 (CH3O-6), 59.19, 59.56, 60.05 (CH3O-2),
60.96, 61.39, 62.11 (CH3O-3), 70.00 (C-4A,D), 72.27, 72.34 (C-5B,C,E,F), 72.41,
72.50 (C-6B,C,E,F), 81.35, 81.58 (�2), 81.88, 82.30, 82.47, 82.83, 84.17 (C-2,
C-3, C-4B,C,E,F), 88.80 (virtual t, 2JC,P � 4JC,P�� 9.9 Hz; C-5A,D), 98.33, 98.43
(C-1B,C,E,F), 101.09 (C-1A,D), 128.00 (virtual t, 3JC,P � 5JC,P�� 9.8 Hz; Cmeta),
128.43 (virtual t, 3JC,P � 5JC,P�� 9.8 Hz; Cmeta), 129.70 (s; Cpara), 130.39 (s;
Cpara), 131.11 (d, 1JC,P � 3JC,P�� 39.6 Hz; Cipso), 133.54 (virtual t, 2JC,P �
4JC,P�� 11.5 Hz; Cortho), 136.00 (virtual t, 2JC,P � 4JC,P�� 13.2 Hz; Cortho),
137.77 ppm (virtual t, 1JC,P � 3JC,P�� 39.6 Hz; Cipso); 31P{1H} NMR
(121.5 MHz, CDCl3, 25 �C): �� 19.4 ppm (s); elemental analysis (%) calcd
for C77H113ClO28P2Pd (1690.53): C 54.71, H 6.74; found: C 54.48, H 6.45;
MS (FAB): m/z (%): 1690.6 (17) [M]�, 1675.5 (10)
[M�CH3]�, 1653.6 (15) [M�Cl]�, 1638.6 (9) [M�CH3�Cl]�.

5 : orange-yellow powder, yield: 64%;Rf (CH2Cl2/MeOH, 94:6, v/v)� 0.30;
m.p. 182 �C (decomp); IR (KBr): �� � 1976 cm�1 (C�O); 1H NMR
(500 MHz, C6D6, 25 �C): � (assignment by COSY)� 2.84 and 3.65 (brAB,
4H, H-6A,D), 3.16 (s, 6H, OCH3), 3.19 (d, 2H, H-2B,E or C,F), 3.20 (d, 2H,
H-2A,D), 3.21 (d, 2H, H-2C,F or B,E), 3.22 (s, 6H, OCH3), 3.25 (s, 6H, OCH3),
3.28 and 4.40 (AB, 2J� 10.6 Hz, 4H, H-6C,F or B,E), 3.32 (s, 6H, OCH3), 3.33
(d, 2H, H-4A,D), 3.39 (s, 6H, OCH3), 3.44 (s, 6H, OCH3), 3.61 (d, 2H, H-3C,F
or B,E), 3.65 and 4.33 (AB, 2J� 10.6 Hz, 4H, H-6B,EorC,F), 3.80 (s, 6H, CH3O-
6), 3.87 (s, 6H, CH3O-6), 4.08 (t, 3J� 8.8 Hz, 2H, H-4B,EorC,F), 4.14 (t, 3J�
9.1 Hz, 2H, H-3A,D), 4.15 (t, 3J� 8.8 Hz, 2H, H-4C,ForB,E), 4.47 (brd, 3J�
9.3 Hz, 2H, H-5C,ForB,E), 4.55 (brd, 3J� 9.3 Hz, 2H, H-5B,EorC,F), 5.11 (d, 3JH-

1,H-2� 2.6 Hz, 2H, H-1A,D), 5.19 (d, 3JH-1,H-2� 2.9 Hz, 2H, H-1B,EorC,F), 5.36
(d, 3JH-1,H-2� 3.3 Hz, 2H, H-1C,ForB,E), 5.59 (br t, 3J� 9.7 Hz, 2H, H-5A,D),
6.95 ± 7.25 (m, 12H, Hmeta and Hpara), 7.78 ± 7.82 (m, 4H, Hortho), 8.17 ±
8.21 ppm (m, 4H, Hortho); 13C{1H} NMR (125.8 MHz, C6D6, 25 �C): ��
35.83 (virtual t, 1JC,P � 3JC,P�� 22.4 Hz, C-6A,D), 57.25, 57.41 (CH3O-6),
59.14, 59.30, 59.44 (CH3O-2), 61.25, 61.72, 62.12 (CH3O-3), 70.78 (C-
4A,D), 71.95, 72.32
(C-5B,C,E,F), 72.12, 72.49 (C-6B,C,E,F), 81.15, 81.63, 81.70 (�2), 81.88, 81.78,
82.84, 84.12 (C-2, C-3, C-4B,C,E,F), 89.23 (virtual t, 2JC,P � 4JC,P�� 10.4 Hz,
C-5A,D), 98.31, 98.81 (C-1B,C,E,F), 101.37 (C-1A,D), 127.97 (virtual t, 3JC,P �
5JC,P�� 9.6 Hz, Cmeta), 128.49 (virtual t, 3JC,P � 5JC,P�� 9.6 Hz, Cmeta), 129.69
(s, Cpara), 130.36 (s, Cpara), 133.35 (virtual t, 2JC,P � 4JC,P�� 12.0 Hz, Cortho),
134.54 (virtual t, 1JC,P � 3JC,P�� 44.2 Hz, Cipso), 135.58 (virtual t, 2JC,P �
4JC,P�� 13.6 Hz, Cortho), 140.68 ppm (virtual t, 1JC,P � 3JC,P�� 42.6 Hz, Cipso);
NMR 31P{1H} (121.5 MHz, C6D6, 25 �C): �� 17.9 ppm (d, 1JRh,P� 132 Hz);
elemental analysis (%) calcd for C77H110ClO29P2Rh ¥C6H6 (1700.02�
78.11): C 56.07, H 6.58; found: C 56.20, H 6.62; MS (FAB): m/z (%):
1679.4 (12) [M�Cl�O]�, 1670.4 (5) [M�CO]�, 1663.4 (3) [M�Cl]�,
1635.5 (19) [M�CO�Cl]�.

6 : yellow; yield: 61%. Rf (CH2Cl2/MeOH, 94:6, v/v)� 0.31; m.p. 145 ±
147 �C; 1H NMR (400 MHz, CDCl3, 25 �C): � (assignment by COSY)�
2.54 (m, 2H; H-6aA,D), 2.83 (s, 6H; CH3O-6), 2.95 (dd, 3JH-1,H-2� 2,7 Hz, 3JH-

2,H-3� 10.0 Hz, 2H; H-2A,D), 3.06 (t, 3JH-3,H-4� 3JH-4,H-5� 9.2 Hz, 2H; H-4A,D),
3.12 (dd, 3JH-1,H-2� 2,9 Hz, 3JH-2,H-3� 9.6 Hz, 2H; H-2B,EorC,F), 3.15 (dd, 2H;
H-6aC,ForB,E), 3.17 (dd, 2H; H-2C,ForB,E), 3.36 (dd, 2JH-6a,H-6b� 11.9 Hz, 3JH-5,H-

6b� 1.5 Hz, 2H; H-6bC,ForB,E), 3.39 (s, 6H; CH3O-6), 3.43 (s, 6H; OCH3),
3.47 (s, 6H; OCH3), 3.50 (s, 6H; OCH3), 3.60 (s, 6H; OCH3), 3.65 ± 3.75
(3 overlapping dd, 6H; H-6aB,EorC,F, H-3A,D, and H-4B,EorC,F), 3.66 (s, 6H;
OCH3), 3.69 (s, 6H; OCH3), 3.75 ± 3.82 (3 overlapping dd, 6H; H-3B,EorC,F,
H-3C,ForB,E, H-4C,ForB,E), 3.93 (m, 2JH-6b,H-6a� 11.5 Hz, 2H; H-6bA,D), 3.97 (dt,
3J� 10.8 Hz, 2H; H-5B,E or C,F), 4.36 (dt, 3J� 9.5 Hz, 2H; H-5C,ForB,E), 4.45 (d,
3J� 2.7 Hz, 2H; H-1A,D), 4.57 (brd, 3J� 7.0, 2H; H-6bB,EorC,F), 4.97 (br t,
3J� 9.5 Hz, 2H; H-5A,D), 5.06 (d, 3J� 2.9 Hz, 2H; H-1B,EorC,F), 5.11 (d, 3J�
3.1 Hz, 2H; H-1C,ForB,E), 7.30 ± 7.40 (m, 12H; Hmeta and Hpara), 7.48 ± 7.53
(m, 4H; Hortho), 7.89 ± 7.95 ppm (m, 4H; Hortho); 13C{1H} NMR (50.3 MHz,

CDCl3, 25 �C): �� 33.50 (virtual t, 1JC,P � 3JC,P�� 28.0 Hz; C-6A,D), 57.10,
58.15 (CH3O-6), 58.61, 58.84, 59.07 (CH3O-2), 61.20, 61.27, 61.43 (CH3O-3),
70.58 (C-4A,D), 71.03, 71.17 (C-6B,C,E,F), 70.67, 71.39 (C-5B,C,E,F), 78.93, 79.95,
80.80 (�2), 81.69, 81.98, 82.83, 83.72 (C-2, C-3, C-4B,C,E,F), 92.21 (virtual t,
2JC,P � 4JC,P�� 9.9 Hz; C-5A,D), 97.26, 99.32, 102.21 (C-1), 127.94 (virtual t,
3JC,P � 5JC,P�� 11.5 Hz; Cmeta), 128.30 (virtual t, 3JC,P � 5JC,P�� 8.2 Hz; Cmeta),
129.74 (s; Cpara), 130.43 (s; Cpara), 131.35 (virtual t, 2JC,P � 4JC,P�� 9.8 Hz;
Cortho), 132.79 (virtual t, 1JC,P � 3JC,P�� 42.8 Hz; Cipso), 134.76 (virtual t,
2JC,P � 4JC,P�� 11.5 Hz; Cortho) 139.94 (virtual t, 1JC,P � 3JC,P�� 46.2 Hz; Cipso),
193.66 ppm (t, 2JC,P� 12 Hz; CO); 31P{1H} NMR (121.5 MHz, CDCl3,
25 �C): �� 12.4 (s); elemental analysis (%) calcd for C78H110O30P2Cl2Ru ¥
0.5CH2Cl2 (1761.62�42.47): C 52.26, H 6.20; found: C 52.18, H 6.43; MS
(FAB): m/z (%): 1763.4 (8) [M�H]�, 1735.4 (30) [M�CO�H]�, 1706.4
(20) [M� 2CO]�, 1699.4 (35) [M�Cl�CO)]�.

of the complex and the presence of both M�Cl bonds inside
the cavity was confirmed by an X-ray study (Figure 2). The
solid-state structure exhibits some disorder that is character-
ized by two possible orientations of the ™Ru(CO)2Cl2∫ cross
which rotates by approximately 37� about the P ±P axis on
switching from one rotamer to the other (isomer ratio 80:20).
In other words, the chlorine atoms compete for the central
position inside the cyclodextrin. Both rotamers deviate some-
what from ideal C2 symmetry. In the major one (Figure 2) the
Cl(2) atom is close to four consecutive H-5 atoms (H ¥¥¥ Cl
separation ranging from 2.75(2) to 3.00(2) ä), while Cl(1)
interacts with the two remaining H-5 atoms (2.84(2) and
2.88(2) ä). Clearly the weakness of the individual Cl ¥¥ ¥H-5
interactions favors easy reorientation of the M�Cl bonds
within the upper part of the cavity. A general survey on the
occurrence of CH ¥¥¥ Cl hydrogen bonds in molecular struc-
tures indicates that such interactions take place only with

Figure 2. Molecular structure of 6 (major isomer). View from the bottom
showing the chlorine atoms in green (Cl(1) down, Cl(2) up), the H-5 atoms
in yellow, and the ruthenium atom in red. The included benzene molecule
has been omitted for clarity. Selected bond lengths [ä]: Ru-P 2.423(2) and
2.425(2), Ru-Cl(1) 2.408(3), Ru-Cl(2) 2.355(3); shortest Cl(1) ¥¥ ¥ H-5
distances: 2.75(2), 2.80(2), 2.84(2), 3.00(2); shortest Cl(2) ¥¥ ¥ H-5 distances:
2.84(2) and 2.88(2).
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A Stepwise Huisgen Cycloaddition Process:
Copper(�)-Catalyzed Regioselective ™Ligation∫
of Azides and Terminal Alkynes**
Vsevolod V. Rostovtsev, Luke G. Green,
Valery V. Fokin,* and K. Barry Sharpless*

Huisgen 1,3-dipolar cycloadditions[1] are exergonic fusion
processes that unite two unsaturated reactants and provide
fast access to an enormous variety of five-membered hetero-

Cl atoms having a marked anionic character.[30] This feature is
also realized, but to a lesser extent, in the M�Cl bonds of
complexes 2 ± 6.

The present study illustrates for the first time the ability of
an �-cyclodextrin cavity to recognize a transition metal M�Cl
bond through weak Cl ¥¥¥ H-5 interactions in the solid state as
well as in solution. The fact that such subtle interactions could
be observed in non-aqueous media is a consequence of the
absence of stronger competing supramolecular forces, such as
the hydrophobic effect, which usually plays a prevailing role
in the formation of CD inclusion complexes. Overall these
results illustrate the potential of modified cyclodextrins as
second-sphere ligands.
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cycles.[2] The cycloaddition of azides and alkynes to give
triazoles[3] is arguably the most useful member of this family.
However, likely because of concerns about the safety of
working with organic azides, synthetic chemists, in both pure
and applied fields, have not given this transformation the
special attention it deserves. Although the actual cycloaddi-
tion step may be faster and/or more regioselective for 1,3-
dipoles other than azide, the latter is by far the most
convenient to introduce and to carry hidden through many
synthetic steps. Indeed, it appears to be the only three-atom
dipole which is nearly devoid of side reactions.

Azides usually make fleeting appearances in organic syn-
thesis: they serve as one of the most reliable means to
introduce a nitrogen substituent through the reaction
�R�X�[R�N3]�R�NH2. The azide intermediate is shown
in brackets because it is generally reduced straightaway to the
amine.[4] Despite this ™azidophobia∫, we have learned to work
safely with azides because they are the most crucial functional
group for click chemistry endeavors.[5] Ironically, what makes
azides unique for click chemistry purposes is their extraordi-
nary stability toward H2O, O2, and the majority of organic
synthesis conditions.[6] The spring-loaded nature of the azide
group remains invisible unless a good dipolarophile is
favorably presented.[7] However, even then the desired
triazole-forming cycloaddition may require elevated temper-
atures and, usually results in a mixture of the 1,4 and
1,5 regioisomers [Eq. (1)].[1, 8]

Since efforts to control this 1,4- versus 1,5-regioselectivity
problem have so far met with varying success,[9] we were
pleased to find this copper(�)-catalyzed reaction sequence
which regiospecifically unites azides and terminal acetylenes
to give only 1,4-disubstituted 1,2,3-triazoles.[10] The process is
experimentally simple and appears to have enormous scope.

While a number of copper(�) sources can be used directly
(see below), we found that the catalyst is better prepared
in situ by reduction of CuII salts, which are less costly and
often purer than CuI salts (CuSO4 ¥ 5H2O serves well). As the
reductant, ascorbic acid and/or sodium ascorbate proved to be
excellent[11] for they allow preparation of a broad spectrum of
1,4-triazole products in high yields and purity at 0.25 ±
2 mol% catalyst loading. The reaction appears to be very
forgiving and does not require any special precautions. It
proceeds to completion in 6 to 36 hours at ambient temper-
ature in a variety of solvents, including aqueous tert-butyl
alcohol or ethanol and, very importantly, water with no
organic co-solvent.[12] Although most experiments were
performed at near neutral pH values, the catalysis seems to
proceed well at pH values ranging from approximately 4 to 12.
In other words, this is a very robust catalytic process, which is
so insensitive to the usual reaction parameters as to strain
credulity.[13]

The reaction between phenyl propargyl ether and benzy-
lazide in the presence of 5 mol% of sodium ascorbate and
1 mol% of copper(��) sulfate in a 2:1 mixture of water and tert-
butyl alcohol furnished the 1,4-disubstituted triazole product
in 91% yield after stirring for eight hours at room temper-
ature in a capped scintillation vial, but otherwise with no
effort to exclude oxygen [Eq. (2)]. The regiochemistry of the
product was established by NOE experiments and confirmed
by an X-ray crystallographic analysis.[14] For comparison, the
thermal reaction (neat, 92 �C, 18 h) between these substrates
gives both regioisomers in a ratio of 1.6:1 in favor of the
1,4 isomer.

The scope of this copper-catalyzed triazole synthesis is
partly revealed by the examples in Table 1; the lack of
functional group interference is especially noteworthy. These
triazoles are obtained by using a procedure which generally
involves little more than stirring the reagents and filtering off
pure products. Variously substituted primary, secondary,
tertiary, and aromatic azides readily participate in this trans-
formation. Tolerance for variations in the acetylene compo-
nent is also excellent.

Copper(�) salts, for example, CuI, CuOTf ¥ C6H6, and
[Cu(NCCH3)4][PF6], can also be used directly in the absence
of a reducing agent. These reactions usually require acetoni-
trile as co-solvent and one equivalent of a nitrogen base (for
example, 2,6-lutidine, triethylamine, diisopropylethylamine,
or pyridine). However, formation of undesired by-products,
primarily diacetylenes, bis-triazoles, and 5-hydroxytriazoles,
was often observed.[10, 15] This complication with the direct use
of CuI species was minimized when 2,6-lutidine was used, and
exclusion of oxygen further improved product purity and
yield.[16] Even though a broad range of both acetylene and
azide components react readily in the acetonitrile system, we
prefer the even more reliable and simple CuII/ascorbate
aqueous system (with or without co-solvents and amine
buffers/additives).

Our mechanistic proposal for the catalytic cycle is shown in
Scheme 1. It begins unexceptionally with formation of the
copper(�) acetylide I[17] (as expected, no reaction is observed
with internal alkynes), but then gets interesting. Extensive
density functional theory calculations[18] offer compelling
evidence which strongly disfavors–by about 12 ± 15 kcal–
the concerted [2�3] cycloaddition (B-direct) and points to a
stepwise, annealing sequence (B-1�B-2�B-3, hence the
term ™ligation∫), which proceeds via the intriguing six-
membered copper-containing intermediate III.[19]

In conclusion, the CuI-catalyzed transformation described
here–a high-yielding and simple to perform ™fusion∫ process
leading to a thermally and hydrolytically stable triazole
connection–is an ideal addition to the family of click
reactions. The process exhibits broad scope and provides
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1,4-disubstituted 1,2,3-triazole products in excellent yields and
near perfect regioselectivity. The fact that this ™unstoppable∫
reactivity[20] of copper(�) acetylides with organic azides
remained unrevealed until now, despite the great body of
research on copper-mediated organic synthesis over the last

Scheme 1. Proposed catalytic cycle for the CuI-catalyzed ligation.

seventy years, is extraordinary. It can only be attributed to the
often irrational fear of azides and is just another indication of
the untapped potential of this underappreciated functional
group. Above all, what this new catalytic process seems to
offer is an unprecedented level of selectivity, reliability, and
scope for those organic synthesis endeavors which depend on
the creation of covalent links between diverse building blocks.
Several studies which highlight the capabilities of the process,
as well as studies hoping to achieve better mechanistic
understanding of its unique reactivity features, are currently
underway and will be reported in due course.

Experimental Section

General procedure (entry 11, Table 1): 17-ethynylestradiol (888 mg,
3 mmol) and (S)-3-azidopropane-1,2-diol (352 mg, 3 mmol) were suspend-
ed in a 1:1 mixture of water and tert-butyl alcohol (12 mL). Sodium
ascorbate (0.3 mmol, 300 �L of freshly prepared 1� solution in water) was
added, followed by copper(��) sulfate pentahydrate (7.5 mg, 0.03 mmol, in
100 �L of water). The heterogeneous mixture was stirred vigorously
overnight, at which point it cleared and TLC analysis indicated complete
consumption of the reactants. The reaction mixture was diluted with water
(50 mL), cooled in ice, and the white precipitate was collected by filtration.
After washing the precipitate with cold water (2� 25 mL), it was dried
under vacuum to afford 1.17 g (94%) of pure product as an off-white
powder. M.p. 228 ± 230 �C. Elemental analysis calcd for C23H31N3O4:
C 64.02, H 7.71, N 9.74%; found: C 64.06, H 7.36, N 9.64%. 1H NMR
([D6]DMSO) �� 8.97 (s, 1H), 7.77 (s, 1H), 6.95 (d, J� 8.3 Hz, 1H), 6.45
(dd, J� 8.3, 2.3 Hz, 1H), 6.41 (d, J� 2.3 Hz, 1H), 5.13 (m, 1H), 5.09 (d, J�
2.9 Hz, 1H), 4.83 (m, 1H), 4.46 (m, 1H), 4.21 (m, 1H), 3.81 (m, 1H), 3.26
(m, 1H), 2.67 (m, 2H), 2.35 (m, 1H), 2.08 (m, 1H), 1.96 (m, 1H), 1.89 ± 1.77
(m, 3H), 1.63 (m, 1H), 1.48 ± 1.12 (m, 6H), 0.91 (s, 3H), 0.74 ppm (s, 1H);
13C NMR ([D6]DMSO) �� 154.8, 153.8, 137.2, 130.4, 126.0, 123.3, 114.9,
112.7, 81.1, 70.6, 70.4, 63.2, 52.6, 47.5, 46.7, 43.2, 37.2, 32.6, 29.3, 27.2, 26.1,
23.6, 14.4 ppm.
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Table 1. Synthesis of 1,4-disubstituted 1,2,3-triazoles catalyzed by CuI ions
in the presence of ascorbate.[a]

Entry Product Yield [%]

1 92

2 93

3 82

4 84

5 91

6 88

7 88

8 84

9 88

10 90

11 94

[a] All reactions were carried out in water with tert-butyl alcohol as co-
solvent, 0.25 ± 0.5 � in reactants, with 1 mol% of CuSO4 and 10 mol% of
sodium ascorbate, and were complete in 12 ± 24 h.
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Electronic and Steric Effects on Catalysts for
CO2/Epoxide Polymerization: Subtle
Modifications Resulting in Superior
Activities**
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Carbon dioxide is an attractive chemical feedstock. In
addition to the fact that CO2 is an inexpensive substance of
practically inexhaustible supply, it is also nonflammable and
exhibits low toxicity.[1±3] Since CO2 is believed to contribute
significantly to global warming, its removal from the atmos-
phere has added environmental benefits. Consequently, the
alternating copolymerization of carbon dioxide with epoxides
to aliphatic polycarbonates has been a topic of increasing
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interest over the past decade.[4] Not only do these polymers
exhibit interesting material properties, but they have the
additional environmental advantage that they biodegrade
under composting conditions.[5, 6] Thus the development of
efficient and versatile catalysts that can enchain CO2 with a
range of epoxides remains a significant scientific goal.

In 1969, Inoue first reported that ZnEt2/H2O mixtures
catalyzed the copolymerization of propylene oxide and
CO2.[7] Although these original catalysts exhibited extremely
low activities, requiring days to make appreciable amounts of
polymer, they represent a truly remarkable achievement in
the field of CO2 utilization. Detailed information of the active
species is not available owing to the heterogeneous nature of
the catalyst, but propagation sites are generally thought to
consist of zinc alkoxide and carbonate propagating species. In
the ensuing two decades, a substantial amount of work was
reported regarding the development of related heterogeneous
catalyst mixtures for epoxide/CO2 polymerization.[4, 8, 9] In the
past decade, significantly improved catalysts for cyclohexene
oxide (CHO)/CO2 copolymerization were reported, including
chromium porphyrins,[10±12] discrete zinc phenoxides,[13±17] and
ZnO/fluorinated carboxylic acids.[18] We recently discovered
�-diiminate zinc alkoxides ([{Zn(OMe)(bdi)}2]; Scheme 1), as
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Scheme 1. Epoxide/CO2 copolymerization with [{Zn(OMe)(bdi)}2]
catalysts.

well as zinc carboxylates, that exhibit unprecedented rates for
CHO/CO2 polymerization under mild reaction condi-
tions.[19, 20] In addition, these were the first catalysts reported
for the living synthesis of high molecular weight polymers
from epoxides and CO2. Subsequent work centered on the
development of chiral imine/oxazoline ligated complexes for
the enantioselective copolymerization of epoxides with
CO2.[21] One of the key design features of these complexes
is a permanent ligand set that remains bound to the active zinc
center throughout the polymerization and thus improves its
catalytic behavior.

Mechanistic studies involving [{Zn(OR)(bdi)}2] complexes
revealed that subtle ligand modifications led to dramatic
differences in catalytic activity. For example, the 2,6-substitu-
ents of the aryl group have a profound effect on activity; small
methyl and large n-propyl groups result in inactivity, while
ethyl and isopropyl groups result in excellent activity.[20]

Preliminary kinetic studies have revealed that the polymer-
izations are second order in [Zn(OR)(bdi)] which suggests a
bimetallic enchainment of monomer. Therefore, we interpret
the inactivity of complexes bearing ortho-methyl groups to
result from a strongly bound dimer, while the inactivity of
complexes bearing ortho-n-propyl groups stems from the high
energy of the bimetallic transition state required for enchain-
ment. Given the fact that extremely subtle steric effects
produced such dramatically different catalytic activities, we
embarked on the investigation of unsymmetrically substituted
complexes in search of improved activities. In addition, we
sought to understand the effect of electronic perturbation of
the ligand on polymerization rate.[22, 23] Herein, we report a
significantly improved class of single-site catalysts for
CHO/CO2 polymerization as a result of these studies.

Under the premise that a more electron-deficient zinc
center would increase the reaction rate due to more effi-
cient epoxide coordination, we investigated the addition of
an electron-withdrawing cyano group to the �-diiminate
ligand (Scheme 1). Ligand (bdi-2)H was synthesized by the
deprotonation of (bdi-1)H followed by reaction with p-
toluenesulfonylcyanide.[24] The complexes [{Zn(�-OMe)-
(bdi-1)}2][20] and [{Zn(�-OMe)(bdi-2)}2] were made by reac-
tion of the ligand with ZnEt2 followed by reaction with
methanol.[25] In Table 1, we report the data for alternating
copolymerization of CHO and CO2 with [{Zn(�-OMe)-
(bdi)}2], with ligands (bdi-1)H and (bdi-2)H. Reactions were

Table 1. Combined ligand effects on CHO/CO2 copolymerization.[a]

Complex t [min] CO2 pressure
[psi/MPa]

TON[b] TOF[c]

[h�1]
gpoly gM�1

[h�1]
Carbonate linkages
[%][d]

Mn

[kgmol-1][e]
Mw/Mn

[e]

[{Zn(�-OMe)(bdi-1)}2] 120 100/0.69 478 239 518 96 23.7 1.14
[{Zn(�-OMe)(bdi-2)}2] 10 100/0.69 282 1690 3670 93 17.8 1.08
[{Zn(�-OMe)(bdi-3)}2] 10 100/0.69 362 2170 4710 89 22.8 1.11
[{Zn(�-OMe)(bdi-4)}2] 10 100/0.69 382 2290 4980 90 22.9 1.09
[CrCl(tfpp)]/DMAP[f] 1080 3300/23 3120 173 472 97 3.9 1.16
[Zn(O-2,6-F2C6H3)2 ¥ THF]2[g] 2880 800/5.5 365 8 17 � 99 42.0 6.0
HO2CCH�CHCO2(CH2)2C6F13/ZnO[h] 1440 2000/14 216 4 9 93 17.0 6.4

[a] All of the [{Zn(�-OMe)(bdi)}2] polymerizations were performed in neat cyclohexene oxide with [monomer]/[Zn]� 1000 at 50�C. [b] Turnover number;
moles of CHO consumed per mole of metal. [c] Turnover frequency; moles of CHO consumed per mole of metal per hour. [d] Calculated by integration of
methine resonances in the 1HNMR spectrum of polymer (CDCl3, 300MHz). [e] Determined by gel permeation chromatography, calibrated with polystyrene
standards in tetrahydrofuran. [f] tfpp� tetraperfluorophenylporphyrin, DMAP� 4-dimethylaminopyridine; data from ref. [11] (T� 110 �C). [g] Data from
ref. [16] (T� 80 �C). [h] Data from ref. [18] (T� 100 �C).
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run to moderate conversions (�40%) in neat epoxide to
emphasize differences in reactivity, although reactions in THF
and toluene at longer reaction times proceed to near
quantitative conversion. [{Zn(�-OMe)(bdi-1)}2] is an ade-
quate catalyst over the course of 2 hours and produces
monodisperse carbonate polymer with a turnover frequency
of 239 h�1. In a short 10-minute reaction, [{Zn(�-OMe)-
(bdi-1)}2] produces only a trace amount of polymer. In
contrast, [{Zn(�-OMe)(bdi-2)}2] exhibits substantially higher
activity for the polymerization, with a turnover frequency of
1690 h�1. Although the polymer is still monodisperse, the
percentage of carbonate linkages is slightly lower (93%).

During our prior copolymerization studies of CHO and
CO2, we found that the [{Zn(OMe)(bdi)}2] complex containing
2-ethyl-6-isopropylphenyl groups exhibits superior activity to
those with either 2,6-diisopropylphenyl or 2,6-diethylphenyl
groups.[20] We therefore believed that further modification of
the ligand geometry could provide an optimal active site for
monomer enchainment to result in dramatically improved
activities. To probe this we decided to synthesize complexes
with ligands bearing different aryl groups. Unsymmetrical
ligands were synthesized by refluxing two different anilines
(one equivalent of each) plus one equivalent of 2,4-pentane-
dione in acidic ethanol. Isolation of the unsymmetrical ligands
was accomplished through repeated crystallization from
ethanol. Cyanation of the ligands and complex synthesis was
performed as previously described to give the complexes
[{Zn(�-OMe)(bdi-3)}2] and [{Zn(�-OMe)(bdi-4)}2] in 25%
and 18% yield, respectively (Scheme 1). The unsymmetrical
ligand allows for two potential dimeric complex structures,
where the diisopropylphenyl substituents are either syn or anti
to each other. A steric argument would suggest the molecules
would rather crystallize to alleviate unnecessary repulsions. A
single-crystal X-ray diffraction study[26] was performed on
[{Zn(�-OMe)(bdi-4)}2] and interestingly, the dimeric zinc
methoxide aligns the more bulky isopropyl groups adjacent to
one another causing minor distortion of the dimer versus
symmetrical complexes (Figure 1). The Zn�Zn separation is

Figure 1. X-ray crystal structure of [{Zn(�-OMe)(bdi-4)}2]. Selected bond
lengths [ä] and bond angles [�]: Zn(1)-N(1) 2.003(2), Zn(1)-N(2) 1.997(2),
Zn(1)-O(1) 1.9427(17), Zn(1)-O(1A) 1.9780(17), O(1)-C(1) 1.408(3); O(1)-
Zn(1)-O(1A) 80.89(7), N(1)-Zn(1)-N(2) 94.19(8), N(1)-Zn(1)-O(1A)
116.38(8), N(2)-Zn(1)-O(1) 119.85(8) Zn(1)-O(1)-Zn(1A) 99.11(7), C(1)-
O(1)-Zn(1) 131.5(2), C(1)-O(1)-Zn(1A) 128.2(2).

2.98 ä, and each zinc atom adopts a distorted tetrahedral
geometry. The six-membered chelate is fairly planar (a slight
boat-shaped conformation is achieved) with a Zn deviation of
0.64 ä from the plane defined by N(1)-N(2)-C(4). The Zn�O
bond lengths are 1.94 and 1.98 ä, and the bond angles of
N(1)-Zn(1)-N(2) and O(1)-Zn(1)-O(1A) are 94.19� and
80.89�, respectively. It is unclear why {Zn(OMe)(bdi-4)}
dimerizes and then crystallizes in this fashion, although
1H NMR spectra of both [{Zn(�-OMe)(bdi-3)}2] and [{Zn(�-
OMe)(bdi-4)}2] show a mixture of the two dimeric structures
in C6D6 solution. We therefore propose that the sterically
disfavored dimeric structure is merely more crystalline.

To the best of our knowledge, [{Zn(�-OMe)(bdi-3)}2] and
[{Zn(�-OMe)(bdi-4)}2] exhibit the highest reported activity
for CHO/CO2 copolymerization. Table 1 gives polymerization
data for these compounds, as well as literature data for
competing catalysts. At 50 �C and 100 psi (0.69 MPa) of CO2

the catalysts exhibit turnover frequencies of 2170 and
2290 h�1. The polymers produced are nearly identical with
�90% carbonate linkages, Mn� 23000 Da, and molecular
weight distributions of �1.1. Despite the small presence of
polyether linkages, these complexes are inactive for the
homopolymerization of CHO over one day. We are currently
investigating the mechanistic issues as to why polyether
linkages are observed, while CHO homopolymer is not
synthesized.

In conclusion, we have systematically improved the activity
of �-diiminate zinc methoxide complexes for CHO/CO2

copolymerization. [{Zn(�-OMe)(bdi-4)}2] exhibits the highest
reported activity for this reaction. In addition, these com-
plexes offer new opportunities for control of molecular
weights and block copolymer synthesis owing to the living
nature of the copolymerizations. The well-defined nature of
the complexes provides excellent opportunities to probe the
mechanism of the polymerization steps in detail, and these
studies are currently underway. Work is also centered on
employing these catalysts for the polymerization of new
classes of epoxides with CO2, as well as other monomers.
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A Novel Polymer-Supported Arene±Ruthenium
Complex for Ring-Closing Olefin Metathesis**
Ryo Akiyama and Shu≈ Kobayashi*

Arene ± ruthenium complexes are very useful precatalysts
for several organic reactions, such as transfer hydrogena-
tion,[1] Diels ±Alder reaction,[2] olefin cyclopropanation,[3]

enol formate formation,[4] cyclization of dienylalkyne,[5] and
olefin metathesis.[6] While the catalysts prepared from the

arene ± ruthenium complexes are air- and moisture-sensitive,
expensive, and cannot be recovered in many cases, immobi-
lized catalysts are expected to solve these problems. Although
several polymer-supported ruthenium complexes have been
reported,[7] however, these are not without problems, such as
tedious procedures for the preparation of the complexes, low
activity compared with the original catalysts, and difficulty of
applying the catalysts to other reactions. Therefore, develop-
ment of more versatile polymer-supported ruthenium com-
plexes is strongly demanded. Herein, we describe a novel
polymer-supported arene ± ruthenium complex that is recov-
ered quantitatively and reused for ring-closing olefin meta-
thesis and other reactions.

Our idea is to utilize the benzene rings of polystyrene
as ligands to immobilize arene ±metal complexes. However,
it is known that arene-displacement reactions at RuII

centers are often sluggish.[8] Thus, we carefully chose
[{Ru(�6-C6H5CO2Et)Cl2}2] (1) as the starting material, be-
cause it was reported that an intramolecular arene exchange
proceeded in good yield using 1 instead of [{Ru(�6-p-
cymene)Cl2}2].[9] Dimer 1 was easily prepared according to
the literature procedure,[8, 9] and treatment of 1 with tri-
phenylphosphane or tricyclohexylphosphane gave [Ru-
(�6-C6H5CO2Et)(PR3)Cl2] (2a : R�Ph, 2b : R�Cy) quanti-
tatively.

Preparation of the polymer-supported arene ± ruthenium
complexes using 2 was successfully performed based on a
procedure which is similar in part to that of formation of
microcapsules (Scheme 1).[10, 11] All other methods we tested

Ru
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Cl

n

cyclohexane
65 °C, 1 h

2a  or 2b

120 °C, 24 h
65 °C, 1 h
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x y

3a : R = Ph
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Mw ≈ 280000

Scheme 1. Synthesis of polymer-supported [(arene)RuCl2(PR3)] (3).

did not give satisfactory results. The structure of the polymer-
supported arene ± ruthenium complexes was confirmed by
NMR spectroscopic analysis. We measured the 31P swollen-
resin magic-angle spinning (SR-MAS) NMR spectra[12] of the
catalysts, and only one peak arising from PR3 (3a R�Ph: ��
25.7 ppm, 3b R�Cy: �� 28.5 ppm) coordinating to the
ruthenium was observed.[13] From these results, we concluded
that the catalyst was supported as [(arene)RuCl2(PR3)]
(polymer-supported [(arene)RuCl2(PR3)] (3; PS-RuCl2-
(PR3))). To our knowledge, this is the first example of a
polymer-supported ruthenium catalyst, in which the benzene
rings of the polymer coordinated to the ruthenium to
immobilize the catalyst onto the polymer.

PS-RuCl2(PR3) was used in the ring-closing olefin meta-
thesis (RCM). We prepared a polymer-supported cationic
ruthenium± allenylidene complex according to the Dixneuf
and F¸rstner method.[6b,c] PS-RuCl2(PPh3) (3a), tricyclohex-
ylphosphane (PCy3), 1,1-diphenyl-2-propynol (4), and sodium
hexafluorophosphate (NaPF6) were mixed in several solvents,
and the mixture was stirred for 1 h under reflux. Signals of the
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31P SR-MAS NMR spectra of
the activated ruthenium cata-
lyst (5a) thus prepared were
observed at 50.8 and
�144.0 ppm.[14] We then tested
5a in the RCM of N,N-diallyl-
p-toluensulfonamide (6) in
hexane (Table 1). It was found
that the choice of solvents was

crucial. While the desired product was obtained in good yield
in the first run in iPrOH:hexane (1:1), the activity of the
catalyst decreased significantly in the second and third runs

Ts
N

Ts
N

OH

Ph
PhPCy3, NaPF6,

3a
solvent, reflux, 1 h

5a

5a (20 mol %)

hexane, reflux, 12 h

filtration

6

4

(entry 2). On the other hand, the yield of the desired product
was very low in iPrOH (entry 1). In iPrOH:hexane (1:10),
moderate yields were obtained. The activity of the catalyst
was maintained even after the third use (entries 3 and 4).[15]

To increase the yields, we examined the reactivation
conditions of the recovered catalysts in RCM reactions
(Table 2). After careful investigation, the best results were
obtained when a mixture of the recovered catalyst, PCy3, and
4 was stirred for 1 h under reflux and, after addition of NaPF6,

Ts
N

Ts
N5a (20 mol %)[a,b]

hexane, reflux, 12 h

6

further stirred for 12 h at room temperature (method C). We
tested several other examples of the PS ±Ru-catalyzed RCM
of olefins (Table 3).[11] Six-membered rings as well as five-
membered rings were smoothly formed under these condi-
tions, while sterically hindered diethyl diallylmalonate was
less reactive (entry 4). Recovery of the catalyst was quanti-

tative in all cases, and the recovered catalyst could be reused
without loss of activity. In addition, the structure of the
recovered catalyst was confirmed by 31P SR-MAS NMR
spectroscopic analysis. Signals were observed at 50.8 and
�144.0 ppm, which are consistent with those of the original
catalyst 5a.

Catalyst 3a was successfully used in other reactions.
Acetophenone was reduced smoothly in the presence of 3a
to afford the corresponding alcohol in high yield (Scheme 2).
In addition, 3a catalyzed the cyclization of the dienylalkyne 7
in good yield (Scheme 3).

O OH

K2CO3 (0.5 equiv), iPrOH, reflux, 12 h

3a (20 mol %), PPh3 (20 mol %)

87 % yield

Scheme 2. Hydrogenation of acetophenone using 3a.

O O
hexane/toluene (10:1), reflux, 20 h

3a (20 mol %), PPh3 (20 mol %)
NH4PF6 (20 mol %)

7 68 % yield

Scheme 3. Cyclization of dienylalkye using 3a.

In summary, we have accomplished the first immobilization
of arene ± ruthenium complexes onto the benzene rings of
polystyrene. The polymer-supported catalyst (PS-RuCl2-

Table 1. Effect of solvents in the preparation of the active catalyst.

Entry Solvent Yield [%] (Recovery [%])
1st 2nd 3rd

1 iPrOH 8 (quant) 9 (quant) �
2 iPrOH:hexane (1:1) 78 (quant) 48 (quant) 16 (quant)
3 iPrOH:hexane (1:10) 42 (quant) 69 (quant) 71 (quant)
4 iPrOH:hexane (1:10)[a] 49 (98) 72 (quant) 77 (quant)

[a] 3b was used instead of 3a.

Ru+

Cl

PCy3

•
•

Ph

Ph

x y

5a

[PF6]–

Table 2. Reactivation conditions of the catalyst.

Entry Method
(Conditions)

Yield [%]
1st 2nd 3rd

1 A (PCy3, 4, reflux, 1 h) 40 72 77
2 B (PCy3, NaPF6, 4, RT, 12 h) 63 56 49
3 C (PCy3, 4 reflux, 1 h then NaPF6,

RT, 12 h)
69 73 85

4[c] C 75 81 98[f]

5[c,d] C 71 85 88
6[c,e] C 97 18 12
7[c,g] 80

[a] Catalyst 5a was reactivated under method A±C in iPrOH:hexane
(1:10). [b] Recovery of catalysts was quantitative. [c] Hexane:toluene
(10:1) was used as a solvent in RCM. [d] 10 mol% of 5a were used.
[e] 5 mol% of 5a were used. [f] 4th; 83% (recovery: quant), 5th; 82%
(recovery: quant), 6th; 89% (recovery: quant), 7th; 92% (recovery:
quant). [g] [(p-cymene)RuCl(PCy3)(�C�C�CPh2)]�[PF6]� was used
instead of 5a.

Table 3. Ring-closing olefin metathesis using 5a.[a]

Entry Substrate Product Yield [%]

1 98

2 92

3 57[b]

4 72

5 66

6 82

[a] All reactions were carried out using 5a (20 mol%) in hexane:toluene
(10:1) under reflux conditions for 12 h; Ts� tosyl [b] Reaction was carried
out for 24 h.
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(E)-4-Hydroxy-3-methylbut-2-enyl
Diphosphate: An Intermediate in the
Formation of Terpenoids in Plant
Chromoplasts**
Wenyun Gao, Reik Loeser, Maja Raschke,
Marco A. Dessoy, Michael Fulhorst,
Henriette Alpermann, Ludger A. Wessjohann,* and
Meinhart H. Zenk*

Nature×s terpenoids, with over 35000 known members,
constitute compounds that are either essential for life
(namely, cholesterol, vitamins) or represent secondary prod-
ucts, such as chemical attractants, defense compounds, and
antibiotics. Until recently, terpenoids were assumed to be
formed exclusively by the mevalonate pathway.[1] It has now
been shown that an alternative metabolic route exists in
plastids of higher plants and in the majority of bacteria. This
pathway leads from pyruvate (1) and �-glyceraldehyde-3-
phosphate (2) via 1-deoxy-�-xylulose phosphate (3, DXP,
Scheme 1) and the intermediates 4 ± 7 to the key metabolites
isopentenyl diphosphate (9, IPP) and dimethylallyl diphos-
phate (10, DMAPP), which are essential to all organisms.[2]

The cyclic diphosphate 7 has been proven to be a precursor to
9 and 10 in the alternative pathway and thus to plastidic
isoprenoids, mainly phytoene (11).[3] This reaction involves a
threefold, possibly stepwise, dehydroxylation at carbon atoms
C-2, C-3, and C-4 of 7.

On comparative phytochemical grounds, we postulated that
(E)-4-hydroxy-3-methylbut-2-enyl diphosphate (8, Schemes 1
and 2) is a likely intermediate in the deoxyxylulose phosphate
pathway between 7 and 9/10.[4] This hydroxylated hemi-
terpene is seen biogenetically in numerous plant-derived
products, such as the plant hormone 13, the glucoside of (E)-2-

(PPh3)) has been successfully used in RCM and other
ruthenium(��)-catalyzed reactions. In all cases, the reactions
proceeded in high yields, and the catalyst was recovered
quantitatively by simple filtration and reused. Further inves-
tigation to apply P,S-RuCl2(PPh3) to other ruthenium(��)-
catalyzed reactions is now in progress.
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Scheme 1. Deoxyxylulose phosphate (DXP) pathway for the biosynthesis
of terpenoids.
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Scheme 2. Proposed late intermediates X (8) and 12 of the DXP-
isoprenoid pathway.

methylbut-2-ene-1,4-diol(14), another glucoside of Z isomer
15, and many other secondary plant products, such as 16 and
17 (Scheme 3).[5]
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Scheme 3. Natural products which may be (partially) derived from
intermediate 8 or its IPP analogue.

To test the postulated intermediacy, the labeled diphos-
phates of 8 were synthesized from the new aldehyde 12
(Scheme 4), which itself is a postulated intermediate (see
below). This strategy allowed the convenient introduction of

O

O
Br

O
OPP

18 19 12

a b
c

d

[4-2H]8

[4-3H]8

Scheme 4. Synthesis of 12, [4-2H]8, and [4-3H]8. Reagents and conditions:
a) CuBr2 (2.1 equiv), Li2CO3 (1.4 equiv), CHCl3/EtOAc (1:1), 90 �C,
20 min, 87%; b) (nBu4N)2H2P2O7 (3 equiv), CH3CN, 0 to 22 �C, 2.5 h, ionic
exchange (Na�), 42% (the yield of 12, which is obtained within solid
sodium(hydrogen) carbonate buffer, was determined by quantitative 31P
NMR spectroscopy in NaHCO3-buffered water using phenylphosphonic
acid as the internal standard); c) NaB2H4 (2 mol equiv), H2O/MeOH (2:1),
RT, 2 h, 16%; d) NaB3H4 (0.5 mol equiv), H2O/MeOH (2:1), RT, 2 h, 19%.

tritium or deuterium as the last step in the synthesis. Aldehyde
12 was obtained in a two-step preparation starting from
commercially available 2-methyl-2-vinyloxirane (18)[6] follow-
ing a modification of the method of Davisson et al.[7] It should
be noted that the usual counterion exchange of tetra-n-
butylammonium to ammonium is not advisable in this case
because ammonia addition to the enal moiety can occur. The
target compound 8 was obtained as the [4-2H]- or [4-3H]-
labeled form by reduction of 12 with NaB2H4 or NaB3H4,
respectively.

To test the postulated role of 8 as a biosynthetic inter-
mediate between 7 and 9/10, chromoplasts from Narcissus
pseudonarcissus and Capsicum annuum were supplied with
[4-3H]8 in the presence of a phosphatase inhibitor (NaF), an
energy source (adenosine-5�-triphosphate (ATP)/Mg2�), and a
reductant (the reduced form of nicotinamide adenine dinu-
cleotide (NADPH)). The incubations were performed as
previously published and terpenoids were isolated from the
incubation mixture by extraction with ethyl acetate.[3]
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In the presence of chromoplasts, [4-3H]8 is rapidly con-
verted in the incubation mixture and radioactivity accumu-
lates in the ethyl acetate phase (Table 1). 50% of the

radioactivity in the ethyl acetate fraction was located in
phytoene (11), which is the main metabolite synthesized from
the more distant precursor 7.[3] The remaining 50% of the
radioactivity from [4-3H]8 in that fraction was found in
various carotenoids. Phosphorylated intermediates other than
8, 9, and 10 were barely detected after HPLC analysis of the
aqueous phase (for the HPLC conditions, see ref. [3]). The
almost quantitative transformation of labeled 8 into plastidic
terpenoids in these taxonomically separate plant species
demonstrates for the first time the intermediacy of 8 in the
terpenoid pathway in higher plants.

Short term (5 ± 20 min) application of [14C2]7 to both
chromoplast preparations resulted in the incorporation of
this cyclic diphosphate into terpenoids,[3] but upon HPLC
analysis of the aqueous phase, radioactivity was clearly seen to
transiently accumulate in an intermediate (up to 25% of the
total supplied [14C2]7) in both the Narcissus and Capsicum
chromoplasts (Figure 1). Phosphatase or chemical hydroly-
sis[8] of this labeled compound yielded an allylic alcohol, which
corresponded to synthetic (E)-2-methyl-2-butene-1,4-diol
(various chromatographic analyses).[4b] This observation is
consistent with the intermediacy of 8 in the conversion of 7
into 9/10 in plants. The methylerythritol found in the
Capsicum system (Figure 1a) is a result of the action of
NaF-insensitive phosphatases on 7.

During the course of this investigation, three research
groups reported that 8 accumulates in Escherichia coli
mutants overexpressing the GcpE (IspG) gene,[9, 10] and in
bacterial mutants that are deficient in theLytB (IspH) gene.[11]

Most probably 8 represents a novel intermediate in the
deoxyxylulose phosphate pathway, and is likely the missing
link X[12] in the formation of 9/10 from 7 (Scheme 1 and
Scheme 2). Compound 8 was synthesized previously in
unlabeled form by different, more lengthy, routes.[13]

Aldehyde 12 has been postulated in the hypothetical
mechanism of the conversion of 7 into 8 mediated by the
IspG gene product.[9] It was also reported that the in vivo
conversion of [U-13C5]1-deoxy-�-xylulose resulted in a 5:1
mixture of [U-13C5]9 and [U-13C5]10.[14] This ratio was not

Figure 1. HPLC radiogramm of an aliquot of an assay mixture containing
the [14C2]7 and chromoplasts from either a) C. annuum or b) N. pseudo-
narcissus. The incubation conditions were as described in ref. [3]. Retention
times: methylerythritol: 4.5 min, cyclic diphosphate 7: 35 min, diphosphate
8 : 50 min, DMAPP 10 : 60 min, IPP 9 : 77 min.

observed by us during the time course of the conversion of 8
into 9 and 10 by chromoplast and bacterial preparations. One
discrepancy between the bacterial and the plant systems,
however, still needs clarification. While it has been shown that
the label from [4-2H]3 is retained exclusively in the dimethyl-
allyl diphosphate starter unit in the bacterial system,[15, 16] the
dimethylallyl diphosphate starter unit in the plant system
(Catharanthus roseus) is completely devoid of the deuterium
label.[17] However, feeding experiments using a different plant
system, Eucalyptus globulus, show that the deuterium label is
retained in the dimethylallyl diphosphate starter unit.[12] No
plausible explanation can yet be given for this discrepancy
that may reflect different metabolic routes within the plant
kingdom.

The demonstration of the rapid and unequivocal trans-
formation of synthetic 8 into isoprenes of the phytoene type
and with transition from 7 through 8 to 9/10 in plant
chromoplasts provides evidence that 8 is indeed the bio-
logically active intermediate in this pathway present in
plastids of higher plants.[20]

Experimental Section

Isolation of chromoplasts from C. annuum and N. pseudonarcissus, incor-
poration experiments with isotope-labeled substrates, and isolation of
phytoene and HPLC analyses of phosphorylated metabolites were
conducted exactly as previously published.[3] [3-14C, Me-14C]7 was prepared
as described[18] from [U-14C3]1 and unlabeled 2. The specific activity

Table 1. Conversion of [4-3H]8 [nmol, from radioactivity] into ethyl
acetate soluble material (™lipids∫) containing phytoene (11) by N. pseudo-
narcissus and C. annuum chromoplasts.[a]

t [min] N. pseudonarcissus C. annuum
lipids 11 lipids 11

0 0 0 0 0
10 0.4 0.2 0.2 0.1
30 0.6 0.3 0.4 0.2
60 0.8 0.4 0.6 0.3

120 1.1 0.6 0.7 0.4
240 1.3 0.7 0.8 0.4

[a] Incubation mixture (total volume: 500 �L): 2.6 �� [4-3H]8, 100 m�
tris(hydroxymethyl)aminomethane ¥HCl (Tris ¥HCl) buffer (pH 7.6),
2 m� MnCl2, 10 m� MgCl2, 5 m� NaF, 2 m� NADP�, 1 m� NADPH,
6 m� ATP, 2 mg chromoplast protein, 30 �C.
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achieved was 103 �Ci�mol�1. The genes dxs, ispC, ispD, ispE, and ispFwere
amplified by the polymerase chain reaction from Escherichia coliDNA and
were functionally expressed as His-tag fusion proteins to facilitate
purification.

12 : Bromoaldehyde 19 was prepared in 87% yield from 18 (4.20 g,
50.0 mmol) according to the method of Gray.[6] Freshly prepared pyro-
phosphoric acid[7] was immediately titrated to pH 5.3 with approximately
20% (w/w) aqueous tetra-n-butylammonium hydroxide. After lyophiliza-
tion, bis(tetra-n-butylammonium) dihydrogen pyrophosphate was quanti-
tatively obtained as a white, highly hygroscopic solid. This product (9.91 g,
15.0 mmol) was dissolved in dry acetonitrile (20 mL) under a nitrogen
atmosphere. The resulting clear solution was then cooled to 0 �C and neat
19 (0.815 g, 5.0 mmol) added. While stirring, the reaction was allowed to
warm up to room temperature over 2.5 h. The reaction mixture was poured
into a cold, aqueous solution (50 mL) of sodium hydroxide (0.60 g,
15.0 mmol) and the acetonitrile partially evaporated under vacuum. The
remaining aqueous solution was passed through a column of approximately
30 exchange equivalents of Lewatit SP 112 WS cation exchange resin
(Na� form). The column was eluted with three column volumes of a 1:49
mixture (v/v) of isopropyl alcohol and 1.8 m� sodium bicarbonate. The
eluent was lyophilized to dryness to yield a fluffy solid. The crude material
was purified by means of HPLC[19] (YMC-Pack R&amp; 250� 20 mm,
ODS 120A, 5 �m, 1.8 m� sodium bicarbonate eluent). The eluent was
lyophilized to dryness to yield a white fluffy solid. Negative mode ESI MS-
MS: m/z : 259 [M�H]� , 241 [M�H�H2O]� , 177 [H3P2O7]� , 159
[HP2O6]� , 79 [PO3]� , 1H NMR (400 MHz, D2O): �� 9.34 (s, 1H; H-1),
6.85 (t, J� 5.3 Hz, 1H; H-3), (4.7 ± 4.9, 1H and HDO overlap from
solvent), 1.72 ppm (s, 3H; CH3); 31P NMR (162 MHz, H2O): ���5.75
(d, J� 22 Hz), �10.89 ppm (dt, JP,P� 22 Hz, JH,P� 7.7 Hz).

[4-2H]8 : Aldehyde 12 (20 mg, 77 �mol) was reduced in a 2:1 mixture of
water and methanol (0.21 mL) at pH 9 with NaB2H4 (6.4 mg,154 �mol) at
room temperature (2 h) and the reaction product was purified by ion-
exchange chromatography on DEAE Sephadex (3.2 mg, 16%). Negative
mode ESI MS-MS data: m/z : 262 [M�H]� , 244 [M�H�H2O]� , 177
[H3P2O7]� , 164 [M�H�H3PO4]� , 159 [HP2O6]� , 97 [H2PO4]� , 79 [PO3]� ;
1H NMR data (400 MHz, D2O): �� 5.66 (t, J� 7 Hz, 1H; H-2), 4.55 (dd
appearing as pseudo-triplet, JH,H� JH,P� 7 Hz, 2H; H-1), 4.01 (s, 1H; H-4),
1.72 ppm (s, 3H; CH3).

[4-3H]8 : This was prepared by reduction of 12 with NaB3H4 and purified in
the same way as 4-deuterated 8 (19% yield). The specific activity achieved
was 1.56 �Cinmol�1.
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EDITORIAL

Angewandte Weekly–Back to the Future!

In 1898, in its 11th year, the frequency of publication of
Angewandte Chemiewas increased from fortnightly to weekly,
and it continued to appear in this rhythm until 1939. In the
following decades the publication frequency was altered

several times, most recently in
1994, when production was
changed from 12 to 24 issues
per year. Now it is planned,
from 2003, in the 115th year, to
return to weekly publication.

After two years of in-depth discussions over the past and
future of the journal, the Editorial Board and the Interna-
tional Advisory Board, as well as the Governing Board of the
German Chemical Society (GDCh) and the publishers,
decided in favor of doubling the number of issues published
per year, so that from 2003, 48 issues will appear.

No future without history! Angewandte Chemie×s past was
illuminated in the first issue of 1988, celebrating the centenary
of the journal, and the Editorials from this issue can be
perused at your leisure on our Homepage if they are not
otherwise available. The last twenty years I know well from
my experience here, and they are distinguished by the
internationalization of the journal, which in part reflects the
internationalization of science. At the start of my time as an
editor of Angewandte Chemie, at the beginning of the 1980s, I
hung–perhaps influenced through my postdoc time in the
USA–a map of North America on my office wall. I could
mark the place of origin of every manuscript that came from
North America with a flag, in 1982 there was only one per
month; from Japan we received only one every two months!
This year I have hung up a large map of East Asia–this was
long overdue considering the number of manuscripts that we
receive from Japan, and is today of vital importance to keep

track of the place of origin of the rapidly increasing number of
manuscripts from the other countries in this region, and in
particular the People×s Republic of China. Table 1 shows the
number of manuscripts received in the years 1982, 1992, and
2002 (for the first six months!); the non-German contribution
increased from 23% in 1982, to 56% in 1992, and to 84% this
year, and in the past 20 years the total number of manuscripts
received per year has increased more than sevenfold!

The growth in manuscript submissions is one factor, con-
tinued increase in quality is another. The rejection rate has
increased from 18% in 1982, to 43% in 1992, to 59% in 2001.
In the same period the impact factor rose from 4.167 to 5.974
and now stands at 8.255 (see Figure 1); since 1996 it has
remained at over 8, which, considering the huge increase in

Table 1. Number of manuscripts received by Angewandte Chemie in 1982,
1992, and 2002 (first six months) by country. In 1992 the preliminary
decision was made to increase the publication frequency from 12 to 24
issues in 1994.

1982 1992 2002
(12 months) (12 months) (6 months)

Germany 251 302 188
USA 11 136[a] 241
Canada 4 18
Japan 6 51[b] 177
Great Britain 5 33 53
France 11 42 39
Switzerland/Austria 7 23 28
rest Western Europe 17 69 134[c]

rest of world 16 35 304[d]

Total 328 691 1182

[a] USA and Canada. [b] Total East Asia. [c] Of these: Spain 49, Italy 25,
Netherlands 17. [d] Of these: P.R. China 164, South Korea 49, India 45,
Taiwan 12.

More often not thicker:
48 issues in 2003!
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EDITORIAL

the number of communications (not reviews!) published per
year in this time, from 521 to 868 (� 67%), was not expected.

The picture of the journal described by these numbers would
be incomplete without the many innovations that have consis-
tently made Angewandte Chemie more attractive for both
readers and authors. As early as 1976 the detailed table of
contents was introduced in which each article is described with a
short text and, when possible, an appropriate graphic. Similarly
the ™trade mark∫ Angewandte Chemie cover picture has been
with us since 1979. The changes made in the last decade are
outlined in Table 2. Naturally the change to weekly publication
will be accompanied by further improvements to the journal.

Why weekly issues and not thicker issues? This question was
also posed in 1993 as the change to fortnightly from monthly
publication was being discussed, and on that occasion I wrote
in an Editorial in the August 1993 issue: ™When the latest
issue is delivered, the typical curiosity-driven reader finds an
hour or so to leaf through the journal and skim this or that
chemical tidbit. A survey a few years ago showed that the

informative table of contents was
perused most intensely.∫ For this rea-
son from next year this section will be
even more attractive, and for authors

the use of color in the table of contents will be free of charge
(this comes into force immediately). I continued ™When this
initial curiosity is satisfied, the issue is set aside for a while.
The reader can refer colleagues to articles and join in
discussions knowing that he or she must read this or that
article thoroughly in a quiet moment. Students, in particular,
neglect this task at their peril as examinations approach.
Many other readers, however, are all too often surprised by
the new issue, and the cycle starts again. Reading habits will
not be affected if each issue is thicker or the publication
frequency increases.∫ In one respect reading habits have
changed drastically; today many readers look first ™online∫
where smaller units are even more important. The curiosity-
driven ™reading hour∫ may not be possible every day,
however, curiosity can be (or must be) satisfied on a weekly
basis. Readers thus use their subscription (or that of their
institution) more intensively, each article receives more
attention. For these reasons the decision was made for more
frequent rather than thicker issues. A benefit for authors is
that we can publish articles in less than a month in the future
should the need occur.

In 1994 as Angewandte Chemie
increased publication frequency
from 12 to 24 issues per year J.
Fraser Stoddart (University of Cal-
ifornia, Los Angeles) predicted the journal would be appear-
ing on a weekly basis by the turn of the millennium. He was
wrong, but not by much. In the future we will no doubt need to
further improve the selection of articles to be published, make
the presentation, especially online, even more reader friendly,
and remain true to our program as outlined by Wilhelm
Foerst, Editor-in-Chief from 1933 to 1969: ™A rousing force
emanates from important findings, which, in turn inspires
receptive natures to strive after achievements of their own.
We produce our journal for such people. And we seek out
these −avant-garde×. This constitutes our entire program.∫

PS: Recently the first Impact Factors for ChemBioChem and
ChemPhysChem, the two daughter journals of Angewandte
Chemie were announced by the Institute of Scientific
Information, and in both cases these were far better than
could be anticipated for such new
journals. For ChemBioChem the
Impact Factor 2.920 is well above
those of other bio(in)organic jour-
nals (Bioorganic and Medicinal
Chemistry and the corresponding
Letters journal, for example, have
Impact Factors of 1.798 and 1.747,
respectively). ChemPhysChem with 4.217 is far ahead of all
the other (broad based) journals in physical chemistry/
chemical physics including both Journal of Physical Chemistry
A and B (2.630 and 3.379), the Journal of Chemical Physics
(3.147), Chemical Physical Letters (2.364), and PCCP (1.787).

Dr. Peter Gˆlitz

Free color in the
table of contents

™At the turn of the mil-
lennium Angewandte
will be weekly.∫

J. Fraser Stoddart, 1993

Figure 1. Development of the Impact Factors (IF) of Chemical Commu-
nications, the Journal of the American Chemical Society, and Angewandte
Chemie 1982±2001.

Impact Factors of
ChemBioChem and
ChemPhysChem:
2.920 and 4.217,
respectively

Table 2. Innovations in Angewandte Chemie since 1991.

1991 New section ™Highlights∫
1992 Electronic manuscript administration
1993 On-screen editing of manuscripts
1994 Preview of the next issue
1995 Formation of the International Advisory Board

Keywords to every article
Article Finder

1997 Frontispiece for Reviews and the Communications section
1998 Press information to every issue

Online Supporting Information for Communications
1999 Electronic full text available through Wiley InterScience

Very Important Papers (VIPs) flagged
2000 New section ™Essays"

Angewandte Chemie in Medline
2001 New sections ™Minireviews∫ and ™Web Sites"
2002 Accelerated publications

Online submission of manuscripts



Angew. Chem. Int. Ed. 2002, 41, No. 15 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4115-2623 $ 20.00+.50/0 2623

The cover picture shows the interior of a red-figure kylix (440 ± 430 BC, British
Museum London) which shows the brilliant exploits of Theseus, the Greek
mythology hero. In the center, Theseus is shown defeating the infamous Minataur
within the labyrinth. On the right, the hero raises his hand against Sciron, below
whom the turtle is visible. Next clockwise, are shown the bull of Marathon, the
punishment of Sinis, the slaying of the sow Phaea, the battle of Cercyon, and
finally the punishment of Procrustes. The labors of Theseus are no different from
the accomplishments of today×s synthetic chemists working in total synthesis. One
such endeavor, the total synthesis of the CP molecules with its challenges, twists
and turns, and dead-ends, but also its rewards, is compared to the conquest of the
Minotaur by Theseus in the Review by K. C. Nicolaou and P. S. Baran on
p. 2678 ff.

REVIEWS Contents

Biological activity at the molecular level involves the binding of a small-molecule
ligand to a macromolecular receptor, usually a protein, in aqueous solution (see
scheme). Enthalpic and entropic contributions arising from inter- and intra-
molecular effects determine the affinity of both binding partners towards each
other. Affinity as a key element in life sciences–how well is this quantity
understood today?

Angew. Chem. 2002, 114, 2764 ± 2798

H. Gohlke, G. Klebe* . . . . . . 2644 ± 2676

Approaches to the Description and
Prediction of the Binding Affinity of
Small-Molecule Ligands to
Macromolecular Receptors

Keywords: binding affinity ¥ calorimetry ¥
drug research ¥ protein ± ligand
interactions ¥ scoring function

Total synthesis programs directed toward complex molecules may take the form
of unrelentless campaigns in which the synthetic chemist is faced with
unprecedented challenges and unforeseen obstacles, but which often lead to
invaluable fundamental knowledge and powerful new technologies. Here the
authors describe one of the most arduous and rewarding endeavors in total
synthesis of modern times–the synthesis of the CP molecules (see scheme)–and
compare it to the Greek mythology×s Labyrinth and the conquest of the Minotaur
by Theseus.

Angew. Chem. 2002, 114, 2800 ± 2843

K. C. Nicolaou,* P. S. Baran 2678 ± 2720

The CP Molecule Labyrinth: A Paradigm
of How Endeavors in Total Synthesis
Lead to Discoveries and Inventions in
Organic Synthesis

Keywords: CP molecules ¥ natural
products ¥ organic synthesis ¥ synthetic
methods ¥ total synthesis

COVER PICTURE
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HIGHLIGHTS Contents

Transgenic goats to spin webs! The silk of spider
nets (see picture) possesses unique mechanical
properties. By using suitable microbiological meth-
ods, a structurally similar fiber protein has recently
been prepared that, after spinning, exhibits com-
parable strength and elasticity to natural spider
silk. The American firm Nexia Biotechnology
plans to use transgenic goats to express this silk
protein in their milk.

Angew. Chem. 2002, 114, 2845 ± 2847

S. Kubik* . . . . . . . . . . . . . . . . . . 2721 ± 2723

High-Performance Fibers from Spider
Silk

Keywords: gene technology ¥ mechanical
properties ¥ polymers ¥ protein design ¥
spider silk

The P5 rings of the first inorganic metallocene,
[Ti(�5-P5)2]2� (see picture) are generated from
white phosphorus in a selective reaction. The steric
and electronic properties of these rings provide the
remarkable stability of this unprecedented sand-
wich complex.

Angew. Chem. 2002, 114, 2847 ± 2848

H. Sitzmann* . . . . . . . . . . . . . . 2723 ± 2724

The Decaphosphatitanocene Dianion–A
New Chapter in the Chemistry of Naked
Polyphosphorus Ligands

Keywords: cyclopentadienyl ligands ¥
metallocenes ¥ phosphorus ¥ P ligands ¥
sandwich complexes ¥ titanium

COMMUNICATIONS
At least four different polymorphic forms are
possible for the previously uncharacterized com-
pound Rb2Te. One form is a metastable phase at
room temperature and two are high-temperature
phases; in one of the latter, the Te atoms are
coordinated in the form of an Edshammar poly-
hedron (see picture). Rb2Te is therefore unique
within the di(alkali metal) monotellurides.

Angew. Chem. 2002, 114, 2849 ± 2854

K. Stˆwe,* S. Appel . . . . . . . . 2725 ± 2730

Polymorphic Forms of Rubidium
Telluride Rb2Te

Keywords: polymorphism ¥ rubidium ¥
solid-state structures ¥ structure
elucidation ¥ tellurium

The following communications are ™Very Important Papers∫ in the opinion
of two referees. They will be published shortly (those marked with a
diamond will be published in the next issue). Short summaries of these
articles can be found on the Angewandte Chemie homepage at the address
http://www.angewandte.org

Atom-Transfer Tandem Radical Cyclization Reactions Promoted by Lewis
Acids

D. Yang, S. Gu, H.-W. Zhao, �
N.-Y. Zhu

Metallabenzenes and Valence Isomers: Synthesis and Characterization of a
Platinabenzene

V. Jacob, T. J. R. Weakley,
M. M. Haley*

Stereoselective Synthesis of �-�-Mannopyranosides with Reactive Manno-
pyranosyl Donors Possessing a Neighboring Electron-Withdrawing Group

R. R. Schmidt,* �
A. A.-H. Rahmann, S. Jonke
E. S. H. El Ashry*

VIPs
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In hydrophobic nanometer clefts in
membranes, ridge molecules, such as
cellobiose, can be anchored for
months. They do not diffuse into
the neighboring bulk water and
electrolytes from the bulk water do
not penetrate the immobilized layer.
In the presence of dimethyl violo-
gen, cycling of the Au electrode
potential causes the viologen mole-
cules to stir the anchored molecules
out of the cleft and into the bulk
water (see picture: the bulk water
phase does not penetrate the hy-
drate layer but the viologen mole-
cules can).

Angew. Chem. 2002, 114, 2855 ± 2859

G. Li, K. Doblhofer,
J.-H. Fuhrhop* . . . . . . . . . . . . . 2730 ± 2734

Irreversible Adsorption of Cellobiose,
Ascorbic Acid, and Tyrosine to
Hydrophobic Surfaces in Water and Their
Separation by Molecular Stirring

Keywords: cyclic voltammetry ¥
membranes ¥ nanostructures ¥ self-
assembly

Carbohydrate coupling at any de-
sired peptide carboxylate moiety is
possible with a highly selective bio-
catalytic route for the synthesis of
carbohydrate ± peptide conjugates
(see picture).

Angew. Chem. 2002, 114, 2859 ± 2863

N. Wehofsky, R. Lˆser, A. Buchynskyy,
P. Welzel, F. Bordusa* . . . . . . 2735 ± 2738

Synthesis of Neo-Peptidoglycans: An
Unexpected Activity of Proteases

Keywords: chemoenzymatic synthesis ¥
enzyme catalysis ¥ glycopeptides ¥
proteases ¥ substrate mimetics

A useful tool for the investigation of
synthetically important tributyltin-
mediated radical chain reactions is
electrospray ionization mass spec-
trometry (ESIMS). A microreaction
system is coupled online to the ESI
source. Transient radicals were de-
tected unambiguously by using MS/
MS methods (see picture).

Angew. Chem. 2002, 114, 2863 ± 2866

J. Griep-Raming, S. Meyer, T. Bruhn,
J. O. Metzger* . . . . . . . . . . . . . . 2738 ± 2742

Investigation of Reactive Intermediates of
Chemical Reactions in Solution by
Electrospray Ionization Mass
Spectrometry: Radical Chain Reactions

Keywords: carbocations ¥ mass
spectrometry ¥ radicals ¥ reactive
intermediates ¥ scandium

Elements of a carbene and a nitrene are linked by a
common delocalized � electron in the molecule
described here (see picture). The organic high-spin
molecule with a quartet ground state could be
photochemically generated and spectroscopically
characterized in an argon matrix at 3 K.

Angew. Chem. 2002, 114, 2873 ± 2876

H. H. Wenk, W. Sander* . . . . 2742 ± 2745

2,3,5,6-Tetrafluorophenylnitren-4-yl: A
Quartet-Ground-State Nitrene Radical

Keywords: density functional
calculations ¥ high-spin molecules ¥
matrix isolation ¥ nitrenes ¥ radicals

Rapid and regioselective C�F bond activation of hexafluoropropene occurs on
reaction with 1. Treatment of the resulting complex 2 with hydrogen yields the
rhodium fluoro complex 3 and 1,1,1-trifluoropropane (4).

Angew. Chem. 2002, 114, 2870 ± 2873

T. Braun,* D. Noveski, B. Neumann,
H.-G. Stammler . . . . . . . . . . . . 2745 ± 2748

Conversion of Hexafluoropropene into
1,1,1-Trifluoropropane by Rhodium-
Mediated C�F Activation

Keywords: alkenes ¥ C-F activation ¥
fluorinated ligands ¥ fluorine ¥ rhodium
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By using a new ™titration∫ technique, the activation barrier for the strictly
unimolecular 1,3-hydrogen migration 1���2�� has been determined (0.74�
0.06 eV; see reaction profile). With this technique the internal energy of 1�� is
controlled by variable photoionization of acetamide and the chemistry of the
resulting enol ion 2�� is then probed by structure-specific ion ±molecule reactions.

Angew. Chem. 2002, 114, 2867 ± 2870

D. Schrˆder,* J. Loos, R. Thissen,
O. Dutuit, P. Mourgues, H.-E. Audier,
C. Lifshitz, H. Schwarz . . . . . . 2748 ± 2751

Barrier Height Titration by Tunable
Photoionization Combined with Chemical
Monitoring: Unimolecular Keto/Enol
Tautomerization of the Acetamide Cation
Radical

Keywords: electron transfer ¥ hydrogen
transfer ¥ mass spectrometry ¥
photoionization ¥ tautomerism

New stereogenic centers are generated in the [TiCl2(OiPr)2]-catalyzed reaction of
[(S)R]-[(p-tolylsulfinyl)methyl]-p-quinamines 1 with �,�-unsaturated ketones 2
to give hydroindole-substituted systems 3 in a domino process. Up to four
stereogenic centers are formed in the reaction of cycloalkenones and up to five
when acyclic enones (2 equiv) are used.

Angew. Chem. 2002, 114, 2877 ± 2879

M. C. Carrenƒo,* M. Ribagorda,
G. H. Posner . . . . . . . . . . . . . . . 2753 ± 2755

Titanium-Promoted Stereoselective
Synthesis of Hydroindolones from p-
Quinamines by Domino Conjugate
Additions

Keywords: Michael addition ¥ nitrogen
heterocycles ¥ quinamines ¥ sulfoxides ¥
titanium

The tetracyclic skeleton of C4-oxygenated angucyclinone-type antibiotics rubi-
ginones A2 ((�)-3) and C2 ((�)-4) is constructed by Diels ±Alder reaction of a
racemic sulfinyl-substituted methyl juglone and the enantiopure vinyl cyclo-
hexene 2, which is prepared in nine steps and in 26% overall yield from sulfinyl-
substituted p-quinol 1. TBDMS� tert-butyldimethylsilyl.
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Angew. Chem. 2002, 114, 2879 ± 2881

M. C. Carrenƒo,* M. Ribagorda,
A¬ . Somoza, A. Urbano* . . . . 2755 ± 2757

Enantioselective Total Synthesis of
Angucyclinone-Type Antibiotics
Rubiginones A2 and C2

Keywords: antibiotics ¥ asymmetric
synthesis ¥ cycloaddition ¥ quinones ¥
sulfoxides

Stereoselective alkenylated compounds are formed from the reaction of organo-
zinc halides and aldehydes (see scheme; FG� functional group). Under mild
conditions, and in the presence of a silylating agent, the Ni-catalyzed procedure
gives E-alkenes and E-stilbenes in excellent yield.

Angew. Chem. 2002, 114, 2881 ± 2884

J.-X. Wang,* Y. Fu, Y. Hu . . . 2757 ± 2760

Carbon ±Carbon Double-Bond
Formation from the Reaction of
Organozinc Reagents with Aldehydes
Catalyzed by a Nickel(��) Complex

Keywords: aldehydes ¥ alkenes ¥
homogeneous catalysis ¥ nickel ¥
organozinc reagents
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A [3� 3] Ag�9 metallogrid self-assembles by a highly complex mechanism
involving several intermediates, which may be generated at different metal/ligand
stoichiometries. Extensive NMR spectroscopic studies have allowed the unravel-
ing of the structure of these species and have revealed that the final grid entity
presents high structural robustness and that the last assembly step (see scheme)
occurs with strong cooperativity.

Angew. Chem. 2002, 114, 2884 ± 2888

A. Marquis, J.-P. Kintzinger, R. Graff,
P. N. W. Baxter, J.-M. Lehn* 2760 ± 2764

Mechanistic Features, Cooperativity, and
Robustness in the Self-Assembly of
Multicomponent Silver(�) Grid-Type
Metalloarchitectures

Keywords: complexation mechanism ¥
cooperative effects ¥ self-assembly ¥
silver ¥ supramolecular chemistry

Suppressing the charge-transfer quenching
with an externally applied electrochemical
bias results in a fluorescence enhancement
of a fluorophore (pyrene) on a gold nano-
particle surface (see scheme). At positive
bias the fluorophore is totally quenched on
the gold surface while at negative bias (less
than�0.5 V) it becomes highly fluorescent.

Angew. Chem. 2002, 114, 2888 ± 2891

P. V. Kamat,* S. Barazzouk,
S. Hotchandani . . . . . . . . . . . . . 2764 ± 2767

Electrochemical Modulation of
Fluorophore Emission on a
Nanostructured Gold Film

Keywords: fluorescence ¥ gold
nanoparticles ¥ nanostructures ¥
organic ± inorganic hybrid composites ¥
spectroelectrochemistry

Chains change : Novel valence-or-
dering structures of the ground
states of MMX chain compounds,
[Pt2(RCS2)4I]� (1: R� nBu, 2 : R�
Et), are determined by low-temper-
ature crystal-structure analyses to
be -Pt2�-Pt3�-I�-Pt3�-Pt2�-I�-. Mag-
netic susceptibility measurements of
1 (see graph) revealed an abrupt
drop in magnitude from a 1D anti-
ferromagnetic spin system to a spin-
singlet state accompanying a first-
order phase-transition around
210 K. This result is in contrast to
the spin degree of freedom of 2 that
survived down to 2 K.

Angew. Chem. 2002, 114, 2891 ± 2895

M. Mitsumi,* K. Kitamura, A. Morinaga,
Y. Ozawa, M. Kobayashi, K. Toriumi,*
Y. Iso, H. Kitagawa,
T. Mitani . . . . . . . . . . . . . . . . . . . 2767 ± 2771

Valence-Ordering Structures and
Magnetic Behavior of Metallic MMX
Chain Compounds

Keywords: conducting materials ¥
electronic structure ¥ magnetic
properties ¥ mixed-valent compounds ¥
phase transition

Continuous separation of organic compounds is possible by selective transport
through a supported liquid membrane, which contains the room-temperature
ionic liquid 1-n-butyl-3-methylimidazolium hexafluorophosphate immobilized in
the porous structure of a hydrophilic polyvinylidene fluoride membrane. A
mixture (1:1 molar ratio) of the isomeric amines diisopropylamine (S1) and
triethylamine (S2) was continuously fractionated over 14 days without any
observable decrease in selectivity (see scheme).
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solutes 
([S1] = [S2])
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    ionic liquid membrane
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Highly Selective Transport of Organic
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The selective generation of 1,2- and 1,4-addition products (3 and 4, respectively)
in the addition of TiIV enolates 1 to �,�-unsaturated carbonyl compounds 2 can be
almost completely controlled by the choice of Lewis acid. The high selectivity for
1,4 addition when the enones are activated by TiCl4 or SnCl4 is probably a result of
the bridging chlorine atoms.
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Angew. Chem. 2002, 114, 2897 ± 2898

G. Deng, X. Tian, Z. Qu,
J. Wang* . . . . . . . . . . . . . . . . . . . 2773 ± 2776

Lewis Acid Controlled Regioselective 1,2
and 1,4 Reaction of �,�-Unsaturated
Carbonyl Compounds with TiIV Enolates
Derived from �-Diazo �-Keto Carbonyl
Compounds

Keywords: addition ¥ diazo compounds ¥
enones ¥ Lewis acids ¥ Michael addition

Despite the weakness of S�H ¥¥¥ S interactions and the fact that they have rarely
been reported in transition-metal compounds, variable-temperature NMR data
and theoretical calculations provide evidence for fast intramolecular proton
exchange between the bridging sulfur atoms in the complexes
[Pt2{Ph2P(CH2)nPPh2}2(�-S)(�-SH)]ClO4 (n� 2, 3; see scheme).

Angew. Chem. 2002, 114, 2900 ± 2902

G. Aullo¬n, M. Capdevila, W. Clegg,
P. Gonza¬ lez-Duarte,* A. Lledo¬ s,*
R. Mas-Balleste¬ . . . . . . . . . . . . 2776 ± 2778

First Evidence of Fast S�H ¥¥¥ S Proton
Transfer in a Transition Metal Complex

Keywords: hydrogen bonds ¥ platinum ¥
proton transfer ¥ S ligands

A significant increase in yield is observed whenDMAD is added to the reaction of
1-methylimidazole (1) with aldehydes 2 and diethylmethylsilane in the presence
of a catalytic amount of [Ir4(CO)12] to produce 2-(1-diethylmethylsiloxyalkyl)-
imidazoles 3. DMAD� dimethyl acetylenedicarboxylate.
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Y. Fukumoto, K. Sawada, M. Hagihara,
N. Chatani, S. Murai* . . . . . . . 2779 ± 2781

[Ir4(CO)12]-Catalyzed Coupling Reaction
of Imidazoles with Aldehydes in the
Presence of a Hydrosilane to Give
2-Substituted Imidazoles

Keywords: aldehydes ¥ alkylation ¥
imidazoles ¥ iridium ¥ silanes

Efficient carbonyl insertion into C�O and C�N bonds using [Lewis acid]-
�[Co(CO)4]� complexes 1 and 2 gives regio- and stereoselective carbonylation of a
variety of epoxides and aziridines to yield �-lactones and �-lactams, respectively.
Both transformations are proposed to occur by the same mechanism, yielding
products with inversion of configuration at the site of CO insertion.

Angew. Chem. 2002, 114, 2905 ± 2908

V. Mahadevan, Y. D. Y. L. Getzler,
G. W. Coates* . . . . . . . . . . . . . . 2781 ± 2784

[Lewis Acid]�[Co(CO)4]� Complexes: A
Versatile Class of Catalysts for
Carbonylative Ring Expansion of
Epoxides and Aziridines

Keywords: carbonylation ¥ cobalt ¥
lactams ¥ lactones ¥ ring-opening
polymerization
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A four-component reaction : A nickel catalyst promotes the conjugate addition of
Me2Zn and a carbonyl compound to 1,�-dienynes 1 at the terminal positions of
the alkyne and the diene moieties, respectively; the through-space interactions of
the alkyne and diene groups ensure C�C coupling at the internal positions. The
products 2 are obtained in good yields and with excellent 1,5-diastereoselectivity
and stereoselectivity about the exocyclic double bond.
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A. Ezoe, M. Kimura,* T. Inoue, M. Mori,
Y. Tamaru* . . . . . . . . . . . . . . . . 2784 ± 2786

Remarkably High 1,5-Diastereoselectivity
in a Nickel-Catalyzed Conjugate Addition
of Me2Zn and Carbonyl Compounds to
1,�-Dienynes with Through-Space
Coupling

Keywords: aldehydes ¥ alkynes ¥ dienes ¥
ketones ¥ nickel ¥ zinc

Only through total synthesis could the absolute
configuration of the 3��R,4��R ring junction of the
polyenoltetramic acid polycephalin C (1) be un-
ambiguously established. Key features of the syn-
thesis include a double Swern oxidation, double
Stille coupling, and a double Takai olefination.

Angew. Chem. 2002, 114, 2910 ± 2914
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D. A. Longbottom, A. J. Morrison,
D. J. Dixon, S. V. Ley* . . . . . . 2786 ± 2790

Total Synthesis of Polycephalin C and
Determination of the Absolute
Configurations at the 3��,4�� Ring Junction

Keywords: alkenes ¥ lactams ¥ natural
products ¥ total synthesis

Treble clefts : The dendritic porphyr-
in receptor 1 has three fullerene-
binding clefts, each of which consists
of two face-to-face-oriented por-
phyrins. [60]Fullerene guests bind
to each subunit, successively sup-
pressing the rotational freedom
(™domino∫ effect) and the guest-
binding proceeds according to positive homotropic allosterism. As expected, the
binding constant achieved in this system is large.

Angew. Chem. 2002, 114, 2914 ± 2916

M. Ayabe, A. Ikeda, Y. Kubo,
M. Takeuchi, S. Shinkai* . . . . 2790 ± 2792

A Dendritic Porphyrin Receptor for C60

Which Features a Profound Positive
Allosteric Effect

Keywords: allosterism ¥ fullerenes ¥
host ± guest systems ¥ porphyrinoids ¥
zinc

Nitrogen splits : The reaction of the linked aryloxide ± niobium complex 1 with a
hydride reagent under 1 atm of N2 gave the nitride-bridging dimer 2. The origin of
the nitride ligands has been confirmed to be N2 by repeating the experiment under
an atmosphere of 15N2.

Angew. Chem. 2002, 114, 2916 ± 2918

H. Kawaguchi,* T. Matsuo . . 2792 ± 2794

Dinitrogen-Bond Cleavage in a Niobium
Complex Supported by a Tridentate
Aryloxide Ligand

Keywords: hydrides ¥ niobium ¥
nitrides ¥ nitrogen fixation ¥ O ligands
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An effective sequence : Palladium-catalyzed asymmetric allylic alkylation, Heck
cyclization, and diastereoselective allylic oxidation were used in the total
synthesis of (�)-galanthamine (3) in 14.8% overall yield (from 1 and 2, Troc�
2,2,2-trichloroethoxycarbonyl) and with 96% ee. This improved procedure
provides the shortest and most efficient nonbiomimetic synthesis of the
acetylcholinesterase inhibitor.
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B. M. Trost,* W. Tang . . . . . . . 2795 ± 2797

An Efficient Enantioselective Synthesis of
(�)-Galanthamine

Keywords: alkylation ¥ allylic
compounds ¥ asymmetric synthesis ¥
natural products ¥ palladium

HYSCORE with a vanadium core : Examples of
monomeric metal compounds containing the cis-
[M(�O)(OH)]n� unit, namely the VIVO2� com-
plexes [VIVO(OH)(bipy)2]BF4 (1; see picture) and
[VIVO(OH)(phen)2]BF4 ¥H2O (2 ¥ H2O), were iso-
lated and structurally characterized. The continu-
ous wave EPR and 2D ESEEM (HYSCORE;
hyperfine sublevel correlation) spectroscopy pa-
rameters obtained for 1 and 2 ¥ H2O provide spectroscopic signatures that enable
the assignment of the cis-[VIVO(OH)]� center in biomolecules.

Angew. Chem. 2002, 114, 2921 ± 2925

E. J. Tolis, M. J. Manos, A. J. Tasiopoulos,
C. P. Raptopoulou, A. Terzis,
M. P. Sigalas,* Y. Deligiannakis,*
T. A. Kabanos* . . . . . . . . . . . . 2797 ± 2801

Monomeric Compounds Containing the
cis-[V(�O)(OH)]� Core

Keywords: bioinorganic chemistry ¥
density functional calculations ¥ EPR
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An unexplored family of polyoxometalates has
evolved through the synthesis and structural char-
acterization of the first examples of MoV sulfite
heteropolyanions. The dodecanuclear molybde-
num(�) sulfite exhibits a unique structural motif
among polyoxometalates (see picture; gray poly-
hedra represent MoVO6 octahedral units, black,
white, and gray balls are sulfur, oxygen, and
nitrogen atoms, respectively).

Angew. Chem. 2002, 114, 2925 ± 2929

M. J. Manos, J. D. Woollins,
A. M. Z. Slawin,*
T. A. Kabanos* . . . . . . . . . . . . 2801 ± 2805

Polyoxomolybdenum(�) Sulfite
Complexes: Synthesis, Structural, and
Physical Studies

Keywords: cluster compounds ¥
molybdenum ¥ polyoxometalates ¥
sulfite

Big rings and nanocleavage : Whereas a variety of molybdenum oxide based
nanoobjects can be obtained by self-assembly concomitant with a variety of
modifications of a parent cluster system under alterable boundary conditions,
drastic changes–comparable to a molecular-scissors-type activity–can even
cause splitting of the parent cluster to (large) fragments which subsequently can
be linked in fascinating ways even with the option of generating giant cluster
collectives (see picture {Mo*2 }� {MoVI�V

2 O7(H2 O)}3�).

Angew. Chem. 2002, 114, 2929 ± 2932

L. Cronin, C. Beugholt, E. Krickemeyer,
M. Schmidtmann, H. Bˆgge, P. Kˆgerler,
T. K. K. Luong, A. M¸ller* 2805 ± 2808

™Molecular Symmetry Breakers∫
Generating Metal-Oxide-Based
Nanoobject Fragments as Synthons
for Complex Structures:
[{Mo128Eu4O388H10(H2O)81}2]20�, a Giant-
Cluster Dimer
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Interconnecting rings : The first pyrophos-
phate/MoV complex Na24{Na4(H2O)6	
[(Mo2O4)10(P2O7)10(CH3COO)8(H2O)4]} ¥
97H2O is synthesized in mild conditions,
and has been characterized by X-ray dif-
fraction (see polyhedral representation)
and 31P NMR spectroscopy. This molecular
compound is formed of two nearly perpen-
dicular interconnected wheels, an unprece-
dented topology for an inorganic com-
pound.

Angew. Chem. 2002, 114, 2932 ± 2934

C. du Peloux, P. Mialane, A. Dolbecq,
J. Marrot, F. Se¬cheresse* . . . . 2808 ± 2810

MoV/Pyrophosphate Polyoxometalate:
An Inorganic Cryptate

Keywords: cryptands ¥ host ± guest
systems ¥ molybdenum ¥ phosphates ¥
polyoxometalates ¥ sodium

Coupling of anatase and rutile TiO2

in a bilayer form significantly in-
creases photocatalytic activity rela-
tive to the individual components.
Reducing the dimensions of the
junction to the charge-separation
distance is of importance in increas-
ing this activity. The interfacial elec-
tron transfer from anatase to rutile
(�10 �m) was revealed by labeling
and visualizing the reduction sites by deposition of Ag nanoparticles (see picture).

Angew. Chem. 2002, 114, 2935 ± 2937

T. Kawahara, Y. Konishi, H. Tada,*
N. Tohge, J. Nishii, S. Ito . . . . 2811 ± 2813

A Patterned TiO2(Anatase)/TiO2(Rutile)
Bilayer-Type Photocatalyst: Effect of the
Anatase/Rutile Junction on the
Photocatalytic Activity

Keywords: heterogeneous catalysis ¥
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thin films

Molecular sieving to take your
breath away : The breathing ionic
crystal 1 is synthesized by the
complexation of Keggin-type [�-
SiW12O40]4� (red) polyoxometalate
with a macro cation [Cr3O-
(OOCH)6(H2O)3]� (green and
white). The water of crystallization
is easily removed from 1 by evacua-
tion to form a guest-free phase 2. Compound 2 reversibly adsorbs small alcohols
and nitriles as well as water, while longer-chain alcohols and nitriles were
excluded, which shows the novel molecular sieving of small hydrophilic molecules
by 2.

Angew. Chem. 2002, 114, 2938 ± 2941

S. Uchida, M. Hashimoto,
N. Mizuno* . . . . . . . . . . . . . . . . 2814 ± 2817

A Breathing Ionic Crystal Displaying
Selective Binding of Small Alcohols and
Nitriles: K3[Cr3O(OOCH)6(H2O)3]-
[�-SiW12O40] ¥ 16H2O

Keywords: alcohols ¥ hydrophilicity ¥
microporous materials ¥ nitriles ¥
polyoxometalates

Box clever : A very stable box-shap-
ed cyclic tetramer (see picture) was
formed from meso-pyridyl substitut-
ed meso ±meso-linked zinc(��) dipor-
phyrin, in which the porphyrin sub-
units are held in a rigorous perpen-
dicular orientation.

Angew. Chem. 2002, 114, 2941 ± 2945

A. Tsuda, T. Nakamura, S. Sakamoto,
K. Yamaguchi, A. Osuka* . . 2817 ± 2821

A Self-Assembled Porphyrin Box from
meso ±meso-Linked Bis{5-p-pyridyl-
15-(3,5-di-octyloxyphenyl)porphyrinato
zinc(��)}

Keywords: chirality ¥ porphyrinoids ¥
self-assembly ¥ zinc
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Self-assembly of triangular nanoscale secondary
building units affords a Kagome¬ lattice (see
picture) that exhibits room-temperature magnetic
hysteresis. This phenomenon is caused by spin
frustration imparted by the triangular lattice top-
ology, which is exemplified by direct comparison to
a network having the same composition, but
different topology.

Angew. Chem. 2002, 114, 2945 ± 2948

B. Moulton, J. Lu, R. Hajndl,
S. Hariharan,
M. J. Zaworotko* . . . . . . . . . . 2821 ± 2824

Crystal Engineering of a Nanoscale
Kagome¬ Lattice

Keywords: crystal engineering ¥ Kagome¬
lattice ¥ magnetic properties ¥
nanostructures ¥ self-assembly

The conformational reaction pathway for �-man-
nosidases proposed here is distinct from that of
glucosidases and cellulases. The proposal is based
on substrate distortions along the reaction pathway
of a �-mannosidase (see picture) that were re-
vealed by X-ray crystallography and are close in
conformational space to known �-mannosidase
inhibitors.

Angew. Chem. 2002, 114, 2948 ± 2951

V. M.-A. Ducros, D. L. Zechel,
G. N. Murshudov, H. J. Gilbert, L. Szabo¬ ,
D. Stoll, S. G. Withers,
G. J. Davies* . . . . . . . . . . . . . . . 2824 ± 2827

Substrate Distortion by a �-Mannanase:
Snapshots of the Michaelis and Covalent-
Intermediate Complexes Suggest a B2,5

Conformation for the Transition State

Keywords: enzyme catalysis ¥
glycosylation ¥ inhibitors ¥
mannosidases ¥ X-ray diffraction

Chiral side chains installed into the stacks of
overcrowded arenes enforce helical conformations
(see picture). The assembly process can be directed
with electric fields as a result of a dipole moment
parallel to the stacking direction. In concentrated
solutions, superhelices emerge that reflect circu-
larly polarized light.

Angew. Chem. 2002, 114, 2952 ± 2955

M. L. Bushey, A. Hwang, P. W. Stephens,
C. Nuckolls* . . . . . . . . . . . . . . . 2828 ± 2831

The Consequences of Chirality in
Crowded Arenes–Macromolecular
Helicity, Hierarchical Ordering, and
Directed Assembly

Keywords: helical structures ¥ hydrogen
bonds ¥ molecular recognition ¥ polar
order ¥ self-assembly

The enantioselective alkylation of the Schiff base 2was carried out in the presence
of a novel phase-transfer catalyst, the guanidine-containing pentacyclic com-
pound 1. The product 3 was obtained with enantiomeric excesses of 76 ± 90% (see
scheme).
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C2-Symmetric Chiral Pentacyclic
Guanidine: A Phase-Transfer Catalyst for
the Asymmetric Alkylation of tert-Butyl
Glycinate Schiff Base
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An electronic spectator in stable carbenes : Aweak
�-donor substituent such as a phosphanyl group
brings enough stabilization to singlet phosphanyl-
(mesityl)carbenes prepared by photolysis of diazo
precursors that the mesityl group remains an electronic spectator. The carbenes
are sufficiently stable to allow characterization of the phosphanyl(tert-butyl)- and
even phosphanyl(methyl)carbenes (see picture) by NMR spectroscopy
(mesityl� 2,4,6-trimethylphenyl).

Angew. Chem. 2002, 114, 2959 ± 2961
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Retention of the configuration is
observed in the pinacol-type rear-
rangement of 2,3-epoxy alcohols 1 in
the presence of bis(iodozincio)me-
thane (2). The 1,3-migration of the hydroxymethyl group affords an intermediate
2-hydroxyaldehyde, which is methylenated by 2 in situ to give homoallyl
alcohol 3.

Angew. Chem. 2002, 114, 2961 ± 2964

S. Matsubara,* H. Yamamoto,
K. Oshima . . . . . . . . . . . . . . . . . 2837 ± 2840

Stereoselective Pinacol-Type
Rearrangement of 2,3-Epoxy Alcohols
with Retention of Configuration
Mediated by Bis(iodozincio)methane

Keywords: asymmetric synthesis ¥ Lewis
acids ¥ nucleophiles ¥ rearrangement ¥
zinc

Synthetic anchor : An incorporated allyl group may
act in this way to allow protein modification in a
site-specific fashion. The nonnatural amino acidO-
allyl-�-tyrosine (1) has been site-specifically incor-
porated into protein in E. coli. The yield of full-
length mutant Z-domain protein is 5.6 mgL�1, in
comparison to 9.2 mgL�1 of native Z-domain
protein. A high-resolution mass spectrum suggests
the fidelity for the incorporation of 1 is better than
99.8%.

Angew. Chem. 2002, 114, 2964 ± 2966

Z. Zhang, L. Wang, A. Brock,
P. G. Schultz* . . . . . . . . . . . . . . 2840 ± 2842

The Selective Incorporation of Alkenes
into Proteins in Escherichia coli

Keywords: allylic compounds ¥ amino
acids ¥ biosynthesis ¥ protein
expression ¥ protein modifications

A Ga�Ga bond order considerably
less than unity in the ™digallene∫
Ar�GaGaAr� (Ar�� 2,6-Dipp2C6H3,
Dipp� 2,6-iPr2C6H3; see structure)
is indicated by its structure and
solution behavior.

Angew. Chem. 2002, 114, 2966 ± 2968

N. J. Hardman, R. J. Wright,
A. D. Phillips, P. P. Power* . . 2842 ± 2844

Synthesis and Characterization of the
Neutral ™Digallene∫ Ar�GaGaAr� and Its
Reduction to Na2Ar�GaGaAr� (Ar�� 2,6-
Dipp2C6H3, Dipp� 2,6-iPr2C6H3)

Keywords: aryl substituents ¥ gallium ¥
metal-metal interactions ¥ structure
elucidation
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1. Introduction

Mutual molecular recognition is the starting point for
almost all processes in biological systems. More than
100 years ago, this fact was first recognized by Emil Fischer,
who wrote ™that enzyme and glycoside must fit together like a
key and a lock in order to initiate a chemical action upon each
other∫.[3] Also Paul Ehrlich×s statement ™Corpora non agunt
nisi fixata∫[**][4] is–in a somewhat extended form[5, 6]–the
basis for the scientific explanation of drug action. As a

consequence, the geometrical and chemical complementarity
of small molecules (termed ligands in the following) and their
macromolecular biological target structures (mostly proteins,
termed receptors in the following) influences metabolic or
signal-transduction pathways, and thus initiates a physiolog-
ical effect.

In recent years, knowledge of the relationship between
molecular structure and biological effects has prompted a
fundamental change of the methods used in modern drug
research. Molecular biological techniques identify receptor
dysfunction or failures in regulation as possible causes of a
disease. Furthermore, they help to isolate proteins in a
purified form, the three-dimensional structure of which is
subsequently determined using X-ray structural analysis,[7, 8]

NMR spectroscopy,[9±11] or cryoelectron microscopy.[12±15] In
addition, the number of characterized protein sequences is
currently growing at a dramatic rate as a result of several
genome-sequencing projects.[16±19] This provides a platform for

Approaches to the Description and Prediction of the Binding Affinity
of Small-Molecule Ligands to Macromolecular Receptors

Holger Gohlke and Gerhard Klebe*

The influence of a xenobiotic com-
pound on an organism is usually sum-
marized by the expression biological
activity. If a controlled, therapeutically
relevant, and regulatory action is ob-
served the compound has potential as a
drug, otherwise its toxicity on the
biological system is of interest. How-
ever, what do we understand by the
biological activity? In principle, the
overall effect on an organism has to be
considered. However, because of the
complexity of the interrelated process-
es involved, as a simplification primar-
ily the ™main action∫ on the organism
is taken into consideration. On the
molecular level, biological activity cor-
responds to the binding of a (low-
molecular weight) compound to a
macromolecular receptor, usually a
protein. Enzymatic reactions or sig-
nal-transduction cascades are thereby

influenced with respect to their func-
tion for the organism. We regard this
binding as a process under equilibrium
conditions; thus, binding can be de-
scribed as an association or dissocia-
tion process. Accordingly, biological
activity is expressed as the affinity of
both partners for each other, as a
thermodynamic equilibrium quantity.
How well do we understand these
terms and how well are they theoret-
ically predictable today? The holy grail
of rational drug design is the prediction
of the biological activity of a com-
pound. The processes involving ligand
binding are extremely complicated,
both ligand and protein are flexible
molecules, and the energy inventory
between the bound and unbound states
must be considered in aqueous solu-
tion. How sophisticated and reliable
are our experimental approaches to

obtaining the necessary insight? The
present review summarizes our current
understanding of the binding affinity of
a small-molecule ligand to a protein.
Both theoretical and empirical ap-
proaches for predicting binding affin-
ity, starting from the three-dimensional
structure of a protein ± ligand complex,
will be described and compared. Ex-
perimental methods, primarily micro-
calorimetry, will be discussed. As a
perspective, our own knowledge-based
approach towards affinity prediction
and experimental data on factorizing
binding contributions to protein ± li-
gand binding will be presented.
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the development of improved techniques to predict protein
function[20±24] and their three-dimensional structure.[25, 26] Fur-
thermore, enhanced methods for crystal-structure analy-
sis[27±30] are currently being developed and computational
procedures are being applied to identify and select new
biological targets.[31±33] As a result of these efforts, in the near
future an enormously expanded range of structurally and
functionally characterized molecular targets will become
available for drug therapy.[34]

The development of a new drug, which can take up to
15 years and consume about half a billion dollars,[35±37] can be
divided into several phases.[38, 39] The process starts with an
initial search for a lead structure, that is, a ligand with a
detectable affinity for a given receptor. This step is followed
by several stages of optimization. The increase in affinity and
selectivity of a ligand towards its biological target must be
accompanied by an optimization of beneficial pharmacoki-
netic properties. This involves the absorption of the drug, its
distribution and metabolism in the body, along with its
excretion and toxicity.[40±42] The actual validation of a drug is
subsequently performed in several phases of clinical trials.

The rapid and reliable identification of potent, high-affinity
ligands is of utmost importance in view of the overwhelming
number of characterized receptors expected from the genome
projects.[43, 44] Given the limited resources available, the proof
of concept for the relevance of a particular therapeutic target
has to be assessed in the early phase of drug development.
Presently, there are two complementary approaches in the
search for new lead structures: experimental (high-through-
put) screening,[45, 46] involving the in vitro testing of large
compound libraries, and virtual screening[47, 48] or rational
design,[49±51] which is based on available information about the
structure of the biological target and/or already characterized
ligands.

Experimental random screening originated from methods
of traditional drug research. Large compound libraries of
synthetic and natural compounds are tested for possible
activity in a bioassay, independent of their actual chemical
structure.[52, 53] In recent years, this method has been promoted
extensively by the use of robotic systems to achieve high-
throughput testing[54] along with methodological develop-
ments towards combinatorial chemistry,[55±59] and automated
parallel synthesis. Using these techniques, libraries with
several tens of thousands of compounds can be easily
synthesized in a short time starting from a few reagents.
However, the hit rates obtained by these time- and cost-
intensive methods, also termed ™irrational∫ because of their
untargeted character (™as many as possible and as rapidly as
possible∫), are frequently less than one tenth of a percent of
the number of compounds tested.[60, 61] Moreover, this method
usually ignores knowledge of the features of the biological
target. As a consequence, nonrandom or targeted approaches
to screening have been developed. Here, the test compounds
are preselected by computer methods to maximize their
pairwise diversity, for example with respect to chemical
properties,[62] the expected favorable pharmacokinetic behav-
ior,[63, 64] or the biological target molecule.[65±69]

Rational drug design follows a different approach. Starting
from a known or hypothetical mode of action or binding
mechanism, a lead structure is rationally designed and
subsequently tested experimentally. The obtained results are
fed back into a design cycle as new information (Fig-
ure 1).[51, 70] Impressive results have been obtained with this
strategy, as presented, for example, in the recently published
studies on the discovery of inhibitors of DNA gyrase[71] or
matrix metalloproteinase 13.[72] Although this approach is still
in its infancy and has only recently profited from advances in
computer technology and methodology,[73, 74] there are already
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Figure 1. General approach for the rational design of inhibitors. Starting
with discovered or previously synthesized compounds and biological
testing, information about the mechanism of action or binding mode is
used as a starting point for a subsequent design cycle assisted by
computational methods.

a fair number of examples in which the development and
optimization of drug candidates have strongly profited from
this approach[75±79] (Table 1).

Furthermore, a number of drugs have already been
introduced into therapy, which were discovered by this
strategy, or where rational design has played a key role in
the discovery process, for example, the angiotensin-convert-
ing-enzyme (ACE) inhibitor captopril (1),[147] the carboanhy-
drase inhibitor dorzolamide (2),[77] the HIV-protease inhib-
itors saquinavir (3), indinavir, ritonavir, and nelfinavir,[148] and
the sialidase inhibitors zanamivir (4) and oseltamivir
(Scheme 1).[149]

The strategy to be followed in rational design depends on
whether the three-dimensional structure of the biological
target molecule is known or not. In the latter case, ™quanti-
tative structure ± activity relationships∫ (QSAR meth-
ods)[150±154] can be used to establish a relationship between

Scheme 1. Drugs used in therapy, whose development was significantly
supported by rational design.

molecular structure and biological activity for a series of
active compounds. These models do not only explain the
relative differences among the observed affinities, but also
allow an affinity prediction for unknown compounds. An
alternative procedure is the generation of a pharmacophore
model from a series of active compounds.[155] Here, the
molecular properties of the active compounds are represented
in geometric terms, which are a prerequisite for biological
activity. In a subsequent step new, potentially active, candi-
date molecules are retrieved from a compound library that
obey the pharmacophore hypothesis.[156] In addition, the
results from QSAR methods provide some insight into the
structural requirements of the receptor responsible for the
derived structure ± activity relationship. This information can
also be used to generate mini- or pseudoreceptor mod-
els.[157±160]

The gradually increasing number of structurally character-
ized macromolecular receptors[2] (Figure 2) provides the basis
for any structure-based design of active compounds. Receptor
geometries are predominantly determined by crystal-struc-
ture analysis. The obtained geometries are assumed to be
relevant also for the conditions in solution.[161±166] Using
information about the properties of the ligand-binding site
along with the assumption, based on the lock-and-key

Figure 2. Total number of entries N stored in the protein databank PDB[2]

(light gray bars) and entries newly deposited every year (dark gray bars;
status January, 2001).
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Table 1. Proteins, for which inhibitors were discovered or optimized by rational
drug design.

Protein References

aldose reductase [80, 81]
calmodulin [82]
carboanhydrase [83 ± 86]
cyclooxygenase-2 [87, 88]
elastase [89 ± 91]
FKBP12 [92, 93]
gyrase [94]
HIV protease [95 ± 103]
papain [104]
purine nucleoside phosphatase [105]
renin [106 ± 109]
reverse transcriptase [110 ± 117]
selectin [118 ± 121]
sialidase (neuraminidase) [122 ± 132]
streptavidin [133 ± 136]
thermolysin [137]
thrombin [138 ± 145]
thymidylate synthase [146]
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principle, that a potent ligand must exhibit significant
structural and chemical complementarity with the binding
pocket, two strategies for computer-aided drug design are
possible: in de novo design, novel leads are generated in the
binding pocket starting from prepositioned seed atoms or
fragments that are subsequently grown into entire mole-
cules.[167, 168] Alternatively, a compound library can be
screened for ligands in agreement with the binding-site
requirements. The individual molecules are flexibly docked
into the binding site.[169] In both cases, a fast prediction of
ligand affinity towards the receptor is the most crucial step:
only if this assessment is performed with acceptable accuracy
and reliability can new leads be discovered by computational
methods. This latter strategy is known as virtual screen-
ing.[47, 48, 170] Besides considerably reducing the time and costs
of the development, more importantly, the structural insights
and affinity information learned can be used subsequently for
lead optimization.

Two aspects determine the success of computer-aided
structure-based ligand design: the generation of reasonable
ligand-binding modes (configuration-generation problem) and
the recognition of those binding modes that correspond best
to the experimentally given situation based on a reasonable
estimate of the expected binding affinity (structure and
affinity prediction problem).[171] An objective test of docking
methods performed in 1997[172] confirmed the assumption that
recognizing near-native geometries and predicting their
affinities could be achieved only with limited success,[173±175]

whereas the problem of generating reasonable ligand orien-
tations is considered to be virtually resolved,[50, 176] at least for
proteins with rather rigid binding pockets, not involving any
water molecules in binding and without any change in
protonation state of either ligand or protein upon binding.[177]

In this review, our current knowledge of the description
and prediction of binding affinities of small-molecule ligands
to proteins will be summarized. In addition, we will present
some of our own recent results on this topic which, on the
one hand, give a better understanding of the thermodynamic
aspects of ligand binding and, on the other hand, provide
a clear improvement in computer docking and virtual screen-
ing.

2. Binding Affinity as a Result of Inter- and
Intramolecular Contributions–Macroscopic Effects
Resulting from Microscopic Events

2.1. 3D Receptor ±Ligand Structures–Windows to the
World of Interactions

3D structures of receptors (and ligands) do not only form
the basis for structure-based drug design. Many of the aspects
of ligand-binding described in the following would still be only
superficially understood if we did not have the facilities to
study them on a molecular level. Protein crystallogra-
phy,[7, 8, 178] complemented by high-resolution NMR spectro-
scopy,[9±11] provides us with the required information about the
arrangement of the atoms in space.

With respect to the study of protein ± ligand complexes, it
must be kept in mind that X-ray diffraction hardly differ-
entiates between isotopes and elements of similar atomic
number because of their comparable diffraction power.
Except for protein structures at very high resolution, the
positions of terminal N and O atoms, for example, in
asparagine and glutamine, can only be assigned on the basis
of a self-consistent hydrogen-bond network. Similar problems
occur for the imidazole ring of histidine which can adopt two
virtually indistinguishable orientations. Moreover, the posi-
tions of the poorly diffracting hydrogen atoms remain
undetermined. This is of particular importance in the case of
H atoms of conformationally flexible groups (for example,
hydroxy or amino groups), as well as for groups that can be
(de)protonated. However, a consistent picture of the local-
ization of (polar) H atoms and the adopted protonation state
can usually be assigned by analyzing the atoms in the
neighborhood.[179, 180]

The relevance of the protein geometry obtained by crystal-
structure analysis is mainly determined by the quality of the
studied crystals. Resolutions below 1.5 ä (coinciding with the
mean length of a covalent bond) are rarely obtained for
protein crystals; values between 2 and 3 ä are more usual.
Atomic resolution is achieved below 1.2 ä. Along with
techniques for experimental phase determination, insights
into the electronic structure of molecules[181,182] and the
localization of polar H atoms can be achieved. The estimated
standard-deviation value in atomic coordinates is inherently
related to resolution, for example, for a resolution of 2.5 ä
this value is about 0.4 ä.[183±185] This has to be considered
whenever intermolecular interactions are discussed on the
basis of protein crystal structures.

Furthermore, crystallography performs an averaging in
time and space of the individual molecules forming the
crystals.[163] Crystal contacts between neighboring molecules
can result in intermolecular interactions, which may affect
parts of a structure. Besides positional disorder, which results
in distinct occupancies of alternative atomic positions, dy-
namic disorder also results from thermal motion of the atoms
about their equilibrium positions. Even for atoms with an
average Debye ±Waller factor (B factor) of 20 ä2, the mean
atomic displacement from equilibrium amounts to 0.5 ä.
Moreover, because of time and space averaging during data
collection and the requirement for an unperturbed periodic
arrangement, only spatially restricted atoms contribute con-
structively to diffraction and thus only their positions can
subsequently be located.

This applies especially to water molecules which can make
up to 70% of the number of atoms in a protein crystal.[186, 187]

While the water molecules of the first hydration shell
surrounding protein or ligand are generally well-ordered,
their mobility increases with their distance from the molecular
surface.[188]

Moreover, multiple binding modes of ligands can occur as a
result of spatial averaging. In such situations, the same ligand
can occupy several energetically equivalent orientations in the
binding pocket. This case is especially true for weakly binding
ligands. In addition, deviating binding modes can occur in
different polymorphic forms of the crystalline state. Under
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kinetically controlled conditions[190±192] deviating packing
arrangements can be formed, which result in different crystal
structures of distinct physicochemical properties.[189] In the
case of crystals of proteins or protein ± ligand complexes,
these ™polymorphs∫ are usually referred to as ™different
crystal forms∫. Nevertheless, often they exhibit deviating
(enzymatic) properties; for example, depending on the
crystallization conditions, lipase crystals can be obtained in
an ™open∫ or ™closed∫ form.[166]

In summary, any referral to ™the∫ crystal structure of a
compound or protein ± ligand complex has to be regarded
with some care in the light of these effects that could lead to
multiple crystal forms.

2.2. Factors Determining Ligand ±Receptor Binding
Affinity

The selective binding of a small-molecule ligand to a
particular protein is determined by a mutual structural and
energetic recognition.[193±195] Ligands can interact either co-
valently or noncovalently with their biological target.

The noncovalent, reversible association of receptor (R) and
ligand (L) to form a receptor± ligand complex (R�L�) gener-
ally occurs in an aqueous, electrolyte-containing solution
[Eq. (1)].

Raq.�Laq. � R�L�aq�� (1)

Under thermodynamic equilibrium conditions, this reaction
is determined by the standard Gibb×s free energy (or free
enthalpy, used in the following) of binding �G�. This quantity
is related to the experimentally determined association
constant KA (or its reciprocal dissociation or inhibition
constants, KD or Ki , respectively) [Eq. (2)]. �G� is composed
of an enthalpic (�H�) and an entropic (T�S�) portion. Trefers
to the absolute temperature.[196, 197] In place of �G�, the term
(binding) affinity is used to describe the tendency of a
molecule to form a complex with another one.

KA � K�1D � K�1i � �R�L��
�R� �L�

�G� � �RT lnKA � �H��T�S�
(2)

According to Equation (3), with �0
i as the chemical

standard potential of the species i, �G� can also be under-
stood as a function to describe the stability of the complex
with respect to free ligand and uncomplexed receptor.[198, 199]

�G� � �
o

R�L�aq��� (�o

Raq�� �
o

Laq�� (3)

Experimentally determined inhibition constants fall into a
range between 10�2 and 10�12�, which corresponds to a Gibbs
free standard enthalpy of binding of �10 to �70 kJmol�1 at
T� 298 K.[194] A change in free enthalpy of 5.7 kJmol�1 at this
temperature alters the inhibition constant by one order of
magnitude. A comparison of affinities of reversibly binding
ligands shows that the increase in binding affinity is about
6.3 kJmol�1 per atom for molecules with up to 15 non-

hydrogen atoms. Moreover, for larger ligands the affinity is
only slightly dependent on the molecular weight.[200]

It is generally accepted that electrostatic interactions
determine noncovalent ligand ± receptor binding. They com-
prise salt bridges, hydrogen bonds, dipole ± dipole interac-
tions, and interactions with metal ions. Furthermore, solvation
and desolvation contributions, and the mutual spatial com-
plementarity in van der Waals interactions are of utmost
importance.[199, 201±203] The latter aspect has been summarized
by Dunitz and Gavezotti in the context of attractive or
repulsive interactions in molecular crystals as ™empty space is
wasted space∫.[204] Similar considerations have been found for
protein ± ligand complexes.[93] Additional effects are deter-
mined by intramolecular changes of receptor (R�R� and
ligand (L�L�) during complex formation.[194, 195]

2.2.1. Electrostatic Interactions

Pauling already highlighted the importance of hydrogen
bonding[205, 206] for the structures of proteins and their ligand
complexes.[207] Nevertheless, even today, no consensus view on
the relative contribution of hydrogen bonding to the thermo-
dynamics of protein folding and ligand binding has been
established.[208±211]

Hydrogen bonds result from an electrostatic attraction
between a hydrogen atom bound to an electronegative atom
X (usually N or O) and an additional electronegative atom Y
or a �-electron system. Distances of 2.5 ± 3.2 ä between
hydrogen-bond donor X and acceptor Y and X�H ¥¥¥Y angles
of 130 ± 180� are typically found.[206] Whereas no or only a
slight dependency of the hydrogen-bond strength with angular
changes are observed in the range of 180� 30�,[212] shorter
distances down to 2.3 ä result in a more covalent bond
character and a larger binding energy,[213] although, the latter
aspect does not hold in general.[214, 215]

As a result of the electrostatic nature, the strength of a
hydrogen bond depends on its microscopic environment: the
shielding of electrostatic interactions depends on the local
dielectric constant � of the surrounding medium, which means
that the Coulombic interaction energy is proportional to ��1.
While � values of 1 ± 20 (mostly 2 ± 8) are assumed for the
protein interior, the value at the protein periphery, next to the
surrounding water, is about 80.[216, 217] Furthermore, in close
proximity to polar groups a higher dielectric constant is
expected compared to a nonpolar environment.[218] This also
applies to more conformationally flexible regions of the
protein.[219] Therefore, buried hydrogen bonds are regarded as
more important for protein ± ligand interactions than those
formed in solvent-exposed regions.[220, 221]

The importance of water in the overall inventory of
interactions is further indicated by the fact that only 1 ± 2%
of all buried N�H and C�O groups of protein amide bonds do
not form a hydrogen bond.[222] Prior to complex formation, the
functional groups of the uncomplexed receptor and the free
ligand are involved in hydrogen bonds to surrounding water
molecules in the solvent. In the complex, they are replaced by
hydrogen bonds of comparable strength formed between the
ligand and the receptor. It is hence the difference in the free
enthalpies of these contributions to the hydrogen-bond
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inventory that ultimately determines whether hydrogen
bonding contributes to binding affinity or not.[223±225] Buried
polar groups of a ligand or protein that remain unpaired are
thus regarded as highly detrimental to complex formation.[220]

As an upper limit in such unfavorable situations, a free-
enthalpy contribution of 29 kJmol�1 has been estimated.[226]

On the other hand, these considerations underline why
electrostatic interactions and hydrogen bonds are frequently
the predominant contribution to the specificity of molecular
recognition.[201, 210]

At physiological pH values (ca. 7.4), it is assumed that in
proteins the guanidine side chain of arginine (pKa� 12.5) and
the terminal amino group of lysine (pKa� 10.8) are proto-
nated, whereas the carboxy groups of aspartic (pKa� 3.9) and
glutamic acid (pKa� 4.1) are deprotonated (pKa values ac-
cording to reference [227]). Even more complex to predict are
the properties of histidine residues (pKa� 6.5). Their exact
protonation state will depend upon the dielectric conditions
imposed by the local environment. These can change upon
ligand binding (Figure 3).[228, 229] If the bound ligand provides a
sterically suitable arrangement of groups oppositely charged
to the protein residues, attractive electrostatic interactions, so-
called ™salt bridges∫, can be formed (Figure 4).[230]

Figure 3. Impact of the protein environment on the pKb values of a basic
ligand group (upper row) and pKa values of an acidic ligand group (lower
row) compared to aqueous solution (pKH2O

b and pKH2O
a �.

Figure 4. Examples of patterns of special hydrogen bonds: a), b) bidentate
ionic (™salt bridges∫), c) C�H ¥¥¥� interaction.

The contributions of hydrogen bonds and salt bridges to
binding affinity have been estimated, however, the derived
values must be considered with respect to the origin of these
data. Evidence from protein-mutation studies suggest values
for the interaction between uncharged partners of �G��
�5� 2.5 kJmol�1.[210, 223, 231] Similar values originate from
investigations of structures and solution energies of crystalline
cyclic dipeptides[232] and studies estimating the contribution of

intramolecular hydrogen bonds to the stability of pro-
teins.[233±235] In contrast, values of �10 ± � 20 kJmol�1 have
been reported for charge-assisted hydrogen bonds and salt
bridges.[231, 236] The interpretation of the experimentally de-
termined ™apparent∫ binding contributions suffers from one
important problem common to all these studies: the measured
quantities correspond to the ™intrinsic∫ contribution of an
interaction only if superimposed effects can be exclud-
ed.[231, 237, 238] For example, the contribution of a hydrogen
bond was initially reported by Williams and co-workers to be
about �25 kJmol�1.[239, 240] Later, this estimate was reduced
to �1 to � 7 kJ/mol�1 because of incorporation of initially
neglected effects.[241, 242] Similarly, Andrews et al. overestimat-
ed the contribution of hydrogen bonds to complex formation
because they assumed too large values for the entropic
contributions that are detrimental to binding.[203]

Hydrogen bonds also influence ligand binding by their
strong directional nature. Besides theoretical[243] and spectro-
scopic investigations, the analysis of crystal data primarily
provides important information about their geometry.[244, 245]

Carbonyl and carboxylate oxygen atoms form interactions
mainly along the direction of their lone-pair electrons;[246, 247]

for carboxylates the lone-pairs in the syn position are
preferred to those with anti orientation.[244, 248, 249] A compre-
hensive compilation of the geometries of nonbonding inter-
actions observed in crystalline solids is given in the IsoStar
database[250] (Figure 5).

Figure 5. Composite picture of intermolecular interactions as observed in
the crystal packing of small molecules compiled in the database IsoStar.[250]

Shown are the arrangements of hydroxy groups around aliphatic ketones
(a), aliphatic ethers (b), and aliphatic esters (c) as central groups.

Much weaker, but equally directional[251] hydrogen bonds
are known between C�H ¥¥¥O, C�H ¥¥¥N, C�H ¥¥¥�-systems,
and C�H ¥¥¥ Cl[252±256] that also occur in more hydrophobic
regions of proteins. Significant contributions to ligand-binding
affinity also arise from so-called � ±� interactions[257, 258]

between aromatic groups of ligands and side chains such as
phenylalanine, tyrosine, or tryptophan.[259±261] Furthermore,
interactions between cations, such as tetraalkylated amines,
and aromatic residues are observed.[262±264] The latter play a
significant role in the binding of positively charged ligands to
the nicotinic acetylcholine receptor.[265, 266] Interestingly, com-
parative calculations on the strength of salt bridges versus
cation ±� systems in aqueous solution revealed an up to
10 kJmol�1 greater contribution to binding affinity by the
latter type of interactions.[267] Coordinative bonds of ligand
functional groups (e.g. hydroxamates, carboxylates, phos-
phates, thiols) to protein-bound metal ions also stabilize
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receptor ± ligand complexes.[268, 269] . ™More subtle∫ electro-
static contributions such as dipole ± induced dipole, dipole ±
quadrupole, and quadrupole ± quadrupole interactions to
protein ± ligand binding were found in highly resolved car-
bonic anhydrase II ± ligand complexes. There, the electrostatic
interactions were modified systematically by replacing the
benzyl hydrogen atoms with fluorine atoms in N-(4-sulfamyl-
benzoyl)benzylamine.[270]

2.2.2. Solvation and Desolvation

In biological systems, molecular recognition between two
molecules takes place in an aqueous environment. Thus, in
addition to its role in the energetics of hydrogen bonds, as
described in the previous section, water has an additional
influence on the formation of protein ± ligand com-
plexes.[271±273]

In the condensed bulk phase, water molecules form a
network of three to four hydrogen bonds per molecule.[205]

Similar behavior is also found for about 80% of the water
molecules that mediate interactions between protein and
ligand, as evidenced by the analysis of 19 highly resolved
crystal structures of protein ± ligand complexes.[274] Assuming
optimal geometry for these solvent-mediated interac-
tions, a contribution to binding affinity of �10.5 to
� 12.5 kJmol�1[275, 276] and �7 kJmol�1[277] has been estimated.
The latter value results from an entropic contribution
(�30 Jmol�1 K�1, corresponding to 9 kJmol�1 for �T�S at
298 K)[278] and an enthalpic contribution (�16 kJmol�1)[279]

which corresponds to the transfer of a water molecule from
the bulk phase into the binding epitope.

Analyzing the topography of the surrounding molecular
surfaces, it becomes evident that interstitial water molecules
in the protein ± ligand interface preferentially occupy cavities
in the protein surface and less frequently reside in depressions
on the ligand surface (Figure 6).[277, 280, 281] A series of highly

Figure 6. Schematic representation of water molecules mediating an
interaction between protein and ligand; a) more frequently observed
situation with a water molecule strongly bound to the protein; b) water
molecule that is more strongly bound to the ligand (Figure adapted from
reference [277]).

resolved crystal structures of the oligopeptide-binding protein
(OppA) accommodating different Lys-xxx-Lys ligands (xxx:
natural and non-natural amino acids)[282, 283] shows that, in
these complexes, water molecules act as mediators to comple-
ment the side-chain residues xxx of different size, whereas the
protein structure (apart from the rotation of the side chain in
Glu32) remains almost unchanged (Figure 7).

Figure 7. Superposition of the binding pockets extracted from four
complex structures of the oligopeptide binding protein (OppA; white)
with ligands Lys-xxx-Lys; for each example only the central xxx residue is
shown in a different color (orange: Ala (PDB-Code 1jet), violet: Trp
(PDB-Code 1jev), green: Glu (PDB-Code 1jeu), light blue: Lys (PDB-
Code 2olb)). The water molecules are displayed as spheres with corre-
sponding colors. The rigidity of the binding pocket (apart from Glu32) is
obvious, together with a cluster formation of several water molecules.

However, the water molecules do not move without
restriction within the ligand-binding pocket. In each case,
they occupy energetically favorable, partially conserved
positions (Figure 7).[277, 284±286] Interestingly, the binding con-
stants vary in total by only one order of magnitude even for
the exchange Trp�Ala and Lys�Glu as xxx.[283]

The unique role of water compared to other solvents–
forming a tetrahedrally connected network and simulta-
neously occupying only an exceptionally small molecular
volume[287±289]–also emerges in the desolvation of proteins
and ligands upon complex formation. This step involves not
only the rupture and reformation of hydrogen bonds to
functional groups, but also the reorganization of the water
structure at the interface. This is reflected both in the
enthalpic and entropic contributions to the binding affini-
ty.[240, 290±293]

The fact that the transfer of a nonpolar compound or a
nonpolar surface portion into water is a) highly unfavorable,
b) associated with a reduction in entropy at room temper-
ature, and c) correlated to an increase in heat capacity has
been summarized as the ™hydrophobic effect∫.[233, 294±298] First
introduced by Frank and Evans[299, 300] the ™iceberg model∫
assumes that during the hydration of a nonpolar compound a
reduction in the number of hydrogen bonds between water
molecules occurs, but that water molecules next to the
interface form stronger hydrogen bonds than those in the
bulk water phase. Accordingly, Silverstein et al.[301] calculated
a free enthalpy of �G� 2.0 kJmol�1 for the cleavage of a
hydrogen bond in pure water, whereas the same step involving
water molecules in the first solvation sphere around argon
atoms requires a free enthalpy of �G� 2.6 kJmol�1. This
effect results in a clathrate-type restructuring of the adjacent
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water shell along with a partial immobilization of the water
molecules.[302±304]

Whereas the enthalpic contribution almost cancels out for
this process at room temperature (fewer but stronger hydro-
gen bonds instead of many such bonds of medium strength),
the entropy decreases because of a higher ordering of the
water molecules.[301] This step is entropically disfavored, but
only up to a critical temperature Ts which depends on the
nature of the compound to be transferred. At Ts the entropic
contribution to the transfer vanishes.[297, 302] On the opposite
side, for T�Ts, the burial of a hydrophobic surface upon
complex formation corresponds to a favorable entropy-driven
process (�H	 0, �S� 0). This view is supported by spectro-
scopic studies of surface-specific vibrations of molecular
arrangements at the CCl4/H2O or hydrocarbon/H2O interface.
Although these studies indicate rather weak hydrogen bonds
among the water molecules at the phase interface, the
molecules mutually orient because of interactions with the
organic phase.[305]

This classical view, however, is not generally accept-
ed.[298, 302] An alternative approach does not regard the
structuring of the water molecules as the main reason for
hydrophobic interactions. Instead, it involves a positive
enthalpy resulting from the rupture of several hydrogen
bonds in order to create a cavity in the water structure that
subsequently accommodates the nonpolar compound.[306, 307]

In agreement with this hypothesis, calorimetric measurements
found that contributions of 25 ± 100% of the protein ± ligand
binding enthalpy originate from solvent reorganization.[308]

The contribution of hydrophobic interactions to the free
enthalpy in protein folding or protein ± ligand complex
formation can be regarded as proportional to the size of the
hydrophobic surface buried during these processes.[309±314] This
allows quantitative characterization of the effects in-
volved.[315, 316] Solubility studies of hydrocarbons in water
revealed �0.10 to � 0.14 kJmol�1 ä�2 as a contribution to
hydrophobic interactions.[309, 310, 317, 318] The correlation of the
hydrophobic surface buried upon receptor± ligand binding
with experimentally determined binding affinities revealed
values of �0.11 to � 0.24 kJmol�1 ä�2 as contributions to the
free enthalpy.[240, 319, 320] The burial of a methyl group (	25 ä2)
contributes �2.75 to � 6 kJmol�1, thus increasing the asso-
ciation constants at 298 K by a factor of 3 ± 11. In contrast,
however, values of �0.08 to � 0.64 kJmol�1 ä�2 were deter-
mined in mutation studies for the influence of hydrophobic
interactions on the stability of proteins.[321±324] Again, most
values obtained suggest larger contributions compared with
those resulting from solubility studies. This finding can be
explained by a cooperative effect (see Section 2.2.4).[325] Once
such effects are neglected, the sole consideration of the size of
the buried surface reveals the reported higher contributions
per ä2. Huang and Chandler have recently suggested that for
small hydrophobic molecules a scaling with molecular volume
is more appropriate, whereas for larger hydrophobic mole-
cules scaling with the molecular surface reveals a better
correlation.[326]

Hydrophobic interactions are also regarded as the main
driving force for conformational changes of the receptor upon
ligand binding. This induced fit can be viewed as a ™collapse∫

of the receptor about the ligand.[199] As an extreme case, the
binding of trifluoperazine (5) to Ca2� calmodulin induces a
conformational change of the protein from an extended to a
compact form (Figure 8).[327] Crystal structures of 3,4,5-
substituted piperidine derivatives (e.g. 6) bound to renin
show an induced adaptation of the binding pocket to
accommodate the attached substituents (Scheme 2).[328] Sim-
ilar cases have been described for protein ± ligand complexes
of aldose reductase[329] and glycogen phosphorylase.[330]

Figure 8. Superposition of the N-terminal domains of calmodulin as
uncomplexed (dark gray: PDB code 1lin ) and ligand-bound enzyme (light
gray: PDB code 3cln). The four bound trifluoperazine molecules (5)
indicate the induced collapse of the protein upon ligand binding. Only the
backbone trace of the protein is shown in each case.

Scheme 2. Ligands of Ca2�-calmodulin (5) and renin (6) that induce an
adaptation of the protein binding pocket.

A comparable orientation of drugs with rather deviating
shapes in the same binding pocket originates from induced-fit
adaptations as a consequence of favorable hydrophobic
interactions. An impressive example is the binding of
nevaripin (7), �-APA (8), or HEPT (9 ; Scheme 3) to HIV-1
reverse transcriptase.[331] While none of the C-� atoms shift
position by more than 2.7 ä, any structural adaptation of the
protein is a response to changes in the substitution pattern of

Scheme 3. Inhibitors of HIV-1 reverse transcriptase.
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the inhibitors (Figure 9).[199] HIV-1 reverse transcriptase has
to adapt its conformation consecutively while binding to the
substrate RNA. Accordingly, it can be assumed that the
observed inhibitor binding freezes different ™snapshots∫
along this conformational transition path.

Figure 9. Induced fit of the binding pocket of HIV-1 reverse transcriptase
resulting from the binding of nevirapin (7; cyan: PDB-Code 1vrt), �-APA
(8 ; green: PDB-Code 1vru) and HEPT (9 ; violet: PDB-Code 1rti). The
protein residues are color coded similar to the ligands. For clarity, only the
amino acids which are next to the ligands in a sphere of� 4 ä and are
involved in pronounced conformational changes upon binding of the
different ligands are shown.

2.2.3. Intramolecular Changes of Ligand and Receptor

Upon complex formation, the change in degrees of freedom
of the different components involved results in a change of
entropy.[332] If the complex formation, neglecting any involved
water molecules, is regarded as a bimolecular association step,
each component loses three degrees of translation and
rotation, while six new vibrational degrees of freedom are
created.[290, 333±335] Although partitioning of the standard
enthalpy into individual contributions is formally impossible
for such processes in solution,[336] this simplification provides
first insights into the influence of flexibility and mobility of
protein and ligand on complex formation.[332]

The application of the Sackur ±Tetrode approach or
Trouton×s Rule[337] requires the arguable assumption[338] that
the results are transferable to solution processes[198, 339] . If so,
for the complete immobilization of a molecule a loss in
entropy of about�420 Jmol�1 K�1 results.[340] However, losses
about half this size (	 � 200 Jmol�1 K�1[290, 333, 334, 343] corre-
sponding to 60 kJmol�1 at 298 K) were found experimentally.
The difference can be attributed to the residual mobility of
molecules in the complex. The latter is estimated by consid-
ering the experimentally observed motion in the crystals (e.g.
lysozyme[341] or insulin[342]) or the entropy changes involved in
inter- and intramolecular reactions. Even smaller contribu-
tions of 9 ± 45 kJmol�1 were found by Searle and Williams for
the melting or sublimation of hydrocarbons or polar organic

molecules.[292] This is in agreement with results for the
association of rigid cyclic dipeptides in the solid, liquid, and
gas phases.[344] Hermans and Wang calculated 29 kJmol�1 (at
300 K) for the free enthalpy of binding of benzene to a
lysozyme-T4 mutant resulting from the partial loss of trans-
lational and rotational degrees of freedom. This calculation
also allowed the estimation of the remaining free space in the
binding pocket available for motion of the benzene molecule.
Positional deviations of 0.6 ä in atomic coordinates and 10 ±
15� in rotation about the normal vector of the ring plane were
found as root-mean-square deviations in a mutual super-
position.[345]

Upon binding, conformational mobility is restricted, re-
ducing the internal degrees of freedom of rotatable bonds.
Such entropic contributions to the free enthalpy of binding
were suggested to fall into a range between 0.5 kJmol�1,[236]

2.5 kJmol�1,[292, 343] and 4 ± 6 kJmol�1,[290, 333, 334] at 298 K. For
amino acids, the probabilities of rotameric states were
calculated based on observed conformational distributions
of solvent-exposed side chains in protein crystals. These
probabilities were used to estimate the entropy loss for the
restriction of their conformational mobility.[346, 347] Contribu-
tions to the free enthalpy from 0 (for Ala, Gly, Pro) to
8.7 kJmol�1 (for Gln), with a mean value of 3.7 kJmol�1 per
residue, were suggested.

Experimental evidence indicates that ligands frequently
retain considerable residual mobility in the bound state. An
increase in mobility of the protein can even favorably
influence the free binding enthalpy.[348] Residual mobility is
found, for example, for the binding of camphane, adaman-
tane, or thiocamphor to cytochrome P450cam.[349] Without
forming a hydrogen bond, the ligands rotate freely in the
binding pocket. They are, therefore, hydroxylated nonselec-
tively. The binding of DNA to the C-terminal domain of
topoisomerase 1[350] demonstrates that complex formation is
not solely associated with a restriction of molecular mobility.
While some of the protein residues become more highly
ordered, others become more mobile. For the binding of a
hydrophobic mouse pheromone to mouse major urinary
protein, NMR relaxation studies[351] showed that an increase
in protein backbone entropy reveals a considerable favorable
contribution to the free enthalpy of binding, which is of the
same order of magnitude as other contributions. Similarly,
Weber et al.[134, 352] observed by crystallographic and thermo-
dynamic studies of natural and synthetic streptavidin inhib-
itors that the ligand with the highest binding affinity also
experiences the largest residual mobility in the complex.

An alternative strategy to compensate for entropic losses
caused by ligand immobilization results from conformational
preorganization in solution. In the case of the thrombin
inhibitor �-Phe-Pro-boro-Arg,[353] a ™hydrophobic col-
lapse∫[354] in aqueous solution minimizes the hydrophobic
surface of the �-Phe and Pro side chains. At the same time, a
conformation is adopted that strongly resembles the receptor-
bound conformation.[355] Interestingly, an inverse ™hydrophilic
collapse∫ of the immune suppressors CsA and FK506 is made
responsible for their high membrane permeability and
suggests a formulation of the administered drugs in olive
oil.[356]
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Besides entropic contributions, enthalpic differences be-
tween solution and receptor-bound conformations of a ligand
also influence the free binding enthalpy. Comparing comput-
ed force-field energies of the protein-bound conformations
with those of the global minima in vacuum revealed differ-
ences between 0 ± 167 kJmol�1 for 33 compounds, with a
mean value of 67 kJmol�1.[357] For three different dihydrofo-
late reductase inhibitors, an unfavorable conformational
energy contribution to binding of 112 ± 296 kJmol�1 has been
calculated.[358] These unrealistically high values result from a
comparison of the receptor-bound conformers with those in
the gas phase. However, such a comparison is of no relevance.
Similar studies based on conformational ensembles produced
from a solvation model suggest that conformational enthalpy
differences amount to less than 12 kJmol�1, thus slightly
disfavoring the receptor-bound state.[359] In addition, Vieth
et al. found that the spatial orientation of ™anchor points∫
responsible for ligand binding to the protein coincide well in
protein-bound conformations with those of minimum-energy
structures.[360] In several cases, conformations were also found
for ligands which deviate slightly from those in the crystal
structure, but have a significantly lower conformational
energy.

It has to be considered that the anisotropic molecular
environment of the protein perturbs the energy barriers
separating different conformational (rotational) states. For
example, this influence has been described by comparing the
enzyme-bound conformation of methotrexate (an inhibitor of
dihydrofolate reductase) with that adopted in its small-
molecule crystal structure.[361] This polarization effect has to
be considered in the development of advanced force fields.[362]

2.2.4. Additivity, Cooperativity, and Enthalpy ± Entropy
Compensation

Approaches based on group additivities [Eq. (4)] or the
additivity of free enthalpy components [Eq. (5)] are frequent-
ly applied to understand and predict protein ± ligand inter-
actions. In this respect, pioneering work was performed by
Andrews et al.[203] and Lau and Pettitt.[363]

�G � �GCH3
��GOH��Gphenyl� . . . (4)

�G � �GH-bridge��Gsolvation��Gconformation� . . . (5)

Already the variation in the absolute contributions dis-
cussed in the previous section demonstrates that this parti-
tioning is not possible in a straightforward way. Strict
application of statistical thermodynamics shows[364] that the
free energy (free enthalpy) is a global property of the system
under consideration. It thus depends on the total configu-
ration space of the system. Hence, while separation of energy
into (pairwise) individual contributions is a reasonable first
approximation, this is, in principle, not valid for entropy[332]

and free energy.[365] As a state function, the free energy is path
independent, however, this does not apply for its components,
as confirmed by nonadditivity in mutation studies.[237, 238, 366±368]

A separation into individual components is possible if the
total system under investigation is separated into mutually

independent subsystems.[364] The latter is questionable, espe-
cially for biological systems featuring weak, noncovalent
interactions which lead to many nearly identical (macro-
scopic) states.[369]

As an alternative, one can focus on the partitioning of the
most dominant part of the free energy [Eq. (6)][365, 369, 370]:

�G � �HH-bridge��Hsolvation��Hconformation� . . .�T�S (6)

This strategy has been used, for example, for the calculation
of ™intrinsic binding energies∫ from free enthalpies of binding
of molecules with groups A, B, or A�B to a protein.[237, 291]

An impressive example for nonadditivity–also[371, 372]

termed ™cooperativity∫–becomes apparent for the correla-
tion of the ™hydrophobic free enthalpy∫ with the solvent-
inaccessible, nonpolar surface. Protein mutation studies and
studies on ligand binding show that the hydrophobic effect
obviously promotes stability and binding in aqueous solution
to a large extent as suggested by solvent transfer measure-
ments (see Section 2.2.2).[315] However, the burial of a part of a
hydrophobic molecular surface at a binding site can induce a
simultaneous cooperative enhancement of neighboring elec-
trostatic interactions.[325, 372]

The contribution of the standard enthalpy �H� and entropy
�S� to the free (binding) enthalpy �G� [Eq. (1)] can be
determined directly from microcalorimetry[373] or van×t Hoff
plots of affinity measurements at different temperatures[374]

(see Section 4). Generally, these experiments do not indicate
any direct correlation between �H� and �G�. Thus, any
interpretation or prediction of binding properties solely based
on enthalpic considerations must be inadequate.[194] A possi-
ble exception might be given for series of closely related
ligands with very similar entropic contributions.

The clear correlation between �H� and �S� (™enthalpy ±
entropy compensation∫) is obviously an intrinsic property of
weak intermolecular interactions.[242, 336] This correlation is
generally observed in (supramolecular) host ± guest[375] and
receptor ± ligand complexes.[293, 376, 377] However, this form of
compensation is by no means a ™general∫ principle.[378, 379] It
can be interpreted that an enhancement of intermolecular
binding is accompanied by a loss in degrees of freedom of
mobility and vice versa. Its existence is of particular impor-
tance for the prediction of receptor± ligand interactions:
whereas the individual enthalpic and entropic contributions
can vary over large ranges, the total change in free enthalpy is
frequently close to zero. As a consequence, small relative
errors in the prediction of �H� and �S� can have significant
influence on �G�.

3. Theoretical Approaches to the Prediction of
Binding Affinities

Studies on the prediction of binding affinities can be
divided into two major categories:
� If the 3D structure of the biological target molecule is not

known the (often qualitative) prediction of the binding
affinity of new ligands is based on the comparison with
known reference structures such as endogenous ligands or
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previously synthesized compounds.[150, 151, 380, 381] The con-
siderable importance[382] of these methods arises from the
fact that many pharmacologically important targets are
membrane-bound proteins, such as G-protein-coupled
receptors (GPCR),[383, 384] ion channels,[385] or transport
proteins.[386±388] As, apart from a few examples, no exper-
imentally determined 3D structure of sufficient accuracy is
available for these systems, usually only indirectly obtained
models can be used.

� If the 3D structure of the receptor is known, binding affinity
predictions are performed considering geometrical and
chemical complementarity between ligands and biological
targets.[173±175, 198, 389±394] Because of the steadily growing
number of spatially characterized receptors (Figure 2), an
increasing impact of the latter strategy is to be expected in
the near future.
In this review, we focus on methods exploiting the 3D

structure of the receptor. As, however, comparative molec-
ular-field analyses (3DQSAR) yield surprisingly good affinity
predictions, merely by learning from the information provided
by a ligand-training set, these methods will be briefly
discussed in the following.

3.1. Approaches without Knowledge of the Receptor
Structure

Affinity prediction of ligands in the absence of information
about the receptor structure assumes that similarity in bio-
logical response is reflected by chemical similarity of the
ligands.[380] Approaches that compare molecules on the one-
or two-dimensional level[395] by means of topological descrip-
tors consider the presence or absence of functional groups by
associated bit vectors (so-called fingerprints). They will not be
discussed here. Similarly, methods based on substructure
mapping,[396] pharmacophore searches,[397] and superposition-
ing of ligands will not be considered.[398±400] Usually, these
methods predict the expected binding affinity only on a
qualitative scale.

In contrast, quantitative predictions can be obtained from
Quantitative Structure ±Activity Relationships (QSAR).[150]

A correlation between structure and biological properties
(e.g. affinity or selectivity) of a molecule is determined with
respect to physicochemical and structural parameters. Clas-
sical 2D-QSARmethods, established by Hansch and Fujita[401]

or Free and Wilson,[402] suffer from the fact that only data sets
of structurally similar ligands can be studied and the spatial
structure, essential for the understanding of receptor ± ligand
interactions, is only vaguely or indirectly considered.[403]

This limitation is relieved in 3D-QSAR methods:[152, 404]

relative differences in the spatial structure of individual
ligands are correlated with a known target property, such as
binding affinity. As a prerequisite, the bioactive conforma-
tions of all ligands have to be considered to be aligned with
each other, which best reflects their assumed arrangement in
the binding pocket.[398] A conformationally rigid example in
the data set could be used as a reference structure for a
subsequent molecular superpositioning.[405] Equally well,
conformations taken from known protein ± ligand com-

plexes,[406, 407] or functional groups in agreement with a
pharmacophore hypothesis can be used.[408, 409] Besides atom-
or group-based superposition methods, molecular fields are
used to maximize their mutual similarity, in particular in
flexible alignments.[398, 400]

In the following, a short description of current 3D-QSAR
methods will be given, with emphasis on CoMFA (Compara-
tive Molecular Field Analysis) and related developments.
Comprehensive reviews in this field have been given by
Kubinyi,[150, 151] Sanz et al.,[410] and van der Waterbeemd.[411]

� The 3D-grid-based CoMFA method,[405] developed from
DYLOMMS,[412] compares a series of molecules in terms of
molecular energy fields. It subsequently correlates field
differences with differences in the dependent target
property, for example, the binding affinity. In its original
implementation, steric and electrostatic interaction ener-
gies are calculated for all molecules in the data set at the
intersections of a grid containing all molecules. This
approach assumes that entropic contributions are constant
across the data set used for the analysis. For each molecule
n, this QSAR is results in the Equation (7):

Affinityn � k��1Sn �1�. . .��MSn,M��1En �1� . . .��MEn ,M (7)

The indices 1, 2, . . . ,M reflect the respective grid points, and
Sn,1,. . . , Sn,M and En,1, . . . , En,M describe steric and electro-
static energies at these points. The coefficients �1, . . . , �M

and �1, . . . , �M are obtained from a system of linear
equations by partial least-squares analysis.[413, 414] Binding
affinities of new molecules, not included in the training set,
can be predicted using the derived model.

While steric and electrostatic fields account for only
enthalpic contributions, attempts have been described to
reflect entropic contributions through the characterization
of hydrophobic properties.[415] These approaches include
fields based on HINT (Hydrophobic Interaction),[416, 417]

molecular lipophilic potentials (MLP),[316] GRID fields[418]

based on an H2O or a DRY probe, or desolvation energy
fields calculated with DelPhi.[419]

� Alternative molecular interaction fields are applied in
CoMSIA (ComparativeMolecular Similarity Indices Anal-
ysis).[420] Here, Gaussian functions are used to describe
steric, electrostatic, and hydrophobic similarities. Similarly,
hydrogen-bond donor and acceptor properties are consid-
ered.[244, 421] Compared to CoMFA, this approach avoids
particularly steep potentials next to molecular surfaces.
Thus, similarity indices are also determined close to the
molecules.

� TheHASL approach (Hypothetical Active-Site Lattice)[422]

is another grid-based 3D-QSAR technique. It tries to
attribute partial activities to grid points within the van
der Waals volume of the ligands. The sum of the values at
all grid points assigned to one molecule reflects the
parameter to be correlated.

� In the Compass method,[423] molecular interaction fields are
calculated in the proximity of the van der Waals surface of
the considered molecules, thus focusing on the area likely
to be involved in receptor± ligand binding. In addition, the
number of descriptors is largely reduced. AQSARmodel is
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then generated using a back-propagation neural network.
Subsequently, this model is further improved by iteratively
generating and superimposing conformations of the mol-
ecules in the data set.

� In contrast to the previous methods, APEX-3D avoids
molecular interaction fields.[424] Instead, a relationship
between structural properties and observed activity is
automatically established in a stepwise fashion. Molecules
with similar activity are analyzed for corresponding 2D-
topological or 3D-topographical patterns. Using logical
programming, pharmacophores are identified which pro-
vide the basis for molecular superpositioning. Finally, a 3D-
QSAR model is generated based on physicochemical
properties of the pharmacophoric groups and global
molecular properties such as hydrophobicity and molar
refraction.

� The YAK method[158] is based on studies by Hˆltje and
Kier.[425] Putative amino acid residues are placed in space
using a set of ligands to generate a so-called pseudorecep-
tor. YAK selects and orients the amino acid side chains
automatically. If available, crystallographic information,
data from sequence analysis of homologous proteins, or
mutation studies can be considered. This selection and
positioning is iteratively optimized until the computed
interaction energies best reflect the affinity data of the
ligand under investigation. Finally, a pseudoreceptor is
constructed by linking the placed amino acids with poly-
Gly fragments.

3.2. Approaches Based on Knowledge of the Receptor
Structure

The success of docking and de novo design methods
strongly depends on the prediction of binding affinity, purely
based on the spatial orientation of a ligand in the binding
site.[174, 175, 426] The fundamentals of statistical thermodynamics
used to calculate binding affinity are critically summarized in
references [173, 198]. Reviews on applications are given in
references [174, 175, 389 ± 391, 394, 427, 428]. The determi-
nation of molecular interaction fields based on the known
receptor structure is reviewed in reference [429]. Referen-
ces [430, 431] consider special applications and advances in
force fields used in this context. A review on the handling of
electrostatics in macromolecular systems is found in refer-
ences [216, 432 ± 436], whereas references [437 ± 445] summa-
rize the advances in calculating free enthalpy and entropy in
the context of the thermodynamic perturbation theory.

In the following, the methods are classified and described
with respect to their methodological background. This
separation is not always strict, as several techniques combine
different approaches.

3.2.1. Free-Energy-Perturbation Calculations and Linear
Free-Energy Approaches

From a thermodynamic point of view, the rigorous pre-
diction of relative free energies of binding of ligands to
proteins results from free-energy-perturbation (FEP) calcu-

lations [Eq. (8)][446] or thermodynamic integration (TI)
[Eq. (9)],[447] with explicit consideration of solvent molecules
and flexibility of both the receptor and the ligand.[173, 390, 426]

�F � F1�F0 � � kBT ln
�

exp
�

�H1
X�� � H0
X��
kB T

��

0

(8)
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�

1

0

�

�H�
X��
��

�

�

d� (9)

The basis for these approaches is given by the relationship
between the Helmholtz free energy F of a system and the
ensemble average of an energy function describing the system
under consideration.[444, 448, 449] H�(�X) is the energy of the
system as a function of the coordinates (�X) of the particles in
configuration space and a coupling parameter �, kB is the
Boltzmann factor, and T the absolute temperature. The
indices ™0∫ and ™1∫ represent �� 0 and �� 1, respectively. The
configurational ensemble averages are taken either from
Monte Carlo (MC)[450] or molecular-dynamics (MD) simula-
tions.[451] As the difference between free enthalpy and free
energy corresponding to the product of pressure and volume
change experienced in an isothermal and isobaric reaction is
negligible for processes in solution, free enthalpies are also
available.

The method is suitable for studying individual contributions
to the free energy/enthalpy on an atomic level or on the level
of individual subsystems, such as ligand or protein.[238, 452, 453]

However, it frequently encounters problems concerning the
general applicability, which are caused by limited or insuffi-
cient sampling of the configuration space, the accuracy of the
applied force fields, and the dependence of the results on the
protocols used for simulation.[437, 438, 454] Moreover, long sim-
ulation runs are required and they can only allow for minor
chemical differences in the ligands if their relative free
energies/enthalpies are to be predicted reliably.[455±458] Some
case studies, together with more recent approaches, will be
mentioned.
� Postma et al.[448] and Jorgensen and Ravimohan[459] used

FEP-MD and FEP-MC simulations to predict relative free-
energy differences for the binding of benzamindine and p-
fluorobenzamidine to trypsin,[460] or for a set of peptidic
inhibitors to thermolysin.[225] In the latter case, a remark-
able agreement between predicted and experimental values
has been achieved,[461] although only minor structural
modifications (exchange of NH to O by CH2) of the
ligands were studied. For example, the addition of a phenyl
ring to an inhibitor obviously did not result in full
convergence of the computed energies, even after 400 ps
simulation time. Compared to experiment, the predicted
relative free energy had the wrong sign.[457] Moreover,
Graffner-Nordberg et al. stress that all processes combined
with ligand binding–such as a change in protonation state–
must be considered in the computed energies.[229] A
comprehensive review of examples used for the prediction
of protein± ligand affinities is given in reference [442].

� Ota and Brunger[462] combined non-Boltzmann sampling of
configuration space with TI (NBTI). The advantage of this
so-called umbrella sampling results from an artificially
enhanced ligand flexibility caused by reduced internal
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barriers to rotation and a thus augmented sampling of
configuration space. Compared to classical TI, smaller
deviations between calculated and experimental relative
free energies are obtained for benzamidine or benzylamine
binding to trypsin.[463]

� While standard free-energy calculations require time-
consuming sampling of configuration space for each ligand
modification individually, Gerber et al. suggest a simulta-
neous consideration of an entire set of modifications in one
single MD simulation.[464] Assuming a linear separation of
individual contributions, the derivative of each individual
interaction with respect to the coupling parameter � is
determined analytically. Thus the initial gradients in free-
energy contributions at �� 0 allow the estimation of the
contributions in the final state �� 1. Although this method
reduces computational efforts by a factor of 10�3, simu-
lations of the binding of trimethoprim-based inhibitors to
dihydrofolate reductase and NADPH did not reveal a
significant correlation between computed and experimen-
tal results.

� Oostenbrink et al.[465] used a ™single-step perturbation∫
method to estimate relative free binding energies of
endogenous and xenobiotic ligands to the estrogen recep-
tor.[466] Instead of the usual FEP or TI calculations being
performed for each ligand, an artificial reference molecule
is simulated to generate a configuration ensemble that is
representative of all ligands under consideration. Using
Equations (8) and (9), the relative free enthalpy between
two (real) ligands is calculated using the �G difference of
the ligands with respect to the artificial reference molecule.
Although the computational effort is reduced by a factor of
4 ± 6 with respect to classical TI and mean deviations from
experiment of 1.7 kJmol�1 are obtained, it has to be
considered that, for four out of five cases, ligand structural
variations were limited to the presence or absence of
hydroxy or methyl groups.

� Guo et al.[467] introduced a method in which the coupling
parameter � is handled as a dynamic variable. It develops
together with the atomic coordinates of the system follow-
ing Newton×s law of motion. For a series of related ligands
using a set of �s, relative free energies of binding are
simultaneously computed. In the simulation, the different
portions of the ligands all interact with the surrounding
protein, but none of the ligands ™takes notice∫ of any other
one. An efficient mapping of configuration space is
achieved with a significant reduction in computational
effort.[468]

� To circumvent the problems occurring in classical free-
energy simulations by using large, structurally diverse sets
of ligands, a semiempirical method was developed by
äquist et al.[469, 470] They calculated absolute free energies
of binding by considering MD simulations of two physical
states. Polar and nonpolar contributions to the free energy
are approximated linearly, by taking mean values from
simulations of the ligand and protein ± ligand complex in
water. Required weighting parameters are calibrated using
binding affinities of known complexes. However, this
adjustment of energy contributions and the scaling of the
weighting parameters depends on the simulation condi-

tions and the system setup,[471, 472] and, accordingly, the
general scope of the method appears limited.[473]

� Jorgensen and co-workers go one step further, by using an
equation of the form (10):[474, 475]

�G �
�

i

ci�i� const (10)

The physicochemical parameters �i reflect ensemble
average values obtained from MD or MC simulations. The
parameters comprise, for example, the number of hydrogen
bonds formed or the size of the buried hydrophobic,
hydrophilic, and aromatic surface patches. The ci values are
adjusted by multiple linear regression using a training data
set. In this respect the method can be classified as a
regression-based approach (see Section 3.2.3). However,
for the study of HEPT and nevirapin analogues binding to
HIV-1 reverse transcriptase, differently composed Equa-
tions (10) were found, depending on the compilation of the
training set.[475] This raises some suspicion about the
general applicability and transferability of the approach.

3.2.2. Force-Field-BasedMethods and Approaches Based on
Additive Free-Enthalpy Contributions

The approaches described in this section assume partition-
ing of the free enthalpy of ligand-to-receptor binding into a
sum of individual contributions [Eq. (5)] (for this assumption,
see Section 2.2.4).[173, 198, 426] Starting from a ™master equation∫
(ME), individual terms are defined on physicochemical
grounds, whilst avoiding any cross correlations among them.
Furthermore, unlike the methods described in the previous
section (Section 3.2.1), all free-energy contributions are no
longer derived as ensemble mean values, but taken from a
single (or a few) generic structure(s). This is an important
limiting approximation.[173]

� Modeling intermolecular interactions of protein±ligand
complexes by simple molecular-mechanics force-field cal-
culations in vacuum reflects purely enthalpic contributions
to the free enthalpy of binding.[194, 426] By considering only
van der Waals and electrostatic interactions, along with
some intramolecular energy contributions, correlations
with experimentally determined binding affinities have
been obtained for series of closely related ligands, in which
entropic contributions can be assumed to be con-
stant.[476±480] In one example, the result obtained without
the explicit consideration of solvent was explained by the
predominance of van der Waals interactions and solvent-
independent electrostatic contributions.[481]

� A straightforward approach to including solvent effects in
the ™master equation∫ which describes ligand ± receptor
binding is the use of atom-based solvation parame-
ters,[311, 312, 314] usually scaled to the surface portion of
protein and ligand that is buried upon complex formation.
The methods of Vajda et al. ,[482] Weng et al.,[483] Williams
and co-workers,[240, 241, 484] Krystek et al. ,[485] and Novotny
et al.[486] consider contributions that are adverse to binding
as additional terms, which originate from the loss of
translational, rotational, and torsional degrees of freedom
of the molecules (see Section 2.2.3). Krystek et al., Vajda
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et al., and Weng et al. modeled the intermolecular inter-
actions by Coulombic interactions using a distance-de-
pendent dielectric constant; Williams and co-workers used
intrinsic binding contributions of functional groups instead.
For flexible ligands, Vajda et al. additionally[482] determined
the energy difference experienced by intramolecular inter-
actions of the molecule in the free and the bound state.

� The contribution of electrostatic interactions in the pres-
ence of water can be determined as an ™averaged-field∫
approximation or continuum representation of the solvent
by solving the linearized Poisson ±Boltzmann equation[216]

with the method of finite differences[487] or finite ele-
ments.[488] In this context, polar interaction energies of
receptor, ligand, and receptor± ligand complex are com-
pared to each other and determined with respect to the
surrounding solvent, by considering the molecules (with
discrete atomic charges) as regions of low dielectricity
embedded in a medium of higher dielectric constant.[432]

The nonpolar contribution to desolvation is assumed to be
proportional to the size of the surface of both molecules
buried upon complex formation. Entropic contributions
attributed to the loss of mobility and flexibility aremodeled
as described in the previous section. Based on this concept,
methods to predict free enthalpy of binding were suggested
by Froloff et al.,[489] Zhang and Koshland,[490] Hofmann
et al.,[491] Polticelli et al.,[492] and Shoichet et al.[493] Instead of
the Poisson±Boltzmann approach, Zou et al.[494] used the
™generalized Born Model∫ (GB/SA) of Still et al.[495] for the
calculation of polar interaction energies.

� In the MM/PBSA method[440, 496, 497] and related ap-
proaches,[498±500] the free enthalpies for a molecular species
are given by Equation (11):

�G� � �EMM�� �GPBSA/GBSA��TSMM (11)

EMM reflects the mean molecular-mechanical energy,
GPBSA/GBSA is the free enthalpy of (de)solvation obtained by
solving the Poisson ±Boltzmann equation (PB) or using the
generalized Born approach (GB) and a surface-dependent
term (SA). Both contributions are obtained by averaging
over a sample of representative geometries extracted from a
MD trajectory of the species under investigation with explicit
consideration of water molecules and counter ions. The
term�TSMM stands for the entropic contributions of the
considered species, taken from a quasi-harmonic or normal
mode analysis of the MD trajectory. The large scope of
applications of this method demonstrates[501±504] that the
properties of protein ± ligand complexes exhibiting extensive
structural differences can be studied.

� Alternatively, an implicit consideration of the contribu-
tions from solvation and desolvation can also be deter-
mined directly by molecular mechanics.[505] Thereby, the
free solvation energy attributed to a functional group or
amino acid residue is determined using the free solvation
energy of the same group when part of a small molecule.
This latter solvation contribution has to be reduced by an
amount related to the exclusion of solvent molecules
caused by their replacement by other atoms of the macro-
molecular system.

3.2.3. Regression-Based Approaches

As described in the previous section, regression-based
approaches–also called ™empirical scoring functions∫–as-
sume an additivity of individual terms to the total free
enthalpy. However, the individual contributions (weighting
factors or coefficients) of the separate terms describing the
independent variables in the regression equation are deter-
mined either by multiple linear regression, partial least-
squares regression [414] or a neural-network analysis,[506] using a
training set of crystallographically resolved receptor ± ligand
complexes, together with experimentally determined binding
affinities. Based on empirical concepts, the explanation of the
obtained contributions along with their ability to predict
unknown binding affinities justifies the initially assumed
partitioning of the free enthalpy. Common to all regression-
based methods, the results obtained as well as their trans-
ferability to new compound classes depend considerably on
the compilation of the training set.[173] Furthermore, contri-
butions of phenomena rarely observed in the experimental
data, which frequently enough are the unfavorable ones, will
be described insufficiently by the regression analysis.
� The archetype of an empirical scoring function for

protein ± ligand interactions was developed by Bˆhm
(SCORE1).[507] Using a training data set of 45 protein ±
ligand complexes, the regression analysis with respect to
experimentally determined affinities results in a cross-
validated standard deviation of 9.3 kJmol�1. In this anal-
ysis, the sum of contributions to hydrogen bonds, ionic
interactions, buried nonpolar surface regions, and the loss
of (intra)molecular mobility has been considered. Expand-
ing this training set to 82 complexes and considering the
degree of burial of hydrogen bonds in the binding epitope
along with special terms for aromatic and unfavorable
electrostatic interactions, a standard deviation of
8.8 kJmol�1 has been achieved for a prediction data set
(SCORE2).[508] These analyses also showed that the
(relative) contributions of the individual terms depend on
the compilation of the training set. The same holds for
different strategies in partitioning the free enthalpy.

A similar approach has been described by Eldridge
et al.[509] (82 complexes in the training set, ChemScore) and
Wang et al.[510] (170 complexes in the training set, SCORE).
Compared to Bˆhm×s approach,[507, 508] Eldridge et al.[509]

handle contributions for intramolecular flexibility differ-
ently and Wang et al.[510] classify hydrogen bonds as
™strong, moderate, and weak∫, including the occurrence
of interstitial water molecules as mediators of interactions.
An ™evolutionary test∫ demonstrates[510] that the resulting
coefficients only converge if a set of more than 100 ± 120
protein ± ligand complexes, which deviate sufficiently in the
types of intermolecular interactions, is used for analysis.
Murray et al.[511] improved the predictive power of the
scoring function obtained by Eldridge et al.[509] with respect
to a selected protein including additional information
through Bayesian statistics.

� In their ™VALIDATE∫ approach, Head et al.[512] use electro-
static and steric interaction energies from AMBER,[513] an
HlogP-based[514] octanol ±water partition coefficient, polar
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and nonpolar contact surfaces, and a term to describe
intramolecular flexibility. The coefficients for the various
contributions were derived based on 55 protein ± ligand
complexes by means of a partial least-squares[414] or a
neuronal-net analysis. Both strategies result in regression
equations that can hardly be interpreted in physical terms.
Their relevance, in particular with respect to ligand
optimization, is thus rather limited.

� In studies of Takamatsu and Itai[515] (29 avidine ligand
complexes in the training set), Venkatarangan and Hop-
finger[516] (23 glycogen phosphorylase ± inhibitor com-
plexes in the training set), and Viswanadham et al.[517]

(11 HIV-1 protease ± inhibitor complexes in the training
set), AMBER interaction energies between protein and
ligand[513] were combined with additional terms to describe
hydrophobic interactions and other entropic contributions.
The individual coefficients were again determined by
multiple linear regression.

� Rognan et al.,[518] Bohacek and McMartin,[519] and Kasper
et al.[520] also developed empirical scoring functions tai-
lored towards one particular protein. In the first case,
training sets of five crystallographically determined HLA-
A*0201 peptide ± inhibitor complexes and 37 modeled
H-2Kk peptide ± inhibitor complexes were used to repar-
ameterize the scoring function of Eldridge et al.[509] Boha-
cek and McMartin used only nine characterized thermo-
lysin ± inhibitor complexes for calibration and considered
only the number of hydrogen bonds or hydrophobic
contacts in their scoring function. Kasper et al. used an
approach similar to Equation (11) scaling, however, the
different contributions relative to a training set of 11 pep-
tide ± chaperone DnaK complexes.

� In contrast to the functions described above, Jain devel-
oped a function[521] that is continuously differentiable.
Terms to describe hydrophobic and polar complementarity
of receptor and ligand are modeled combining a Gaussian
and a sigmoidal function. Only ligand-dependent contri-
butions are used for handling entropic considerations. The
analysis is based on 34 protein ± ligand complexes in the
training set.

3.2.4. Knowledge-Based Approaches

Knowledge-based approaches are based on the idea that a
sufficiently large data sample can serve to derive rules and
general principles inherently stored in this knowledge
base.[522] Accordingly, the development of a knowledge-based
scoring function at an atomic level is based upon observed
frequency distributions of typical interactions in experimen-
tally determined structures: in any system, only those
interactions that are close to the frequency maxima of the
interactions in the knowledge base are considered to be
favorable. This approach has been successfully applied in the
field of protein-fold prediction.[523±525] Using the concept of the
™inverse Boltzmann law∫,[526] the frequency distributions of
interatomic interactions, derived from protein crystal struc-
tures, are converted into ™potentials of mean force∫ or
™knowledge-based potentials∫. Although the thermodynamic
foundation of this procedure[365, 527±529] and the terminology

used[530] have been debated, the results obtained by these
approaches are superior to those obtained by molecular-
mechanics force fields.[531±534]

Recently, the following approaches have been published on
protein ± ligand systems:
� Verkhivker et al.[535] derived distance-dependent knowl-

edge-based pair potentials for a data set of 30 HIV-1, HIV-2,
and SIV protease ± inhibitor complexes. These potentials
were combined with desolvation terms for ligand and
protein using atom-based parameters.[536] To estimate
contributions arising from the conformational immobiliza-
tion of protein side chains, a method introduced by Pickett
and Sternberg has been adapted.[346] Differences in binding
affinities of several HIV-1 protease ± inhibitor complexes
can be reproduced by this concept.

� Surface patches of pairs of interacting atoms buried upon
complex formation are computed by Wallqvist et al.[537] in
terms of frequency distributions from a set of 38 protein ±
ligand crystal structures. Atom-based statistical preferen-
ces are produced by normalizing with the product of buried
surfaces of the corresponding individual atoms. Using two
parameters calibrated by experimental binding affinities of
the training-set molecules, binding affinities of ten addi-
tional HIV protease ± inhibitor complexes were predicted
with a standard deviation of 6.3 kJmol�1.

� DeWitte and Shakhnovich[538] used 17 or 109 crystal
structures, respectively, from the protein data bank
(PDB)[2] to develop ™interatomic-interaction free ener-
gies∫ (SMoG-Score) for ligands that bind to the surface of a
protein or into binding pockets. Using a Metropolis ±
Monte Carlo-based[450] construction procedure, ligands
are generated and energetically ranked in the binding
pocket. The method has been applied to complexes of
purine nucleoside phosphorylase, the SH3 domain, and
HIV-1 protease.

� Muegge and Martin[539] produced ™Helmholtz free inter-
action energies∫ (™PMF∫ score; potential of mean force)
from 697 crystallographically determined protein ± ligand
complexes by using 16 protein and 34 ligand atom types,
respectively. Implicit contributions of water are considered
using a specific volume correction term[540] and sampling
atom distances up to 12 ä to produce the pair-distribution
functions. For a test set of 77 protein ± ligand complexes
studied crystallographically, a deviation of 1.8 log units in
reproducing the experimentally determined binding con-
stants is found.

� Mitchell et al.[541] published pair potentials (BLEEP)
derived from 820 protein ± ligand atom-pair distributions
based on the ™inverse Boltzmann approach∫. The analysis
included hydrogens initially positioned by the program
HBPlus.[222] As reference state, a semi-empirical Ne ±Ne
pair potential, suggested by Ng et al.[542] , has been used. In
addition, the consideration of water molecules as part of
the protein has been tested. For 90 diverse protein ± ligand
complexes a correlation coefficient of 0.74 (a standard
deviation is not reported) is achieved for experimentally
determined affinities.[543]

� The scoring function DrugScore, developed by us,[544] (see
Section 5) is composed of distance-dependent pair poten-
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tials and solvent-accessible-surface-dependent singlet po-
tentials. They are computed using distribution functions
retrieved from 1376 protein ± ligand complexes as stored in
the ReliBase data base.[545] For 55 well-distributed pro-
tein ± ligand complexes determined by crystal-structure
analysis, a deviation of 1.8 log units from experimentally
determined inhibition constants has been found.[546]

3.2.5. Consensus Scoring and Filter Functions

Although not satisfactory from a scientific point of view, a
pragmatic strategy to enhance the reliability of predicted
binding affinities results from the simultaneous consideration
of several scoring functions. Charifson et al.[547] used a logical
AND operation to combine the scoring of ChemScore,[509] the
AMBER-based[513] function in DOCK,[548] and the ™piecewise
linear potential∫ function[549] . In a virtual screening assay
using three different target enzymes, this consensus scoring
function allowed the retrieval of known active inhibitors from
a set of randomly selected molecules with a significantly
improved reliability. So and Karplus averaged the predictions
of up to five different QSAR methods and showed that the
combined predictions were superior to the results obtained
from the individual evaluations.[550] Using seven different
target proteins for virtual screening, Stahl and Rarey[551]

considered a combination of terms from PLP score[549] and
SCORE1.[507] They implemented this function into the dock-
ing program FlexX[552] to achieve overall more robust enrich-
ment rates. Interestingly enough, in several cases the com-
bined function does not achieve the same (high) enrichment
rates as obtained with the original functions. Terp et al.[553]

even proceeded a step further by correlating the scores of eight
functions by using a PLS analysis with experimentally deter-
mined binding affinities for a heterogeneous data set of 120
crystallographically determined protein ± ligand complexes.
Compared to the Consensus Scoring suggested by Charifson
et al., the latter approach provides quantitative predictions of
binding properties. Applying this model to predict affinities of
120 docked MMP inhibitors revealed deviations of less than
one log unit for pKi values in 49% of the cases.

Because of the way in which they are derived (see
Section 3.2.3) regression-based methods evaluate predomi-
nantly those favorable interactions most frequently exhibited
in crystal structures of protein ± ligand complexes. However,
to recognize and disfavor those protein ± ligand geometries
occasionally produced by computational docking but which
are not in agreement with the experimental evidence, Stahl
and Bˆhm suggested the usage of ™filter functions∫.[220] These
functions cope, for example, with situations in which polar
atoms are buried upon binding but do not form appropriate
hydrogen bonds, or where hydrophobic cavities in the
protein ± ligand binding epitope are generated.

3.2.6. Approaches to the Location of Interactions in Space

Assuming a successful partitioning of binding affinity into
individual (additive) contributions (see Section 2.2.4), meth-
ods for locating favorable interaction sites can play an

important role in the optimization of ligands in the binding
pocket.
� The archetypical method in this area is Goodford×s GRID

program.[418, 554] It is based on a tailored force field. Regions
in the binding pocket are contoured in terms of the
interaction energies that various probes experience at the
intersections of a regularly spaced grid. Such probes could
be, for example, water, amino or carboxy groups, or
hydrophobic groups (DRY).

� Similar concepts, but based on crystal data are used in the
X-SITE[555] and SuperStar[556, 557] methods. The X-SITE
method uses spatial contact distributions derived from 163
triatomic fragments to highlight favorable interaction sites
in a binding pocket. The distributions were retrieved from
83 high-resolution protein structures (without ligands).
SuperStar uses spatial information stored in IsoStar.[250]

This latter database comprises nonbonded interactions
compiled from crystal data of small molecules in the CSD.[1]

These data are subsequently used to calculate probability
densities for contacts with atoms of functional groups (such
as ammonium nitrogen atoms, carbonyl oxygen atoms,
methyl carbon atoms, . . .) at the intersections of a grid
embedded into the protein binding pocket.

� Similarly, the knowledge-based pair potentials implement-
ed into DrugScore can be used to identify hot spots of
binding[544] (see Section 5) using appropriate probe atoms
(such as aliphatic carbon, carboxylate, carbonyl, hydroxy-
oxygen, amino nitrogen...).[546]

� In contrast, the MCSS (Multiple-Copy Simultaneous-
Search) approach[558] based on the CHARMM force
field[559] distributes probe molecules such as acetamide,
methanol, acetate, or propane at favorable positions in the
binding pocket. The method has been extended to study
flexible regions in the binding pocket.[560]

� The PROFEC (Pictorial Representation of Free-Energy
Changes) approach of Radmer and Kollman[561] and
enhancements of Pearlman[562] (OWFEG, One-Window
Free-Energy Grid) are based on FEP calculations. TwoMD
trajectories are used to determine free-enthalpy changes
resulting from the placement of an atom or group at
different locations around an inhibitor, both in solution and
at the protein binding site.

3.2.7. Comparison of the Various Approaches

A comparison of the developed methods with respect to
quality and speed is difficult. First of all, there is not yet a
generally accepted data set for establishing and testing a new
method. The hardware requirements and the necessary data
input preparation for the different approaches are difficult to
compare. Moreover, frequently enough the authors have
studied a limited set of examples with respect to the scope of
the biological systems considered. Accordingly, a reliable
assessment of the different methods is difficult. Despite these
limitations, the published methods for affinity prediction
summarized in Sections 3.2.1 ± 3.2.4 are compared in Table 2
from a methodological point of view. In addition, relation-
ships to other studies or methods are listed.
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Currently, only a few comparative studies on the evaluation
of affinity prediction methods are available. In all published
comparisons[547, 551, 563] enrichment rates achieved in virtual
screening are used to assess the quality of the predictions but
not the accuracy of the achieved affinity predictions. These
studies conclude that, currently, no general-purpose function
is available. Depending on the type of target protein and the
predominating protein ± ligand interactions, the best-suited
method has to be selected based on some preliminary tests.

4. Experimental Approaches to Describing Binding
Affinity

4.1. Indirect Methods

Binding affinities are usually determined in a binding assay.
In the case of enzyme reactions, the influence on enzyme
kinetics is followed by means of a readily detectable physical
property (e.g. absorption, fluorescence, or fluorescence polar-
ization of one of the reaction partners). The inhibition or
binding constant of a ligand is subsequently derived indirectly,
by considering the changes in concentration or changes in
enzyme kinetics, respectively. For receptor binding studies,
inhibitor binding is recorded by the replacement of the ligand
with potent, suitably labeled compounds. In all cases, an
indirect determination of the binding constant and, accord-
ingly, the free binding enthalpy �G� is performed. The
partitioning of standard enthalpy �H� and standard entropy
�S� to�G� [Eq. (2)] can be determined using van×t Hoff plots
of affinity measurements at different temperatures.[573]

In recent years, a large variety of physicochemical methods
has been established for the quantitative determination of
protein ± ligand binding; they are currently being developed
further. In this review, only a few such methods will be
discussed exemplarily. Plasmon resonance spectroscopy can
detect binding of a ligand to a protein immobilized on a solid
support or, vice versa, of a protein to a ligand attached to the
support by an appropriate anchor group.[574±576] In particular,
the ™on∫ and ™off∫ rates of binding can be studied using this
method. A number of NMR spectroscopic pulse sequences
have been developed to detect binding through signal shifts or
by recording the transfer of magnetization between protein
and ligand.[577±582] Mass spectrometry allows conclusions about
the stability and binding affinity of protein ± ligand complexes
by determining complex dissociation as a function of the
measurement parameters (e.g. acceleration voltage).[583] Un-
der such conditions, the binding parameters are recorded by
excluding the solvent environment. This provides valuable
complementary information to the other methods.[584] Fur-
thermore, atomic-force microscopy has been used to deter-
mine the strength of protein ± ligand interactions by a
controlled rupture of the studied complexes.[585]

4.2. Direct Measurement of Thermodynamic Parameters

Direct access to binding affinities is accomplished through
microcalorimetric measurements.[373] Because of its impor-

tance for the understanding of the thermodynamics of ligand
binding, this method will be discussed in more detail. In
isothermal titration calorimetry (ITC), a ligand is added in a
stepwise fashion at constant temperature to a buffered
solution of the receptor. The overall heat of reaction
generated upon complex formation is recorded.[586] The
association constant KA (and, accordingly, �G�), together
with the stoichiometry of the ligand ± receptor binding process
are also available. In addition, the binding constant can be
computed from the shape of the titration curve. The enthalpic
portion of the binding process can be derived from the
integrated heat of reaction, the entropic contribution T�S�
can be calculated from the difference between �H� and �G�.
Reliable shape analysis of the titration curve requires binding
constants of �109��1. To measure compounds of higher
affinity, the detection range can be extended by the displac-
ment of a lower affinity ligand.[587±589] Alternatively, for larger
affinities the binding constants can also be taken from other
experiments (e.g. enzyme kinetics).

The heat of reaction measured in an ITC experiment
comprises all intermediate and transient reactions that are
superimposed on the binding process. Measuring under
different buffer conditions elucidates whether a proton trans-
fer step is involved in the binding process.[586, 590±592] The
functional groups of the protein or ligand can experience
changes in protonation state upon complex formation. As a
result, the transfer of a ligand from aqueous solution to the
protein environment can strongly affect the dielectric proper-
ties of the local environment of these groups, resulting in a
significant shift of pKa (pKb) values (Figure 3). The measured
total enthalpy �Htotal is thus composed of the reaction
enthalpy �Hbind and the enthalpy attributed to the proton
exchange reaction with the buffer medium �Hion . As different
buffers exhibit different ionization enthalpies,[593] this process
can be readily detected by measuring under several buffer
conditions [Eq. (12)][586]

�Htotal � �Hbind� n�Hion (12)

The stoichiometry of the protonation reaction is available
from n, with the sign of n indicating whether protonation or
deprotonation of the ligand and protein groups is occurring.

From van×t Hoff plots used to analyze affinity data meas-
ured at different temperatures, only that part of the binding
enthalpy can be extracted that refers directly to the param-
eters which determine the observed measurement signal (e.g.
absorption, fluorescence quenching). This means that only for
a direct transformation of the system from a properly defined
incipient state (ligand and protein separated) to a final state
(protein ± ligand complex) the extracted enthalpy is equiva-
lent to the value of �Hbind obtained by ITC. No intermediate
(e.g. conformational) states are allowed to occur, nor should
other steps (e.g. change in the protonation state) be super-
imposed onto the binding process.[594] In biological systems,
�G usually shows only a low temperature dependence (see
below). Thus, a reliable determination of enthalpy and
entropy is hardly possible from van×t Hoff plots.

The interpretation of ITC results gives rise to a number of
interesting aspects, especially with respect to structural details

2662 Angew. Chem. Int. Ed. 2002, 41, 2644 ± 2676
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of receptor ± ligand binding.[197] In addition to the detection of
superimposed protonation reactions, the confirmation of a
virtually temperature-independent value of �G� as a result of
a pronounced enthalpy ± entropy compensation has to be
emphasized (see Section 2.2.4).

Further access to structural interpretations is provided by
the determination of heat-capacity changes �Cp. ITC meas-
urements carried out at different temperatures show a strong
temperature dependence of �H� and, conversely, of T�S� for
most biological systems. In such cases, analogous van×t Hoff
plots show a nonlinear behavior of �G�/T as a function of the
reciprocal temperature. In contrast to enthalpy and entropy
changes, �Cp is virtually temperature independent in the
range usually accessible to biological systems. Negative values
are found in general for protein ± ligand complexes. Accord-
ingly, the complex exhibits lower heat capacity compared to
the sum of the free components. With respect to enthalpy and
entropy, this general behavior means that, with increasing
temperature, protein ± ligand binding becomes increasingly
exothermic and simultaneously entropically less favorable.
Any interpretation in terms of enthalpy- or entropy-driven
binding must therefore be considered in the light of the
applied temperature conditions. Several models have been
discussed in the literature that correlate heat-capacity changes
with the hydrophobic surface accessible to water molecules
prior to binding but buried upon protein ± protein complex
formation or protein folding.[590, 595±600] Similar surface-de-
pendent contributions were found for the transfer of hydro-
phobic solvent molecules from the water phase into their pure
phase (see Section 2.2.2). If this empirical correlation model is
applied to the binding of small ligands to their receptors, the
values calculated for �Cp are too small.[601±603] Accordingly,
the experimentally determined heat capacity of the complex
formation is smaller than the value predicted in comparison to
the separated components, if the model used only considers
the surface contributions buried upon complex formation. To
calculate such surface contributions, the relevant structure of
the free and ligand-bound protein has to be known. In
general, crystal structures are used for this purpose. There-
fore, for the binding of a small-molecule ligand to its receptor,
the surface-dependent release of the hydration shells cannot
provide the sole contribution to the change in heat capacity.
Conformational transitions of the binding partners or differ-
ences in the excitable vibrational modes of the macromolec-
ular structures arising from complex formation have been
discussed as additional explanations.[604±606] The deviations are,
however, also observed for conformationally rigid proteins
such as trypsin[607] and obviously represent a general phenom-
enon in protein ± ligand binding. Thus, it appears likely that
they involve water which is ubiquitously present in all binding
processes. Liggins and Privalov[608] assume that the enthalpic
contributions to binding resulting from hydrogen bonds
formed in the complex are exaggerated. The enthalpy of
dehydration necessary for complex formation is also included
in this contribution. At the interface of a binding pocket and
bulk solvent, the assumption of complete dehydration is
probably an overestimate. More likely, even after protein
binding, polar ligand groups still influence the water structure
in the local proximity. This effect leads to reduced desolvation

contributions which could possibly influence the heat-capaci-
ty changes. It might explain the discrepancies in the empirical
relationships established for protein-folding experiments and
the calculated and the measured �Cp values for ligand ± pro-
tein complexes.

Further information on heat capacities and their changes
can be obtained from DSC measurements (differential
scanning calorimetry).[594] The system under investigation is
heated under virtually adiabatic conditions at a constant rate
and the temperature change in the sample is recorded.
Usually, these measurements are performed to study protein
stability with respect to denaturation. These studies give
important insights into the conformational behavior of bio-
logical systems in the investigated temperature interval.
Deviations from a constant heat absorption indicate changes
in the intramolecular packing of the proteins or structural
fluctuations and conformational rearrangements.[591, 609] The
binding of a ligand to a protein influences its stability and heat
capacity, which is expressed in pronounced changes of the
DSC thermogram[610±613] and supports the interpretation of the
interaction between the binding partners.[614±616]

5. Characterization and Evaluation of Ligand
Binding with a Knowledge-Based Scoring Function

In the following, our own knowledge-based scoring func-
tion DrugScore will be briefly described. It is used to predict
binding modes and affinities, and it can be applied to identify,
in graphical terms, regions in the protein binding pocket that
are favorable for interactions.[544, 546]

For the development of DrugScore, the structural informa-
tion of 1376 crystallographically determined protein ± ligand
complexes was retrieved from the database ReliBase. Sub-
sequently, this information was converted into statistical
preferences based on 17 atom types.[545] The requirement to
consider both specific interactions and entropy-dependent
solvent contributions prompted us to use two terms: a
distance-dependent atom± atom pair preference sampled up
to 6 ä atom± atom distances (Figure 10), and a singlet
preference dependent on the solvent-accessible surface of
protein and ligand, both in the bound or unbound state.
Definition of an appropriate reference state, to which the
atom-type-specific distribution functions relate, is crucial for

Figure 10. Examples of knowledge-based pair potentials between polar
and charged (O.co2-N.pl3 (�), O.3-O.co2 (�), O.3-O.3 (�)) ligand and
protein atoms as a function of distance. The first atom-type symbol refers to
the ligand, the second to the protein.

Angew. Chem. Int. Ed. 2002, 41, 2644 ± 2676 2663



REVIEWS G. Klebe and H. Gohlke

the information stored in the respective preferences. In case
of the pair preferences, a state based on a compact protein ±
ligand configuration with mean nonspecific interactions was
selected. For the singlet preferences, a reference state with
complete separation of protein and ligand was used. To
evaluate a given protein ± ligand binding mode, the various
pair interactions and singlet contributions arising from all
protein and ligand atoms were summed. Enthalpic and
entropic contributions resulting from purely intramolecular
effects were not considered.

Using an approximative grid-based method to compute the
solvent-accessible surface, little computing time is required to
evaluate each protein ± ligand configuration. Because of the
restriction to non-hydrogen atoms in the derivation of the pair
preferences, no assumptions on possible protonation states
are required using DrugScore. A triangular function is used
for smoothing the pair and singlet distributions initially
obtained from the structural data (™moving-window tech-
nique∫). It should sufficiently ™soften∫ the preferences to
tolerate inherent deviations from ideal geometry caused by
limited accuracy of protein crystal-structure analyses or
limited precision of docked protein ± ligand binding modes.
As no protein- or ligand-type-specific training data set was
used for the development of the function, its general applic-
ability can be assumed.

To assess the reliability of DrugScore to identify near-native
protein ± ligand binding modes out of a number of clearly
deviating geometries, data sets of 91 and 68 complexes were
analyzed. Up to 500 protein ± ligand configurations were
produced with FlexX.[552] In 80% of the cases, the best-
ranked ligand binding modes show an rms deviation of
�2.0 ä from the crystal-structure reference (native pose).
With respect to the data set of 91 complexes, this corresponds
to an improvement of 35% compared to the ranking obtained
with the scoring function originally implemented in FlexX

(Figure 11). Similarly, convincing results were obtained con-
sidering binding modes generated with DOCK.[566, 617]

In the context of a virtual screening study on human
carbonic anhydrase II (hCAII),[618] the complex structures
of two novel inhibitors (10, 11; Scheme 4) discovered
by means of a computer simulation were determined crystal-
lographically. This allowed us to assess directly by experiment
the binding modes which had been predicted in advance using
DrugScore or the original scoring function in FlexX. As

Figure 11. Accumulated number N of best-ranked docking solutions for
91 protein ± ligand complexes as a function of the rms deviation with
respect to the crystallographic reference structure. The ranking is based on
the scoring function in FlexX (�) or DrugScore (�). For comparison, the
accumulated number of complexes considering the best generated geom-
etry, disregarding its actual rank, is plotted.(�). This distribution indicates
the limit an ideal scoring function could achieve.

Scheme 4. Inhibitors discovered as a part of a virtual screening approach
on hCAII.[618]

2664 Angew. Chem. Int. Ed. 2002, 41, 2644 ± 2676

Figure 12. Superposition of the crystal structures (medium gray) and best-ranked docking solutions by DrugScore (light gray) and the scoring function in
FlexX (dark gray) of two inhibitors [a): 10, b): 11]. They were discovered in virtual screening on hCAII.[618]
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Figure 12 shows, the binding geometry predicted by Drug-
Score (rmsd value relative to the crystal structure: 1.2 ä for
10 ; 1.4 ä for 11) falls significantly closer to the experimentally
observed geometry than does the solution proposed by FlexX,
which suggests a configuration with an rmsd relative to the
crystal structure of 2.2 ä for 10 and 2.7 ä for 11. A reliable
identification of near-native binding modes is not only of the
utmost importance for subsequent ligand optimization, but
also a prerequisite for the prediction of binding affinities.
Importantly enough, such arrangements have to be produced
by docking programs.

The validation of DrugScore with respect to affinity
prediction was based on six data sets compiled from crystallo-
graphically determined protein ± ligand complexes and three
data sets with binding modes generated by FlexX. In the case
of 16 serine protease ± inhibitor complexes (X-ray structures),
an r2 value of 0.86 and a standard deviation of 0.95 logarithmic
units was achieved compared to experimental affinities. For a
set of 64 thrombin and trypsin inhibitors docked into the
respective proteins, an r2 value of 0.48 and a standard
deviation of 0.71 log units was revealed. The deviations
matched the experimental error.

™Hot spots∫ of binding can be calculated by using different
probe atoms, using the distance-dependent pair preferences.
The results can be visualized in
terms of isocontour surfaces.
They intuitively highlight fa-
vorable regions in the binding
pocket suitable for a particular
ligand-atom type (Figure 13 and
frontispiece). They support li-
gand optimization and help to
establish a protein-based phar-
macophore hypothesis that can
subsequently be used to screen
for candidate molecules in
compound libraries.

The prediction of hot spots
has been validated using
159 protein ± ligand complexes.
Through the application of five
probe atoms, the atom type
observed in the crystal struc-
ture could be predicted cor-
rectly in 74% of the cases.
Requesting only an atom type
of appropriate physicochemi-
cal properties revealed correct
predictions in 85% of the
cases. Mapping the protein
binding pocket of hCAII
with GRID,[418] SuperStar,[556]

LUDI,[619] and DrugScore, car-
ried out as part of a virtual
screening study,[618] demon-
strated that all methods qual-
itatively identify the same re-
gions in space, however with
different relative weightings.

Figure 13. Hot spots in the binding pocket of HIV-1 protease (PDB code
1hvr) based on knowledge-based pair potentials in DrugScore. Values
beyond a predefined threshold are isocontoured and shown together with
the ligand XK263 from Merck for comparative purposes. Regions
favorable for aromatic carbon atoms are colored in light gray, for carbonyl
oxygen atoms in midgray, and for hydroxy groups in dark gray.

6. Factorization of Thermodynamic Contributions
to Ligand Binding Using an Example of Serine
Protease Inhibitors

Inhibitor binding to trypsin and thrombin, studied in our
group, should serve as an example for the partitioning of
affinity-determining factors.[607] A series of structurally related
benzamidine inhibitors (12a ± 12dAc, Scheme 5) and the
development compounds napsagatran (13), CRC220 (14),
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Scheme 5. Structurally related inhibitors of trypsin and thrombin.
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inogatran (15), and melagatran (16 ; Scheme 6) have been
investigated by crystallography and microcalorimetry.

Crystal-structure determination revealed uniform binding
modes of all ligands with a salt bridge between the ligand
amidino groups and Asp 189. Further interactions are formed
between the central amide or sulfonamide groups and the
protein carbonyl and amide NH groups of Gly 216 and 219. In
detail, however, interesting deviations are observed that allow
important conclusions with respect to thermodynamics.

Interestingly, the 2-carboxy derivative 12b and napsagatran
(13) acquires a proton upon protein binding, whereas the
piperazine derivative 12d releases a proton upon binding. The
closely related 4-carboxy derivative 12c remains deprotonat-
ed at the acid group during the binding process. The same
observation holds for CRC220 (14); also here the acid group
of the central aspartate remains deprotonated. The apparent
pKa shifts of the groups involved, which show very similar
pKa values in water, can be explained by examining binding
modes of the different ligands. For CRC220, the carboxylate
group is oriented away from the binding pocket towards the
solvent (Figure 14); accordingly, this group remains partially
solvated and the local dielectric conditions closely resemble
those in the bulk water phase. For 12b and napsagatran, the
acid groups are protonated and point towards the catalytic
serine. They obviously donate hydrogen bonds to the protein
(Figure 14). The environment has such a strong influence on
the local dielectric conditions (induced dielectric fit) that the
pKa values of the carboxy groups involved are shifted by more
than four log units. The 4-carboxy group in 12b, which does

not change its deprotonated state upon binding, packs with
parallel orientation next to the hydrophobic ring plane of the
catalytic histidine. The induced pKa shift caused by this
environment is obviously not sufficient to protonate this acid
group. The terminal amino group of 12d with a pKa value of
7.5 is partially protonated in the buffer medium of pH� 7.8,
however, it binds in the deprotonated form. The hydrophobic
protein environment reinforces a pKa shift of this basic group
towards smaller values.

The partitioning of enthalpic and entropic binding contri-
butions for the free acids and esters 12b/12bMe and 12c/
12cMe provides an instructive example. The inhibitors with
the functional groups in the 4 position differ by more than
8 kJmol�1 in �G� (12c : �35.5, 12cMe : �43.6 kJmol�1), and
the higher affinity of the ester is attributed to a stronger
enthalpic binding (�H� ; 12c : �26.8, 12cMe : �39.6 kJmol�1),
whereas the entropic contributions T�S� are comparable
(12c :�8.7, 12cMe :�4.0 kJmol�1). The enthalpically reduced
binding of the acid at 25 �C can be explained by an
unfavorable desolvation energy: the acid loses hydrogen-
bonding partners for two polar acceptors (oxygen atoms), and
is transferred from aqueous solution to the protein, whereas,
the ester must only compensate for the desolvation of one
carbonyl oxygen atom. The bridging ester oxygen atom
exhibits practically no basic properties.[620] For the analogous
pair with carboxylate and ester groups in the 2 position, a
reverse correlation is observed. Here, acid and ester groups
possess almost equal affinities (�G� ; 12b : �36.4, 12bMe :
�37.0 kJmol�1). However, the free acid is now enthalpically

favored, the enthalpy contribution of the
ester is significantly less exothermic (�H� ;
12b : �46.7, 12bMe : �16.9 kJmol�1). For
entropic reasons, the binding of the acid is
now significantly less favorable (T�S� ; 12b :
�10.6, 12bMe : �20.6 kJmol�1). Upon
binding, the protonated acid group in 12b
forms an enthalpically favored hydrogen
bond to the protein (see above). At the
same time, this part of the molecule loses
residual mobility caused by immobilization
by this additional hydrogen bond in the
binding pocket. This fact results in a less
favorable entropic contribution. The re-
duced temperature factors observed in the
crystal structure for this part of the molecule
12b further support this observation. The
piperazine 12d and the acetyl derivative
12dAc exhibit very similar binding affinities
(�G� ; 12d : �40.8, 12dAc : �42.7 kJmol�1).
After correcting for the superimposed de-
protonation step of 12d, similar contribu-
tions are observed for �H� and T�S� in
both cases (�H� ; 12d : �32.9, 12dAc :
�34.4, T�S� ; 12d : �7.9, 12dAc :
�8.2 kJmol�1). Both the free amine and
the protected acetyl compound possess one
polar atom in this group capable of forming
hydrogen bonds. As in the bound state, no
hydrogen bonds are formed to the protein in
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Scheme 6. Development compounds which bind to trypsin and thrombin.



REVIEWSPrediction of Binding Affinity

either case; this results in an unfavorable desolvation,
obviously with comparable thermodynamic contributions for
both groups. Additional compounds investigated in this series
confirm the discussed trends.

A comparison of the heat-capacity changes is equally
interesting. In all cases, a strongly negative �Cp is observed,
which means that �H� becomes increasingly exothermic with
rising temperature and, as �G� is essentially temperature
independent, the binding process becomes entropically less
favorable. The surface portions that are buried upon binding
were derived from the known crystal structures of the
corresponding ligand ± protein complexes. As thrombin and
trypsin are described as relatively rigid proteins, the surface
portions of the uncomplexed protein were calculated using
the structure of the protein simply by removing the bound

ligand. If the empirical correlation
derived from protein folding (see
above) is applied to estimate �Cp,
the �Cp values predicted are too
low. Obviously, smaller heat capaci-
ties are observed experimentally
for the complexes than expected
from solvation-dependent surface
contributions alone. Presumably,
the additional factors described
above must be considered for a
detailed structural interpretation of
�Cp. Surprisingly, in contrast to
trypsin, a sodium-specific depen-
dence of �Cp is found for thrombin.
An according allosteric regulation
of thrombin is known, however, this
ion-specific effect cannot yet be
explained in structural terms.

7. Summary and Outlook

The affinity of a small-molecule
ligand for a macromolecular recep-
tor usually serves as a criterion to
define the biological activity of the
respective compound. It is deter-
mined by electrostatic interactions
between the ligand and the recep-
tor, together with contributions
from solvation and desolvation,
and the spatial complementarity
of both binding partners. Addition-
al influences arise from changes in
the number of degrees of freedom
and conformational changes of li-
gand and receptor experienced
upon complex formation. Under-
standing of the determining en-
thalpic and entropic contributions
to binding is a prerequisite for
affinity predictions.

The methods of virtual screening
and rational drug design require rapid and reliable methods
for affinity prediction. In this contribution we have described
and classified known theoretical approaches with respect to
their methodological foundations. Significant differences in
computational requirements and the general scope of the
methods have been addressed. The pragmatic combination of
several scoring methods as in the so-called consensus ap-
proaches indicates that, at present, no general-purpose
method is available that adequately considers all above-
described relevant contributions to ligand-receptor binding.
However, advantages have recently been achieved for the
(rapid) prediction of binding affinity by means of newly
developed knowledge-based scoring functions.

Physicochemical techniques to quantitatively characterize
ligand ± receptor binding have been developed and further
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Figure 14. Schematic binding mode (bottom) of napsagatran (13) and CRC220 (14) to thrombin. The
crystallographically determined binding geometries (light: napsagatran, white arrow indicates the proto-
nated carboxylate group; dark: CRC220, gray arrow shows the deprotonated acid group) are superimposed.
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enhanced in recent years. In particular, direct access to
thermodynamic parameters by means of microcalorimetry
provides new insights into the thermodynamic foundations of
binding affinity. Supported by the structural characterization
of ligand ± receptor complexes, it is possible to factorize
binding affinity into individual contributions. However, the
described examples of serine-protease inhibitors demonstrate
that steps superimposed on the binding process must be
considered and adequately handled.

With the increase in structural information and binding
data about receptor ± ligand complexes, further advances in
the understanding and the description of binding affinity can
be expected. This will improve our methods for its prediction.
In particular, current approximations–such as the complete
disregard of changes in protonation state of the binding
partners upon complex formation, the consideration of
receptors as rigid entities, the neglect of allosteric effects,
and the to date inadequate handling of water molecules in
ligand binding–will be the starting points for new develop-
ments.

Abbreviation list

ASP atomic solvation parameters
CSD Cambridge Structural Databank, a database of

crystal structures of small molecules[1]

FEP ±MD free-energy-perturbation calculations/molecular
dynamics

GB/SA generalized Born approach
LIE linear interaction energy
ME master equation
NBTI non-Boltzmann thermodynamic integration
PBE Poisson ±Boltzmann equation
PDB protein database[2]

PLS partial least-squares method
QSAR quantitative structure ± activity relationships
rmsd root-mean-square deviation in the Cartesian co-

ordinates of mutually corresponding atoms in two
molecules
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1. Prologue

™Athens had been at war with Crete. Although the war was
over, Minos (King of Crete), ruled the seas and Athens had to
pay an awful tribute as a condition for peace. Minos sought
revenge for the death of his son and demanded that every nine
years the Athenians send him fourteen of their children–7
girls and 7 boys. Once in Crete, the young men and women

were sent into the maze-like labyrinth to face the deadly
Minotaur who was half man, half bull.

Each year the children were selected by lot, and as all of
Athens mourned they set sail for Crete on a ship with black
sails. Theseus, the son of Aegeus (King of Athens), was very
brave and had hadmany adventures already. Theseus resolved
to become one of the young men chosen, so that he might slay
the Minotaur and put an end to the horrible sacrifice. Aegeus
reluctantly agreed to let Theseus go, and asked that Theseus
change the sails to white for the journey home if he was
successful in his plan to kill the Minotaur.

When the fourteen arrived in Crete, they were entertained
at the enormous and colourful palace of Minos. The next day,
they were to be sent into the intricate mazes of the labyrinth,
home of the deadly Minotaur, from which there was no
escape.. .

That night at dinner, listening to the exploits and adven-
tures of Theseus, Ariadne–daughter of King Minos–fell in
love with him. Not wanting to see Theseus killed, Ariadne
vowed to find a way to help him. The next morning, as they

The CP Molecule Labyrinth: A Paradigm of How Endeavors in Total
Synthesis Lead to Discoveries and Inventions in Organic Synthesis
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Imagine an artist carving a sculpture
from a marble slab and finding gold
nuggets in the process. This thought is
not a far-fetched description of the
work of a synthetic chemist pursuing
the total synthesis of a natural product.
At the end of the day, he or she will be
judged by the artistry of the final work
and the weight of the gold discovered
in the process. However, as colorful as
this description of total synthesis may
be, it does not entirely capture the
essence of the endeavor, for there is
much more to be told, especially with
regard to the contrast of frustrating
failures and exhilarating moments of
discovery. To fully appreciate the often

Herculean nature of the task and the
rewards that accompany it, one must
sense the details of the enterprise
behind the scenes. A more vivid de-
scription of total synthesis as a struggle
against a tough opponent is perhaps
appropriate to dramatize these ele-
ments of the experience. In this article
we describe one such endeavor of total
synthesis which, in addition to reaching
the target molecule, resulted in a
wealth of new synthetic strategies and
technologies for chemical synthesis.
The total synthesis of the CP molecules
is compared to Theseus× most celebrat-
ed athlos (Greek for exploit, accom-
plishment): the conquest of the dread-

ed Minotaur, which he accomplished
through brilliance, skill, and bravery
having traversed the famous labyrinth
with the help of Ariadne. This story
from Greek mythology comes alive in
modern synthetic expeditions toward
natural products as exemplified by the
total synthesis of the CP molecules
which serve as a paradigm for modern
total synthesis endeavors, where the
objectives are discovery and invention
in the broader sense of organic syn-
thesis.

Keywords: CP molecules ¥ natural
products ¥ synthetic methods ¥ total
synthesis
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were being led to the labyrinth, Ariadne gave Theseus a ball
of string. She told Theseus to tie the string to the inside of the
door, and it would help him find his way back if he was able to
kill the Minotaur. She also brought him a sword, which he hid
underneath his cape.

After winding his way through twists and turns, Theseus
came upon the lair of the Minotaur. In the narrow passage-
ways, they battled until Theseus was triumphant. Theseus
began to rewind the ball of string, retracing his steps until he
found his way back to the entrance and the other young men
and women. Ariadne was waiting for them on the other side.
She hid them until nightfall, and in the dark helped them
escape to their ship. In exchange for helping him, Ariadne
asked that Theseus take her with him and make her his wife,
and Theseus happily agreed.

On their return trip to Athens, the ship stopped at the island
of Naxos for the night. What happened next, and why it
happened is a bit unclear. Either through trickery or too much
frivolity (for Naxos was the island of Dionysus, after all) the
group became forgetful. The next morning, Theseus set sail with
the other Athenians leaving poor Ariadne asleep on the beach.
At this point, there are two distinctly different versions of the
tale. One version finds Ariadne so distraught that she takes her
own life. The other version, which I like to believe, leaves
Ariadne happy with Dionysus, living out her days on Naxos.

Away from Naxos, Theseus× forgetfulness remained, and
despite his promise to his father, he neglected to change the
sails on his ship from black to white. At Cape Sounion,
Aegeus watched hopefully every day for the safe return of his
son. Spotting the ship, with black sails flying, Aegeus
presumed the worst and threw himself from the cliffs to his
death and the water below. Today this water is known as the
Aegean Sea.™[1]

This tale fromGreekMythology has inspired writers as well
as artisans from the days of classical Greece to the twentieth
century (Figure 1). Manymorals can be found in this story, but
in total synthesis, perhaps, the play comes alive more vividly
and truly than in other endeavors. The virtues of total
synthesis and its practice have been amply discussed in a
recent account from our group.[2] The purpose of this article is
to dramatize the endeavor by relating its characters to those
of the Theseus and Minotaur myth and, in so doing, offer
valuable lessons and inspirations to ensuing generations of
chemists. Most importantly, we wish to add to this tale the
elements of discovery and invention in the face of adversity.
The conquest of the demonic molecule (the Minotaur) by
total synthesis (the labyrinth) represents not only an isolated,
albeit creative, accomplishment, but moreover one which is
accompanied by often abrupt twists and turns and showers of
scientific discoveries, inventions, and technological advances
(treasures found, tricks invented, skills developed in the
labyrinth) with associated rewards and benefits (Ariadne,
freeing Athens from the awful sacrifice). Most practitioners of
the art of total synthesis, particularly graduate students and
postdoctoral fellows, may identify with Theseus and his
teammates. They may also recognize their supervisor in the
form of King Aegeus. Some may even hint at the evil King
Minos as a more fitting description of their supervisors! Many
more comparisons and experiences may come alive later on in
the article as you read on.

We will now introduce the main characters of the play as it
often unfolds in laboratories engaged in total synthesis
endeavors. The mighty ™molecular Minotaur,∫ the CP mole-
cules, were discovered by a group at Pfizer headed by Takushi
Kaneko in the 1990s. Here is how the world at large learned of
these compounds in 1995:

K. C. Nicolaou, born in Cyprus and educated in England and
the USA, is currently Chairman of the Department of Chemistry
at The Scripps Research Institute where he holds the Darlene
Shiley Chair in Chemistry and the Aline W. and L. S. Skaggs
Professorship in Chemical Biology as well as Professor of
Chemistry at the University of California, San Diego. His
impact on chemistry, biology, and medicine flows from his
works in organic synthesis described in over 550 publications
and 70 patents and his dedication to chemical education as
evidenced by his training of more than 350 graduate students
and postdoctoral fellows. His recent book titled Classics in Total
Synthesis, which he co-authored with Erik J. Sorensen, is used
around the world as a teaching tool and source of inspiration for
students and practitioners of organic synthesis.

Phil S. Baran was born in Denville, New Jersey in 1977. He received his B.S. in chemistry from New York University while
conducting research under the guidance of Professors D. I. Schuster and S. R. Wilson, exploring new realms in fullerene
science. Upon entering The Scripps Research Institute as a graduate student in chemistry in 1997, he joined the laboratory of
Professor K. C. Nicolaou where he immediately embarked on the total synthesis of the CP molecules. His primary research
interest involves natural product synthesis as an enabling endeavor for the discovery of new fundamental concepts in
chemistry and their application to chemical biology. He is currently engaged in a postdoctoral position with Professor E. J.
Corey at Harvard University.

K. C. Nicolaou P. S. Baran



REVIEWSCP Molecules

Angew. Chem. Int. Ed. 2002, 41, 2678 ± 2720 2681

™New natural products have unusual structures
Fermentation broths of a still-unidentified fungus have

yielded two compounds that are promising leads to drugs for
lowering serum cholesterol and treating cancer. In addition to
their medicinal promise, the two compounds have unusual
structures that make them attractive synthetic targets.

Takushi Kaneko, manager of natural products discovery at
Pfizer×s research laboratories, Groton, Conn., reported the
discoveries and structure proofs made by 15 of the firm×s
researchers at the April International Conference on Bio-
technology of Microbial Products in Oiso, Japan. The two
compounds are known so far only by their Pfizer code
numbers, CP-225,917 and CP-263,114. The Pfizer workers call
the microorganism that elaborates the compounds, ™an
unidentified fungus isolated from juniper twigs in Texas.∫
They have deposited samples of the organism at the American
Type Culture Collection under the accession number
ATCC74256. Both compounds inhibit the enzymes squalene
synthase and farnesyl protein transferase. Squalene synthase
catalyzes condensation of two molecules of the C15 sesqui-
terpenoid farnesyl pyrophosphate to squalene, with presqua-
lene pyrophosphate as a step on the way. This reaction is one
in the overall biosynthesis of cholesterol. The hope is that such
compounds will lead to new cholesterol-lowering drugs.

Farnesyl protein 1 transferase mediates farnesylation of the
protein p21, which is the product of the ras oncogene. A one-
amino acid mutation of p21 renders it permanently activated,
so that it pushes regulation of cell growth and division out of
control. Here, the hope is that the Pfizer compounds will
inhibit a step that may be essential to p21 activity and thus to
the carcinogenic process.

Both compounds are members of a class called nonadrides,
which are natural products featuring nine-membered rings
with carboxylic acid groups on adjacent carbons cyclized to
anhydrides. The Pfizer team determined the structures of the
compounds from high-resolution fast-atom-bombardment
mass spectrometry and two-dimensional nuclear magnetic
resonance techniques.

In addition, the compounds are bicyclic and violate Bredt×s
rule, which states that bridgehead atoms of polycyclic com-
pounds cannot be double-bonded. The rule was put forth in
1902 by organic chemistry professor Julius Bredt at the
University of Aachen, Germany. Kaneko notes that synthetic
chemists have since devised ingenious ways to violate Bredt×s
rule, but that such compounds are rare in nature.

Another source of strain in the molecules occurs because
the apical carbon atom of the bicyclic structure is a carbonyl.
But this strain is relieved by conversion to an sp3 hybridized
carbon atom by formation of a lactol ring with a neighboring
carboxyl group of one compound, and by formation of a
lactol/ketal with the carboxyl and a neighboring hydroxyl
group in the other compound.™[3]

To say the least, this report[3] was intriguing to us as it was to
many other synthetic chemists, but our enthusiasm for a total
synthesis program was curtailed by the lack of a hard-core
publication committed to their structures. Indeed, the very
unusual connectivities revealed in the C&E News article[3]

cast a shadow of doubt over their structures. Prudence

Figure 1. a) Representations of the exploits of Theseus. In the center, the
hero is confronting the Minotaur (440 ± 430 BC, interior of a red-figure
kyliz, British Museum, London). Copyright The British Museum. b) Min-
otaur, Paris, January 1, 1928 by Pablo Picasso, Muse¬e National d×Art
Moderne, Centre National d×Art et de Culture Georges Pompidou, Paris.
Copyright CNAC/MNAM/Dist. Re¬union des Muse¬es Nationaux/Art
Resource, NY, Muse¬e National d×Art Moderne, Centre Georges Pompi-
dou, Paris, France. 2001 Estate of Pablo Picasso/Artists Rights Society
(ARS), New York.

dictated that we should wait for a while; besides, the group
was busy with several other projects including a number
dealing with much larger molecules and, therefore, these
small ™guys∫ could be put on the shelf for a time.

Little did we know then how much these small ™guys∫ had
in store for us when we finally paid proper attention to them.
That occurred in 1997 when the definitive paper[4] on the
CP molecules from the Kaneko group appeared in the Journal
of the American Chemical Society. Approximately two years
later, the battle against the Minotaur was over with the
triumphant Theseus having succeeded in the ™kill.∫[5] Here is
how Science magazine described the athlos in its News of the
Week section in 1999:
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™40 Steps to a Chemical Synthesis Summit
Like mountaineers who set off to scale ever more challeng-

ing peaks, organic chemists over the past half-century have
tested the limits of their skills by attempting to synthesize
increasingly complicated natural molecules, such as anti-
biotics and steroid hormones. The most fiendishly complex
targets have taken synthesis labs a decade or more to conquer.
With the completion of each new project, labs scan the
horizon for even higher peaks. And in the past 2 years, few
mountaintops were more tantalizing than a pair of jellyfish-
shaped molecules found in 1997 in a fungus.

One enticement was the anticancer and cholesterol-
lowering properties of the natural compounds, called
CP molecules. The other was their complexity. The molecules×
compact structure, crammed with chemical groups, made
them ™diabolical∫ targets, says K. C. Nicolaou, an organic
chemist at The Scripps Research Institute in La Jolla and
the University of California, San Diego. But in the 1 June
issue of Angewandte Chemie, Nicolaou and his colleagues
report having scaled that demonic peak: They have
performed the first-ever complete synthesis of the CP
molecules.

™It×s an extremely impressive accomplishment,∫ says Sa-
muel Danishefsky, whose own group at Columbia University
in New York City was closing in on the same goal. Other
recently synthesized molecules have been more than four
times the size of the CPs, which have 31 carbon atoms each.
But Danishefsky says the CP molecules require particular
finesse. ™The functional groups bump into each other so that
it×s difficult to work on one portion of the molecule without
affecting another part,∫ he says.

™The CP molecules originally attracted attention when
researchers at the pharmaceutical giant Pfizer showed that
they inhibited the work of a cancer-causing gene known as
Ras, which is overactive in up to 80% of human cancers.
CP molecules, it turns out, block the addition of a chemical
group known as a farnesyl group onto the Ras gene, a key step
in its activation. Other more potent farnesyl blockers have
been discovered, says Takushi Kaneko, a medicinal chemist at
Pfizer×s research center in Groton, Connecticut, who helped
nail down the structure of the CP molecules. However, the
new synthetic work could still prove vital, he says, by allowing
chemists to manufacture CP analogues that may prove even
more potent and also easier to produce than the CPs
themselves.

Getting this far was a nearly two-year slog. In all, it took
more than 40 chemical steps and many grams of starting
materials to make milligrams of the molecules, which consist
of a core ring of nine carbon atoms bearing three more
oxygen-containing ring systems. On two occasions the group
had progressed to key intermediate compounds along the way,
only to find that although they were only a few bonds away
from the complete structure they could not forge the final
links.

The final attempt that got them to the summit took three
key steps. First, the researchers had to convert a linear
hydrocarbon precursor molecule into the nine-membered ring
at the core of each CP molecule. They turned to a well-known
ring-forming process known as an intramolecular Diels ±

Alder reaction and tweaked the reaction conditions to coax
the precursor to adopt the correct ring-shaped structure.

For the next step, the Scripps researchers developed a set of
novel ™cascade∫ reactions. Cascade reactions run through a
staccato of intermediate steps, each one automatically pro-
ducing the right materials and conditions for the next, before
ending up at a final product. The researchers used two of their
cascade reactions to fuse two additional five-membered
carbon- and oxygen-containing ring systems to opposite sides
of the core. A final summit push, which consisted of a flurry of
reactions provided them with CP-263,114, the more stable of
the pair of CP molecules.

However, they also wanted to make its partner, CP-225,917,
which differs only in that one of the three attached rings is
broken, and the frayed ends capped with hydroxy groups.
Trying to coax the stable CP-263,114 into a more unstable
form proved very difficult. After numerous attempts, the team
designed another cascade reaction which finished the job.
When the resulting compound passed muster in a structure-
determining NMR spectrometer, the climb was complete.
Atop the mountain, says Scripps Ph.D. student Phil Baran, ™it
feels like a 200-ton anvil has lifted off my back.∫

Yet in some ways the work was just beginning. Now the
hunt is on to come up with CP analogues that are more potent
and simpler to make. The Scripps team is also launching
studies of the detailed biological effects of the CPs and their
derivatives. Of course, the search is also on for new molecular
mountains to climb.∫[6]

How did it all happen and what was discovered and
developed in the process? The answers to these and other
intriguing questions will be found below as we take you
behind the scenes and into the trenches of this battle against
the CP molecules, the ™molecular Minotaur∫ of our story.

2. The Intrigue and Lure of the CP Molecules to the
Synthetic Chemist

Within the realm of molecular architectures of natural
products, the CP molecules (1 and 2, Figure 2) occupy an
intriguing position not because of their size but instead by
virtue of the bond connectivities they display. Thus, the core
structure of CP-263,114 (1), which consists of only 18 atoms,
masters two five-membered rings, two six-membered rings,
one seven-membered ring, and one nine-membered ring as
well as several unusual and sensitive functionalities, including
a maleic anhydride moiety, a �-hydroxylactone, an internal
ketal, a tetrahydropyran system, a bridgehead double bond,
and a quaternary center (Scheme 1). While each of these
structural features and the five stereogenic centers adorning
this target poses its own synthetic challenge, it is the
orchestration of the sequence by which one would have to
construct them within the whole and maintain their integrity
until the end that would present the major challenge to the
molecule×s total synthesis. In other words, this demonic
molecular structure was well fortified and defended by a
panoply of barricades whose defensive shield the synthetic
chemist would have to overcome in a fierce struggle (see
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Figure 2. Molecular structures and computer-generated models of the
CP molecules.

Scheme 1. Challenging structural elements of the CP molecules.

Figure 3). The outcome of the contest would surely depend on
the resourcefulness, courage, and stamina of the daring,
™would be conqueror∫, chemist. Our first shy steps toward the
CP molecules were taken in 1996 with the intention of
exploring possible pathways to their general core structure.

3. Entry to the Labyrinth: An Intramolecular
Diels ±Alder Approach versus a
Divinylcyclopropane [3,3] Sigmatropic
Rearrangement Strategy

As with many molecules, entry into the synthetic labyrinth
of the CP molecules was possible from several gates (exit
would prove another matter, of course!). We chose two
approaches for initial scouting and feasibility evaluation.

The first approach to the core of the CP molecules called
upon the venerable Diels ±Alder reaction, specifically a type-
II version,[7] to weave an appropriately designed open-chain
precursor into a bicyclo[4.3.1] system 8 whose resemblance to

Figure 3. The ™graduate student×s view∫ of the CP molecules guarded by
the dreaded Minotaur.

the CP-molecule structure was not only credible but also
encouraging (Scheme 2).[8] The high yield and exclusive
stereochemical outcome of this cycloaddition reaction leading
to the desired carbon framework added considerable weight
to the potential and possible virtues of such an entry into the
anticipated synthetic campaign.

In the meantime, a second foray into the labyrinth was
being explored (Scheme 3).[9] This strategy was designed
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Scheme 2. The Diels ±Alder approach to the CP core: a model study.
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based on an initial carbenoid addition to a double bond
followed by a Claisen rearrangement and a final SH2 reaction.
This rather elegant sequence proved rewarding in that all key
steps proceeded as planned, but somewhat disappointing with
regard to the stereochemical outcome of the final, radical-
based SH2 process. That step led to the wrong stereochemical
arrangement at the quaternary center (21, Scheme 3).

Was there an error in the planning of this last operation?
Specifically, what would the outcome have been in this
reaction had we utilized the epimer of the precursor 19? The
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Scheme 3. The sigmatropic rearrangement approach to the CP core: a
model study.

answer to this question will remain unknown in the absence of
the experiment, even though one can hypothesize that if the
radical SH2� process proceeds by a syn mechanism (as appears
from the observed stereochemistry of the product) then
reversing the stereochemistry of the leaving group (assuming
no other factor intervenes) may result in the formation of the
desired product.[9] On the other hand, it is likely that
regardless of the absolute configuration of the carbon atom
carrying the phenylthio group, approach of the acetate radical
would take place from the convex face of the molecule. While
insufficient information in the literature then and now
prevents us from ™betting the ranch∫ on such a prediction,
the incident underscores the importance of mechanistically
driven rational synthetic design. Incidentally, we may now
revisit this question as a part of our recent interests in the
chemistry initiated by related SN2�-type reactions of cis-1,2-
dichlorocyclobutene as an entry into novel molecular diver-
sity.[10]

As for the choice of entrance into the CP-molecule
labyrinth, the dilemma was solved by the disappointing
stereochemical result of the latter approach, which tilted the
balance in favor of the intramolecular type-II Diels ±Alder
reaction. In the meantime, the definitive paper and the
Kaneko structures of the CP molecules was about to appear in
the literature,[4] so the commitment was made to pursue the
molecules as worthy challenges for total synthesis. It was both
fortunate and timely (for me, K.C.N.) that a young man by the
name of Phil S. Baran was entering the graduate program at
Scripps in the same year. At the age of 19, Phil Baran decided
to join my group and willingly accepted the CP-molecule
challenge. He was destined to become the ™Theseus∫ of this
total synthesis story.

4. Evolution of the Intramolecular Type-II Diels ±
Alder Strategy to the CP-Molecule Core Structure

Armed with the positive results of the Diels ±Alder model
study described above, we proceeded to design a more
appropriate intermediate for eventual incorporation into a
synthetic blueprint capable of reaching the target natural
products and streamlining a synthetic route. The general
retrosynthetic strategy and the evolution of this plan are
shown in Scheme 4.

Our original retrosynthetic analysis entailed the use of the
key intermediate 22 whose disassembly to the prochiral
precursor 23 became apparent upon recalling the intramo-
lecular type-II Diels ±Alder reaction. The obligatory simpli-
fication of precursor 23 relied upon two alkylation reactions,
two crucial carbon ± carbon bond-forming reactions, and a
directed aldol reaction to disconnect the molecule as indi-
cated in Scheme 4a. The execution of this plan is shown in
Scheme 4b (left). The requisite building blocks 25, 29, and 31
were constructed expeditiously from dimethylmalonate (24),
cyclooctene (28), and aldehyde 30, respectively. Anion
formation from the imine generated from aldehyde 25 and
cyclohexylamine followed by addition of aldehyde 29 and
elimination of H2O from the resulting product led to the �,�-
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unsaturated aldehyde 26, whose elaboration to iodide 27
required a second anion generation, quenching with Me2SO4,
and desilylation-iodonation. The alkylation of the anion of
cyanohydrin 31 with iodide 27 was accomplished only in low
yield to afford, upon hydrolysis, enone-diene 23b, whose
Me2AlCl-catalyzed Diels ±Alder reaction proceeded smooth-
ly to give the coveted bicyclo[4.3.1] system 22b.

This early success gave us the confidence that a sufficiently
elaborated system such as 22 could be reached by the chosen
route. However, this route needed to be refined because of the
low yielding alkylation step involving the sterically encum-
bered iodide 27 and because of questions regarding the
suitability of the methoxy group as a surrogate to the required
bridgehead functionality.

Accordingly, a second approach (Scheme 4b, right) in
which a different coupling strategy for the initial building
blocks was devised and executed, this time targeting a PMB
derivative of the bridgehead hydroxy group. A similar
sequence was followed as before except for the final
connection which was now made by coupling vinyllithium 36
with aldehyde 34. The efficiency of the overall scheme proved
quite satisfactory, and hundreds of grams of the key bicyclic
system 22awere synthesized, thus keeping the supply lines for
waging battle constantly filled.

5. The Maleic Anhydride Hurdle

Of the various functionalities adorning the periphery of the
CP skeleton, we first decided to investigate and develop a
reliable method for the synthesis of the maleic anhydride
moiety. Little did we know that this seemingly innocent
structural unit would pose one of the most arduous challenges
in the CP synthetic labyrinth. Our initial approaches were all
flawed in that they attempted to operate first on the more
hindered position A (Scheme 5a) after the less hindered
carbon atom adjacent to the ketone moiety (position B) had
been functionalized. This strategy occupied us for several
months because of the ease of alkylation of the ketone enolate
with a variety of electrophiles. Several attempts to convert
vinyl triflate 37 (easily obtained from ketone 22a) into
suitable anhydride precursors were plagued with unpredicted
failures (Scheme 5b), despite success in simple model sys-
tems. For several weeks, in parallel to the streamlining of the
Diels ±Alder sequence (see Section 4), these studies contin-
ued as multiple reaction conditions and catalysts were
screened in hopes of opening one of the reaction pathways.
Thus, conjugate addition ± elimination reactions[11] on 37 (for
example, 37�38) failed, as did palladium-catalyzed coupling
reactions[12] (for example, 37�39 or 40), organometallic
additions (37�41), and a DIBAL reduction ± carboxyme-
thylation[13] pathway (37�42).

Other strategies were then pursued from 22a and the easily
accessible hydroxyketone 44, as shown in Scheme 6. Having
failed to selectively brominate 22a to 43, we turned to the
hydroxylation of 22a, a transformation that was smoothly
carried out with Davis× oxaziridine[14] to generate 44. For-
mation of ditriflate 45 as an attempt to advance intermediate
44 failed, but oxidation of the latter compound (44) with
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TPAP/NMO[15] led to diketone 46. Hopes that diketone 46
could be funneled into a pathway leading to a maleic
anhydride intermediate (46�47�48�49) were, however,
dashed by failure at the start: diketone 46 was unwilling to be
a player in this scenario, resulting in another dead-end
situation.

A sulfur ylide-based epoxidation[17] of keto-ester 50 (readily
obtained from ketone 22a, Scheme 7) then shed a glimpse of
light on our endeavors. The expectation was that the initially
formed epoxide 51 would suffer �-elimination to furnish
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Scheme 7. Attempted epoxidation of ketone 50 leads to butenolide 53,
albeit in low yield, which forced us to abandon this route.

alkoxy ester 52, whose collapse to the potential maleic
anhydride precursor 53 was deemed inevitable. This hypoth-
esis was indeed borne out by the initial experiments, with
butenolide 53 being observed in about 10% yield. The
euphoric feeling of finally arriving at something resembling
the anhydride moiety was soon squelched, however, as we
were unable to improve the reaction, despite several repeated
attempts. It was now mid-September, 1997.

Studies to construct the anhydride were then temporarily
halted as finishing touches and optimization of the 13-step
sequence to the Diels ±Alder product 22a were undertaken
(Scheme 4b). Studies directed toward solving the maleic
anhydride problem resumed in the beginning of December,
1997, and continued in the same fashion (functionalization of
position A and then position B, Scheme 5a) until Christmas eve
of that year when we decided to explore the functionalization
of position B first (Scheme 8). Thus, ketone 22a was con-
verted into the vinyl triflate 54 which was then submitted to
Pd-catalyzed carboxymethylation to furnish the �,�-unsatu-
rated ester 55. This transformation represented the first
reliable synthesis of a compound (that is, 55) bearing a useful
carbon functionality at position B, and, at this point, conjugate
addition strategies[11] to provide intermediates of type 56 were

OTf

C8H15

PMBO

O

O

OTPS

54

56

C8H15

O

PMBO

O

O

OTPS

O

C8H15

PMBO

O

O

OTPS
MeO

R
O

C8H15

PMBO

O

O

OTPS

MeO

55

22a

a) KHMDS,
  PhNTf2

b) Pd(OAc)2, 
    CO, PPh3,
    MeOH

[conjugate
addition]

(95%)

(76%)

Scheme 8. Successful synthesis of the �,�-unsaturated ester 55, which,
however, turns out to be another dead-end.

evaluated. All attempts toward this goal failed, however,
adding further frustration to those gloomy days. A new plan
was clearly needed to extricate ourselves from this rather
miserable predicament.

Shortly before New Year×s eve, 1997, a rather daring
strategy towards the anhydride moiety was conceived of as
shown in Scheme 9. We envisaged the use of an unprece-
dented 2-aminofuran[17] moiety as a ™molecular sponge∫ to

O

OTPSPMBO

O

O

C8H15

OTPSPMBO

O

O

C8H15

O O

O

HONO
H2N

O
O

O
HN

49 22a

595857

oxidation

2-aminofuran
carbocyclic

iminobutenolide

5-exo-dig

Scheme 9. Novel designed strategy for the conversion of ketone 22a into
anhydride 49. (Substituents in structures 57 ± 59 have been deleted for
clarity.)

harvest oxygen and lead to the maleic anhydride moiety after
expulsion of ammonia. On the basis of Dewar×s pioneering
calculations,[18] access to the requisite 2-aminofuran (57) was
envisaged from the iminobutenolide 58. This idea was inspired
by the previous observation of butenolide 53 (Scheme 7)
which suggested that a �-elimination pathway could, in
principle, permit access to this rare chemical species. Thus,
the projected synthetic pathway was directed towards 59
whose generation from ketone 22a was considered feasible.
With the �,�-unsaturated ester in hand, we proceeded at a
furious pace which reached a climax at 2:00 a.m. on January 1,
1998, wherein we had synthesized the cyanodiol 62
(Scheme 10a). Soon thereafter, and much to our surprise,
we established the unorthodox stereochemistry (-CN, -OH cis
to each other) of the compound as suggested by NOE
experiments. There are three possible mechanistic rationales
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for this unexpected stereochemical outcome: in the first
(Scheme 10b, top), our favored scenario, a molecule of
Et2AlCN[19] reacts with the hydroxyl group of 61 furnishing
complex 61a, which suffers nucleophilic attack by cyanide
from the more accessible convex site made possible by
considerable weakening of one of the epoxide C�O bonds.

This mode of attack would then be accompanied by the
observed retention of stereochemistry at C-12 (CP number-
ing). In the second scenario, the initially formed complex 61a
(Scheme 10b) is envisioned to undergo intramolecular rear-
rangement, by inversion of configuration, to afford oxetane
61b, whose reaction with cyanide by inversion is expected to
lead to the observed product 62. In the third scenario
(Scheme 10b, bottom) a concave mode of attack by cyanide
on complex 61a is postulated to afford the now inverted
cyanodiol 61c which, under the reaction conditions, suffers
epimerization to the observed cyanodiol 62.

Irrespective of the mechanism of this transformation,
formation of 62 was good news because we could now test
our iminobutenolide hypothesis. In anticipation of that event,
and after scaling up the sequence, the push forward was
uninterrupted, and within two days we arrived at the precious
acetoxycyanide precursor 64 by mono-acetylation of 62,
followed by a dehydration facilitated by the Martin sulfu-
rane[20] (62�63�64, Scheme 10a). One of us (K.C.N.) will
never forget the scene in the laboratory on that day in January
1998, who upon arrival at 8:00 a.m. found the other (P.S.B.)
fast asleep on his desk with a cleanNMR spectrum of compound
64 by his side. It was classic brilliance and characteristic
dedication from the team working on this project!

Later that day, the crucial experiment towards iminobuten-
olide 58 (Scheme 9) was carried out. Scheme 11 tells the rest
of the story–disappointing, but interesting! Basic (K2CO3)
hydrolysis of 64 followed by mildly basic workup (NaHCO3)
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Scheme 11. First attempt to reach the anhydride leads to the maleimide 65
and an unknown by-product, which was later determined to be 66.

led to two compounds, neither of which was the coveted
maleic anhydride 49. Instead, we discovered that we synthe-
sized maleimide 65 (ca. 10% yield) along with an unknown
major product, which was later characterized as a single
isomer of the hydroxyamide 66.

We shall return shortly to the discussion of the mechanistic
aspects of these remarkable transformations; but first back to
the main issue at hand, the maleic anhydride moiety and its
construction. It would take another seven weeks before we
finally found reliable conditions for the conversion of
cyanodiol 62 into maleic anhydride 49 (Scheme 12a). In this
one-pot reaction involving exposure of 62 to mesyl chloride/
triethylamine followed by addition of K2CO3 and oxalic acid
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workup, the following chemical transformations were
accomplished: 1) primary mesylate formation; 2) epox-
ide formation; 3) �-elimination rupturing the epoxide;
4) 5-exo-dig cyclization to an iminobutenolide; 5) double
oxygenation; and 6) hydrolysis/expulsion of ammonia.
Scheme 12b presents a plausible mechanistic rationale
for these transformations which explain the formation of
the observed final products 49, 65, and 66.

Despite the extraordinary chemistry involved in this
cascade in which maleic anhydride is formed,[21] we
restrained ourselves from submitting a paper describing
the work until later on in 1998 when further progress
toward the CP molecules was made. Notwithstanding the
relief and excitement of designing and executing a
remarkable cascade reaction to synthesize the maleic
anhydride moiety within the CP molecule, we were
cognizant of the fact that we were still far away from
the center of the CP labyrinth. Sure enough, more
challenging hurdles and unpredictable twists, turns, and
puzzles were waiting ahead of us, as we shall see in the
upcoming sections of the tale.

6. The �-Hydroxylactone Hurdle

Having secured the maleic anhydride moiety, we then
decided to turn our attention to the �-hydroxylactone
system of the CP molecules. Seemingly, the construction
of this moiety boils down to oxidizing the appropriate
carbon atoms to their highest oxidation state. This task
turned out, however, not to be so trivial. The underlying
challenges of the �-hydroxylactone construction surfaced
rather quickly after synthesizing the model 1,4-diol 71
(Scheme 13a). As shown in Scheme 13b, we were only
able to isolate partially oxidized, yet unproductive, forms
of the �-hydroxylactone upon attempted oxidation of this
1,2-diol. For example, if we used oxidants capable of
selective oxidation of the bridgehead position, rapid
closure to hemiketal 72 was always observed. Alternative
oxidants capable of selectively oxidizing the primary
alcohol also led to dead-ends in the form of lactol 75 and
lactone 76, which were resistant to further oxidation at
the bridgehead position. Other 1,4-diols that differed at
positions C-11 and C-12 exhibited similar stubbornness
toward oxidizing agents, which forced us, ultimately, to
search for an alternative pathway.

Since the stereochemistry of the bridgehead hydroxy
group was crucial to the ™locked∫ structures 75 and 76
(Scheme 13b), our first impulse was to invert the stereo-
chemistry at that center. Another option to avoid the
™locking up∫ of partially oxidized intermediates would
have been a sequence in which the bridgehead carbon
atom was oxidized to the ketone and protected while the
primary alcohol was still engaged in the acetonide
functionality. These ideas were tested starting with
ketone 22a as shown in Scheme 14, but unfortunately
failed. Thus, the bridgehead hydroxy group could not be
inverted, neither by a Mitsunobu reaction[22] nor through
an oxidation/reduction sequence, with the latter protocol

Scheme 12. a) The ™magic∫ of the maleic anhydride cascade. Conversion of 62
into 49. b) Proposed mechanistic underpinnings in the conversion of 62 into 49, 65,
and 66. (Substituents have been deleted from the structures for clarity.)
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Scheme 13. a) Synthesis of the model 1,4-diol system 71, in preparation for
the construction of the �-hydroxylactone moiety. b) The ™lock-up∫ problem
of oxidizing the 1,4-diol system to a �-hydroxylactone moiety.
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leading to the same starting alcohol. Furthermore, enone 78
could not be protected under a variety of conditions.

When one of us took a trip downstairs to discuss this
problem with Professor Erik Sorensen, he drew our attention
to a paper by D. P. Curran and H. Yu which introduced a
unique self-oxidizing protecting group to organic synthesis
based on the radical chemistry of the o-bromobenzyl ether

group (Scheme 15a).[23] Without the intermediacy of a free
hydroxy group at the bridgehead position we would no longer
have to worry about ™locked∫ structures! Eager to implement
this novel idea to the solution of the thorny �-hydroxylactone
problem, we synthesized substrate 86 as a model system and
subjected it to the Curran conditions (Scheme 15c). Much to
our delight upon exposure of 86 to the radical debromination
conditions we observed a clean oxidation to enone 88 which
was exclusively formed in 80% yield. No detectable amounts
of the undesired reduced benzyl ether 89 could be seen. The
path now appeared clear towards the �-hydroxylactone! Unfor-
tunately, as is often the case in total synthesis, our hopes were
soon crushed when we found that more advanced substrates
containing the maleic anhydride moiety, or its progenitor
functionalities, failed to follow the same path, but led instead
to either the reduced benzyl ether or decomposition products.
Scheme 15c summarizes the results with a number of such
substrates, with the real intermediate 92 leading to no desired
product whatsoever, bringing us once again to a halt.

We went back to the drawing board and devised a strategy
which was predicated on the ring-chain tautomerization of
hydroxy ketones (Scheme 16a).[24] Specifically, we reasoned
that the locked hemiketal (for example, 94, Scheme 16a),
readily available from structures of type 93, might be
intercepted by an oxidant in its open hydroxy-enone form
(95) and lead to a dicarbonyl system (namely, 96) which, after
hydration, would lead to the �-hydroxylactol 97 or even
possibly to the �-hydroxylactone 98 after further oxidation. To
test this hypothesis we subjected the easily obtainable 1,4-diol
99 (Scheme 16b) to excess DMP[25] in CH2Cl2 for 16 h, at which
point we were delighted to encounter the desired �-hydroxy-
lactol 100. We then found that TEMPO/NaOCl[26] was a
suitable oxidant to carry out the further oxidation to the
corresponding �-hydroxylactone 101. In a custom with which
we soon became all too familiar, this simple model study
failed to prepare us for the surprise that lay ahead. When we
employed as a substrate the more advanced 1,4-diol system
102, which was identical to the model compound 99 except for
the fact that it was now harboring the maleic anhydride
moiety, the DMP-mediated oxidation failed to proceed beyond
the hemiketal ™locked∫ stage (Scheme 16c). After a number
of failed attempts to coax this reaction in the right direction, a
linear path to construct the �-hydroxylactone moiety was
pursued (see Scheme 17a).[27] In retrospect, this strategy, which
was based on conventional protecting-group manipulations, set
us back a number of months even though it succeeded in
furnishing the most advanced CP intermediate (namely, 107) at
the time.[27] Soon afterwards, however, we were to realize that
the anhydride moiety would not tolerate the conditions required
to install the ™upper∫ side chain, as indicated in substrates 108
and 109 (Scheme 17b). It was time for a new strategy and the
team retreated to earlier intermediates for some serious
planning.

7. Selecting a Strategy for the First Serious Assault
on the CP Molecules

After coming to the realization that the ™upper∫ side chain
would have to be installed prior to maleic anhydride
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formation, and with two potential methods to construct the �-
hydroxylactone at our disposal (DMP-mediated cascade and
the linear approach), we prepared, starting from the Diels ±
Alder product 22a, a series of CP-core aldehydes (111 ± 114,
Scheme 18a) for coupling with lithiodithiane 110a. In our first
attempt, we employed ketoaldehyde 111, which mainly gave
us one diastereomeric product (ca. 11:1 ratio of diastereo-
mers) of the corresponding hydroxyketone (115). To determine
the configuration of the newly generated center at C-7 of the
latter compound it was necessary to prepare tetrahydropyran
derivative 122, via intermediates 120 and 121 (Scheme 18b).
The NOE signals observed in the 1H NMR spectrum of this
rigidified structure (122) confirmed our wish for the 7(R) con-
figuration as desired for the CP molecules. This remarkable
degree of stereocontrol may be explained by commissioning
lithium complexation with both carbonyl groups of 111,
thereby fixing the conformation of the aldehyde in a favorable
position to yield the desired product (Figure 4).[28] As seen in
Scheme 18a, the selectivities observed in other cases (alde-
hydes 112 ± 114) where such a chelation possibility does not
exist were either diminished or skewed in the direction of the
wrong, 7(S) isomer (117 and 118).

With a reliable method for the attachment of the ™upper∫
side chain at our disposal, we were now able to charter a route
towards the advanced key intermediate 129 (Scheme 19). Key
events en route to 129 included a Pd-catalyzed carboxyme-
thylation of the vinyl triflate derived from ketone 123, a highly

stereoselective epoxidation of the allylic double bond of 125,
and, of course, the efficient formation of the maleic anhydride
moiety (127�128). The structure of 129 was firmly estab-
lished by X-ray crystallographic analysis.

Arrival at key intermediate 129 constituted a somewhat
historical event in the CP project, in that we marked this
compound as the embarking point for any new excursions.
The decision to use 129 as the ™beachhead∫ for all future
operations was taken not only because of the intermediate×s
attractiveness as a readily available and fertile substrate, but
also partly because of our frustrating failures with numerous
other plans to make substantial forward progress. Indeed,
more than ten variations of such strategies were devised and
explored, only to lead to dead-ends as summarized in
Scheme 20.

The decision to abandon the linear, protecting group-based
route to the �-hydroxylactone moiety was critical, because it
allowed us to focus on a more daring and concise approach to
this functionality. Given the risky nature of the new scheme,
part of the research group remained loyal to the linear
approach for a while longer, only to return later to join the
main effort on the new strategy. What happened next is a
notable example of rational design, although the ideas were
considered risky and long-shots. However, a good mix of
rational thinking, intuition, desperation, and courage brought
us victorious to the next stage. Intuitively we felt that the
DMP-based oxidation cascade to produce the �-hydroxylac-
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tone system deserved another chance. Our inspiration to try
again (having failed before, see Scheme 16) was drawn from
the prior observation of the influence the upper side chain had
on the reactivity of the core×s functionalities and vice versa.
Specifically, it was reasoned by analogy that, perhaps, a
complete upper side chain such as in 129, our ™beachhead∫
compound, might exert enough remote influence so as to
favorably coax the equilibrium between the closed and open
forms of the lactol chain involved in the DMP-oxidation
cascade (in contrast to the case with a truncated upper side
chain where the lactol remained stubbornly closed,
Scheme 16). Unlikely as it seemed, this proposition was
viewed almost as a last resort, but since it would only take five
steps from 129 to test it, we considered it worthy of pursuit.

C8H15

O

OTPS
O O

O

O

C8H15

TESO

OTPS
O O

O

AcO

TESO

C8H15

OTPS
O O

O

AcO

TESO

C8H15

OTPS
O O

O

TESO

OH
O

X
S

S

49 104

HS
SH

106: X = H, OH
107: X = O

a) TiCl4
b) TESCl

d) TiCl4
e) DMP
f) TiCl4,

i) Ph(OCOCF3)2

j) TEMPO

c) Ac2O

g) K2CO3
h) PDC

105

(69%)

(45%)

(64%)

(70%)

C8H15

O

CHO
O O

O

O

C8H15

CHO
O O

O

TESO

OAc
O

AcO

109

108

S

S

Li

CN

OTMS

Li

Decomposition

Decomposition

110a

110b

a)

b)

PMBO

PMBO
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to aldehydes a nonpractical proposition.

At the beginning of November, 1998, we arrived at the
coveted hydroxylactol 132 by the route shown in Scheme 21a.
However, no matter how large an excess of DMP in CH2Cl2 at
room temperature was used in our attempts to oxidize this
intermediate further than the lactolaldehyde stage, its hemi-
ketal moiety remained defiantly closed and intact (Sche-
me 21b, top). In the midst of their desperation and hope,
Yong-Li Zhong and Phil postulated that raising the temper-
ature might persuade the lactol to reveal its primary alcohol,
thus rendering it susceptible to oxidation by DMP. They
proceeded to design, in complete secrecy (from K.C.N.), an
experiment in which hydroxylactol 132 was to be heated in
refluxing benzene with excess DMP! It is fair to say at this
junction that had they informed me of their intention to heat
DMP at such temperatures, I would have most likely
instructed them against this course of action in light of the
assumption that DMP could possibly be explosive at high
temperatures. Their plot was, therefore, perfect and they got
away with it. The first signs of success came when traces of the
desired �-hydroxylactol aldehyde 134 (Scheme 21b, middle)
were detected by NMR spectroscopy despite a rather messy
and distressing thin-layer chromatography (TLC) picture.
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Scheme 18. a) Extending the upper side-chain. The addition of lithium
dithiane to CP-core aldehydes occurs with remarkable remote stereo-
control. b) Construction of key intermediate 115 and confirmation of its
C-7 stereochemistry by NOE studies on a rigid descendant (122). Arrows in
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Figure 4. MM3-minimized structure of keto-aldehyde 111 chelated to a
lithium cation (Li�). Such an interaction explains why the Si-face is blocked
from attack of the incoming dithiane anion.

Scheme 19. Synthesis and X-ray structure of advanced key intermediate
129.

Guided by their impulses, they rushed to perform the next
logical experiment which was to employ the TES-protected
lactol 135 (Scheme 21b, bottom) as a substrate in the reaction.
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Scheme 20. Summary of selected failed attempts to break through a
stalemate.

Happily they observed the formation of the desired product,
compound 136, in 63% yield. That was when I (K.C.N.) heard
about their daring escapades with high-temperature DMP
oxidations. In retrospect I am, of course, glad that I did not
interfere with this part of the expedition which brought us
within striking distance of the ™Minotaur,∫ the CP molecules.

From the last intermediate (136, Scheme 21b, bottom) all
that remained to reach the target molecules was only a few
functional group adjustments and a one-carbon homologation
of the projected carboxylic acid side chain, or so it seemed.
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Scheme 21. a) Synthesis of 132 from 129. b) Discovery of the DMP-
mediated cascade of 135. Top: excess DMP at ambient temperature
oxidizes the primary alcohol but fails to produce any �-hydroxylactol;
middle: DMP at 80�C gives encouraging signs with hydroxylactol 132 ;
bottom: DMP at 80�C produces �-hydroxylactol 136 in satisfactory yield
from protected lactol 135.

In anticipation of the upcoming Arndt ±Eistert homologa-
tion[29] (the last important operation of projected synthesis)
we had been simultaneously conducting model studies with
relevant systems to streamline the process. We soon realized
that the toolbox of known carboxyl-activation methods which
were needed in order to access a diazoketone from a
carboxylic acid was inadequate for addressing the sterically
demanding CP-based systems (Scheme 22a). Faced with this
challenge we resorted to what synthetic chemists have learned
they must do in such circumstances: invent a new and
improved method. We rationalized that a relatively small
reagent such as a sulfene (generated in situ from MsCl and
Et3N) would not only be able to penetrate the steric shield of
the CP system and engage the carboxylic acid as an acyl
sulfonate, but also that the latter moiety would be at least as
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reactive as the corresponding acyl chloride. Thus, on Decem-
ber 14, 1998, the model compound 137 (Scheme 22b) was
exposed to MsCl/Et3N at 0�C for 10 minutes at which point an
ethereal solution of CH2N2 was added and the resulting
mixture was stirred for another 20 minutes at that temper-
ature. To our delight, a clean conversion of 137 into the
corresponding diazoketone (138, Scheme 22b) was obtained
in 95% yield. With an expedient solution to the problem at
hand and eager to engage the ™Minotaur∫ in a final battle, we
postponed exploration of the scope and generality of this new
method until the synthesis was complete (see Section 11.1).

Returning to the total synthesis, the oxidation of �-
hydroxylactone 136 proceeded in the presence of TEMPO/
PhI(OAc)2[30] to furnish the �-hydroxylactone 139 in good
yield (Scheme 22c). Acid-induced removal of both silicon
protecting groups from 139, followed by dehydration under
the Pfizer conditions[4] led to the formation of the pyran-
alcohol system 140. The excitement was now hard to contain!

With full confidence that we would soon be finished with
the CP molecules (1 and 2) at our feet, our plan was to strive
for 1 first and then investigate proper protecting groups to
access 2. In fact, we were so sure of our imminent success that
we drafted a communication detailing the total synthesis; it

was only missing the yield of the last two steps. The
™Minotaur∫ was finally engaged (Figure 5)! Unfortunately,
that was not to be, at least not yet! What we expected to be a
nice Christmas present turned out to be the agony of defeat.
Once again the ™Minotaur∫ proved defiant. Thus, alcohol 140
was converted into aldehyde 141, the so-called ™Christmas
compound∫ (Scheme 22c). This aldehyde seemed to be
endowed with a peculiar instability toward oxidation con-
ditions aimed at its conversion into the coveted carboxylic
acid (142). Even the mildest of methods, such as the NaClO2-
based procedure, proved futile and on Christmas eve, 1998, all
we had in our hands was an NMR spectrum of what appeared
to be a mixture of at least 30 compounds resulting from
extensive decomposition. My (K.C.N.) first reaction was to
attribute this failure to the ™inadequate∫ experimental skills
of my co-workers; after all, I said, ™This is a textbook example
of the easiest transformations in organic chemistry!∫ How-
ever, despite repeated attempts, including the use of alter-
native oxidants and trials to trap the carboxylic acid as the
methyl ester, we were consistently unsuccessful. I was wrong
and I apologized profusely to my very capable co-workers! A
possible explanation for this catastrophe is shown in
Scheme 22d. An intramolecular hydrogen bond could activate
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Scheme 22. a) Difficulties in producing the required sterically hindered diazoketone for Arndt ±Eistert homologation lead to the consideration of mixed
acyl mesylates as candidates for carboxyl activation. b) Demonstration of the principle of the activation of hindered carboxylic acids by mesylation and
synthesis of sterically congested diazoketones from mixed acyl mesylates. c) Synthesis of ™Christmas compound∫ 141 and the elusive carboxylic acid 142.
d) Proposed mechanism (most likely radical) for the rapid decomposition of the �-hydroxylactone-carboxylic acid 142.
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Figure 5. ™Christmas compound∫ 141. A final blow at the ™Minotaur∫
misses its mark.

both functional groups involved and lead to a nucleophilic
attack or decarboxylation.

Convinced of our inability to secure the desired carboxylic
acid 142 by direct oxidation of the aldehyde 141 or through
other conventional and disadvantage-laden sequences, we
quickly formulated an alternative strategy which required a
new method for its implementation. Since aldehyde 141 was
relatively stable, why not attempt to homologate it without
ever going through the intermediate carboxylic acid, which,
after all, was at the root of the problem. A mild method for
deoxygenating a cyanohydrin would be sufficient to test this
hypothesis and so a model study (Scheme 23a) was designed
for this purpose.

The idea worked beyond our wildest imagination in that not
only the cyanohydrin formation/deoxygenation sequence
proceeded in excellent overall yield, but the initially interfer-
ing ketone functionality was regenerated smoothly during the
radical-induced deoxygenation step. Armed with this key
information, we rushed to apply the method to the real
system, aldehyde 141, only to be reminded of the lesson that
many had learned before us: ™model is model, real is real.∫ As
shown in Scheme 23b, although the first two steps of the
newly developed sequence worked beautifully
(141�147�148), the method failed miserably in its final
stage and left us confronted with yet another dead end. By
then we knew that the maleic anhydride moiety was intolerant
of radical chemistry and so we learned to stay away from it in
the future. Nevertheless, the experience was rewarding in that
it led us to develop a rather general method for the mild
homologation of hindered aldehydes in the presence of
ketones, as well as providing us with some interesting insights
into the reactivity of cyanohydrins and the mechanisms
involved. We will return to a description of this methodology

Scheme 23. a) A successful model study for the one-carbon homologation
of aldehydes to nitriles brings new hope for the completion of the CP-
molecule total synthesis. b) Failure in the real system: the maleic anhydride
moiety proves too sensitive for radical chemistry involved in deoxygena-
tion.

later in this article. After a few days of frustrating, last-resort
experiments with aldehyde 143, we decided that it was time
for a drastically new approach which we would base on the
latest reconnaissance information available.

8. The Second Assault at the CP Molecules

With the latest string of failures, most of the CP-team
members were rather depressed; some were even convinced
that the ™beachhead∫ compound 129 would never lead to the
CP molecules. These feelings persisted only for a few days at
the beginning of 1999 while we were scrutinizing our problems
and contemplating new plans. Upon realizing that homologa-
tion would have to precede lactol construction, we proceeded
to investigate several esters of the general type 151
(Scheme 24a) which were easily derived from compound
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150 by Arndt ±Eistert homologation and esterification. The
idea was to see whether we could liberate the 1,4-diol system
of 151 and construct from it the �-hydroxylactone. However,
as soon as the benzylidine group was removed from such
esters, the structure would rapidly collapse into the �-lactone
system 152. This result was again a dead-end, another ™check∫
by the molecule, for no matter what we tried, this locking
device would not open! If a way existed to shield the
homologated carboxylic acid function from attack by the
nearby primary alcohol, it would certainly solve this problem.
Several options were evaluated, including complete reduction
of the carboxylic acid group to the corresponding alcohol
followed by protection, as well as a number of other
homologation protocols. All of these options either added

significantly to the length of the synthesis or were plagued by
low yields relative to the venerable Arndt ±Eistert homolo-
gation sequence. In the midst of this chaos when everyone was
following their own intuition, I (K.C.N.) approached Phil and
asked what strategy he was following. ™I have an idea,∫ he
said. ™It×s simple.∫ What he had in mind was the use of an
amide as a protecting group for the carboxylic acid–a much
less reactive functionality than an ester and, therefore, one
that would, hopefully, restrain the structure of the 1,4-diol into
an open form.

Since there was precedent for mild activation and cleavage
of benzyl amides[31] we targeted first the 1,4-diol system 156.
Within 24 hours of its conception, Phil and Zhong demon-
strated the viability of this strategy with the synthesis, on
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February 8, 1999, of model benzyl amide �-hydroxylactone
157 as shown in Scheme 24b. With this success, a great new
hope was given to the team and the project had a new lease on
life. Efforts began in earnest to construct the real system 163
(Scheme 24c). Within a week the team had reached this new
™beachhead∫ starting from advanced key intermediate 129
following the route shown in Scheme 24c. With 30 mg of
benzylamide 162, we felt confident that we would soon arrive
at the CP molecules. Our excitement was heightened even
further when we successfully arrived at compound 163 and
secured conditions to remove the benzylamide group from
appropriate CP model systems. Only a single step was now
separating us from the Minotaur. However, once again he
deftly evaded our sword, cleverly maneuvering his way out of
its path (Figure 6). The fragility of the intact CP molecule was
simply too much for any hydrolysis conditions to succeed and
we were left in ™check∫ once again, with only a protected form
of CP-225,917 (2). Further strategies and tactics were needed
to continue the campaign.

Figure 6. Final dashes at the Minotaur (benzylamide 162 and heterocycle
208) are thwarted by unanticipated maneuvers by the monster.

A thorough literature search led to a number of other
possible amides[32±35] as alternatives for what we had in mind
(Scheme 25a). We first investigated the aniline amide (ani-
lide) since the conditions reported by Martin and Franz[32]

for its cleavage were remarkably mild. As shown in
Scheme 25b, we arrived at the anilide-diol 165 in short order,
and upon treatment of the latter compound with DMP we
isolated a compound with polarity (TLC) and HRMS data
that were consistent with those expected for the �-hydroxy-
lactone 168 (oxidation of 167, Scheme 25b)! Analysis of the
1H NMR spectrum of this product, however, raised serious
doubts, since not only was the bridgehead olefinic proton

missing but there seemed to be one extra proton. After scaling
up the reaction, we were able to obtain clean 1H and 13C NMR
spectra which definitely led us to conclude that we did not
have anything resembling lactone 168. The Minotaur re-
mained unscathed once again (Figure 6)! What, however, was
the structure of this strange compound? After several
2D NMR experiments and careful mechanistic reasoning we
finally secured the structure of the ™mystery compound∫ as
the remarkable polycycle 169. Was this the Minotaur×s hidden
treasure, or simply another road block? Either way, it did not
help us at the time and we decided to put this strange discovery
on the shelf (but not under the carpet!) until after the total
synthesis was complete. Even more disheartening were the
failures shown in Scheme 25c, which cast further doubt on the
wisdom of the amide strategy and its potential for success.

Early one morning, after another failure, I (K.C.N.) called
Phil to my office, sat him down and said, ™This project is
always in shambles, and it is very painful to everyone. I think
we should cut our losses and just forget about the CP mole-
cules. I would not think any less of you if you stop now.∫ Phil×s
eyes widened and he immediately declared, ™Impossible, I will
never stop until CP has fallen and I know Zhong feels the
same way. This is what a PhD is all about, isn×t it?∫ ™OK,
good, you passed the test. Now you can go back to work...∫

9. Third and Final Assault on the CP Molecules

It was now the beginning of March, 1999, and we were
desperately searching for a new strategy. Before another
retrosynthetic analysis could be drafted, however, we needed
answers to a number of strategic questions as shown in
Scheme 26. Since we realized that the DMP cascade to
construct the �-hydroxylactone moiety would have to precede
homologation of the carboxylic acid side chain, our concerns
now focused on suitable protecting groups for lactol 136
(Scheme 26). After experimenting with a variety of different
protecting groups for about a week we realized that it was not
such a straightforward proposition, and we were sent back to
the drawing board for yet another re-evaluation by the very
failures of such strategies (some explorations in that direction
that ended in dead-ends are shown in Scheme 26). In the
meantime, we dispatched a communication toOrganic Letters
detailing our explorations in the CP project leading to an
advanced model compound, but we did not mention the
revised protocol for �-hydroxylactone construction involving
DMP at high temperatures.[27] At this juncture, we had no idea
that we would confront the Minotaur and conquer the
CP labyrinth in only a couple of weeks!

The key insight which led us out of the maze was hidden
within the structure of one of the CP molecules itself.
Suddenly we came to realize that, perhaps, nature herself
had been giving us a clue on how to answer our protecting-
group problems all along! Throughout the campaign we had
observed that CP structures in the open lactol form (CP-
225,917, 2) were less stable on silica gel and to most reaction
conditions than the corresponding closed pyran derivatives
(CP-263,114, 1). Therefore, we targeted the easily accessible
and less-fragile ™closed∫ lactol 177 for synthesis (Scheme 26).
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Scheme 25. a) Alternative amide-based protection strategies which were
evaluated: A) use of Martin sulfurane for the conversion of anilides into
esters and carboxylic acids;[32] B) a photolabile amide group;[33] C) the
Meyer×s aziridine ring-expansion method;[34] and D) Barton×s ™latent∫
heteroaromaticity principle for the protection/deprotection of carboxylic
acids.[35] b) Another roadblock or a hidden treasure? Serendipitous
isolation of the unusual polycycle 169. c) Additional failures of the amide
strategy led to re-evaluation of the plans.

The clear risk associated with this strategy was that we would,
most likely, only be able to access CP-263,114 (1), since the
conversion of 1 into 2 was not known at that time.

Nevertheless, we proceeded forward thinking that, after all,
accessing one of the CP molecules would be better than none
at all! The final retrosynthesis was drafted as shown in
Scheme 27a. Thus, based on all our intelligence gathering we
projected CP-263,114 (1) arising from indoline derivative 178
(see Scheme 25a D for the rationale), whose origins were
traced back to compounds 177 and 136. We began, starting in
late March 1999, working at a furious pace towards the
implementation of the new plan. During this period, I
(K.C.N.) would often find Zhong and Phil either fast asleep
in the mornings or working in eight-hour shifts exchanging
material back and forth. As one rested, the other worked; my
contribution was to bring them occasional sustenance in the
form of sandwiches in the lab! The drive to the indoline amide
185 is depicted in Scheme 27b. A key discovery occurred
when we submitted lactol 177 to a DMP oxidation in
dichloromethane, and upon workup we isolated the desired
product 179 along with a substantial amount of the ill-fated
™Christmas compound∫ 141. Although we clearly had no use
for the latter compound (141) its isolation indicated to us that
the hydroxy compound 179 was behaving as a normal lactol,
and thus we would not have to employ TEMPO (see
Section 6) in the late stage of the synthesis to convert it into
the desired lactone. The latter oxidant, although mild, is not as
easy to handle, while DMP and its by-products are rather
conveniently removed upon completion of the reaction.
Capitalizing on our previous observations with DMP, we then
proceeded to employ benzene as solvent instead of dichloro-
methane in an effort to ™tame∫ its reactivity and permit the
isolation of lactol 179 as the major product and thus avoid the
extraneous, albeit informative, lactone 141.

In the days approaching the synthesis of the indoline 185we
were all camped out in the laboratory with great expectations.
We eagerly anticipated the synthesis of this compound (185)
since we had prepared an authentic sample from natural CP-
263,114 (1) (Scheme 27c). Identical samples would give us the
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first indication that the total synthesis was in sight, and that
the Pfizer structural assignment,[4] based on NMR spectros-
copy alone, was correct. At 8:30 pm on April 7, 1999, the
CP team dragged me (K.C.N.) down to the first floor of the
Beckman building in front of the NMR instrument. ™You have
to see this,∫ said Phil with a big smile on his face. ™This had
better be good,∫ I said as we were riding the elevator en route
to the NMR room. On the screen were two spectra side by
side; the upper spectrum was that of the naturally derived
while the lower spectrum reflected the signals of a 1:1 mixture
of synthetic indoline lactol 184 and indoline lactone 185.
Although that final reaction was performed only on a 100 �g
scale and the NMR spectrum showed a 1:1 mixture of starting
material and product, it was clear from the spectra and from
TLC and HPLC analysis that synthetic 185 was identical to
naturally derived 185! The Minotaur was, this time, not only
sighted in the still misty horizon (see Figure 3) but, as it turned
out, fatally wounded (see bleeding Minotaur, Figure 7).

But there was still much more work to be completed before
we could declare victory. We immediately began a barrage of
model studies focusing on the key oxidative conversion of the
indoline to its indole counterpart. Simultaneously, we pre-
pared the authentic indole (187) from the natural product
(CP-263,114, 1) for comparison purposes. After about
30 hours of continuous searching, we identified p-chloroanil
as the most mild and likely candidate for the key conversion of
185 into 187. With more of the synthetic indoline 185 in hand,
we set up the reaction in refluxing toluene using excess p-
chloroanil and to our delight we obtained the coveted
synthetic indole 187 (Scheme 27d) which was identical to
that prepared from the natural product (Scheme 27c).

Figure 7. Synthetic indoline amide 185matches a naturally derived sample
(185). The deadly wounded Minotaur is falling![71]

It was April 10, 1999, and we were poised to complete the
total synthesis. Only one step remained: hydrolysis of the
indole moiety. We reasoned that LiOH would be the most
appropriate reagent to accomplish this transformation by
virtue of its mild nature and unique solubility and nucleophi-
licity. Before attempting the reaction with the precious sample
of synthetic indole 187, we decided to conduct a number of
model studies. These rather simple experiments, whose
primary aim was to probe the stability of the maleic anhydride
and hydroxy ketone moieties, turned out to be surprisingly
informative. There were several issues which needed to be
addressed concerning the treatment of these compounds with
base, namely: 1) to what extent, if any, would epimerization of
the carefully installed C-7 center take place?; 2) would
destructive enolization of the �-hydroxy ketone occur to give
a mixture of regioisomeric hydroxy ketones?; and 3) how
would the fragile maleic anhydride moiety hold up to the basic
conditions? To our dismay we found that treatment of the
advanced key intermediate 129with LiOH (10 equiv) in THF/
water followed by workup with NaH2PO4 led to a 3:2 mixture
of C-7 epimers (129 :188) as observed by 1H NMR spectros-
copy after only 1 h of exposure (Scheme 28). Halting the
reaction after 30 minutes afforded a 4:1 mixture of epimers,
the major of which was still 129. As troubling as this result
was, it was likely to get worse we thought, for in the real
system we would also be faced with the potentially destructive
isomerization of the �-hydroxy ketone system. With these
issues in mind, we submitted the hydroxy ketone 189 to the
same conditions (LiOH, 10 equiv, THF/water; then workup
with NaH2PO4), and much to our delight found that the �-
hydroxy ketone system was still intact with almost no
epimerization (�50:1 189 :190 by 1H NMR spectroscopy)
after 1 h. After 3 h the ratio was still a remarkable 10:1 in
favor of 189.

Based on these reassuring model studies, we next proceed-
ed to test the robustness of CP-263,114 (1) itself under the
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basic conditions of the projected final hydrolysis step.
Although we were optimistic about the result of this experi-
ment, we were not fully prepared for its outcome. The starting
CP molecule (1) did not survive the reaction conditions at
all, being rapidly transformed to its sister CP molecule
(2)! Pleasingly the C-7 stereocenter of the CP structure
remained intact. Furthermore, since a method existed for
the conversion of 2 into 1, we immediately realized that this

time, perhaps, we had the ™Gods∫ on our side (just as Theseus
had in his battle against the Minotaur) in our final assault
against the dreaded Minotaur. Before we tell, however, the
final tale, we must draw attention to the fascinating mecha-
nistic underpinnings of this interesting base-induced trans-
formation of CP-263,114 (1) to CP-225,917 (2) as shown in
Scheme 29a. This operation commencing with 1 represents a
unique cascade reaction sequence since it accomplishes

Scheme 27. a) Third generation retrosynthetic analysis of the CP molecules (1 and 2). b) Synthesis of indoline amide 185. c) Synthesis of 185 and 187 from
the natural product 1. d) Synthesis of 187 from 185 through the action of p-chloroanil.
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Scheme 28. Model studies before the final LiOH hydrolysis of the indole
derivative to CP-225,917 (2).

temporary masking of the maleic anhydride (as its dianion),
basic opening of the �-hydroxylactone, deprotonation of the
C-29 carboxylic acid, and reconstitution of 2 upon acidic
quench.

Having practiced the final act, with all the necessary
preparations complete, we sharpened our sword and engaged
with the Minotaur for the last time. The final reaction was set
up at 1:00 a.m. on April 12, 1999.A few hours later it was done
(Scheme 29b)! I (K.C.N.) was to learn of the athlos upon my
arrival in the lab at 8:00 a.m. that day. Needless to say, pure
adrenaline kept Phil and Zhong awake past the successful
isolation of CP-225,917 (2) and its subsequent conversion into
CP-263,114 (1).

Within 24 hours of that final blow, two communications
were dispatched to Angewandte Chemie.[5a,b] The triumphant
team is shown in Figure 8b celebrating their accomplishment
with smiles and grins.

Frequently in the endeavors of total synthesis, arrival at the
target molecule marks the final act, but not in this case, for it
was clear that we had struck gold on several occasions during
our journey to the center of the labyrinth. It was time to
consolidate the gains made during the campaign and to fully
exploit the many inventions and discoveries found during this
campaign. In the next sections we will discuss some of these
exploits and new synthetic technologies, beginning with the
establishment of the absolute configuration of the CP mole-
cules by asymmetric synthesis.

10. Asymmetric Synthesis of CP Molecules

Attempts by ourselves and others to crystallize naturally
derived heavy-atom derivatives of the CP molecules to
decipher their absolute configuration by X-ray crystallo-
graphic analysis had been thwarted by the inability to grow
suitably ordered crystals. Therefore, we turned our attention
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remarkable LiOH cascade hydrolysis and postulated mechanistic under-
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2) is complete.
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Figure 8. Top: left: In front of the ™CP battlefield∫, K. C. Nicolaou (left)
and Phil S. Baran (right); right: Conquest outside the lab, Phil S. Baran
(left) and Yong-Li Zhong (right). Bottom: The triumphant ™CP team∫
shortly after the completion of the feat (from left to right): Ha-Soon Choi,
Won-Hyung Yoon, Kin Chiu Fong, Yong-Li Zhong, Phil S. Baran, and Yun
He. K. C. Nicolaou is seated.

to determining the absolute configuration of these com-
pounds through chemical synthesis. Our asymmetric total
synthesis of the CP molecules, which served to establish their
absolute configuration, is summarized in Scheme 30.[5c] The
hallmark of this strategy is the combined use of substrate- and
reagent-based control of stereoselectivity.

Shortly after this disclosure, three additional syntheses of
the CP molecules appeared from the Shair,[36] Fukuyama,[37]

and Danishefsky[28] groups. All three of these syntheses were
elegantly conceived and masterfully executed. The syntheses
by the groups of Shair[36] and Fukuyama[37] also confirmed our
absolute configuration assignments.

11. Mining the Gold: Discovery and Invention of
New Synthetic Technologies

After traversing the CP-synthetic labyrinth and having
marked the points of interest, we set forth to investigate the
scope, generality, and mechanistic aspects of the various
designed and discovered reactions. These explorations snow-
balled, for as we garnered mechanistic insights we were able
to move to the next step by designing further strategies and
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processes and by calling upon old reagents to perform new
reactions. In the following sections we discuss, in approximate
chronological order, the synthetic technologies developed
during these investigations.

11.1. Acyl Mesylates and the Synthesis of Sterically
Hindered Diazoketones

The use of acyl mesylates as novel acyl chloride surrogates
for highly hindered carboxylic acids as mentioned above
(Scheme 22b) was aptly demonstrated by the synthesis of a
variety of hindered ketones (Scheme 31a) on molecular
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Scheme 31. a) Examples of hindered diazoketones prepared by the acyl
mesylate technology. b) First isolation and characterization of an acyl
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hindered systems.

scaffolds of numerous types, including steroids (196) and the
vancomycin family of antibiotics (198).[38] In addition, we were
able to isolate the first stable acyl mesylate (201), enabling a
full elucidation of the physical properties for this chemical
entity (Scheme 31b).[38] These studies also shed light on the
unexplored chemistry of these highly reactive species (shown
in generalized format in Scheme 31c), indicating the differ-
ential products that one can expect based on the nature of the
molecule onto which this reactive group is attached.[38]

11.2. Homologation of Sterically Hindered Aldehydes via
Cyanohydrin Formation

Our struggle to add one carbon to the ™Christmas
compound∫ 141, led to the development of a novel strategy
for the homologation of sterically hindered aldehydes even in
the presence of ketones and other electrophilic functionalities
as mentioned earlier in the context of Scheme 23a. After
demonstrating the generality and scope of the process
(Scheme 32a for selected examples in substrate classes of
historical significance)[39] we also conducted experiments to
confirm the unique mechanism by which it operates
(Scheme 32b), providing validation of the specific role played
by each reagent in the process, as well as insight into the
reactivity of cyanohydrins and their potential use as masking
devices for ketones.[39]

11.3. The DMP- and IBX-Cascade Reactions for the
Synthesis of Heterocycles from Anilides, Urethanes and
Ureas

The intrigue of the unexpected reaction of DMP with
substrate 166 producing the unusual heterocycle 169 (see,
Scheme 25b) soon sent us out on an expedition to investigate
it further. What was the mechanism of this unprecedented
transformation, its prerequisites, scope and generality? Hav-
ing suspected that the essential requirement for the substrate
in this reaction were the anilide and olefinic functionalities,
we focused on such substrates. Our first explorations were
disappointing and gave only very low yields of the desired
products (Scheme 33a). We reasoned that embedding the
olefin portion in a ring system might boost the efficiency of
the reaction due to reduced conformational freedom and
increased electron density. Indeed, this modification proved
to be crucial for accessing complex polycyclic systems in
synthetically useful yields (Scheme 33b).

Simultaneously we investigated how the precursor to DMP,
IBX (2-iodoxybenzoic acid), might react with such anilides.
Perhaps these examples would furnish the same polycycles
more efficiently. THF:DMSO (10:1), rather than benzene,
was employed as a solvent due to solubility considerations and
by analogy to alcohol oxidations performed with IBX. When
we conducted the reaction at 50�C with the simple substrate
211a, instead of forming the polycycle 212a, we isolated the �-
lactam 215 in 10% yield (Scheme 33c). Upon increasing the
reaction temperature to 90�C, remarkably efficient conver-
sion to 215 was observed. In fact, this result was initially
received with considerable skepticism by one us (KCN).
Could it be that inadequate experimental technique led to this
bizarre finding or had we discovered another unique reac-
tion? And how is it that no one had ever reported such
reactions with iodine(�)-based reagents or hypervalent iodine
compounds in general? It was time to consider this issue from
a more global perspective.

Scheme 34a depicts a sampling of iodine(���) and (�)-based
reagents. While the chemistry of iodine(���)-based reagents has
been extensively explored, iodine (�)-based reagents have
been mainly relegated to the realm of alcohol oxidation and a
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number of closely related processes. For instance, in Varvo-
glis× 223 page treatise[40] on hypervalent iodine reagents, only
10 pages are dedicated to the reactions of iodine(�)-based
reagents (5 pages deal with alcohol oxidations and 5 pages
deal with the use of these reagents as co-oxidants in selenium-
and vanadium-catalyzed reactions); the remainder

Scheme 33. a) First attempts to construct polycycles using DMP prove
disappointing. b) Using more substituted olefins in the DMP cascade led to
synthetically useful yields of heterocycles. c) Discovery of the IBX-
cyclization reaction.

focuses on the more popular iodine(���)-manifold. Therefore,
we proceeded to rapidly explore the scope and generality of
these transformations to determine whether they were simply
anomalies or more desirably, useful synthetic transformations.

Since the starting materials for DMP- and IBX-cyclizations
were the same, we were able to evaluate the utility of both
reactions in parallel. The library of anilides to be used as
substrates was rapidly expanded by utilizing a series of simple
building blocks as shown in Scheme 34b. We quickly and
firmly established the structural parameters required for the
reactions to proceed, namely the presence of an anilide
moiety and an olefinic system in close proximity. We
suspected, however, that the reaction could be extended into
the realm of olefinic urethanes and ureas. Indeed, both the
DMP- and IBX-cyclizations could be expanded to furnish
diverse heterocycles using urethanes and ureas as starting
materials (Scheme 34b and c). It took a few days before we
realized the potential of the gold mine that we had un-
earthed![41] Because of the excitement which was generated
from these discoveries our initial forays into this new territory
were not entirely focused and we often went back and forth
between studying new reactions of DMP and IBX, always
having as our guide mechanistic hypotheses. We will attempt
to recount these discoveries in the correct chronological order
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and, thus, we will return to the DMP-cyclization and
its mechanism later on; for now we were intrigued
by the IBX-cyclization.

11.4. IBX-Mediated Synthesis of Amino Sugars

The efficiency with which a latent cis-1,2-amino
alcohol functionality could be generated from an
allylic alcohol by the newly discovered IBX reaction
inspired us to investigate this process in the context
of carbohydrate scaffolds (Scheme 35a). The expe-
dient preparation of amino sugars and analogues
thereof is a worthy synthetic goal since these
compounds represent an important class of bio-
logically active molecules. Thus, we were able to
access a number of such amino sugars in high yield
with complete stereocontrol by using the removable
p-methoxyphenyl group on the nitrogen center. As
a demonstration of its power, the reaction was
employed in a concise and efficient synthesis of �-
vancosamine (232) as shown in Scheme 35b.

The IBX reaction tantalized us further when we
employed the glycal urethane 233 as a substrate
(Scheme 35c). Instead of isolating 1-deoxyamino-
sugar 234 exclusively, as expected, we also observed
formation of the aminosugar derivative 235 as a
minor product (ca. 1:2 ratio). We hypothesized that
the latter compound (235) must be arising from
attack of water upon an oxonium species such as B
(Scheme 35c). We then reasoned that if we con-
trolled the amount of water in the reaction system,
we might be able to direct the reaction pathway to
either 1-deoxyamino sugars or amino sugars at will.
Indeed, this line of reasoning was sound since glycal
233 (and a number of other glycal systems) could be
reliably converted in high yield to a 1-deoxyamino
sugar (for example, 234) or amino sugar derivatives
(for example, 235) just by controlling the amount of
water present (Scheme 35d). In addition, these
tunable cascade reactions could be set to provide
amino sugar lactones such as 236 by using additional
oxidant; however, it was more efficient to oxidize
the amino sugars in a separate operation to achieve
the same goal (namely, 235�236).

Following our work with amino sugars,[42] we
began to think more deeply about the mechanism of
the IBX-induced cyclization reaction. The evolution
of our understanding of this reaction is shown in
Scheme 36. Our first mechanistic postulate for
this reaction involving amide-based radicals
(Scheme 36a) was accurate, yet rather simplistic.
It was H. Martin R. Hoffman that first alerted us to
the possibility that these reactions may be following
a single-electron transfer (SET) pathway and we,
therefore, proposed the mechanism shown in
Scheme 36b for this process. The formulation of
the possible nature of the IBX ¥THF complex
(Scheme 36c), and the isotope labeling, kinetic,
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Scheme 35. a) Application of the IBX cyclization to amino sugar synthesis,
Ar� p-methoxyphenyl. b) Synthesis of 232 using IBX-based amino sugar
synthesis. c) Reaction of 233 with IBX leads to a mixture of 234 and 235,
presumably via radical A and oxonium species B. d) Synthesis of 1-deoxy
amino sugars, amino sugars, and amino sugar lactones from 233 and
glycalurethanes.
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electrochemical, and NMR studies would not come until a few
months later.[43] Only then would we recognize the full
potential of IBX as a general and highly controllable SET
reagent.

11.5. IBX-Mediated Introduction of Unsaturation
Adjacent to Carbonyl Compounds

With an increased but still incomplete level of understand-
ing of the reactivity of IBX, we pondered what other types of
molecules might complex to IBX. Alcohols were known to
form complexes with IBX to give the corresponding oxidized
species (Scheme 37a). In addition, we had found that THF
presumably forms some sort of complex with IBX
(Scheme 37a). Would a carbonyl compound in its enol form
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also form a complex with IBX? If so, would it lead to the
corresponding �,�-unsaturated system? This expectation was
probably far-fetched at the time. After all, if IBX could
accomplish this transformation, why had no one reported it in
the last hundred years of the reagent×s history? The expec-
tation was that if IBX could possibly trap a carbonyl
compound in its enol tautomer, its fate just might be oxidation
to the corresponding �,�-unsaturated compound.

The first example of introducing �,�-unsaturation adjacent
to a carbonyl function with IBX was performed on May 9,
2000. When Zhong and Phil told me the news, I (K.C.N.) was
again skeptical, but clandestinely excited at the same time! As
shown in Scheme 37b, our mechanistic reasoning (right or
wrong!) paid off with an efficient method for the synthesis of
a variety of �,�-unsaturated compounds. Furthermore, since
IBX is a very capable oxidant of alcohols, we could proceed in
a one-pot process to form an �,�-unsaturated carbon-
yl compound from an alcohol in high overall yield
(Scheme 37c). It was found that a large number of protecting
groups and other sensitive functionalities are well tolerated

including nitrogen-based heterocycles and amides. Simple
primary alcohols can even be oxidized to the corresponding,
often sensitive, �,�-unsaturated aldehydes in high yield.[44, 45]

As it turned out, the initially proposed ionic pathway
(Scheme 37d) had to be revised to a SET-based mechanism
(Scheme 37d).[45] We shall now return to the DMP cyclization,
and the detailed study of its mechanism which led to the
development of a number of additional synthetic technolo-
gies.

11.6. New Synthetic Technologies for the Construction of
p-Quinones, o-Imidoquinones, and Complex Molecular
Architectures Thereof

Without much data, we knew that our first analyses of the
mechanism of the DMP cascade reaction were speculative
and, indeed, were soon proven to be rather primitive. After
extensive optimization studies we took note of the special
influence of water on the reaction. Through control experi-

Scheme 37. a) Original considerations of IBX reactivity lead to a b) mechanistically inspired design of the IBX-based process for introduction of �,�-
unsaturation adjacent to a carbonyl system. c) The IBX-mediated dehydrogenation of carbonyl compounds. d) Possible ionic- (top) and SET-based (bottom)
mechanisms for the dehydrogenation of carbonyl compounds by IBX.
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ments and isotope labeling studies (Scheme 38a) we were
able to arrive at the mechanism shown in Scheme 38b. The
remarkable feature of this reaction is that it involves two
different iodine(�) reagents, DMP and Ac-IBX, working
together. This synergistic reactivity was verified since no
reaction occurs when an excess of DMP or Ac-IBX alone are
employed. A detailed study of the DMP cyclization also led to
a revised protocol which allows the reaction to proceed in
dichloromethane at room temperature.[43]

During the course of our mechanistic studies of the DMP
reaction we stumbled onto the 18O-labeled p-quinone by-
product 240-18O (Scheme 38a). We had not observed this type
of product earlier because of the higher temperatures
employed in the original conditions, which are apparently
detrimental to the survival of such species. Logic dictated that
if we deleted the appended olefin in the starting anilide we

could, potentially, maximize the yield of the p-quinone
compound. The pronounced utility and widespread occur-
rence of the quinone moiety in nature and medicinally
important agents prompted us to explore this possibility. To
our delight, we found that a number of 4-substituted anilides
could be easily oxidized to the corresponding p-quinones in
good yields (Scheme 38c top). Although 3-substituted ani-
lides gave unpredictable results, their 2-substituted counter-
parts gave rise to the corresponding o-imidoquinones in high
yield (Scheme 38c middle). This procedure represented the
first general synthesis of these rather rare species.[46]

From labeling studies (Scheme 38a) it is clear that two
molecules of Ac-IBX are involved in p-quinone formation. As
shown in Scheme 38c bottom, we postulated that an o-
imidoquinone (II) is actually the precursor to a p-quinone
(V) upon attack of an additional molecule of Ac-IBX. In the

Scheme 38. a) 18O-labeling studies with the DMP cascade reaction. b) Proposed mechanistic underpinnings of the DMP-mediated polycyclization of olefinic
aryl amides. c) Synthesis of p-quinones from 4-substituted anilides (top), synthesis of o-imidoquinones from 2-substituted anilides (middle), and postulated
mechanistic rationale for the oxidation of o-imidoquinones to p-quinones using DMP (bottom).
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case of anilides substituted at the 2-position, the increased
steric hindrance might prevent attack of the intermediate o-
imidoquinone by Ac-IBX, and thus the inability of the latter
compounds to yield p-quinone products. The o-imidoqui-
nones were found to undergo intermolecular inverse electron
demand Diels ±Alder reactions efficiently, as shown in
Scheme 39a. This reaction is the intermolecular variant
of the original DMP-cascade cyclization reaction
(Scheme 38b).[46]

Scheme 39. a) Employment of o-imidoquinones in intermolecular inverse
electron demand Diels ±Alder reactions. b) Total synthesis of epoxyqui-
nomycin B (250, top) and BE-10988 (254, bottom) using DMP-mediated p-
quinone generation. c) Analysis of the reactivity of o-azaquinones:
A) Participation in inter- and intramolecular Diels ±Alder reactions,
B) oxidation to p-quinones, and C) proposed intramolecular Diels ±Alder
reactions.

Soon after establishing the generality of p-quinone forma-
tion (Scheme 38a top), we realized that the direct synthesis of
such compounds from anilides has important implications for
organic synthesis. Specifically, in planning the construction of
a p-quinone moiety from an aromatic nucleus, it is no longer
necessary to include the normally obligatory one or two
protected oxygen atoms in the starting material. In essence, an
anilide moiety may be considered a latent p-quinone system,
since both oxygen atoms may be installed concomitantly using
DMP. To demonstrate the applicability of this synthetic
technology in complex molecule construction, the naturally
occurring and biologically active substances epoxy-
quinomycin B (250, Scheme 39b)[47] and BE-10988 (254,
Scheme 39c)[48] were targeted for total synthesis.

The epoxyquinomycins, isolated from Amycolatopsis
sp. MK299-95F4, are a class of structurally related antibiotics
and anti-inflammatory agents.[47] As a consequence of their
potential therapeutic applications as anti-inflammatory
agents and for the treatment of rheumatoid arthritis, the
epoxyquinomycins and related compounds have received
considerable attention from the synthetic community.[49] Our
total synthesis of epoxyquinomycin B (250),[46] the most
potent member of this class, represents the shortest route to
these compounds; it features only four synthetic operations
from simple and readily available starting materials and
proceeds in 38% overall yield (Scheme 39b).

BE-10988 (254, Scheme 39c) is a potent topoisomerase-II
inhibitor, and as such has considerable potential in chemo-
therapy.[49, 50] The molecular structure of BE-10988 (254)
contains a novel thiazole substituted indole-quinone and this
provides a unique forum to test the utility and chemo-
selectivity of the tandem DMP cyclization.[50] Our total
synthesis of BE-10988 (254)[51] (Scheme 39c represents the
shortest and most efficient (24% yield overall, 54% yield
based on recovered starting material) route to this important
antitumor agent.

The facile generation of o-imidoquinone-type structures
from anilides and DMP[46] and their demonstrated ability to
undergo inter- and intramolecular Diels ±Alder reactions as
heterodienes (reactivity mode A, Scheme 39d) or to suffer
further oxidation to p-quinones (reactivity mode B,
Scheme 39c) set the stage for the development of yet another
reaction pathway for these rather rare chemical species.
Specifically, we reasoned that the electron-deficient olefin
adjacent to the imide functionality of the o-imidoquinone
moiety might also be capable of acting as a dienophile in an
intramolecular Diels ±Alder fusion (reactivity mode C,
Scheme 39d) to provide novel and biologically relevant
molecular diversity.[52]

To explore this novel prospect, we designed and synthesized
anilide diene 258 as shown in Scheme 40. In line with our
expectations, exposure of this substrate to DMP and H2O in
CH2Cl2 at ambient temperature led to ketohydroxyamide 261
and quinone 262 in 28 and 25% yield, respectively. The novel
ketohydroxyamide 261 was presumably generated through
hydration of the initially formed Diels ±Alder adduct 260.
Interestingly, the ketohydroxyamide 261 and its derivatives
closely resemble the pseudopterosin family of natural
products (for example, pseudopserosin A aglycon, 266,
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Scheme 40. Rapid entry into complex molecular architectures resembling
those of pseudopterosin A aglycon and elisabethin A from anilides and
DMP.

Scheme 40).[53] Upon heating, the initially formed quinone 262
was quantitatively converted, by an intramolecular Diels ±
Alder reaction, into the tricyclic system 263. The latter
framework embodies the full carbocyclic skeleton of the
naturally occurring substance elisabethin A (265).[54] It is
interesting to note that the structures of these two seemingly
unrelated natural product classes (pseudopterosin A and
elisabethin A) are produced by the same organism just as
the present DMP-initiated cascade furnishes both complex

pseudopterosin- and elisabethin-like structures (261 and 263)
in the same pot.

The ready availability of ketohydroxyamide 261, coupled
with the scarcely investigated chemistry of this moiety,[55]

enticed us to explore its reactivity and synthetic potential. It
was soon found that ketohydroxyamide 261 undergoes a
diverse range of novel transformations leading to a set of
unusual products (Scheme 41a). These reactions revealed
that, despite its misleading appearance, this substance does
not always react as a simple protected �-diketone, but has its
own chemical identity. Thus, exposure of ketohydroxyamide
261 to PPTS in aqueous media led to diphenol 267 in 75%
yield, whereas treatment with sodium borohydride in the
presence of cerium chloride furnished either a mixture of
diastereomeric alcohols 268 (99%, ca. 1:1 ratio, 25 �C) or the
hydroxyamide 269 (99%, single isomer, 0 �C) depending upon
the temperature. Reaction of 261 with C-terminal-protected
amino acid derivatives led, through an interesting cascade
reaction (Scheme 41b), to heteroannulation, to furnish com-
plex polycylic scaffolds (270, 278). The combination of
ketohydroxyamide 261 with 1,2-diamines led smoothly to
polycyclic pyrazines (271), whereas aromatic amines reacted
with 261 to afford aniline derivatives (272) in high yield.
Unusual heterocyclic spiro systems (273) were formed when
1,2-amino alcohols were employed in this reaction.

11.7. Benzylic Oxidation with IBX

Parallel to the extensive investigations in the DMP arena,
we were also exploring new reactions mediated by IBX. Since
we had come to the conclusion that IBX behaved as a general
SET reagent, we rationalized that the oxidation of carbon
atoms adjacent to aromatic systems should also be possible.
As mechanistically illustrated in Scheme 42a, stepwise SET
oxidation of a substituted toluene (280) leading to the
stabilized benzylic cation (283) might trigger such a process
by subsequent oxidation with another molecule of IBX to
furnish the corresponding substituted benzaldehydes (281).
The mild nature of IBX and its observed chemoselectivity in
other transformations made this proposal particularly entic-
ing.

This plan worked (Scheme 42b)! Within a few weeks of its
discovery, Phil and Zhong utilized this new reaction to
complete a series of examples to demonstrate its scope and
generality.[56] Significantly, and in contrast to conventional
methods, the reaction tolerated the presence of a variety
of sensitive and oxidation-prone functional groups
(Scheme 42b). Moreover, over-oxidation of the resulting
aldehydes was never observed. A subsequent, more-detailed
mechanistic analysis of this process led us to consider several
other possible pathways as shown in Scheme 42c.[45] It is also
tempting to evolve our rationale and consider another
mechanism for the IBX-mediated oxidation of benzylic
positions based on literature precedent for aryl � ± iodine
complexes and their role in single electron transfer redox
reactions[57] (Scheme 43).
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11.8. A Serendipitous Discovery Leads to an Exploration
of the Chemistry of �-Sulfonated Ketones

Around the same time that we had unearthed the ability of
IBX to mediate the dehydrogenation of carbonyl compounds
we had also discovered the potential of �-sulfonated ketones
in organic synthesis. How does this seemingly unrelated
finding relate to the study of iodine(�) reagents? Early one
morning, I (K.C.N.) suggested to Phil and Zhong that they
consider the reaction of IBX with epoxides. The hope, as
illustrated in Scheme 44a, A, for the case of cyclooctene

oxide, was that nucleophilic attack by IBX itself upon the
epoxide moiety (297) followed by dehydrogenation would
eventually lead to the highly oxidized system 298 in one pot.
The proposed reaction was immediately set up with IBX, but
there was no change. When we added catalytic amounts of
TsOH we observed the formation of a trace amount of a new,
strongly UV-active product. This compound turned out to be
the �-tosylated ketone 299. When the reaction was run again
with stoichiometric amounts of TsOH we obtained sulfonyl-
oxy ketone 299 in high yield. We were immediately excited by
this finding and after a thorough literature search we

Scheme 41. a) Remarkable reactivity of the unique ketohydroxyamide 261, and b) postulated mechanism for the cascade heterocyclic annulation of 261 to
polycycles 278.
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confirmed our suspicions that indeed this was a new route to
these types of compounds. It did not take long before we
realized the potential of these now readily available inter-
mediates in organic synthesis, particularly in solid-phase
chemistry. Initial solution-phase studies (Scheme 44a, B)
were promising; especially exciting was the unique synthesis
of heterocycle 305.

In considering the potential of the readily available �-
sulfonated ketones, the well-known and fertile chemistry of �-
halo ketones came to mind. Despite their versatile nature,
however, �-halo ketones cannot easily be attached to solid
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supports for exploitation as precursors to molecular diversity
by solid-phase and combinatorial methods. In contrast to the
�-halo ketone solid-phase limitations, we found that �-
sulfonated ketones can be readily formed on resins by
employing sulfonic acid polymers. This advantage of �-
sulfonated ketones, coupled with their stability and sometimes
unique chemistry,[58] prompted us to investigate them further.
Thus, by tapping into the rich chemistry of related sulfonyloxy
ketones,[59] and by introducing our own modificaitons, we
envisaged the naissance of a seamless and novel linker which
would provide access to a wide ranging library of structural
types.[60]

Confident that our solid-bound �-sulfonyloxy ketones were
emulating their solution-phase relatives, we evaluated a
strategy for the release of heterocycles from the solid support.
Pleasingly, we found that this heterocycle-release concept, as
depicted in Scheme 44b, allows for the generation of a
plethora of ubiquitous heterocycles. Scheme 44c offers a
snapshot of some of the explored possibilities.[60, 61]

We also investigated the efficiency of carbon ± carbon bond
forming reactions using �-sulfonyloxy ketones, and given the
importance of enediynes and related systems, we set out to
develop conditions which would permit the synthesis of such
compounds. A unique strategy was then developed to
generate libraries of dialkynols (stable precursors to ene-
diynes). An example of this technology leading to the
enediyne 329 is shown in Scheme 45.[61]

The story of �-sulfonyloxy ketones stands as an example of
how an unexpected by-product and a little imagination can
lead to the development of new chemistry. The moral of the
story is that one should not be too quick to sweep unexpected
observations under the carpet when they do not serve one×s
immediate purposes. Rather, one should look at such discov-
eries from a broader perspective and with curiosity to fuel
further explorations into their mechanism and synthetic
potential.

11.9. Selectivity in IBX-Mediated Reactions

The demonstrated ability of IBX to induce N-centered
radical generation (from anilides and with subsequent cycli-
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Scheme 44. a) Serendipitous discovery of a new method to synthesize �-tosyloxy ketones from epoxides (top); one-pot entry to �-tosyloxy ketones from
olefins and preliminary exploration of their chemistry (bottom). b) Mechanistic rationale for the ™heterocycle-release∫ strategy. c) ™Heterocycle-release∫
applied to the �-sulfonyloxy ketone resin 312.
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zation reactions), dehydrogenation of carbonyl compounds,
and oxidation adjacent to aromatic systems dictated the need
to determine the selectivity of the reagent in these reactions.
How controllable are these processes in a setting where they
are all conceivably possible? Scheme 46 answers this impor-
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tant question with the synthesis and reactions of alcohol-
amide 330 which was designed to probe this issue. Using only
three standard sets of conditions, substrate 330 could be easily
converted into any of the compounds 331 ± 336 as desired.
This series of reactions ably illustrates the ease with which
IBX-mediated oxidations can be manipulated to furnish a
diverse spectrum of highly functionalized products.[56]

The fact that we could heat compound 333 (conditions A,
Scheme 46) in a sealed tube with IBX at 90�C in THF/DMSO
and observe no benzylic oxidation or carbonyl dehydrogen-
ation intrigued us. In the same vein, why, when there was no
THF present (conditions B, Scheme 46), did the �-lactam-
forming process seem to shut off? Such questions piqued our
earlier suspicions concerning the role of the solvent in these
IBX reactions and led us to hypothesize that the solvent
actually formed a discrete complex with IBX leading to the
dramatic reactivity patterns observed.

11.10. Modifying the Iodine(�) Nucleus of IBX With
Different Ligands: Room Temperature Dehydrogenation
of Carbonyl Compounds

The possibility that a solvent molecule was forming a
complex with IBX was first confirmed qualitatively. Thus,
when a solution of IBX inDMSOwas heated to 80�C for a few
minutes and then cooled down, the resulting complex was
capable of carbonyl dehydrogenation at room temperature,[62]

in contrast to IBX which had merely been dissolved in DMSO
at room temperature. Since the conversion of this last reaction
was not so high, we began to explore the effect of other
ligands on the process. After extensive explorations
we found that NMO is a suitable ligand for IBX; it
forms a complex at room temperature (as clearly observed
by 1H NMR spectroscopy) and accomplishes room-temper-
ature dehydrogenations in good yields. It was May 12, 2001,
when Tamsyn Montagnon, a newly arrived postdoctoral
fellow from England, informed me (K.C.N.) of this remark-
able advance.[62]

It was again hard to believe, but a clear 1H NMR spectrum
of the IBX ¥NMO complex left very little doubt of what was
happening. Further optimization of the reaction led to the
identification of 4-methoxypyridine-N-oxide (MPO) as a
remarkably efficient ligand for effecting room-temperature
dehydrogenation of a wide range of carbonyl compounds.[62]

The applications of this new and mild reagent (IBX ¥MPO)
were extended to encompass a highly efficient and rapid
oxidation of trimethylsilylenol ethers to the corresponding
enones (Scheme 47b).[63] Taken in combination, these new
methods compliment each other×s strengths and allow for a
remarkably diverse set of ketones and aldehydes to be
converted into their �,�-unsaturated congeners in high yields.
Overall, these developments and the new appreciation they
brought of the chemical characteristics of IBX ushered in a
new paradigm for modifying the iodine(�) nucleus through
ligand tailoring as a means to control its reactivity profile
(Scheme 47c).
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11.11. The Use of Iodic Acid and Iodine Pentoxide in
Organic Synthesis

One day in July 2001, while pondering the reactivity of IBX
we had an epiphany of sorts. It had always been bothersome to
us that the use of IBX in industrial applications would likely
be hampered by its high molecular weight, expense, and fear
of detonation at high temperature (�200�C). What exactly is
the role of the aromatic moiety in IBX, we asked. Could it×s
removal offer reagents with far higher atom efficiency? With
the aromatic moiety simply deleted while maintaining the
same oxidation state for iodine as in IBX, would we still be
able to accomplish, for instance, carbonyl dehydrogenation?
The most simple iodine(�) reagents, iodic acid (HIO3, IA) and
its anhydride, iodine pentoxide (I2O5, IA) were immediately
acquired and investigated experimentally to answer these
questions.[64] From our studies with IBX, we reasoned that our
best chance for success would be to preform the correspond-
ing DMSO complexes as shown in Scheme 48a. Remarkably
and to our utter amazement, these DMSO complexes

339 340 [see Figure 9]

R

R'

O

R

R'

O

339 or 340, DMSO

I O I
O

I
O OH

O

I
O OH

O
S

S O I

O

O

O I

O

O

O I

O

O

O I

O

O

O S

S

O

O

O

O

50 °C
[several examples][64]

[high
yield]

iodic acid (IA) iodine pentoxide (IP)

DMSO, 80 °C
1 h

DMSO, 80 °C
1 h

n

a)

b)

Scheme 48. a) Preparation of IP- and IA-DMSO complexes. b) Their use
to introduce �,�-unsaturation into carbonyl compounds.

(339 and 340) were indeed capable of the dehydrogenation of
carbonyl compounds at rather moderate temperatures (45 ±
65�C) and in high yield (Scheme 148b). Notwithstanding their
extensive use in industrial applications[64] and their commer-
cial availability,[65] IA and IP have rarely been employed in
organic synthesis. Their industrial applications and studies
conducted at elevated temperatures[66] strongly suggest these
are particularly stable oxidants. This feature is perhaps related
to the extensive secondary bonding networks present in these
solids which is at least partially maintained in solution. To
improve our understanding of the nature of these iodine(�) ±
DMSO complexes, we prepared crystalline 340 by lyophiliza-
tion of a solution of IP in DMSO.[64] X-ray crystallographic
analysis of this crystalline solid revealed its remarkable helical
structure and provided the first physical confirmation of our
long-held hypothesis that DMSO activates these species by
acting as a ligand and complexing with the iodine(�) nucleus
(Figure 9).

Scheme 47. a) N-oxide ligands on IBX allow for the room-temperature
dehydrogenation of carbonyl compounds. b) Newmethodology extends the
utility of N-oxide ligands on IBX to the room-temperature dehydrogen-
ation of trimethylsilylenol ethers. c) Access to novel iodine(�)-based
reagents by changing the ligand employed on IBX.
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Figure 9. ORTEP representation of the helical IP-DMSO complex
structure.

12. Conclusion

In this article, we described our experiences with CP-
263,114 (1) and CP-225,917 (2), two molecules whose
conquest by total synthesis was enriched with a surplus of
discoveries and inventions in organic synthesis (for a timeline
of the main milestone events in this synthetic labyrinth, see
Figure 10). Their unusual molecular connectivities and highly
sensitive nature added to the lure of their challenge, and were
instrumental in stimulating new chemistry by raising the bar at
a level unattainable by existing methodology. Rising to this
challenge, a team of dedicated graduate students and post-
doctoral fellows battled for approximately two years through
a ™synthetic labyrinth∫ until the ™Minotaur∫ fell in the face of
their unwavering persistence and resourceful attacks. A
number of new synthetic strategies and synthetic technologies
were invented to get through and accomplish the final goal,
and many more synthetic methods were discovered in the
process and in follow-up studies. Among the most prominent
of these reactions are the maleic anhydride cascade, the DMP-
mediated cascade oxidation of 1,4-diols to construct the �-
hydroxylactone, the mixed acyl-sulfonyl anhydride method
for activating sterically hindered carboxylic acids, the cyano-
hydrin-based homologation of sterically hindered aldehydes,
the cascade hydrolysis of 1 to 2, and finally the myriad of

1995

1997

1998

1999

2000

2001

2002

April: Isolation and preliminary structural assignment of
          CP molecules announced.

February: JACS paper delineating definitive structures of
                CP molecules appeared.

July 3: Phil S. Baran arrives in K.C.N. laboratories.

February: Anhydride cascade developed.

July 20: Y. L. Zhong joins P. S. Baran, H. S. Choi, K. C. Fong,
              Y. He, and W.-H. Yoon on the CP project.
December 14: Acyl mesylate technology developed.

April 12: CP molecules conquered.

March: DMP cyclization reaction discovered: Polycycle 166.

August: IBX cyclization reaction discovered.

October: Work on IBX-mediated amino sugars began.

April: Generality and mechanism of cyanohydrin 
homologation explored.

May 9: IBX-mediated dehydrogenation of carbonyl 
           compounds discovered.
May 25: The potential of α-sulfonated ketones is realized.

December 31: Cyanohydrin-based homologation technology
                        developed.

February: Amide strategy conceived.

July: Iodic acid- and iodine pentoxide-mediated dehydrogenation 
of carbonyl compounds discovered.

May 12: Room temperature dehydrogenation of carbonyl
compounds with IBX-N-oxide ligands discovered.

June: Mechanistic studies into the IBX and DMP reactions
begun.

July: DMP-mediated quinone synthesis discovered.

September: IBX-mediated benzylic oxidation discovered.

December: Chemistry of o-imidoquinones and α,β-unsaturated
ketohydroxyamides explored.

March: Controllability of IBX reactivity by changing the ligand
            realized.

1996

August: Room temperature oxidation of trimethylsilylenol ethers to 
the corresponding α,β-unsaturated carbonyls using 

IBX-MPO complexes is elucidated.

Figure 10. Timeline of an adventure in scientific discovery: The CP labyr-
inth.

new reactions based on iodine(�) chemistry and spin-offs
thereof.

The highly fertile and interwoven studies of synthetic
strategy and synthetic methodology inspired by these ™de-
monic∫ target molecules are a luminous example of how total
synthesis should be performed these days. Indeed, this
example provides ample demonstration of the attractiveness
of total synthesis endeavors as a means to discover and
develop science, particularly in the fields of new synthetic
methodology and strategy. Another rich and rewarding
approach to total synthesis of natural products is to blend it
with chemical biology studies. Examples of such endeavors
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from these laboratories include the enediyne,[68] epothilone,[69]

and vancomycin[70] projects, all of which evolved and grew so
that they were accompanied by a number of significant
contributions to biology and medicine.

Overall, endeavors in total synthesis, if practiced wisely, are
hard to match in terms of yield of basic science and the
development of useful applications in biology and medicine,
not to mention the opportunity they provide to train young
men and women in the art of chemical synthesis. What
determines the yield of such benefits is often encoded within
the program and depends on many factors, admittedly
including serendipity and good luck. However, the practi-
tioner can optimize this yield by rational reasoning and
imagination so as to maximize the opportunity, beginning with
the prudent selection of the target molecule. The entire
enterprise should be based on the premise of not only
reaching the destination, but most importantly, collecting
™goods and wisdom∫ along the way.

In closing this article we wish for more targets like the
CP molecules, so that they can challenge and sharpen the
minds and skills of new ™Theseus∫.[71] Nature certainly has
them, and it will be up to us to find them and pursue them, and
in so doing learn the valuable lessons they hold in store for us.
For nature, in her designs, is the supreme master, and thriving
to mimic her efficiency and elegance is a most rewarding
endeavor.

Abbreviations

Ac acetyl
acac acetylacetonyl
AIBN 2,2�-azobisisobutyronitrile
Alloc allyloxycarbonyl
Bn benzyl
Bz benzoyl
CAN cerium ammonium nitrate
CSA 10-camphorsulfonic acid
DABCO 1,4-diazabicyclo[2.2.2]octane
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
DEAD diethyl azodicarboxylate
DIBAL diisobutylaluminum hydride
4-DMAP 4-dimethylaminopyridine
DMDO 2,2-dimethyldioxirane
DMF N,N-dimethylformamide
DMP Dess ±Martin periodinane
DMPU N,N-dimethylpropyleneurea
DMSO dimethylsulfoxide
EDC 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
HMDS bis(trimethylsilyl)amide
IBA iodosobenzoic acid
IBX o-iodoxybenzic acid
imid imidazole
LDA lithium diisopropylamide
Ms methanesulfonyl
NMO 4-methylmorpholine-N-oxide
PDC pyridinium dichromate
Piv pivaloyl

PMB p-methoxybenzyl
PMP p-methoxyphenyl
PPTS pyridinium 4-toluenesulfonate
Ts 4-toluenesulfonyl
py pyridine
TBAF tetra-n-butylammonium fluoride
TBS tert-butyldimethylsilyl
TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy
TES triethylsilyl
Tf trifluoromethanesulfonate
TFA trifluoroacetic acid
THF tetrahydrofuran
TMS trimethylsilyl
TPAP tetra-n-propylammoniumperruthenate
TPS tert-butyldiphenylsilyl
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High-Performance Fibers from Spider Silk**

Stefan Kubik*

An insect trapped in a spider net has usually no chance of
escape. Although a spider net is composed of the smallest
amount of ultrathin fibers, it effectively captures rapidly flying
insects without breaking, leaving the prey entangled. This
ability is largely explained by the mechanical properties of the
spider silk, the major component of the spider-net fibers.
Spider silk is an unusually tearproof, strong, and elastic fiber
protein that is only surpassed in these properties by some
modern synthetic high-performance polymers.[1] Table 1

shows that the orb-web-spinning spider Araneus diadematus
produces a silk for the dragline and the radiating spokes of the
net the strength of which approaches that of high-tensile steel
while being significantly more extensible, as well as lighter.
Although highly ordered poly(p-phenyleneterephthalamide)
fibers (Kevlar) are stronger than spider silk and almost as
light, they are also significantly less elastic. Moreover, spider
silk is hydrophilic, yet not water soluble, and biodegradable.

This comparison clearly demonstrates that spider silk is a
highly interesting fiber for, for example, medicinal applica-
tions or the production of light and strong composite
materials. In contrast to the textile silk that is traditionally
produced by cultivation of the silk moth Bombyx mori, the
isolation of larger amounts of spider silk from the natural
resources is not feasible, however, because of the territorial
nature of spiders. Alternatively, spider silk can be synthesized

using microbiological methods but, in spite of various
attempts, to date no material has thus been produced that is
able to compete with natural silk. Only recently, researchers
from Nexia Biotechnologies, in cooperation with the Materi-
als Science Team of the U.S. Army, described the successful
synthesis of a spider-silk protein with similar mechanical
properties to the natural counterpart, by transfer of the
corresponding gene into suitable mammalian cells.[2] A larger
scale production of synthetic spider silk thus becomes
practicable.

Orb-web spiders produce up to seven different types of silk,
which are optimized for different applications in net spinning
or cocoon wrapping.[1, 3] One of the best-investigated spider
silks is the one in the dragline, because of its interesting
mechanical properties. The nonprotein content of this silk is
�1%,[3] so that investigations on the molecular origins of its
mechanical properties can focus on the fiber protein itself.
The silk of a dragline usually contains more than one type of
protein, however. For the dragline of the two most-studied
orb-web-spinning spiders Nephila clavipes and Araneus
diadematus, two and four protein components have been
identified, respectively: spidroin I (MaSpI) and spidroin II
(MaSpII),[4] from the former and ADF-1 to ADF-4 from the
latter.[5] The amino acid sequence of all of these proteins has
been elucidated with the help of recombinant DNA technol-
ogy.[4, 5] In spite of differences in their exact primary struc-
tures, all protein chains feature common characteristic
sequence motifs of alanine-rich regions that alternate with
regions containing mostly glycine. X-ray diffraction and FT-
IR spectroscopic investigations indicated that the alanine-rich
regions are located in crystalline domains of the silk fiber with
a �-sheet structure. The glycine-rich chain segments adopt a
much less ordered secondary structure, in which turns or
helices can occur locally that are stabilized by hydrogen
bonds.[1, 4] Glutamine residues in the amorphous regions of the
polymer chains are responsible for the hydrophilic nature of
the spider silk.[1] The resulting overall protein structure
resembles that of synthetic elastomers, in which rigid cross-
linked sites alternate with flexible, randomly oriented poly-
mer-chain segments. The origins of the elastic properties of
spider silk and synthetic elastomers are therefore very similar:
strain caused by an external source induces orientation in the
flexible chain segments, whereby the degree of extension
depends largely on the length of the chains in the amorphous
regions. Releasing the strain causes the extended regions to
return to the less ordered structure because of the associated
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Table 1. Selected properties of some natural and synthetic fibers.[1]

Density
[gcm�3]

Elasticity
modulus
[GPa]

Tenacity
[GPa]

Strain
break
[%]

Toughness
[MJm�3]

nylon 6,6 1.1 5 0.95 18 80
kevlar 49 1.4 130 3.6 3 50
dragline of A. diadematus 1.3 10 1.1 27 160
silk of the moth B. mori 1.3 7 0.6 18 70
wool 1.3 0.5 0.2 50 60
high-tensile steel 7.8 200 1.5 1 6
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entropy gain (Figure 1). In addition to the primary structure
of the protein, the tertiary and quaternary structures that arise
during the spinning process in Nature also strongly influence
the properties of the silk, and all have to be reproduced
optimally to prepare fibers with similar mechanical properties
to spider silk.

Figure 1. Schematic representation of the three-dimensional structure of a
spider-silk dragline, and the effect of mechanical strain on this structure.

Although microbiological syntheses of proteins are state of
the art today, the production of fiber proteins with a highly
repetitive amino acid sequence remains problematic.[6] One
reason is the occurrence of repetitive sequences in the gene
for the protein causes a genetic instability. Furthermore,
repetitive sequences in the complementary mRNA chains can
induce undesirable secondary structures that hinder trans-
lation. Finally, fiber proteins often contain certain amino acids
in high amounts (in the spidroins, alanine and glycine) and
cells therefore have to provide an extensive pool of the
corresponding tRNAs for effective protein synthesis. These
limitations cause the molecular weight distribution of spider-
silk proteins synthesized by transgenic E. coli bacteria to be
highly heterogeneous with a significant amount of prema-
turely terminated chains.[7] Transfected yeast[8] or plants such
as tobacco or potatoes[9] have been shown to be more suitable
for a synthesis of the spider-silk protein, but all these
strategies had the disadvantage that the product accumulated
inside the cell, for example, in the endoplasmatic reticulum of
plant cells, which necessitated a number of steps for isolation.
The strategy proposed by the team of Nexia Biotechnologies
to use suitable mammalian cells specialized for the secretion
of proteins for the synthesis of spider silk thus represents a
significant advancement over previous work.[2] These cells
have the advantage that they release the protein during
synthesis into the surrounding solution, from which it can be
isolated easily. Moreover, the cells are more closely related to
the epithelial cells that produce silk proteins in the glands of
the spiders, and they are therefore better suited to an error-
free protein synthesis.

The mammalian cell lines used consisted of bovine mam-
mary cells (MAC-T) and hamster kidney cells (BHK), into
which partial cDNA encoding a spider-silk protein (MaSpI,
MaSpII, or ADF-3) was transferred.[2] Afterward, these cells
were able to produce the corresponding protein, however, the
combination of BHK and ADF-3 gave the best results.
Because the cells were transfected with partial cDNA, the
molecular weight of the protein synthesized was 60 kD, and
was thus significantly lower than the average molecular
weight (MW) of natural spider-silk proteins, which can reach
740 kD.[10] Although a transfer of cDNA multimers into the
cells resulted in the expression of proteins with the expected
higher molecular weights, synthesis proceeded less effectively,
an observation that was ascribed to the above-mentioned
reasons. The investigations on fiber processing thus focused
on ADF-3 weighing 60 kD. This protein was produced
continuously in a hollow-fiber culture system in a total
amount of 12 g (ca. 20 �g per 106 cells per day). Afterward, it
was enriched by precipitation with ammonium sulfate, and
purified chromatographically. The product was readily soluble
in phosphate-buffered saline, an important advantage for
processing, and a significant difference to spider-silk proteins
produced by E. coli or yeast.[7, 8]

In the silk gland of orb-web-spinning spiders, the silk
protein is dissolved in a concentrated lyotropic liquid-
crystalline solution. During extrusion, the silk assembles into
fibers without the need for strong mechanical forces,[11] a
process that differs from the industrial spinning of many
synthetic polymers. Hereby, a polymer, often dissolved in an
appropriate solvent, is extruded into a coagulation bath
through an opening of suitable diameter, and the mechanical
properties of the fiber formed are improved afterward by an
external postspinning draw. Although the natural spider-silk
protein can, in principle, be processed by a method similar to
industrial spinning,[12] the fiber thus obtained possesses
mechanical properties which are inferior to those of the
natural starting material. This effect is partly attributed to the
need to use the denaturing hexafluoroisopropanol as a
solvent, which perturbs the secondary structure of the protein
too strongly, and thus the preorganization of the protein
chains during spinning. In contrast, an aqueous solution of the
synthetic ADF-3 protein produced by BHK could be proc-
essed,[2] which resulted in a fiber with a diameter of 20 �m
after postspinning draw, whose morphology, stiffness, and
extensibility compared favorably with the ones of the natural
dragline silk of Araneus diadematus. Only the strength
tenacity remained lower, yet it did approach that of fibers
spun from regenerated spider silk (Table 2).[12] Considering
that the molecular weight of the protein used for the
preparation of the fiber is lower than that of the natural fiber

Table 2. Comparison of selected properties of natural, regenerated, and
synthetic spider silk.

Elasticity
modulus [GPa]

Tenacity
[GPa]

Strain
break [%]

dragline of N. clavipes[1] 22 1.3 12
dragline of A. diadematus[1] 10 1.1 27
regenerated silk of N. clavipes[12] 8 0.32
synthetic ADF-3[2, 15] 13 0.26 43
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protein, and that only a single component of the dragline silk
was used, the reported results are impressive. It is expected
that, by optimizing the process, possibly in combination with a
deliberate variation of the primary structure of the protein,[13]

fibers that are almost indistinguishable from natural spider
silk will be accessible. Nexia Biotechnologies manufactures
these fibers under the brand name BioSteel. For the
production of larger amounts, they plan to use transgenic
goats that express the silk protein in their milk.[14] Applica-
tions of spider silk are anticipated in areas where high
mechanical strength, in combination with biodegradability, of
fibers and films produced thereof are advantageous, for
example, in medicine. The presented results show that a
production of high-performance polymers on the basis of
spider silk is a promising prospect for the very close future.
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The Decaphosphatitanocene Dianion–A New Chapter in the Chemistry
of Naked Polyphosphorus Ligands

Helmut Sitzmann*

Even before those progressive
researchers had thought about
sandwich complexes, ferrocene
had already formed from iron and
cyclopentadiene, had been collect-
ed,[1] and was awaiting discovery.
When [(C5Me5)TiCl3] was distilled
from the products of a TiCl4-cata-
lyzed olefin isomerization reaction
forty years ago,[2] the affinity of transition metals to this
prototype of a pentaalkylcyclopentadienyl ligand became
apparent and fueled the boom in cyclopentadienyl complex
chemistry.

The interest in transition-metal-promoted self-assembly of
five-membered-ring ligands extended to Group 15 at the end
of the 1980s, when the dinuclear iron complex [{(C5Me5)Fe-
(CO)2}2] was allowed to react with white phosphorus.[3] The
resulting product, namely pentamethylpentaphosphaferro-
cene (1), stimulated the newly emerging area of Pn complexes

and awakened the idea of bis(pentaphosphacyclopentadienyl)
metal complexes (often referred to as decaphosphametallo-
cenes).[4]

While steric protection is not available to prevent aggrega-
tion of decaphosphametallocenes, electrostatic repulsion is.
When Ellis and Urne«zœius et al.[5] treated the bis(naphthal-
ene)titanium dianion with 2.5 equivalents of P4 at low temper-
ature, the decaphosphatitanocene dianion [Ti(�5-P5)2]2� (2)
was formed in high yield as the 2 [Na([18]crown-6)]� salt.[5]

Whereas the known metallocene dianions that have been
generated by electrochemical reduction are highly labile
species,[6] 2 is unreactive with carbon monoxide, xylyl
isocyanide, or trimethylphosphite, is stable in solution under
an atmosphere of pure dioxygen, can be handled in air, and is
only slowly attacked by wet pyridine. Crystalline samples of
(PPh4

�)2 and (Ph3PNPPh3
�)2 salts of 2 melt at 213±215
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(decomp) and 319 ± 323 �C (decomp), respectively. The nature
of the cation has little influence on the 31P NMR singlet
resonance of 2, which is observed between �� 60 and 63 ppm.

The stability of 2 is attributed in part to steric properties of
the cyclo-P5 ligand. The plane of this relatively large ring has
to move quite close to the metal to allow typical Ti�P bond
lengths of 256 pm. The distance of 360 pm between the two P5

rings in the fully eclipsed molecule 2 is therefore much shorter
than the value of 402 pm observed for centrosymmetric
[Ti(C5Me4SiMe2tBu)2] (3)[7] and provides steric shielding of
the Ti center.

Even more important for the stability and for the diamag-
netic ground state of 2 are the electronic properties of the
cyclo-P5 ligand. �5-P5 is a weaker donor, but much stronger
acceptor than the cyclopentadienyl ligand, according to
density functional computations.[5] Diamagnetism has also
been found for the hexaphosphatitanocene [Ti(P3C2tBu2)2]
(4).[8] The small p,� overlap of the phosphorus atoms results in
a closer spacing of the ligand � orbitals and places the empty �
orbitals low enough in energy to encourage mixing with the
titanium 3d HOMO and formation of a metal ± ring � bond.
This electron delocalization facilitates spin pairing to form a
diamagnetic ground state.[8] In contrast, the titanocene
derivative 3 possesses two unpaired electrons.[7] Similar steric
and electronic arguments have been used to explain the
stability and the singlet ground state of ™open∫ titanocenes
such as [Ti{C5H5(SiMe3)2}2] (5).[9]

Treatment of 2 with potassium pentamethylcyclopentadie-
nide or 1,4,7-triazacyclononane in pyridine leads to the
formation of the free P5

� ion, as indicated by a 31P NMR
signal at �� 468 ppm. If this reactivity of 2 can be developed
into a clean process, 2 may not only become a source of the
cyclo-P5 ligand, but possibly also of titanium complexes with
one P5 ring. Some of the questions to be answered in future
concern the redox behavior of 2 and the possibility of stacking

reactions in which 2 is used as a nucleophile analogously to the
anionic sandwich complexes with boron heterocycles.[10]

The selective formation of P5 rings from P4, and the
surprising stability of 2 most likely indicate that the deca-
phosphatitanocene dianion acts as the energetic sink in a
complicated reaction mixture. This feature can be related to
the ligand properties of cyclo-P5 and is probably not restricted
to the titanium complex. It will therefore be highly interesting
to search for decaphosphametallocene mono- and especially
dianions of other metals, preferably among Groups 4 ± 7 and
possibly including second- and third-row transition metals.
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The polymorphic form of Rb2Te
that is metastable at room
temperature crystallizes in the
anti-CaF2 structure type. Upon
warming, it converts irreversi-
bly into the anti-PbCl2 type.
Above T� 660 �C, Rb2Te
adopts a Ni2In-type structure.

In the given polymorph series,
the coordination number of the
Te atom increases from 8 (cubic),
through 9 (double-capped trigo-
nal prism), to 11 (Edshammar
polyhedra), which is uncharac-
teristic of a high-temperature
polymorph series.
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Polymorphic Forms of Rubidium Telluride
Rb2Te**
Klaus Stˆwe* and Stephan Appel

The crystal structures of the di(alkali-metal) monochalco-
genides A2Q are known for all the compounds with A�Li ±
Cs and Q�O±Te, except for one. All the structurally
characterized compounds, except the cesium chalcogenides,
crystallize in a fluorite-type structure[1±4] under normal con-
ditions, whereas the cesium chalcogenides, except Cs2O, which
can be assigned to the anti-CdCl2 type,[5] crystallize in an anti-
PbCl2-type structure.[4, 6] The exception mentioned above is
the compound Rb2Te, whose structure has not yet been
reported in the literature. On the basis of poor data,
complicated diagrams were obtained from diffraction experi-
ments, but they could not be indexed.[7] This is as a result of
the difficulties in the synthesis and the instability of the
substance.[4] Within the scope of our investigations into
ternary alkali rare-earth tellurides, we also intended to use
the compound Rb2Te as a flux during synthesis. We therefore
considered a characterization of Rb2Te as a necessary
prerequisite.

We developed special laboratory glassware for the synthesis
of the highly unstable Rb2Te.[8] The apparatus allows the
single-phase preparation of all alkali chalcogenides. During
synthesis of Rb2Te from its elements in liquid ammonia, the
product was formed as a yellow-green powder after extraction
of the excess rubidium metal. A light-yellow product is
obtained after prolonged extraction with ammonia. The
ammonia solution above the product is light-blue in color
during the whole extraction process as a result of the dissolved
rubidium metal. From this observation, together with the
occurrence of Bragg peaks in the powder diffraction pattern
that indicate foreign phases, we deduced that the light-yellow
product has a lower Rb content than the yellow-green
substance. The phase composition of the products was
analyzed by means of X-ray powder diffraction, and their
thermal stability was determined by means of differential
thermal analysis (DTA).

DTA of the yellow-green thermally untreated product
obtained from liquid ammonia (i.e. the stoichiometric com-
pound) shows several phase transitions (Figure 1): above
200 �C it slowly undergoes an irreversible transformation,
which ends at about 470 �C (heating rate of 5 �Cmin�1). The
irreversibility of the phase transition can be concluded from
the cooling curve: the exothermic effect of the heating curve
in the temperature range below 500 �C is no longer observed.
Furthermore, this effect is also not observed when the sample
is reheated, and even samples that have been annealed for
several days at 200 �C do not undergo a retransformation.

Figure 1. DTA of Rb2Te. We used cubic, thermally untreated �-Rb2Te,
which transformed irreversibly into orthorhombic �-Rb2Te and then into �-
and �-Rb2Te. Rb2Te melts congruently at 880 �C. Top: heating curve
(heating rate 5 �Cmin�1). Under these conditions, the ��� transition is
temporarily delayed and not complete until 470 �C. Bottom: cooling curve
(cooling rate 5 �Cmin�1). There is no retransformation into the cubic phase.

Herein, the phase that is metastable at room temperature is
termed the � modification[*] and the stable phase is referred
to as the � modification. A complete ��� transformation is
already observed after annealing at 350 �C for 24 h. The
�modification transforms reversibly at 660 �C into �-Rb2Te,
which is transformed further into �-Rb2Te at 745 �C. The
congruent melting point is attained at 880 �C.

Structure analysis was carried out on powder samples, and
the diffraction patterns were interpreted with the aid of
programs for reflection-profile analysis and Rietveld refine-
ment (see Experimental Section). When the yellow-green
product was analyzed, the diffraction patterns of the different
modifications did not show any Bragg peaks of foreign phases.
According to the diffraction experiments, the � modification
that is metastable at room temperature crystallizes in an anti-
CaF2-type structure with the space group Fm3≈m and the
lattice parameter a� 849.02(3) pm, isotypic to the other
rubidium monochalcogenides and also to lithium-, sodium-,
and potassium monochalcogenides. On the other hand, the �-
Rb2Te modification that is stable at room temperature forms
the anti-PbCl2-structure type with the space group Pnma and
the lattice parameters a� 896.60(3), b� 557.15(2), and c�
1095.43(3) pm. The � phase, however, can only be obtained
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as the single-phase product when using the yellow-green
product that has undergone little or no extraction with
ammonia. After annealing and transformation into the
modification that is stable at room temperature, the light-
yellow product shows, in addition to the �-Rb2Te Bragg peaks,
further low-intensity peaks of additional phases in the
diffraction pattern. These peaks can be assigned to the
neighboring phase Rb5Te3. We can conclude from this result
that the � modification has a larger compositional width than
the other modifications. Transformation into the �modifica-
tion again results in a second phase with a lower Rb content
than Rb2Te. This result is reinforced by reexamination of the
Rb ±Te phase diagram by DTA measurements, which will be
reported elsewhere. These investigations show that based on
thermal effects, the light-yellow product can be ranged in a
molar composition of 0.333� x (Te)� 0.4.

The two observed structure types show different anion
coordination environments: The Te atoms in �-Rb2Te with
the Li2O structure are surrounded by eight Rb atoms in the
form of a cube. In �-Rb2Te with the anti-cotunnite or PbCl2
structure, nine Rb atoms surround the Te atoms in the shape
of a distorted threefold-capped trigonal prism (Figure 2). This
phase transition is well known in the literature; however, it is
pressure- and not temperature-induced. For example, the
difluorides of Ca, Cd, Sr, Eu, Ba, and Pb[10, 11] or the dioxides
of Ce, Th, and Pu[12, 13] show this phase transition. It follows
the pressure-coordination rule and represents the only known
type of phase transition with a change in coordination number
from 8 to 9.[14] In the case of Rb2Te we can deduce by following
the Ostwald rule that synthesis in liquid ammonia at first
generates a metastable modification with low density, which is
transformed into the denser stable modification at higher
temperatures.

The structural degrees of freedom that refer to the lattice
parameter relations of the orthorhombic cotunnite-structure
type (space group Pnma) have already been analyzed and
plotted in structure maps such as that shown in Figure 3.[15±17]

Beck and Beyer showed that the ionic representatives of the
PbCl2 type can always be assigned to one of exactly three
POPS-topologies (POPS�Periodic Zero Potential Sur-
face)[18] which means that a further subdivision of the
structure map is possible. By extending the structure map to
the di(alkali-metal) monochalcogenides that crystallize in the
anti-cotunnite type, it will become apparent that they belong
to the PbCl2 family and not to the SbSI family. The lower part
of Figure 3 shows how �-Rb2Te changes its position in the
structure map with increasing temperature: During the
thermal expansion, the point for �-Rb2Te moves to a zone
of intermetallic Co2P-type compounds. At the temperature of
the phase transition into the hexagonal modification �-Rb2Te
(TU� 660 �C), there are large discontinuities in the lattice
parameters b and c after the transformation of the hexagonal
cell into an orthorhombic setting (Figure 4, top), which is also
noticeable in the structure map. The lattice parameter a as
well as the molar volume (Figure 4, bottom) show hardly any
discontinuities, which points to a relatively large displacive
and only a small reconstructive character in the transforma-
tion (see discussion below on the symmetry relations between
the space groups).

Figure 2. Crystal structures of �-Rb2Te (anti-CaF2 type, top), �-Rb2Te
(anti-PbCl2 type, middle), and �-Rb2Te (Ni2In type, bottom); Te: big, dark-
gray spheres; Rb: small, light- and medium-gray spheres.

The X-ray diffraction pattern of the high-temperature
phase above T� 680 �C can be indexed in an orthorhombic
crystal system, but also in a hexagonal system. The hexagonal
lattice parameter relations as well as the peak intensities
indicate the Ni2In-structure type for this modification. The
space group of this type is P63/mmc and for �-Rb2Te the lattice
parameters a� 611.10(5) and c� 919.0(1) pm have been
refined for T� 680 �C. The Ni2In-structure type is a filled
NiAs-type structure and features relatively high coordination
numbers of the atoms. Thus Rb(1) in �-Rb2Te is surrounded
by 12� 2 neighbors in the form of a double-capped hexagonal
prism in which the close neighbors are six Rb(2) and six Te
atoms at equal distances, whereas the caps of the prism are
formed by two slightly more distant Rb(1) atoms. The
coordination environments of Rb(2) and Te are geometrically
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Figure 3. Extended structure map of the PbCl2-type according to Jeitsch-
ko.[17] The regions of the covalent and the intermetallic compounds are
marked in gray and partly scaled down. Top: overview. Bottom: detail with
thermal behavior of Rb2Te.[4, 6, 17, 18, 20, 25] [a] Ni2In does not belong to the
PbCl2-structure type; however, transformed data have been added to the
diagram,[26] as this crystal structure represents the aristotype of the anti-
PbCl2-structure type.

equal: 11 neighbors surround these atoms in form of a
fivefold-capped trigonal prism. This belongs to the class of
Edshammar polyhedra and is denoted 11E.[19] The �-Rb2Te
structure can therefore be described as a hexagonally closest
packed arrangement of Edshammar polyhedra with central
Rb(2) atoms (Figure 2). This is similar to the NiAs-structure
type; however, in this case all Edshammar polyhedra remain
empty.

The large displacive component in the transformation of
the anti-cotunnite- into the Ni2In-structure type also becomes
clear when comparing the two structure types by examining
the �-Rb2Te structure in the [11≈0] direction (Figure 5). The
structure relations between the two types can also be
illustrated by a group ± subgroup relation of the two space
groups, as already described by Tr¸benbach[20] (Scheme 1).
The space group P63/mmc represents the supergroup, whose
symmetry can be reduced to the space group of the PbCl2 type
in a ™translationengleichen∫ step of index 3 and a ™klassen-
gleichen∫ step of index 2. The [11≈0] direction of the Ni2In type
corresponds to the b axis after transformation into the
orthorhombic crystal system. We thus obtain a picture of the
two structures that accentuates the sheet character of the
edge-sharing trigonal prisms of the Rb atoms coordinated to

Figure 4. Anisotropic thermal expansion behavior of Rb2Te, including the
region of the ��� phase transition (transformed parameters). Top:
relative lattice parameters. Bottom: molar volume.

the Te atoms. In the Ni2In type, these prisms are not trigonally
but fivefold-capped; two further atoms are added to the
coordination environment during the reduction of the folding
towards planar sheets.

Based on the observations concerning the coordination
numbers, we can expect that this type of phase transition can
also be induced by pressure. Thus, BaF2 not only shows the
fluorite-to-cotunnite transition at p� 3.0 GPa, but also a
second transition to the anti-Ni2In type above 12 GPa.[21]

Further examples for this high-pressure polymorphism series
are the compounds Na2Te and Na2S: their transition pressures
are p� 2.3 GPa and 7 GPa (fluorite-to-cotunnite type) and
p� 5.3 GPa and 16 GPa (cotunnite-to-Ni2In type), respec-
tively.[22, 23] As a high-temperature variant of the PbCl2 type,
the Ni2In type appears, for example, for the compound
MnCoGe.[24] During the ��� transition in Rb2Te, besides the
increase in the coordination numbers, the interatomic dis-
tances also increase, which corresponds to the pressure ± dis-
tance paradox (typical for high pressure phases). At the same
time, the density decreases (typical for high-temperature
phases) during phase transition from �calcd� 3.373(1) gcm�3 at
T� 660 �C to �calcd� 3.336(1) gcm�3 at T� 680 �C.

The crystal structure of the fourth modification, �-Rb2Te,
which is stable above 745 �C (second high-temperature
modification), could not be determined so far. Powder-
diffraction patterns have been taken at 750 to 770 �C; however
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Figure 5. High-temperature-phase �-Rb2Te (Ni2In type) and the modifi-
cation that is stable at room temperature (�-Rb2Te, PbCl2 type) with a
perspective in the [11≈0] direction. Te� large spheres, Rb(1)� small light-
grey spheres, Rb(2)�medium grey spheres.

the quality of these measurements must be improved in the
future to obtain a better signal-to-noise ratio. A problem is
that at these temperatures the glass wall of the capillary is no
longer inert towards the sample over extended periods of
time. Furthermore, the reversible phase transition ��� is
often incomplete. Further evidence for the existence of a
fourth modification of the congruent melting compound
Rb2Te is seen in the Rb ±Te phase diagram, for example,
corresponding two-phase regions are observed in DTA
experiments.

Our studies of the compound Rb2Te provided some very
surprising results. This compound, whose structure has not
been characterized for many years, is an exception within the
di(alkali-metal) monochalcogenides, as it can exist in two
modifications at room temperature: a metastable modifica-
tion of the anti-fluorite type and a stable modification of the
anti-cotunnite type. Synthesis experiments with Cs2Te showed
that the product formed during synthesis in liquid ammonia is

amorphous (X-ray diffraction experiments) and transforms
immediately to the anti-PbCl2 type when annealed. Another
unique observation is the existence of further polymorphic
high-temperature phases for Rb2Te. The structure type of one
of these phases (�-Rb2Te) has only been found among the
tellurides only for Na2Te as a high-pressure phase above p�
5.3 GPa.[22] Besides the structure of the second high-temper-
ature phase, we are currently analyzing the high-pressure
polymorphic forms of Rb2Te. Furthermore, we are working on
a more specific explanation of the polymorphic relations of
Rb2Te by means of quantum-theory calculations. The results
of these experiments will be discussed separately.

Scheme 1. Structural relation between �- and �-Rb2Te in the form of
group ± subgroup relations between the space groups of the two polymeric
forms.

Experimental Section

Synthesis of Rb2Te: The synthesis of Rb2Te was carried out in Duran
laboratory glassware described in Ref. [8] from the elements (Rb from
Chempur, purity 99.9%; Te from Alpha, purity 99.99999%) in liquid
ammonia with a small excess of rubidium. Because rubidium as well as the
product are very air-sensitive, both reagents were handled in a glovebox
(Braun) in an inert Ar atmosphere. To eliminate the excess rubidium, the
raw product was extracted with liquid ammonia in a special glass apparatus.
The ampoules were subsequently sealed under high-vacuum conditions.

DTA: Rb2Te was transferred into silica-glass ampoules in a glovebox and
these were sealed under high-vacuum conditions. The heating and the
cooling curves were plotted with a simultaneous thermal analyzer (STA409,
Netzsch) with heating rates of 2 ± 5 �Cmin�1. The transition temperatures
were taken from the heating curves by extrapolation of the peak-onset
temperatures, the melting temperature by determination of the peak
maximum of the liquidus effect.

X-ray characterization: All diffraction patterns were taken from powder
samples filled into silica capillaries with an outer diameter of 0.2 ± 0.3 mm
and under an Ar atmosphere. To reduce the absorption coefficient, the
substance was diluted with Si or silica-glass powder. The intensity
measurements were carried out on an automatic four-circle diffractometer
with a quartz crystal monochromator and a position-sensitive detector
(OED50S, Braun) filled with an argon ±methane mixture. A Seifert MZ4-
type goniometer was used. The diffraction patterns were evaluated with the
programs FORMFIT,[27] WIN-Rietveld,[28] and GSAS.[29] For high-temper-
ature diffraction measurements we used a heating device on the powder
diffractometer, consisting of an electrically heatable corundum fork, a
Pt/Rh ±Pt thermoelement, an aluminum cap, and X-ray-amorphous
Kapton foil. The temperature was regulated with an electronic controller
(HTC9634, Huber). The temperature regulation was calibrated up to about
700 �C by thermal dilatation of NaCl, and the temperature scale was
checked by means of the phase transition of potassium chromate at 665 �C.

Structure refinement: �-Rb2Te: cubic, space group Fm3≈m, a�
849.02(3) pm, V� 6.1200(6)� 108 pm3, �calcd� 3.2401(3) gcm�3, CuK�1 radi-
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Irreversible Adsorption of Cellobiose, Ascorbic
Acid, and Tyrosine to Hydrophobic Surfaces in
Water and Their Separation by Molecular
Stirring
Guangtao Li, Karl Doblhofer, and J¸rgen-
Hinrich Fuhrhop*

Hydrophobic nanometer clefts, which are accessible from
bulk water, play a role as reactive centers of enzymes and
receptors.[1] In these cavities, host molecules and substrates
accumulate, the size of the cavity as well as the stereochemi-
cally arrangement of hydrogen bonds seem to play a dominant
role in the specific binding of the molecules.[2] Computer
modeling shows that a few water layers are immobilized on
the hydrophobic membrane surfaces[3] and increasing dipolar
interactions were measured.[4] With respect to the strong
binding of water-soluble substrates to hydrophobic surfaces,
we found out experimentally, that rigid molecules with a
hydrophobic and a hydrophilic edge remained fixed in
hydrophobic nanometer clefts for months and did not diffuse
into the neighboring bulk water. trans-1,2-Dihydroxycyclo-

ation (�� 154.056 pm), T� 20 �C, 21 measured reflections (2�max� 94�,
�2�� 0.01�), no absorption correction, refinement program: WIN-Riet-
veld,[28] background: linear interpolation, peak profile function: pseudo-
Voigt, zero-point shift :�2���0.017(3)�, 18 refined parameters (Rb2Te�
Si), Rp� 3.79%, Rwp� 4.87%, atomic sites: Rb (8c) 1³4 1³4 1³4, Te (4a) 000. �-
Rb2Te: orthorhombic, space group Pnma, a� 896.60(3) pm, b�
557.15(2) pm, c� 1095.43(3) pm, V� 5.4722(4)� 108 pm3, �calcd�
3.624(1) gcm�3, CuK�1 radiation (�� 154.056 pm), T� 20 �C, 263 measured
reflections (2�max� 94�, �2�� 0.01�), no absorption correction, refine-
ment program: GSAS,[29] background: Chebyshev function with 36 coef-
ficients, peak profile function: modified Thompson ±Cox ±Hastings pseu-
do-Voigt, zero-point shift : �2���0.003(1)� ; 20 refined parameters (with-
out background), Rp� 2.54%, Rwp� 3.31%, atomic coordinates of all
atoms at the site (4c) x 1³4z : x(Rb(1))� 0.0271(3), z(Rb(1))� 0.1784(2),
x(Rb(2))� 0.1534(2), z(Rb(1))� 0.5728(2), x(Te)� 0.2483(2), z(Te)�
0.8860(1). Furthermore, diffraction patterns were taken at higher temper-
atures with a heating fork (Table 1), 2�max� 65�, refinement program:

WIN-Rietveld.[28] �-Rb2Te: hexagonal, space group P���mmc, a�
611.10(5) pm, c� 919.0(1) pm, V� 2.9723(7)� 108 pm3, �calcd�
3.336(1) gcm�3, CuK�1 radiation (�� 154.056 pm), T� 680 �C, 28 measured
reflections (2�max� 60�, �2�� 0.01�), no absorption correction, refine-
ment program: GSAS,[29] background: Chebyshev function with 36 coef-
ficients, peak profile function: modified Thompson ±Cox ±Hastings pseu-
do-Voigt, zero-point shift : �2���0.018(3)� ; 12 refined parameters (with-
out background), Rp� 3.39%, Rwp� 4.34%, atomic sites: Rb(1) (2a) 000,
Rb(2) (2d) 1³3 2³3 3³4, Te (2c) 1³3 2³3 1³4.
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Table 1. Lattice parameters, unit cell and molar volumes of �-Rb2Te at
different temperatures.

T [�C] a
[pm]

b
[pm]

c
[pm]

VEZ

[�106 pm3][a]
Vmol

[cm3mol�1]

20 896.28(1) 556.90(1) 1094.98(3) 546.54(3) 82.282(5)
150(3) 900.70(5) 560.13(3) 1097.52(5) 553.71(9) 83.36(1)
300(3) 904.83(6) 565.37(3) 1099.65(6) 562.5(1) 84.69(1)
400(3) 907.25(6) 569.01(3) 1100.83(6) 568.3(1) 85.56(1)
500(5) 910.36(4) 573.28(1) 1101.58(3) 574.91(5) 86.553(8)
600(5) 914.02(4) 578.47(1) 1101.29(3) 582.29(5) 87.665(8)
660(5) 916.9(1) 583.23(4) 1099.21(8) 587.8(1) 88.50(2)

[a] The maximum volume deviation is dV�V(da/a � db/b � dc/c).
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hexane with two equatorial OH groups shows this effect very
clearly, whereas the cis diastereomer with only one axial
OH group was not anchored at all. As an arrangement with
two neighboring equatorial OH groups fits well geometrically
into hexagonal ice, whereas an equatorial ± axial pair does not,
we have explained this observation by an immobilization of
the diol in the hydrophobic nanometer clefts.[5] There are
model molecular dynamic (MD) calculations for the immobi-
lization of water on hydrophobic walls.[6] We now report 1) a
number of important natural substances and analogues, which
are also tightly anchored in hydrophobic nanometer clefts,
2) electrolytes (KCl, ferricyanide), which do not penetrate
into the immobilized layer of adsorbed molecules from bulk
water, and 3) the effect of dimethyl viologen, which, upon
performance of cyclic voltammetry (CV), stirs the anchored
molecules into the bulk water.

As described earlier, the membrane clefts were formed in
two consecutive self-assembly steps.[5a±c] First, four-fold sym-
metrically substituted porphyrins were deposited flat onto a
gold surface. Long-chain hydrosulfides then formed mono-
layers of upright-standing molecules on the gold surface
around the porphyrins. The carbonic acid or sulfide-contain-
ing porphyrins 3 ± 6 were used (self-assembly time: 2 days),
and octadecanethiol (1; ODT) or the diamide 2 (2 h) served as
amphiphiles. The amphiphile 1 produced fluid, and 2 rigid
lipid monolayers. They corresponded to fluid or form-stable
nanometer clefts, respectively[6] (Figure 1). If these coated

Figure 1. Scheme of the two-step self-assembly process and the substances
used for producing clefts with a porphyrin base and a lipid membrane.

gold electrodes were plunged into an aqueous solution of
ferricyanide (1 m�) and potassium chloride (1�), both porous
membranes allowed cyclic voltammograms of the
[Fe(CN)6]4�/[Fe(CN)6]3� couple in bulk water to be recorded.
Attempts to extinguish the fluorescence of anionic porphyrins
at the bottom of cleft with cationic manganese(���) porphyrins

in the bulk solution showed that both big and small porphyrin
ligands penetrated through the fluid membrane, whereas the
clefts in rigid membranes did not let the big porphyrins in. The
sketch in Figure 1 shows the formation of the pores, which
were closed as described above by employing a 0.1� trans-1,2-
dihydroxycyclohexane solution.[5a±c]

Here, we describe the results of CV experiments, which
show:
� that tyrosine, ascorbic acid, cellobiose, and related mole-

cules block the membrane clefts for several days in contact
with bulk water so that no electron transport at all takes
place from the electrode to ferricyanide in bulk water

� that the blocking effect is abolished, when 1% of maltose is
added to the cellobiose

� that the clefts, closed by the cellobiose, will re-open, if the
CV is carried out in the presence of dimethyl viologen.
The fluid as well as the rigid hydrophobic monolayers with

2-nm clefts were established on a gold electrode (surface:
30 mm2 of medium roughness. The CV curves of ferricyanide
(10�3�) were measured in aqueous KCl solution (1�). The
current amounted to about 50% of that measured with naked
gold electrodes under the same conditions. Neither the extent
of coverage nor the conductivity of the clefts can, however, be
derived from this result. Save¬ant co-workers developed a
theory for the experimental finding that the magnitude and
shape of the CV curves hardly change, when 50% of the
electrode surface is covered with lipid monolayers.[7] The
density of the clefts cannot be determined by CV. Attempts to
characterize the holes by AFM or STM measurements also
failed. We could not differentiate between the usual etch holes
in the gold surface[8] and membrane gaps. If the gold
electrodes were completely covered with ODT 1 the current
between the electrode and the redoxactive ions would be
totally blocked. The cyclic voltammograms (™50%∫) meas-
ured after the two-step self-assembly, resembled, as already
reported by Save¬ant and co-workers, qualitatively and
quantitatively those measured for the naked, dumbbell-
shaped electrode. In our case, when there was a large amount
of bound porphyrin the CV curves were symmetrical and the
difference between the peak potentials small. The number of
porphyrin gaps could be substantially lowered by substitution
upon longer self-assembly times in the second step, for
example, 4 h with ODT 1, the differences between the peak
potentials then increased (�300 mV) and the CV curves
became asymmetric (Figure 2, curves 2). When the porphyrin
coverage became very low, the area ™enclosed∫ by the CV
curves disappeared (not shown). The voltammogram, typical
for linear diffusion (for the naked electrode) was replaced by
the ™polar∫ curve typical for radial diffusion.[9, 10] The
voltammograms of Figure 2 curves 2 represent intermediate
stages. The increasing differences of the peak potentials at a
constant porphyrin concentration can be attributed to a
slowing down of the electron transport from the gold
electrode to the ferricyanide ions and vice versa.[11±13] Nothing
can be said about the conductivity of the water enclosed in the
pores (clefts) or about air bubbles which might possibly
remain in them. Cyclic voltammograms were reproducible
within a low margin of error, when the electrodes and
membranes were both been pre-treated in the same manner.
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We then abandoned our attempts to characterize the surface
area and properties of the membrane pores by CV measure-
ments. After all, we only needed evidence of the blocking and
opening processes of the pores.

Both the fluid and the rigid clefts were closed by simply
plunging the electrode into a 0.1� aqueous solution of the
organic solutes (Figure 2a ± f, curves 3). The electron trans-
port from the electrode to ferricyanide ions in the bulk water
was cut off for at least four days and up to six months. This was
the case, although the electrode was thoroughly washed with
distilled water and the clefts were in direct contact with the
bulk water which did not contain any organic solutes. This
effect was not observed with [Ru(NH3)6]2� ions in the same
solution and with the same electrodes. We attribute this result
to the fact that neither the [Ru(NH3)6]2� nor the [Fe(CN)6]3�

complex could penetrate the layer of irreversibly adsorbed
molecules. In the case of the ruthenium complex, a tunneling
current was, however, still possible. Owing to an electron-
transfer velocity thousand times higher than that of ferricya-
nide,[9, 10] the electrons clearly overcame the water barrier on
the way from the ruthenium complex to the electrode.
Electron transfer from the gold electrode to the slowly
reacting ferricyanide can, however, no longer be detected.

Scheme 1 summarizes the relative effectiveness of the used
solutes. Figure 2 shows typical CVs before the treatment with
different 0.1� solutions and approximately 2 ± 3 h afterwards.
In the case of effective blocking molecules, the strength of the

current measured (at a potential of 0.4 V)
decreased to values between �0.1% and
2% of the original value, the speed of the
electron transfer from the ferricyanide to the
gold as well as the Faraday current, however,
dropped to almost zero.[11±13] Only rigid,
cyclic molecules with water-soluble substitu-
ents on the ring plane had a blocking effect
(trans-1,2-dihydroxycyclohexane, -diamine,
-dicarboxylate, and the analogous benzene
derivatives, cellobiose, ascorbic acid). Open-
chain compounds or carbocycles with flexi-
ble conformations (e.g. ascorbic acid, glycer-
ol, trans-1,2-dihydroxycyclopentane) had as
negligible effects as rigid cyclohexane deriv-
atives with axial substituents (cis-1,2-dihy-
droxycyclohexane, maltose). Charged mole-
cules with the right stereochemistry were just
as active as electroneutral molecules.

We then tried to re-open the pores for the
electron transport from the electrode to the
ferricyanide ions. Addition of �10% of
ethanol or some hydrochloric acid (pH� 3)
to the bulk water removed the blockade
within a few minutes. Once the pores were
opened, they could only be closed again
by removing the electrode from the KCl/
K3[Fe(CN)6] solution, washing it, and plung-
ing it into a 0.1� solution of the solutes given
in Scheme 1. We call this procedure ex situ
addition. Direct addition of one of the
blocking compounds to the electrolyte sol-

ution (™in situ∫) had only a minor effect, which, moreover,
disappeared immediately upon rinsing the electrode with a
KCl/K3[Fe(CN)6] solution without the organic solute. Figure 3
shows the in situ effect of the cellobiose, which amounts to
about 80% of the ex situ blocking observed. Maltose had no
effect at all neither ex situ nor in situ. The result of the in situ
experiment suggests, that the blocking solution in the
membrane clefts must be free of electrolytes. We relate the
disturbing influence of the electrolytes on the blocking effect
to the destruction of the ordered hydrate structures within the
membrane clefts. As the ex-situ-produced blocking effect
remained active in contact with electrolyte solution for days,
we also conclude that no ions diffused from the bulk water
into the hydrate structures of the nanometer clefts.

This situation changed, when 10�3� of dimethyl viologen
was added to the bulk water and several CV cycles between
�0.5 and �0.8 V (against Ag/AgCl) were executed with the
electrode. After about 12 cycles, the pores were totally free
and the CVappeared in the same form as before the blocking
(Figure 4). Control CV experiments with ferricyanide and
potassium chloride in the bulk water, but without dimethyl
viologen, led to no opening effect whatsoever. We suppose
that the narrow dimethyl viologen molecule is drawn into the
pore×s electrolyte-free (!) hydrate water through a long-
distance effect of the electric field, and is then repelled and
moved laterally by the changes of the electrode potential.
Possibly a pyridinium ring is reduced reversibly and re-

Figure 2. Cyclic voltammograms of 1) an aqueous solution of ferricyanide ions (10�3 � ; 1� KCl)
measured at 100 mVs�1, 2) with a naked gold electrode with an ODT (a ± d) or diamide 2 (e,f)
covered monolayer, which show open clefts, and 3) after an ex situ treatment with 0.1� of the
following solutes and washing with water: a) ascorbic acid (ODT 1), b) tyrosine (ODT 1),
c) maltose (ODT 1), d) cellobiose (ODT 1), e) maltose (diamide 2), f) cellobiose (diamide 2).
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Figure 3. In situ experiments with ODT-covered electrodes, which con-
tained open clefts a) after adding cellobiose (0.1�) to the KCl/[Fe(CN)6]3�

solution, b) after adding maltose, and c) test experiment with the naked
electrode.

oxidized during these cycles. In any case,
the molecule is permanently changing its
position and orientation and acts as a
molecular stirring rod. The adsorbate is
thus transported into the bulk water.
All opening processes (ethanol, hydro-
chloric acid, stirring with dimethyl viol-
ogen) were completely and repeatedly
reversed by simply plunging the elec-
trode ex situ into a 0.1� solution of
cellobiose.

In the case of cellobiose, we also found
that only the pure compound had a
blocking effect. If, in an ex situ experi-
ment, �1% of maltose was added, no
significant reduction of the current from
the electrode to the ferricyanide was
measured. Pure cellobiose was, under
the same conditions, a perfect blocker.
No differences at all could be detected
here between the fluid and rigid mem-
brane clefts made of ODT 1 or diamide
2, respectively.

The experimental results show that
planar, rigid molecules, such as, glucose
or phenols stick so firmly to fluid as well
as to rigid lipid membranes, that bulk
water at pH 7 is not able to remove them
for several days. This tight attachment
can only be effected by allowing an
ordering process of several hours.[5, 14] It
can be stopped by adding either a small
amount of a structure-breaking sub-
stance or electrolytes. The stirring effect
of the dimethyl viologen during the CV
indicates that the volume of water in the
membrane cleft does not contain any
electrolytes, as otherwise the electric
field of the electrode could not attract
the dication. We cannot give a plausible
explanation for the water insolubility of
the cellobiose, ascorbic acid, etc. anch-
ored to the hydrophobic membrane.

There must be a very close contact between the membrane
and the dissolved organic compounds, which permanently
hinders the penetration of bulk water into the gap. The
medium path lengths for a water molecule in 8-nm3 clefts, are
possibly so short, that the trapped molecules adopt the
properties of a solid.[14] The model shown in Figure 5
summarizes our observations for cellobiose. The hydrophobic
side of the glucose units is adsorbed to the walls of the
membrane cleft and fixed by both hydrogen bonds and an
immobile hexagonal hydrate cover.[5, 15] A single axial OH
group or one percent of an �-glycoside (maltose) suffices to
disturb the lengthy anchoring process of the molecules. The
cyclic changing of the electrode potential changes the
potential of one of the cleft walls, and attracts dimethyl
viologen molecules strongly enough for them to penetrate the
immobilized water volume.

Scheme 1. Blocking effect of 0.1� solutions of the indicated solutes for the electron transport of
ferricyanide ions in the bulk water. The percentages indicated correspond to the measured relative
current: Irel� [(Iopen� Iblocked)/Iopen]� 100% at open (Iopen) and blocked (Iblocked) pores at 0.4 V.
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Figure 4. Consecutive cyclic voltammograms, which demonstrate the
opening of tyrosine-blocked clefts in the presence of 10�3� dimethyl
viologen (see text).

In conclusion, the adsorbtion processes described above are
practically irreversible in neutral water and therefore novel
and of interest in their own right. They could, however, also
play an important role in biological recognition processes, for
example of glycoproteins on membrane surfaces. High,
thermodynamic binding constants can hardly be expected
from hydrocarbons and hydrophobic walls in aqueous media.
Freezing and thawing rigid hydrates in membrane clefts seems
to be a plausible operation in the light of our results. The

anchoring of water-soluble redox systems (tyrosine, ascorbic
acid) in water volumes of a few cubic nanometers also helps in
the construction of supramolecular systems for the photolytic
water splitting.[16]
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Synthesis of Neo-Peptidoglycans: An
Unexpected Activity of Proteases**
Nicole Wehofsky, Reik Lˆser, Andrij Buchynskyy,
Peter Welzel, and Frank Bordusa*

Glycations represent one of the most widespread ™post-
synthesis∫ modifications of polypeptides modulating the
structure, stability, and biological activity of the carrier
molecule. The involvement of glycopeptides in adhesion,
differentiation, and growth of cells or the association with
cancer-cell lines results in a great biological and pharmaceut-
ical interest in these compounds and their analogues.[1]

Isolation from natural sources or preparation by recombinant
DNA techniques, however, usually leads to conjugates with an
altered or inhomogeneous carbohydrate content. Currently,
only chemical and chemoenzymatic strategies provide access
to well-defined carbohydrate ± peptide conjugates. Despite
the large number of useful synthesis methods, the high
complexity, hydrophilicity, and acid- and, in some cases,
base-lability of the carbohydrate part, however, make syn-
thesis of these compounds a vast challenge that is far from any
routine.[2]

Herein we report a biocatalytic method allowing the
selective acylation of N-glycans with amino acids and
peptides. Like the known transglutaminase approach,[3] this
novel strategy enables glutamine (Gln) moieties to be
modified with structurally diverse carbohydrates. Moreover,
the approach is not restricted to Gln, but is also effective for
asparagine (Asn) derivatives. Even conjugates with the
carbohydrate moiety linked to the C terminus of the peptide
can be prepared by this method. The hallmark of the approach
is the use of an ordinary protease as the biocatalyst, for
example, clostripain from Clostridium histolyticum, which is
combined with a novel iso-type of substrate mimetics which
are used as the amino acid or peptide precursors. Similar to
the known linear-type substrate mimetics,[4] the iso-type
analogues bear a site-specific ester leaving group, for exam-
ple, the 4-guanidinophenyl ester moiety (OGp), that mediates
the acceptance of non-specific acyl residues by the original
highly Arg-specific protease. However, to direct the intrinsic

synthesis activity of the enzyme to the side chain of Asp and
Glu, the OGp group is linked to the �-carboxylate of the two
amino acids instead of being at the C terminus of the peptide
(Scheme 1). This different architecture was found to shift the
synthesis activity of the biocatalyst from the �-carboxy group
of the peptide towards that of Asp andGlu residues of the side
chains enabling the formation of a broad spectrum of
N-linked neo-peptidoglycans.

Scheme 1. General structure of iso-type (A) and the classical linear-type
substrate mimetics (B). The site-specific 4-guanidinophenyl ester moiety
(OGp) is highlighted in bold letters. PG� protecting group; R1, R2,
individual side chains.

The capability of clostripain to acylate N-glycans was
investigated. For this purpose, reactions with simple mono-
meric N-glycans, such as, �-glucosamine (1a), �-galactos-
amine (2), and muramic acid (3), and the classical linear-type
substrate mimetic Boc-Phe-Gly-Gly-OGp (Boc� tert-butoxy-
carbonyl) acting as the acyl donor were performed. The OGp
moiety was selected because of its known mimic function
which was shown to mediate the acceptance of non-specific
(non Arg containing) peptides by clostripain.[4c, 5] The reac-
tions were performed in buffered aqueous solution at pH 8.0
containing 10% DMF and concentrations of peptide, carbo-
hydrate, and enzyme of 2 m�, 20 m�, and 20 ��, respective-
ly.[6] As revealed by HPLC, incubation times between 30 and
40 min led to complete ester consumption in all cases finally
resulting in product yields of 68% (for 1a), 70% (2), and 64%
(3). The synthesis products have been identified by saponi-
fication experiments, mass spectrometry, and NMR spectro-
scopy following their isolation.[7] Importantly, only single-
acylated carbohydrates were found in all instances. Accord-
ingly, except hydrolyzed peptide ester no further side products
could be detected. That the coupling failed with the amine-
blocked N-acetyl-�-glucosamine (1b) indicates an exclusive
N-acylation of the carbohydrates by the enzyme which is in
agreement with the NMR spectroscopy data of the products
and their resistance towards saponification as well.

The capability of the approach to mediate the coupling of
N-glycans to the side chain carboxy groups of Asp and Glu
was investigated. For this goal, at least two essential con-
ditions must be fulfilled; 1) overcoming the original Arg
specificity of the protease and 2) direction of the intrinsic
synthesis activity of the enzyme from the C�-carboxylate
(backbone) to that of the side chain of Asp and Glu. Both
requisites might be achieved by shifting the OGp moiety from
the C�- to the �-carboxylate of the peptide precursor. To test
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this hypothesis, we initially used the simple amino acid
derivatives Z-Glu(OGp)-OH and Z-Asp(OGp)-OH as pre-
cursors (Z� benzyloxycarbonyl). Synthesis of the esters can
be achieved in a similar way to that of the C�-esterified
analogues by using an inverse protecting-group strategy for
the carboxy groups of Asp and Glu.[8] The enzymatic reactions
themselves were performed under exactly the same condi-
tions and with the reactant concentrations as described above
for Boc-Phe-Gly-Gly-OGp. Similarly, HPLC, NMR spectro-
scopy, mass spectrometry, and saponification experiments
were utilized for product analysis. In addition, the blocked
amino component 1b was used as a probe to verify the
selectivity of syntheses. The yields of reactions are summar-
ized in Table 1 and document that both amino acid esters
show productive binding at the active site of the enzyme
which results in the formation of appropriate N-linked neo-
peptidoglycans. Only reactions with 1b gave no products,
which indicates an exclusive N-acylation as has been verified
by NMR spectroscopy and saponification experiments. In the
case of all other carbohydrates (1a, 2, 3), product yields within

a range of 67 ± 73% were obtained corresponding with those
found for Boc-Phe-Gly-Gly-OGp.

Owing to the apparent independence of this approach to
the structure and type of the acyl donor, we investigated its
ability to modify Asp-derived peptides instead of a single Asp
moiety. As a model, the Leu-enkephalin sequence Z-Asp-Tyr-
Gly-Gly-Phe-Leu-OH was selected. Its biological relevance is
because the glycosylation of a related peptide drastically
increases its affinity to opiate receptors.[9] The precursor
peptide Z-Asp(OGp)-Tyr-Gly-Gly-Phe-Leu-OH was synthe-
sized by standard solid-phase peptide synthesis on Wang resin
employing the Fmoc strategy (Fmoc� 9-fluorenylmethoxy-
carbonyl). To allow ester modification, Z-Asp(OGp(Boc)2)-
OH was used in the last coupling step. Cleavage of the peptide

Table 1. Product yields of the clostripain-catalyzed carbohydrate ± amino
acid coupling reactions.[a]

Acyl donor Carbo-
hydrate
acceptor

Product Yield [%]

Z-Asp(OGp)-OH 1a 72

Z-Asp(OGp)-OH 2 73

Z-Asp(OGp)-OH 3 71

Z-Glu(OGp)-OH 1a 67

Z-Glu(OGp)-OH 2 68

Z-Glu(OGp)-OH 3 67

[a] Conditions were as described in ref. [6]. Concentrations: [donor]�
2 m�, [acceptor]� 20 m�, [clostripain]� 20 ��.
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from the resin by trifluoroacetic acid (TFA) treatment
simultaneously deprotected the Tyr side chain and the OGp
moiety leading to the peptide ester ready for enzymatic
synthesis. An enzyme concentration of 20 �� and an incuba-
tion time of less than 15 min with all other reaction conditions
and reactant concentrations unchanged led to complete
peptide ester consumption resulting in product yields of
70% (for 1a), 69% (2), and 66% (3). Except hydrolyzed
peptide ester no further side products could be detected while
the selectivity of reactions was verified as described above.

Finally, we demonstrated the ability of the method to
couple carbohydrates of higher complexity. For this purpose,
reactions with a synthetic amino-functionalized moenomy-
cin A analogue 4a[10] and the four amino acid and peptide
precursors were performed. For synthesis-economy reasons
the latter have been used in 1.25-fold excess over 4a in
concentrations of 25 m� and 20 m�, respectively. All other
reaction conditions were kept unchanged including the low
content of organic solvent. After 1 h and complete ester
consumption the reactions were terminated and analyzed by
HPLC and mass spectrometry. Figure 1 shows selected HPLC

profiles that illustrate the well-defined course of catalysis for
the reaction of the peptide precursor with 4a. Similar to
reactions using the monomeric carbohydrates, only the
formation of single-acylated 4a could be observed. As for
the efficiency of synthesis, for reactions with Boc-Phe-Gly-
Gly-OGp 24%, with Z-Asp(OGp)-Tyr-Gly-Gly-Phe-Leu-OH
and Z-Glu(OGp)-OH 26%, and with Z-Asp(OGp)-OH 29%
of the desired product could be obtained. On the contrary, N-
phenylacetyl-moenomycin derivative (4b), which was used to
verify the selectivity of the enzyme, gave no products.
Compared to the yields of about 70% for the monomeric
carbohydrates (1a, 2, 3), the use of the bulky moenomycin
derivative clearly decreases the efficiency of synthesis. How-
ever, moenomycin is not only a complex carbohydrate, but
also an amphiphilic compound with a strong tendency to form

micelles (critical micelle concentration (CMC) of non-modi-
fied moenomycin: 0.5 m� at pH 6.8).[11] At present, it remains
an open question whether the formation of micelles or the
increase in complexity of the carbohydrate scaffold contrib-
utes to this effect. Assuming that micelle formation decreases
at least the rate of diffusion and, thus, hinders the moenomy-
cin attack of the acyl ± enzyme intermediate, these results
indicate to a rather broad acceptance by the enzyme of highly
complex and usually non-micelle N-glycans.

In summary, we have described an efficient method for the
synthesis of a wide variety of N-linked neo-peptidoglycans by
exploiting the protease/substrate mimetics-based methodol-
ogy. The approach allows selective coupling of carboxylate
moieties derived from Asp and Glu side chains as well as the
C-terminus of peptides with both simple monomeric and
highly complex acid- and base-labile carbohydrate derivatives
under extraordinary mild reaction conditions with yields
ranging between 24 and 73%. Because of the known
independence of the classical substrate mimetics approach
of the individual acyl moiety,[4] a high flexibility of the
synthesis method towards the sequence of the peptide

precursor, at least of those derived
from the linear-type derivatives can be
expected. Only the presence of specific
Arg residues within the peptide may
lead to undesired cleavage reactions.[12]

In such an instance the use of a side
chain protected Arg moiety seems to
offer a promising escape. In any case, to
our knowledge there is no other en-
zyme system that shows a similar syn-
thetic flexibility towards both the pep-
tide and carbohydrate part. These char-
acteristics make the new approach a
powerful and rather general one for the
synthesis of N-linked neo-peptidogly-
cans and amino acid ± carbohydrate
building blocks.
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Figure 1. Analysis of the clostripain-catalyzed coupling of Z-Asp(OGp)-Tyr-Gly-Gly-Phe-Leu-OH
with moenomycin A (4a) by HPLC (A) and MALDI-TOF mass spectrometry (B).[7] A) a) Before
addition of enzyme; b) after 30 min. 1) released 4-guanidinophenol; 2) Z-Asp-Tyr-Gly-Gly-Phe-
Leu-OH; 3) Z-Asp(OGp)-Tyr-Gly-Gly-Phe-Leu-OH; 4) moenomycin A; 5) Z-Asp(moenomycin)-
Tyr-Gly-Gly-Phe-Leu-OH. A280� absorbance at 280 nm. B) Mass calcd: 2602.96.
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The reaction mechanism is the detailed, step-by-step
description of a chemical reaction. Most chemical reactions
take place through a complex sequence of steps via reactive
intermediates. The most important reactive intermediates in
organic chemical reactions in solution are carbocations,
carbanions, carbenes, and radicals. Of course, chemists have
been able to detect these intermediates indirectly by chemical
and physical methods, and spectroscopic methods are avail-
able to study them directly and in detail.[1] For example, Olah
investigated carbocations in ™magic acid∫ solutions under
nonreaction conditions.[2] Transient carbocations that con-
tained an appropriate chromophore were studied by using UV
spectroscopy.[3, 4] Radicals were explored by ESR spectros-
copy and in appropriate cases by CIDNP (chemically induced
dynamic nuclear polarization), and UV spectroscopy.[5, 6]

However, it seems to be most remarkable that these methods
(there may be some exceptions) are not generally suited to
detect and to study these reactive intermediates directly in
reaction solutions, for example, of a radical chain reaction.
Furthermore, substrates, intermediates, and final products
cannot be monitored by using these methods. Additional
measurements have to be applied to do so. Clearly, it would be
of great importance to have a simple method available to
study a reaction by monitoring substrates and all intermedi-
ates and final products formed, and especially to detect and
characterize simultaneously and directly the reactive inter-
mediates. Such a method could give new and important
insights in our understanding of reactions and their mecha-
nisms. Furthermore, the method should be applicable to micro
amounts of substrates and should allow a high throughput,
thus contributing to a sustainable development.[7]

Recently, electrospray ionization mass spectrometry
(ESIMS)[8] has been successfully applied to the investigation
of some chemical reactions in solution. The investigations
were mostly performed offline, for example, with the oxida-
tion of tetrahydropterins to radical cations,[9] homogeneously
catalyzed reactions such as the Suzuki reaction,[10] and the
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palladium-catalyzed oxidative self-coupling of aryl boronic
acids.[11] Arakawa et al. used an online ESIMS system in which
a flow-through photoreaction cell was attached to an electro-
spray interface. They detected intermediates of photochem-
ical reactions of some transition-metal complexes that have a
lifetime of a few minutes.[12] The oxidation of iron(��)
bleomycin with iodosylbenzene was studied online and some
intermediate species could be detected.[13] Chen and co-
workers used ESIMS to generate and isolate the active species
of homogeneously catalyzed reactions such as Ziegler ±Natta
polymerization[14] or olefin metathesis[15] and studied the
reaction with the substrate in the gas phase. Feichtinger and
Plattner used the same technique to investigate the forma-
tion and reactions of the active species of epoxidation
catalysts, for example, oxomanganese ± salen complexes.[16]

We described the possibility of detecting stable radicals
in solution by ESIMS[17] and we now report herein our results
on the detection of transient radicals in radical chain
reactions.

There are many synthetically important radical chain
reactions in solution.[18] However, there is no method
available to detect and to study directly the transient radicals
in these reactions. Radicals are neutral species and neutral
species can normally not be detected by ESIMS. However, it
is well known that radical reactions can be mediated by Lewis
acids if the substrate is a Lewis base that can chelate the metal
atom of the Lewis acid in solution.[19] We have recently shown
that dialkyl glutarates form complexes with Lewis acids such
as LiClO4, MgBr2, and Sc(OTf)3 in solution in diethyl ether.[20]

We thought that these complexes, for example, of Sc(OTf)3
should dissociate to form a chelate complex cation and a
triflate anion, thus allowing the detection of the complexed
ester by ESIMS.[21] This detection was possible: diethyl
2-iodoadipate (1; Scheme 1) was mixed with Sc(OTf)3
(1.2 equiv) in diethyl ether and very intense ESI mass spectra
were obtained which showed monomeric and dimeric com-
plex ions of adipate 1 (Figure 1a).[22] The fact that in addition
to monomeric also dimeric complex ions [12 ¥ Sc2(OTf)5]� are
observed, which provides evidence for the respective dimeric
complexes in solution, is already an important and new result,
because up to now dimeric complexes in Sc(OTf)3-mediated
radical reactions have not been considered. In the presence of

Sc(OTf)3, adipate 1 reacts with allyltributyltin (2) in diethyl
ether to give diethyl 2-allyladipate (3) via the radical
intermediate 4 (Scheme 1).

For the investigation by ESIMS, this reaction was per-
formed by mixing a solution of iodoester 1 and Sc(OTf)3 in
diethyl ether saturated with air and a solution of 2 and Et3B
under argon. The solutions were mixed by using an effective
micromixer, which was coupled online to the ESI mass
spectrometer.[23] The reaction times could be varied by the
flow rate and/or the length of the transfer capillary between
the mixer and the ion source.[24] Substrate 1 and product 3
could easily be detected and monitored by ESIMS. Most
remarkably, a heterodimer complex ion of substrate and
product [1 ¥ 3 ¥ Sc2(OTf)5]� (m/z 1405) was detected. However,
an intermediate radical complex ion [4 ¥ Sc(OTf)2]� with an
expected mass of m/z 544 could not be observed unambigu-
ously because of chemical noise[25] in the mass spectrum
(Figure 1b). That can easily be understood because the quasi-
stationary concentration of the radical in the radical chain
reaction is estimated to be approximately 10�7�, four orders
of magnitude lower than the concentration of the substrate 1
and of the product 3. The signal of the intermediate radical ion
is expected to disappear in the chemical noise. However, the
intermediate radical 4 could be detected as a monomeric
complex ion [4 ¥ Sc(OTf)2]� by using the MS/MS technique[8]

to filter out the signal of interest from baseline noise
(Figure 1c).[26] From this observation, we deduced that 4 also
should occur in the reaction solution as a heterodimer
complex with substrate 1 and the respective ion should be
detectable by MS/MS, which would thus provide additional,
independent, and unambiguous evidence for the intermediate
radical. The MS/MS spectrum of the heterodimer complex
ion of substrate and radical [1 ¥ 4 ¥ Sc2(OTf)5]� (m/z 1364)
was indeed observed (Figure 1d). Two main and charac-
teristic fragmentations of this ion are evident: dissociation
by loss of the neutral radical complex 4 ¥ Sc(OTf)3 gives
the substrate complex ion [1 ¥ Sc(OTf)2]� (m/z 671) and,
complementarily, loss of the neutral substrate complex 1 ¥
Sc(OTf)3 gives the radical complex ion [4 ¥ Sc(OTf)2]� (m/z
544).

The tributyltin hydride or tris(trimethylsilyl)silane-medi-
ated addition of alkyl iodides to alkenes is another syntheti-

Scheme 1. Triethylborane/oxygen-initiated radical chain reaction of 2 with 1 to give adipate 3 via radical 4.
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Figure 1. a) Positive-mode ESI mass spectrum of a solution of 1 in the
presence of Sc(OTf)3 in diethyl ether. Monomeric [1 ¥ Sc(OTf)2]� (m/z 671)
and dimeric [12 ¥ Sc2(OTf)5]� (m/z 1491) complex ions are observed.
b) Positive-mode ESI mass spectrum of the reaction solution of 1 and 2
in the presence of Sc(OTf)3 in diethyl ether; new signals (compare with
Figure 1a) are observed and assigned to the product 3 : [3 ¥ Sc(OTf)2]� (m/z
585), [32 ¥ Sc2(OTf)5]� (m/z 1319), and the heterodimer complex ion [1 ¥ 3 ¥
Sc2(OTf)5]� (m/z 1405). c) The MS/MS spectrum of the radical complex ion
[4 ¥ Sc(OTf)2]� (m/z 544) of the same reaction solution shows the character-
istic fragmentation of CF2SO3 (�130 Th (Thomson)) to give fragment ion
m/z 414 accompanied by adduct ions with H2O (m/z 432) and diethyl ether
(m/z 488), which are formed by ion ±molecule reactions in the ion trap.[27]

d) The MS/MS spectrum of the substrate ± radical complex ion [1 ¥ 4 ¥
Sc2(OTf)5]� (m/z 1364) of the same reaction solution shows fragmentation
to give the substrate complex ion [1 ¥ Sc(OTf)2]� (m/z 671) and the radical
complex ion [4 ¥ Sc(OTf)2]� (m/z 544).

cally important radical reaction.[28, 29] The addition of tert-
butyl iodide (5) to dimethyl 2-cyclohexyl-4-methylenegluta-
rate (6) mediated by (Me3Si)3SiH gives the addition product 7
in good yields (Scheme 2).[20] We studied this reaction by
ESIMS and could easily monitor substrate 6 and product 7
(Figure 2a). We could also detect the intermediate
adduct radical 8 by MS/MS as complex ion [8 ¥ Sc(OTf)2]�

and independently as heterodimer [6 ¥ 8 ¥ Sc2(OTf)5]� (Fig-
ure 2b,c).[30]

Scheme 2. Tris(trimethylsilyl)silane-mediated addition of tert-butyl iodide
(5) to glutarate 6 to give stereoselectively 7 via adduct radical 8.[20]

The detection of the heterodimer radical complex ions in
Sc(OTf)3-mediated radical reactions provides information
that can not be obtained by other techniques and may be
important for the stereochemical outcome, for example, of the
hydrogen transfer to radical 8.[20] This information can only be
obtained by ESIMS because this technique allows all ionic
species in solution to be detected and characterized by their
MS/MS spectrum.

In conclusion, we have shown for the first time that
transient radicals in radical chain reactions can be detected
unambiguously by ESIMS. Furthermore, substrates and
products can easily be monitored. New insights have been
obtained in the mechanism of Sc(OTf)3-mediated radical
chain reactions. The method seems to be generally applicable
to the investigation of reactions in solution and to the
detection of intermediates, and most importantly, of reactive
intermediates. For example, we have been studying
the dissociation of carbon ± heteroatom bonds as the rate-
determining step of SN1 and E1 reactions. All significant
effects described in textbooks of organic chemistry could
easily be demonstrated by direct measurement of the
carbocations and the respective anions formed in the disso-
ciation equilibrium. The method can be applied to all
reactions in solution, as long as the species of interest are
ionic species or can be ionized.[17]
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Figure 2. a) Positive-mode ESI mass spectrum of the tris(trimethylsilyl)si-
lane-mediated addition of tert-butyl iodide to 6 in the presence of Sc(OTf)3
in diethyl ether to give the addition product 7 (see Supporting Informa-
tion). Monomeric and dimeric complex ions of substrate 6 (m/z 597, 851,
1343), product 7 (m/z 655, 729, 1457), and heterodimer complex ions of 6
and 7 (m/z 909, 1401) are observed. A signal of the intermediate radical
complex ion (m/z 654) is not evident. b) The MS/MS of the ion at m/z 654
shows the fragmentation of the radical complex ion [8 ¥ Sc(OTf)2]� . The loss
of CF2SO3 (�130 Th) and the attachment of H2O and diethyl ether to
the complex ions is characteristic.[31] c) The MS/MS spectrum of the ion at
m/z 1400 shows the loss of 8 ¥ Sc(OTf)3 (803 Th) to give [6 ¥ Sc(OTf)2]�

(m/z 597) (see Figure 2a), and loss of 6 ¥ Sc(OTf)3 (746 Th) to give
[8 ¥ Sc(OTf)2]� (m/z 654) (see Figure 2b).
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The interaction of unpaired electrons coupled by conju-
gated �-systems has been studied intensively during the last
decade.[1±3] Also, a few heterospin systems combining differ-
ent spin-carrying units within one molecule have been
described. As these studies were aimed at the development
of molecular magnets,[4] stable organic radicals were utilized,
which were coupled to photochemically generated nitrene[5, 6]

or carbene[7±9] units through m- or p-phenylene linkers.
Systems containing highly reactive radicals (e.g. the phenyl
radical) in addition to a nitrene or carbene have not been
investigated so far. A molecule of this type is 2,3,5,6-

tetrafluorophenylnitren-4-yl (1), which is formally generated
by substituting a nitrogen atom for an oxygen atom in
tetrafluorooxocyclohexadienylidene (2).

For compound 2, a triplet ground state has been determined
experimentally by using ESR[10] and IR spectroscopy[11] , as
well as theoretically based on quantum-chemical calculations.
The electronic structure of 2 can be described by the
resonance structures 2A (carbene) and 2B (phenyl/phenoxyl
diradical). For the nitrene radical 1, which bears an additional
unpaired electron, DFT calculations predict a quartet ground
state 2.7 kcalmol�1 below the lowest doublet state (UB3LYP/
6-311G(d,p)�ZPE). The electronic structure of 1 is also
qualitatively represented by two resonance structures: struc-
ture 1A corresponds to a combination of a carbene with an
iminyl radical, structure 1B to that of a nitrene and a phenyl
radical. Two electrons are localized in the � plane, one at the
nitrogen atom (iminyl radical), the other at the C4 atom of the
phenyl ring (phenyl radical). The third unpaired electron is
delocalized over the � system and exhibits high spin densities
at the nitrogen atom as well as at the C4 atom. Thus, 1 can be
represented by the electronic structure of a delocalized
carbene (1A) and a delocalized nitrene (1B), which share a
common � electron. Both carbenes and nitrenes have similar
structures: open-shell systems with triplet ground states, and
thus the parallel alignment of the spins of all three electrons is
energetically most favorable; this leads to a quartet ground
state.

Photolysis of aryl azides in cryogenic matrices is a well-
established method for the generation of triplet aryl ni-
trenes.[12±14] Short-wavelength irradiation of aryl iodides has
recently been applied to generate various fluorinated phenyl
radicals and didehydrobenzenes, which were studied by
matrix-isolation spectroscopy.[15, 16] Therefore, 4-iodo-2,3,5,6-
tetrafluoroazidobenzene (7; see Scheme 2) was used as a
precursor for 1. The perfluorinated system was chosen
because, in contrast to the unsubstituted phenylnitrene
(3),[12, 17] for 2,6-difluorinated phenylnitrene derivatives the
irreversible ring expansion to the corresponding didehydroa-
zepine (4 ; Scheme 1) was not observed under the conditions
of matrix isolation.[13, 14, 18] Instead, 2,6-difluorophenylnitrene
and pentafluorophenylnitrene (5) react reversibly to the
azirine derivatives (6) upon irradiation with light of wave-
length 444 nm.[14]

The IR spectrum of 7, matrix isolated in solid argon at 3 K,
exhibits the characteristic �(NN) vibration of the azido group
at 2131 cm�1 (Figure 1a). The absorptions of 7 disappear upon

performed to detect heterodimer radical cation [1 ¥ 4 ¥ Sc2(OTf)5]� at
m/z 1364 (Figure 1d). Control experiments of substrate 1 and product
3 in the presence of Sc(OTf)3 showed no signals that could be assigned
to the proposed radical intermediate in the case of the heterodimer
radical complex ion. In the case of the monomer radical complex ion,
the substrate 1 showed signals that can be assigned to this ion, possibly
by homolytic cleavage of the C�I bond in the heated capillary.
However, the intensity of these signals is only about one tenth of that
in the case of the reaction.

[27] The water and diethyl ether adduct complex ions ([M ¥ Sc(OTf)2 ¥
H2O]� , [M ¥ Sc(OTf)2 ¥ Et2O]�) indicate two special features: a rising
front peak flank and a negative mass shift. Both phenomena are
observed only with quadrupole ion trap analyzers and with partic-
ularly unstable (easily fragmentable) ions.

[28] W. B. Motherwell, D. Crich, Free Radical Chain Reactions in Organic
Synthesis, Academic Press, London, 1992, pp. 179 ± 212.

[29] C. Chatgilialoglu in Radicals in Organic Synthesis (Eds. P. Renaud,
M. P. Sibi), Wiley-VCH, Weinheim, 2001, pp. 28 ± 49.

[30] Glutarate 6 (20 �mol, 1 ¥ 10�3�), scandium triflate (24 �mol,
1.2 equiv), and tert-butyl iodide (80 �mol, 4 equiv) were dissolved in
diethyl ether (20 mL). The solution was cooled to 0 �C and saturated
with air by using a glass syringe. A solution of triethyl borane
(50 �mol, 2.5 equiv) and tris(trimethylsilyl)silane (80 �mol, 4 equiv)
was prepared in diethyl ether (20 mL) under argon. The reaction and
measurement were performed as described in refs. [23] and [26]. The
MS/MS spectrum of m/z 654 ([8 ¥ Sc(OTf)2]� , Figure 2b) and of m/z
1400 ([6 ¥ 8 ¥ Sc2(OTf)5]� , Figure 2c) were obtained. Control measure-
ments of substrate 6 and product 7 in the presence of Sc(OTf)3 showed
no signals that can be assigned to the monomeric and heterodimeric
radical complex ions.

[31] The shape of the peak at m/z 597 provides unambiguous evidence for
the addition of diethyl ether to the complex ion with m/z 524; see also
ref. [27].
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Scheme 1. Difference in reactivities between unfluorinated and fluorinat-
ed phenylnitrenes.

Figure 1. Photochemistry of 7. a) IR spectrum of 7 (Ar, 3 K). b) Difference
spectrum. Bands pointing upwards appear, bands pointing downwards
disappear upon irradiation with light of wavelength 320 nm for 17 h.
c) Calculated (UB3LYP/6 ± 311G(d,p), unscaled) spectrum of 4-iodo-
2,3,5,6-tetrafluorophenylnitrene T-8.

photolysis with light of 320 nm wavelength, while a new
compound with intense IR bands at 958, 1445, and 1522 cm�1

is formed concurrently. In the UV/Vis spectrum the reaction is
accompanied by decrease of the absorption of 7 at 238 nm and
the formation of new bands at 257, 293, and 310 nm, as well as
two broad absorptions in the 320 ± 360 nm and 390 ± 460 nm
region. The new species does not exhibit the characteristic IR
absorptions of a didehydroazepine[12, 17] or an azirine[14] (which
are potential photoproducts of phenylnitrene derivatives),
however it does show the typical ESR signals of a triplet
nitrene[19] with the zero-field parameters �D/hc �� 1.103 cm�1

and �E/hc �� 0.012 cm�1. Therefore, the spectrum of the newly
formed compound is assigned to the triplet 4-iodo-2,3,5,6-
tetrafluorophenylnitrene T-8 (Scheme 2). This interpretation
is supported by the calculated IR spectrum, which nicely
reproduces the experimental data (Figure 1b,c, Table 1).

Subsequent monochromatic short-wavelength irradiation
with light of wavelength 254 nm results in a decrease of the
bands of T-8 and formation of new absorptions, which are
assigned to two sets of bands A and B by comparison of the
relative intensities in several experiments (Figure 2a). Data
set A exhibits IR absorptions in the region from 948 to
1546 cm�1 which decrease again upon annealing of the matrix
at 32 K, reforming T-8. The UV spectrum does not yield
additional information because of rapid deterioration of the
optical quality of the matrix upon short wavelength irradi-
ation. The reversibility of the reaction upon annealing of the

Scheme 2. Photoreaction of 7 and the subsequent chemistry.

Figure 2. Photochemistry of T-8. a) Difference spectrum. Bands pointing
upwards appear, bands pointing downwards disappear upon irradiation of
T-2 in an argon matrix at 3 K with light of wavelength 254 nm. Band set A is
marked with circles, set B with triangles. b) Calculated (UB3LYP/6 ±
311G(d,p), unscaled) spectrum of quartet nitrene radical Q-1. c) Calculated
(UB3LYP/6 ± 311G(d,p), unscaled) spectrum of doublet nitrene radical
D-1.

Table 1. IR spectroscopic data of T-8.

Mode Symmetry ��exp. [cm�1][a] Irel. ,exp.[a,b] ��calcd [cm�1][c] Irel. ,calcd[b,c]

15 a1 599.4 0.07 599.1 0.01
16 b1 � � 610.4 0.00
17 a2 � � 644.3 0.00
18 b1 � � 669.3 0.00
19 b2 � � 738.1 0.00
20 a1 817.3 0.37 811.8 0.23
21 b2 958.0 1.00 969.8 0.54
22 a1 � � 1125.3 0.00
23 b2 � � 1146.8 0.00
24 b2 � � 1287.1 0.00
25 a1 1283.5 0.14 1294.1 0.06
26 a1 1332.2 0.42 1338.8 0.18
27 a1 1398.2 0.14 1404.1 0.13
28 b2 1444.7 0.85 1458.2 1.00
29 b2 1521.6 0.85 1545.9 0.54
30 a1 1597.3 0.18 1607.3 0.27

[a] Argon matrix, 3 K. [b] Relative intensity based on the most intense
absorption. [c] Calculated at the UB3LYP/6 ± 311G(d,p) level of theory,
unscaled. The assignment is tentative and is based on band positions and
intensities.
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matrix indicates cleavage of the C-I bond, and the observed
IR spectrum is in excellent agreement with the calculated
spectrum of quartet nitrene radical Q-1 (Figure 2b, Table 2).
In contrast, there is less agreement with the calculated data
for the doublet state D-1 (Figure 2c), especially in the region
between 900 and 1100 cm�1.

The second photoproduct B, which does not decrease upon
annealing of the matrix, has a prominent absorption at
1854 cm�1. The �(C�N) vibration of didehydroazepine 4,
which arises upon photolysis of azidobenzene in cryogenic
matrices in addition to phenylnitrene 3, is observed at a
similar frequency.[12, 17] When the experiment is carried out in
a neon matrix, B is the exclusive product of the short-
wavelength irradiation of T-8, while nitrene radical Q-1 is not
observed (Figure 3).[20] This allows us to unambiguously

Figure 3. Photochemistry of T-2. a) Difference spectrum. Bands pointing
upwards appear, bands pointing downwards disappear upon irradiation of
T-2 in a neon matrix at 3 K with light of wavelength 254 nm. b) Calculated
(B3LYP/6 ± 311G(d,p), unscaled) spectrum of didehydroazepine (3).

distinguish the absorption spectra of A and B. In particular, it
can be discounted that the IR band at 884 cm�1, the assign-
ment of which to 1 would complicate the discrimination
between doublet-1 and quartet-1 based on IR spectra, is
caused by the nitrene radical.

The absorption at 1854 cm�1 indicates rearrangement of T-8
to the ring-expanded 5-iodo-3,4,6,7-tetrafluorodidehydroaze-
pine (9 ; see Scheme 2) upon photolysis with light of wave-

length 254 nm, although it was established by theoretical[18] as
well as experimental[13, 14] studies that this reaction should not
occur for 2,6-difluorinated phenylnitrenes in cryogenic ma-
trices. In solution a significantly increased barrier for this
reaction was observed with less fluorinated starting materi-
als.[21] Nevertheless, comparison with the calculated spectrum
of 9 confirms that the formation of the seven-membered ring
is apparently possible in this case (Figure 3, Table 3). Accord-
ing to calculations (B3LYP/6-311G(d,p)�ZPE), the reaction
T-8�9 is endothermic by 7.5 kcalmol�1.

Comparison of the calculated geometries of tetrafluorooxo-
cyclohexadienylidene (2) and the nitrene radical 1 shows that
there is not only a formal resemblance of both compounds
(Figure 4). With the exception of the C�O and C�N bonds,

Figure 4. Comparison of the calculated geometries (a) and spin density
distributions (b) in nitrene radical Q-1 and carbene T-2 (UB3LYP/6 ±
311G(d,p)). Bond lengths [ä], bond angles [�].

the structures of 1 and 2 are almost identical, the differences
in C�C bond lengths and bond angles being well below 0.1 ä
and 2�, respectively. The spin-density distribution also reflects
the similarity of both molecules, with differences appearing
only at the nitrogen and oxygen atoms (Figure 4). In the
carbene 2 the spin density at the oxygen atom is predominantly

Table 2. IR spectroscopic data of the quartet nitrene radical Q-1.

Mode Symmetry ��exp. [cm�1][a] Irel. ,exp.[a,b] ��calcd [cm�1][c] Irel. ,calcd[b,c]

18 b2 948.0 0.52 956.4 0.45
19 a1 1080.4 0.15 1089.6 0.20
20 b2 � � 1143.5 0.03
21 a1 � � 1280.6 0.01
22 b2 � � 1296.9 0.00
23 a1 1315.2 0.19 1324.5 0.13
24 a1 1389.0 0.15 1398.8 0.23
25 b2 1434.7 1.00 1443.5 1.00
26 b2 1545.5 0.15 1575.4 0.34

[a] ± [c] See footnotes for Table 1

Table 3. IR spectroscopic data of 9.

Mode ��exp. [cm�1][a] Irel. ,exp.[a,b] ��calcd [cm�1][c] Irel. ,calcd[b,c]

18 669.1 0.05 691.1 0.02
19 706.1 0.13 724.2 0.05
20 795.9 0.31 786.3 0.18
21 883.7 0.50 894.5 0.19
22 1083.7 0.09 1088.2 0.11
23 1125.5 0.19 1141.0 0.12
24 1259.9 0.16 1278.7 0.08

1266.1 0.21
25 1310.1 0.43 1326.5 0.23
26 1318.5 0.24 1332.0 0.15
27 1361.2 0.64 1367.0 1.00

1365.4 1.00
28 1528.0 0.06 1535.7 0.14
29 1565.7 0.48 1583.7 0.34
30 1854.1 0.16 1930.3 0.33

[a] Neon matrix, 3 K. [b, c] See footnotes for Table 1.
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Conversion of Hexafluoropropene into
1,1,1-Trifluoropropane by Rhodium-Mediated
C�F Activation**
Thomas Braun,* Daniel Noveski, Beate Neumann,
and Hans-Georg Stammler

Interest in the activation of carbon ± fluorine bonds by
transition metal centers has been increasing dramatically over
the last decade.[1] Recent discoveries include the stochiomet-
ric[2] and catalytic[3, 4] derivatization of aromatic compounds

localized in the p orbital perpendicular to the ring plane, while
in 1 the highest spin density is in the ring plane.

Photolysis of 4-iodo-2,3,5,6-tetrafluoroazidobenzene (7) of-
fers an access to the until now unknownC6F4N potential energy
surface and to the unusual high-spin nitrene radical 1. The
influence of different topologies and substituents on the spin
state of nitrene radicals will be investigated in future studies.

Experimental Section

Matrix experiments were carried out according to standard techniques[22]

using a Sumitomo Heavy Industries RDK-408D closed-cycle cryostat. The
lowest temperature available with this system is 2.7 K. Matrices were
produced by codeposition of a large excess of neon or argon (Messer-
Griesheim, 99.9999%) and the substance to be isolated on top of a cold CsI
window. During deposition of argon matrices the temperature of the
window was maintained at 30 K. Argon matrices for ESR spectroscopy
were deposited at 13 K on a 2 mm OFHC-copper rod, cooled by an APD-
HC2 closed-cycle cryostat. IR spectra were recorded with a Bruker
Equinox 55 FTIR spectrometer with a resolution of 0.5 cm�1 in the range of
400 ± 4000 cm�1. ESR spectra were recorded with a Bruker Elexsys E500
spectrometer. Irradiations were carried out with a Gr‰ntzel low-pressure
mercury lamp (254 nm) and an Osram HBO-500-W/2 high-pressure
mercury arc lamp in an Oriel housing with quartz optics, a dichroic mirror,
and a Schott cutoff filter (320 nm). DFT calculations were performed with
the Gaussian 98 suite of programs.[23]

4-Iodo-2,3,5,6-tetrafluoroaniline: Yellow HgO (12.8 g, 59.1 mmol) was
added to a solution of 2,3,5,6-tetrafluoroaniline (12.8 g, 77.6 mmol) in
ethanol (200 mL). The solution was vigorously stirred and iodine (19.8 g,
78.0 mmol) added. The mixture was stirred overnight and filtered over
celite. After addition of Na2SO3 (1 g) the solution was concentrated to a
residual volume of 50 mL using a rotary evaporator. Water (200 mL) was
added and the precipitate was filtered off. Recrystallization from 25%
ethanol in water and subsequent drying in vacuo yielded 4-iodo-2,3,5,6-
tetrafluoroaniline (16.2 g, 55.7 mmol, 72%) as dark crystals. MS: m/z(%):
291 (M�, 100), 164 (50), 144 (25), 137 (60), 127 (30), 117 (25), 69 (20).

4-Iodo-2,3,5,6-tetrafluoroazidobenzene (7): 4-Iodo-2,3,5,6-tetrafluoroani-
line (3.0 g, 10.3 mmol) was dissolved in trifluoroacetic acid (30 mL) and
cooled to 0 �C. A solution of sodium nitrite (0.81 g, 11.7 mmol) in water
(15 mL) was slowly added while stirring and cooling with an ice bath. The
solution was stirred for further 15 min at 0 �C. A solution of sodium azide
(0.75 g, 11.5 mmol) in water (15 mL) was added to the stirred solution,
which was subsequently stirred for 1 h at room temperature. After addition
of ether (100 mL) the organic phase was washed with water and dilute
aqueous NaOH, dried (Na2SO4), and evaporated. Chromatography (silica/
pentane) yielded 7 (2.18 g, 67%) as a colorless oil. MS: m/z (%): 317 (M�,
10), 289 (30), 162 (100), 127 (30), 117 (20), 112 (10), 98 (25), 69 (25).
13C NMR (CDCl3, 50 MHz): �� 66.3 (t, J� 28.0 Hz), 120.5 (tt, J� 2.9 Hz,
12.3 Hz), 140.0 (dm, 256.4 Hz), 147.2 ppm (dm, 248.1 Hz). IR (Ar, 3 K): ��
(%): 2229.9 (5), 2196.8 (5), 2130.9 (100), 2112.4 (18), 1634.5 (10), 1492.2
(95), 1478.4 (49), 1307.6 (15), 1223.2 (31), 1012.1 (31), 1001.9 (13), 974.3
(39), 955.3 (6), 807.8 (11), 768.3 (22), 664.5 cm�1(5).
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by C�F activation.[1] One of the major achievements was the
catalytic conversion of hexafluorobenzene into pentafluoro-
benzene with [HRh(PMe3)4] as catalyst.[4] However, there are
only a few examples of the activation of a C�F bond in
fluorinated olefins reported.[1c, 5±8] The reactions include the
activation of hexafluoropropene with [H2Ir(PPh3)2]3PW12O40,
which led to the generation of a propenyl complex.[5b] The
formation of organofluorine compounds by C�F activation of
olefins, followed by derivatization and cleavage reactions
within the coordination sphere of the metal is even less
developed.[1c, 6±8] With regard to the defluorination of per-
fluorinated olefins, Jones et al. reported that hexafluoropro-
pene can be converted into propane by using seven equiv-
alents of [(�5-C5Me5)2ZrH2]. The reaction initially forms the
complex [(�5-C5Me5)2ZrHC3H7)], which is then allowed to
react with hydrogen to yield propane.[6] In a recent report
Whittlesey et al. described the reaction of hexafluoropropene
with a ruthenium dihydride, which led to a mixture of lower
fluorinated olefins.[7]

Herein we describe the selective conversion of a perfluori-
nated olefin into a partially fluorinated alkane by metal-
induced hydrodefluorination exclusively at the double
bond.[2e] We show that hexafluoropropene can selectively
and under very mild conditions be activated at a rhodium
center to give the propenyl complex 2 (Scheme 1). On
treatment of 2 with hydrogen, the fluorinated vinyl unit is
converted into a nonfluorinated alkyl group, and 1,1,1-
trifluoropropane (5) together with the rhodium fluoride
complex 4 is obtained.

Scheme 1. The synthesis and reactivity of 2.

Treatment of the rhodium hydrido complex 1 with hexa-
fluoropropene in benzene in the presence of triethylamine
results in the fast and regioselective formation of the C�F
activation product 2 (Scheme 1). Note that treatment of

[HRh(CO)(PPh3)3] with tetrafluoroethene leads to the in-
sertion of the olefin into the rhodium±hydrogen bond.[9] The
proposed structure for 2 is supported by the 31P and 19F NMR
spectroscopic data (Table 1). The spectra are of higher order,
and coupling constants have been determined by simulation
of the 31P NMR spectrum by using the program g-NMR
(Figure 1).[10] The 19F NMR spectrum shows three resonance

Figure 1. 31P NMR spectrum of complex 2 ; observed (bottom) and
simulated (top) using the following coupling constants (Hz): 1J(Rh,Pa)�
145.7, 3J(Pa,F)� 6.0, 4J(Pa,F)� 4.6, 5J(Pa,F)� 4.0, 2J(Pa,Pb)� 39.1, 1J
(Rh,Pb)� 119.3, 3J(Pb,F)� 27.2, 4J(Pb,F)� 0.2, 5J(Pb,F)� 0.1 Hz; labeling
of atoms as in Scheme 1.

signals at ���64.5, �95.4, and �174.4 ppm with a ratio
3:1:1, and thus reveals the presence of the propenyl ligand.
The chemical shifts and the coupling constants of the olefinic
fluorine atoms (J� 117.1 Hz) indicate their trans orienta-
tion.[5b, 11] The configuration at the double bond in 2 was
confirmed by an X-ray diffraction analysis at low temperature
(Figure 2).[12] The rhodium± carbon bond in 2 (2.029(4) ä) is

Table 1. Selected spectroscopic data for 2 ± 6 ; 1H NMR: 500 MHz, 19F
NMR: 470.4 MHz, 31P NMR 202.4 MHz; labeling of atoms as in Scheme 1.

2 : 19F NMR (C6D6): ���64.5 (m, 3F; CF3), �95.4 (dm, 3J(F,F)�
117.7 Hz, 1F; CF), �174.4 ppm (dm, 3J(F,F)� 117.1 Hz, 1F; CF); 31P
NMR (C6D6): �� 18.5 (m, Pb), 15.5 ppm (m, Pa).

3 : 1H NMR (C6D6): ���11.3 (dm, 2J(Pb,H)� 150 Hz, 1H; Ha),
�12.0 ppm (dm, 1J(Rh,H)� 20 Hz, 1H; Hb); 19F NMR (C6D6): ���63.6
(m, 3F; CF3), �87.2 (dm, 3J(F,F)� 118.9 Hz, 1F; CF), �166.2 ppm (dm,
3J(F,F)� 118.2 Hz, 1F; CF); 31P NMR (C6D6): �� 28.5 (dm, 1J(Rh,P)�
98 Hz; Pa), 11.8 ppm (m; Pb).

4 : 19F NMR ([D8]toluene, 213 K): ���277 ppm (dm, br, 1J(Pb,F)�
188 Hz); 31P NMR ([D8]toluene, 213 K): �� 45.2 (ddt, 2J(P,F)� 187.0,
1J(Rh,P)� 180.2, 2J(P,P)� 42.2 Hz; Pb), 25.1 ppm (ddd, 1J(Rh,P)� 138.3,
2J(P,F)� 22.0, 2J(P,P)� 42.2 Hz; Pa).

5 : 1H NMR (C6D6): �� 0.58 (t, 3J(H,H)� 7.5 Hz, 3H; CH3), 1.45 ppm (m,
2H; CH2); 19F NMR (C6D6): ���69.1 ppm (t, 3J(F,H)� 10.4 Hz).

6 : 1H NMR (C6D6): ���9.6 (dm, 2J(Pb,H)� 154.7 Hz, 1H; Ha),
�24.9 ppm (ddm, 2J(F,H)� 94, 1J(Rh,H)� 20 Hz, 1H; Hb); 19F NMR
(C6D6): ���274 ppm (m, br); 31P NMR (C6D6): �� 28.9 (ddm, 1J(Rh,P)�
107.7, 2J(P,P)� 18.4 Hz; Pa), 12.2 ppm (m; Pb).
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Figure 2. Molecular structure of 2 (ORTEP plot) in the crystal. Selected
bond lengths [ä] and angles [�]: Rh1-C19 2.029(4), C19-C20 1.303(7), C19-
F1 1.429(5), C20-F2 1.423(6); Rh1-C19-F1 120.8(3), Rh1-C19-C20 130.5(4),
C20-C19-F1 108.7(4), C19-C20-F2 114.0(4), C19-C20-C21 136.8(6), C21-
C20-F2 109.2(5).

shorter than the corresponding bond in the rhodium(�)
complex trans-[Rh{C(CN)�C(C6H4OMe)2}(CO)(PiPr3)2] (7;
(2.106(4) ä), which bears a nonfluorinated vinyl ligand.[13]

The C�C double bond in 2 (1.303(7) ä) is likewise shorter
than the C�C double bond 7 (1.367(3) ä), but is comparable
to the C�C double bond length in hexafluoropropene
(1.31 ä), which was determined by electron diffraction in
the vapor phase.[13, 14]

Upon addition of hydrogen to a solution of 2 in C6D6 at
300 K a new set of signals emerges in the NMR spectra, which
corresponds to the dihydrido complex 3. Compound 3 could
not be isolated in the solid state, and a solution of 3 is only
stable for about 30 min at room temperature. Under vacuum,
3 loses hydrogen, and the re-formation of 2 is observed. The
1H NMR spectrum of 3 exhibits resonance signals for the
hydrido ligands at ���11.3 (2J(P,Htrans)� 150 Hz) and
�12.0 ppm. This finding confirms the cis-mer configuration
and indicates the presence of an anionic bound carbon ligand
trans to one of the hydrido ligands.[4, 15, 16] The 31P NMR
spectrum is of higher order and shows two multiplets at ��
28.5 and �� 11.8 ppm with a phosphorus ± phosphorus cou-
pling constant 2J(P,P) of about 25 Hz, which is consistent with
the presence of a RhIII compound (Table 1).[15±17]

In the presence of hydrogen, the formation of the com-
pounds 4 ± 6 is observed after a reaction time of 30 min. The
presence of a base (Et3N or Cs2CO3) has almost no influence
on the product distribution. Assignments in the NMR spectra
are partially based on 31P ± 1H and 1H± 1H COSY NMR
spectra. The 19F NMR spectrum of 4 at 213 K displays a broad
doublet at ���277 ppm with a coupling constant of
2J(P,Ftrans)� 188 Hz, which is consistent with a nonbridging
fluoro ligand trans to a phosphane ligand.[18] The 31P NMR
spectrum shows two signals at �� 45.2 and �� 25.1 ppm for
the phosphorus nuclei with the expected coupling pattern
(Table 1).[15, 16, 18a] The 1H and 31P NMR spectroscopic data for
6 resemble those for cis-mer-[RhCl(H)2(PEt3)3].[15] The fluo-
rine bound to the rhodium center displays an additional

coupling 2J(H,Ftrans)� 94 Hz in the 1H NMR spectrum and a
broad signal at ���274 ppm in the 19F NMR spectrum.[18]

The formation of 1,1,1-trifluoropropane (5) was confirmed by
1H and 19F NMR spectroscopy by comparison with an
authentic sample. The yield is 80% according to the 19F
NMR spectrum.

The fluoro complex 4 can also be synthesized by reaction of
1 with Et3N ¥ 3HF, which is a mild source of HF.[2c, 21] Treat-
ment of a solution of 4 with hydrogen affords compound 6,
which under vacuum converts back to 4.

One possible mechanism for the C�F activation of the
perfluorinated olefin is by loss of HF from an alkyl compound,
which was initially formed by insertion.[1c, 5b] Other possibil-
ities include an electron transfer mechanism or a base-
induced, nucleophilic reaction pathway.[19] The formation of 5
might involve �-fluoro- and �-fluoro-elimination reactions
with concomitant formation of HF and subsequent hydro-
genation of the generated propynyl ligand or of trifluoropro-
pyne.[2e, 6, 20] However, a direct cleavage of the Rh�C bond by
hydrogen followed by repeated C�F activation and analogous
Rh�C cleavage steps by hydrogen is also conceivable.[4]

Mechanistic investigations concerning both the activation of
the C�F bond in perfluoropropene and the formation of 5 are
in progress.

In conclusion, we have demonstrated the direct conversion
of a fluorinated alkenyl unit into a nonfluorinated alkyl group
by selective rhodium-mediated C�F activation starting from
hexafluoropropene. There is no indication for a defluorina-
tion of the trifluoromethyl group. To the best of our knowl-
edge, it is the first example for a selective and complete
hydrodefluorination of a perfluorinated olefin, for which only
the fluorine atoms at the double bond have been re-
moved.[6, 22] Moreover, dihydrogen has been used for the
reduction of the perfluorovinyl ligand after the activation of
the olefin with a rhodium hydrido complex. Note that in the
zirconium-mediated conversion of hexafluoropropene into
propane a zirconium hydride is the main hydrogen source.[6]

We believe that the reaction described offers a new and
general method for preparing hydrofluorocarbons, some of
which are of current interest as compounds with less or no
ozone depletion potential.[23]
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The keto/enol tautomerization is generally assumed to
proceed easily. The rapid equilibration of keto and enol
tautomers in solution is due to solvent-mediated proton-
transfer catalysis. In aprotic solvents, the isomerization is
slowed down and simple enols can exhibit significant life-
times.[1] In the gas phase, keto and enol isomers hardly
interconvert at all at ambient internal energies because the
barriers associated with intramolecular 1,3-hydrogen migra-
tion are rather large, generally exceeding 2 eV.[2] Furthermore,
for simple, nonconjugated carbonyl compounds, the keto
forms are thermochemically more stable (Table 1).[3, 4]

Three features are associated with the ionization of
carbonyl compounds to the corresponding cation radicals.[5]
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Table 1. Relative stabilities (in eV)[a] of neutral and ionized keto and enol
tautomers.[b]

Neutral Cation radical

acetaldehyde (CH3CHO) 0.42 � 0.66
acetone (CH3COCH3) 0.43 � 0.60
acetic acid (CH3COOH) 1.20[c] � 0.89
acetamide (CH3CONH2) 1.07 � 0.82[d]

methyl acetate (CH3COOCH3) 1.18[c] � 1.08

[a] �fH�(enol)��fH�(keto). [b] Taken from ref. [6] unless noted other-
wise. [c] Calculated G2 value taken from ref. [4]; also see ref. [3].
[d] Calculated G2 value taken from ref. [10].
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First, keto forms exhibit larger ionization energies (IEs) than
the corresponding enols. This difference can be rationalized in
a simple manner: ionization of the strong, polarized C�O
bond of the keto form is much more difficult than ionization
of the donor-substituted, electron-rich C�C bond in the enol.
As a consequence, the relative stabilities of keto and enol
tautomers tend to reverse for the cation radicals (Table 1).
The second effect is indirectly related to the higher IE of the
keto form in that the adjacent bonds are significantly
weakened upon ionization. In the case of acetone,
for example, the bond dissociation energy of
D298(CH3CO�CH3)� 3.50 eV of the neutral molecule drops
to D298(CH3CO��CH3)� 0.82 eV in the cation radical.[6]

Finally, although cationization often facilitates hydrogen
migrations,[7] the barriers associated with 1,3-H transfers in
ionized keto/enol pairs remain substantial, often similar to
those in the neutral keto/enol isomers.[8, 9] Consequently,
unimolecular isomerization of the ionized keto form to the
more stable enol tautomer may effectively be impossible
because upon increasing the internal energy of the molecular
ion facile �-bond cleavages prevent the system from sur-
mounting the activation barrier of a 1,3-H migration.

Recently, however, some of us reported evidence for the
occurrence of an unimolecular keto/enol tautomerization in
the ionized acetamide 1�. .[10] In these experiments, ion
cyclotron resonance (ICR) mass spectrometry was used to
investigate the bimolecular reactivity of mass-selected 1�. in
the gas phase with several neutral reagents which specifically
probe ion structures (™chemical monitoring∫). These experi-
ments reveal that electron ionization (EI) of neutral acet-
amide leads to an appoximate 1:2 mixture of 1�. and its enol
isomer 2� . . Based on the above considerations, this therefore
would imply that the keto/enol tautomerization 1�.� 2� . is
particularly favored over other carbonyl compounds. Al-
though this view was fully supported by ab initio calculations
at the G2 level of theory, the experiment itself bears some
ambiguities. Specifically, 1) as electron ionization (20 ± 70 eV)
was used, the internal energy of the ions formed is poorly
defined, 2) it is rather difficult to rigorously exclude the
occurrence of tautomerization due to bimolecular reactions
upon or shortly after ionization,[11±13] and 3) the reagents used
as structure-specific chemical monitors may themselves
induce the rearrangement of 1�. to the more stable enol ion
2� . , thereby obscuring the interpretation of the kinetic data
obtained in ICR experiments.

How can we probe experimentally the barrier of the
reaction 1�.�2� . more directly? Clearly, one needs 1) an
ionization method that permits a better control of the internal
energy imparted to the resulting cation radicals, 2) some time
delay allowing the unimolecular isomerization 1�.�2� . to
occur, and 3) a specific indicator for the presence of 2� . even
in an excess of 1�. . The solution was accomplished by
combining photoionization using monochromatized synchro-
tron radiation with chemical monitoring by means of tandem
mass spectrometry. Thus, ionization of neutral acetamide with
photons of adjustable energies allows control of the internal
energy content of the initially formed 1�. , time-delayed mass-
selection provides ample time (ca. 60 �s) for the interconver-
sion 1�.�2� . to take place, and appropriate ion ±molecule

reactions can then be employed to afford enol-specific
product ions which are detected eventually. The last challenge
was most difficult to tackle because 1�. is more energetic than
2� . , such that many neutral molecules specifically react with
1�. , while only a few enol-specific processes were identified.
After extensive screening of several neutral reagents by
means of ICR experiments,[14] methyl vinyl ether (MVE) and
methanol were found as suitable reagents for the photo-
ionization studies, provided appropriate labeling is applied to
distinguish isobaric ions.

Herein we focus on the major products of these reactions
with a particular emphasis on the products of enol-specific
reactions. The ion ±molecule reaction of 1�.withMVEmostly
leads to electron transfer, that is MVE� .�1, whereas the
enol 2� . undergoes proton transfer to form [MVE�H]�

(Scheme 1a).[15] As the mass resolution of the quadrupole

Scheme 1. Differences in the reactions of the keto form 1�. and of the enol
form 2� . of acetamide and of the deuterated compounds 1a� . and 2a� . with
[D3]MVE (a), MVE (b), and methanol (c).

analyzers used in the photoionization experiments excludes
separation of isobaric masses, a deuterated neutral reagent
(CD3OCH�CH2, [D3]MVE) was required to avoid accidental
mass overlap of the decisive enol-specific product [MVE�H]�

with 1�. and 2� . (all m/z 59). With the deuterated precursor
ions, the reactions of the keto 1a� . (electron transfer) and the
enol 2a� . (deuteron transfer) are clearly distinguished for
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unlabeled MVE (Scheme 1b). Finally, with methanol, the
keto 1a� . preferentially abstracts a hydrogen atom from the
neutral reagent to yield protonated acetamide [1a�H]� ,
whereas the enol 2a� . does not react in this manner; rather,
simple H/D exchange takes place to yield the enol-specific
product 2b� . (Scheme 1c).

Based on these findings, the following experiment[16] was
designed to probe the unimolecular keto/enol tautomeriza-
tion 1�.� 2� . . Neutral acetamide is photoionized in the
source by using synchrotron radiation, the molecular ion is
mass-selected with the first quadrupole Q1, interacted with
the neutral reagent in the octopole at a collision energy of
0.25� 0.15 eV, while setting the analyzer Q2 to monitor the
formation of the corresponding enol-specific product. In all
three cases studied (Scheme 1), notable onsets of ™enol
reactivity∫ are observed at photon energies of about
10.5 eV.[18] Specifically, a threshold of 10.42� 0.05 eV evolves
for the formation of the enol-specific product [[D3]MVE�H]�

(m/z 62) in the reaction of 1�. and/or 2� . (m/z 59) with the
deuterated ether (Figure 1a),[19] 10.51� 0.1 eV for the forma-
tion of the enol-specific product ([MVE�D]� , m/z 60) in the

reaction of deuterated ions 1a� . and/or 2a� . (m/z 62) with
unlabeled MVE (Figure 1b), and 10.50� 0.2 eV for the
formation of the enol-specific product (2b� . , m/z 61) in the
reaction of 1a� . and/or 2a� . (m/z 62) with methanol (Fig-
ure 1c). Control experiments further confirm that the enol
2� . , independently generated by the McLafferty rearrange-
ment upon dissociative photoionization of valeramide,[20] does
not show such a threshold behavior; instead, ™enol reactivity∫
is observed as soon as the ions are formed in the source.[21]

An essential feature as well as a unique advantage of the
present experiments is that only the photon energy is varied
while all other parameters are kept constant. Hence, the mere
observation of reactivity thresholds in Figure 1a ± c must be
associated with some distinct photon-energy-dependent phe-
nomenon in the ionization process. In particular, any kind of
bimolecularly catalyzed keto/enol tautomerization cannot
account for this effect. Of course, some barriers might be
involved in the interaction with the neutral reagents in the
octopole; however, if this were the case, one would not expect
essentially identical thresholds for the reactions of two
different neutral molecules. Furthermore, the independently
generated enol 2� . should then exhibit a similar threshold
behavior, which is not observed experimentally (see above).
Finally, the photoelectron spectrum (PES) of acetamide does
not indicate any state-specific effects at the threshold of ™enol
reactivity∫ in that the PES is featureless and smoothly drops
around 10.5 eV. Therefore, we assign the thresholds in Fig-
ure 1 to the onsets of the unimolecular keto/enol tautomer-
izations 1�.�2� . and 1a� .�2a� . . The slightly, but yet
significantly larger threshold of the deuterated ion 1a� . lends
further support to this interpretation because it is fully
consistent with the operation of a primary kinetic isotope
effect in the keto/enol tautomerization of ionized acet-
amide.[10] Accordingly, these particular thresholds can be
regarded as a direct measure of the activation barrier
associated with the unimolecular keto/enol tautomerization
of ionized acetamide.

To position these results within the energetics of acetamide,
the appearance energies (AEs) of the primary photoion
fragments were determined. Perfectly consistent with liter-
ature data,[22] the photoion and photoelectron spectra give
IE(1)� 9.68� 0.03 eV (9.71� 0.03 eV for 1a). Upon increas-
ing the photon energy, the parent ion persists up to about
11 eV, where several dissociative photoionization reactions
become possible. The lowest thresholds are observed for the
formation of the ammonium ion (AE(NH4

�)� 10.76�
0.07 eV) concomitant with loss of a neutral C2HO. radical
and for the generation of the distonic isomer of ionized
methylamine[23] (AE( .CH2NH3

�)� 10.77� 0.05 eV) accom-
panied by the loss of carbon monoxide. At slightly higher
energies, �-C�C bond cleavage to yield CH3

. � CONH2
�

becomes feasible with AE(CONH2
�)� 11.00� 0.04 eV. The

alternative �-cleavage (CH3CO� � NH2
.) requires

AE(CH3CO�)� 11.24� 0.05 eV. Finally, loss of ammonia
concomitant with the formation of ionized ketene has an
AE(CH2CO�

.)� 11.13� 0.07 eV. For a compound as small as
acetamide, it is in fact quite surprising to encounter a situation
in which five competing fragmentation channels appear in an
energy window of less than 0.5 eV (Scheme 2). Accordingly,

Figure 1. Photoionization experiments of acetamide with delayed chem-
ical monitoring of the enolization in the cation radical (see Scheme 1 for
the monitored reactions). Ion intensity (IIon) as a function of photon energy
(Eh�) for a) the enol-specific product ion atm/z 62 formed in the reaction of
mass-selected 1�./2� . (m/z 59) with CD3OCH�CH2 ([D3]MVE), b) the
enol-specific product ion atm/z 60 formed in the reaction of mass-selected
1a� ./2a� . (m/z 62) with CH3OCH�CH2 (MVE), and c) the enol-specific
product ion at m/z 61 formed in the reaction of mass-selected 1a� ./2a� .

(m/z 62) with methanol. The thresholds given as arrows are averages of
several independent experiments. Note that these experiments do not
employ coincidence techniques.
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Scheme 2. Five competing fragmentation channels of acetamide.

the various channels are expected to compete strongly with
each other, and more detailed investigations are required for a
quantitative description of the fragmentation behavior of
ionized acetamide.

In the present context, however, it is sufficient to note that
the enol-specific reactions occur below the thresholds of all
dissociation channels of 1�. . The fragment ions are therefore
unlikely to interfere with the chemical monitoring technique
applied here. Combined with the IEs of the neutral molecules,
the thresholds of the enol reactivities therefore imply
effective barrier heights of 0.74� 0.06 eV for 1�. and 0.80�
0.10 eV for 1a� . . While the G2 calculations imply a somewhat
larger barrier (1.16 eV),[10] the experimental data are prelimi-
nary in that the thermal energies of the reactants have been
included so far.

From a more general perspective, the present results
demonstrate that the combination of photoionization experi-
ments with chemical monitoring provides a new, powerful
method for the direct experimental determination of barrier
heights in unimolecular isomerizations of gaseous ions. In
marked contrast to femtosecond dynamics,[24] this technique
deliberately includes a time delay in the microsecond regime
to allow isomerization to occur. Furthermore, the method is a
priori applicable to all ionic species which can be formed in
sufficient yields, and it could also be applied to fragment ions
formed upon dissociative photoionization. Admittedly, how-
ever, the signal-to-noise ratios in Figure 1 are not yet ideal,
and we are aiming towards improvement. Furthermore,
ongoing coincidence studies and parallel dynamical modeling
should reveal the detailed energetics of the various fragmen-
tation channels with explicit reference to competition, there-
by hopefully providing a solid benchmark for an ™entire∫
potential-energy surface to be used for the assessment of
contemporary ab initio methods with the claim of ™chemical
accuracy∫.[25]
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Titanium-Promoted Stereoselective Synthesis
of Hydroindolones from p-Quinamines by
Domino Conjugate Additions**
M. Carmen Carrenƒo,* MarÌa Ribagorda, and
Gary H. Posner

Stereocontrolled additions to conjugated double bonds
included in domino processes[1] offer the opportunity to
prepare structurally complex molecules from simple materi-
als. In spite of the high synthetic potential of 4,4-disubstituted
cyclohexadienones, these multifunctional materials have
hardly been exploited in asymmetric synthesis.[2] Their use
in domino Michael type additions for the synthesis of
polycyclic compounds[3] is limited to a report from our
laboratory: heterocyclic cage compounds were synthesized
stereoselectively from [(S)R]-[(p-tolylsulfinyl)methyl]-p-quin-
ols or the analogous p-quinamines[4] upon reaction with
2-trimethylsilyloxyfuran, which initially acts as a nucleophile.
The ambident nature of p-quinamines suggested that a
domino sequence could be initiated by taking advantage of
the nucleophilic amino group. We report herein the reaction
of p-quinamines 1 and 2[4] with �,�-unsaturated ketones 3 ± 6
to give rise to hydroindole or azatricyclic frameworks in a
sequence of two or four stereoselective conjugate additions
(Tables 1 and 2). The overall process opens an easy and
convergent access to hydroindole systems, which are com-
monly found in alkaloids.[5]

Enantiopure [(S)R]-4-[(p-tolylsulfinyl)methyl]-p-quin-
amines 1 and 2 were synthesized from p-benzoquinoneimine
monoacetals,[6] which are easily accessible by anodic oxidation
of N-Boc-p-methoxyanilines, by addition of the �-lithiocar-
banion derived from [(S)R]-methyl-p-tolylsulfoxide and hy-
drolysis of the acetal and N-Boc protecting groups.[4] The
LiCl-assisted reaction of 1 with methyl vinyl ketone (3)
afforded a mixture of hexahydroindole-5-ones 7a, 7b, octa-
hydropyrroloindolone 8, and recovered 1 (Table 1, entry 1).
The formation of compounds 7 is assumed to proceed through
a conjugate addition of the NH2 group of 1 to 3, followed by a
second intramolecular 1,4 addition of the resulting enol to the
cyclohexadienone from the face that contains the nitrogen
substituent. This cyclization step leads to the formation of
equal amounts of the two diastereomers 7a and 7b, since the
prochiral electrophilic carbon atoms of 1 are not differ-
entiated under these conditions. The diastereoselective for-
mation of the C3a stereogenic center in each case was not
unexpected, since the efficiency of the vicinal amino group in

directing the face selectivity of conjugate additions in p-
quinamines[4] had been previously pointed out. With an excess
of enone 3 (Table 1, entry 2), the reaction proceeds via 7a and
7b, with a subsequent nucleophilic attack of the nitrogen atom
on a second equivalent of 3, and followed finally by a new
intramolecular and stereoselective conjugate addition to the
remaining cyclohexenone moiety to afford compound 8
exclusively.

LiCl-promoted reaction of p-quinamine 1 with cycloalke-
nones 4 and 5 allowed the isolation of compounds 9a and 9b
(Table 1, entry 3) and 10a and 10b (Table 1, entry 4), respec-
tively. Four new stereogenic centers resulted from this domino
process, with only two diastereomers being formed in each
case. Although the reaction was very stereoselective, full
stereocontrol and complete conversion of starting material
remained a challenge. An efficient desymmetrization of the
prochiral cyclohexadienone fragment had been observed in
organoaluminum additions to sulfinyl-substituted p-quinols.[7]

With this in mind, various Lewis acids (AlMe3, AlMe2Cl,
BF3 ¥OEt2, TiCl4, [Ti(OiPr)4], [TiCl(OiPr)3], [TiCl2(OiPr)2])
were screened with p-quinamine 1 and cyclopentenone (4) as
substrates.

We were delighted to observe the complete transformation
of the starting materials into diastereomer 9a (Table 2,
entry 1) in the presence of [TiCl2(OiPr)2].[8] Subsequent
studies revealed that 1 reacted in a similar way with other
enones. Thus, the octahydrocarbazole 10a[9] was the major
product obtained from cyclohexenone 5 (Table 2, entry 2),
and hexahydroindolone 11a resulted from ethyl vinyl ketone
(6) (Table 2, entry 3) together with azatricyclic derivative 12
(75:25, Table 1). The use of 6 (2 equiv) led to diastereomeri-
cally pure compound 12, which was assumed to proceed from
11a (Table 2, entry 4). 3-Methyl-substituted p-quinamine
[4S,(S)R]-2a behaved similarly in the presence of [Ti-
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Table 1. Reactions of 1 with enones in the presence of LiCl.[a]

Entry Enone Equiv R1 R2 Products Ratio[b] [%][c]

1 3 1.1 Me H 7a :7b :8 30(23):30(23):10[d]

2 3 2 Me H 8 100(52)
3 4 1.2 �CH2CH2� 9a :9b 50(40):50(22)
4 5 1.2 �CH2CH2CH2� 10a :10b 50(27):50(16)

[a] Reagents and conditions: enone, LiCl, EtOH, 30 min, then 1, 10 h,
reflux. [b] Determined by 1H NMR spectroscopic analysis of the crude
product. [c] Yield after flash column chromatography. [d] 30% of 1 was
recovered.
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Cl2(OiPr)2]. Upon reaction with ethyl vinyl ketone (6), pure
diastereomer 13a was formed (Table 2, entry 5), and cyclo-
alkenones 4 and 5 yielded tricyclic derivatives 14a and 15a
(Table 2, entries 6 and 7), respectively.

Interestingly, p-quinamine [4R,(S)R]-2b evolved under
these conditions into a 70:20:10 mixture of 16a, 16b, and
epi-16b (Scheme 1) upon reaction with methyl vinyl ketone

Scheme 1. Reaction of 2b with acyclic enones 3 and 6 in the presence of
[TiCl2(OiPr)2].

(3), from which 16a could be isolated pure in 68% yield.
Compound 16amust result from two conjugate additions; the
second occurs from the less electrophilic methyl-substituted
position of the cyclohexadienone moiety. Similar results were
obtained in the reaction of 2b with 6 (Scheme 1).

The remarkable level of diastereotopic bond selection
observed in the cyclohexadienone moiety of 1 with [Ti-
Cl2(OiPr)2] suggested a chelation-controlled intramolecular
conjugate addition from a species such as 18 (Scheme 2). The
chelate formed between the nitrogen atom of 1 and the
sulfinyl oxygen atom shows a rigid bipyramidal structure,[10]

with the apical Cl and the pseudoequatorial OiPr groups

Scheme 2. Favored transition state for the reaction of p-quinamine 1 with
cyclopentenone.

pointing to the spirane moiety. These substituents hinder any
nucleophile from approaching the pro-R double bond, there-
by directing the internal nucleophile to approach from the less
hindered face of the pro-S electrophilic carbon atom
(Scheme 2, transition state A).

The trans arrangement of the substituents C3/C3a of 9a is in
agreement with the most stable trans relationship[11] of
approaching donor and acceptor in A. Reaction with cyclo-
alkenones had an additional difficulty as a result of having Re
and Si faces. Approach at the Si face (see B) shows a
destabilizing 1,3-syn diaxial interaction, which would make
such an attack difficult.[12]

In summary, we have disclosed Ti-promoted stereoselective
domino conjugate additions of [(S)R]-p-[(p-tolylsulfinyl)me-
thyl]quinamines to �,�-unsaturated ketones. Up to four new
stereogenic centers are generated in a single reaction vessel
when cycloalkenones are used in the reaction and up to five
when two equivalents of acyclic enones used. The method
allows quaternary centers to be created efficiently with a
single configuration through consistent asymmetric induction.

Received: February 15, 2002 [Z18717]
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Table 2. Reactions of 1 and 2a with �,�-unsaturated ketones in the
presence of [TiCl2(OiPr)2].

Entry 1 ± 2 Enone Equiv R1 R2 R3 Compound Yield [%][a]

1 1 4 1.2 �CH2CH2� H 9a 60
2 1 5 1.2 �CH2CH2CH2 H 10a[b] 60
3 1 6 1.1 Et H H 11a[c] 51
4 1 6 2 Et H H 12[d] 72
5 2a 6 1.1 Et H Me 13a 54
6 2a 4 1.2 �CH2CH2� Me 14a 50
7 2a 5 1.2 CH2CH2CH2 Me 15a 54

[a] Yield after flash column chromatography. [b] Compound 10b (10%)
was detected in the crude reaction mixture. [c] Compound 12 (see Table 1,
25%) was detected in the crude mixture.
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Enantioselective Total Synthesis of
Angucyclinone-Type Antibiotics
Rubiginones A2 and C2**
M. Carmen Carrenƒo,* MarÌa Ribagorda,
A¬ lvaro Somoza, and Antonio Urbano*

The wide range of biological properties associated with the
angucycline antibiotics has stimulated great interest in these
compounds.[1] Among the angucyclinone subclass, rubigin-
ones A and C are unique owing to the hydroxy function at C4
(Scheme 1). Moreover, rubiginones C1 and C2 represent the
only natural angucyclinones that have an ester substituent at
the same carbon center. Rubiginones A and C were isolated
from the fermentation broth of Streptomyces griseorubigino-
sus and exhibited potentiation of vincristine-induced cytotox-
icity against multidrug-resistant tumor cells.[2] Rubiginone A2,
also named fujianmycin B[3] or SNA-8073-B,[4] is claimed to be
useful in the treatment of AIDS and Alzheimer×s disease.[5]

The absolute stereochemistry of all rubiginones has been
determined by the O-methylmandelate method.[6]

The angularly fused tetracyclic skeleton of angucyclinones
has been synthesized regioselectively by several methods,
which are summarized in an excellent recent review article.[7]

O
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MeO
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MeO
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rubiginone C1: R = COiPr
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Scheme 1. Retrosynthetic analysis of rubiginones A and C.

The most general strategy employed is based on the Diels ±
Alder reaction between a substituted naphthoquinone and a
vinyl cyclohexene. Although several efficient total syntheses
of angucyclinones have focused on racemic forms,[8] only a few
asymmetric syntheses have been described so far.[9] Recently,
we reported an asymmetric approach to angucyclinones based
on the reaction of an enantiopure sulfinyl-substituted 1,4-
naphthoquinone and a chiral racemic vinyl cyclohexene.[10]

The sulfoxide group on the quinone framework promoted a
double induction in the Diels ±Alder reactions which led to
the efficient kinetic resolution of the diene partner. This
method has been applied to the enantioselective preparation
of differently substituted natural angucyclinone derivatives.[11]

Despite the numerous synthetic efforts towards this family of
compounds, to the best of our knowledge no total synthesis of
C4-oxygenated derivatives have been reported to date.

We describe herein the first enantioselective total synthesis
of rubiginones A2 and C2 based on the Diels ±Alder reaction
of 5-methoxy-2-(p-tolylsulfinyl)-1,4-naphthoquinone (1) and
enantiopure vinyl cyclohexene 2, which bears all the stereo-
genic centers present in the natural products (Scheme 1). The
quinone is used in the racemic form because the role of the
sulfoxide in this approach is limited to controlling the
regioselectivity of the Diels ±Alder reaction and facilitating
the recovery of the quinone structure after the cycloaddition
by pyrolytic elimination. The enantiopure diene 2 was
synthesized from [(S)S]-[(p-tolylsulfinyl)methyl]-p-quinol
(3) by means of a stereocontrolled conjugate addition of
AlMe3 as the key step (Scheme 2).

Thus, highly chemo- and diastereoselective conjugate
addition of AlMe3 to [(S)S]-3[12] afforded derivative 4, which
has the R configuration at the new C5 stereogenic center.[13]

Compound 4 was further transformed into the sulfone 5 with
MCPBA. Reduction of the carbonyl group of 5 with DIBAL-H
provided 6. The stereoselective reduction of 5 must be a
consequence of its rigid structure and the small size of
DIBAL-H, whose axial attack at the cyclohexenone ring was
expected. The S absolute configuration at C4 of 6 was
confirmed through the formation of the corresponding
Mosher×s esters.[14] After protection of 6 as the TBDMS
derivative 7, and elimination of methyl p-tolylsulfone by a
Cs2CO3-promoted retrocondensation, ketone 8 was obtained
in 87% yield. The treatment of 8 with Br2 and Et3N yielded
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Scheme 2. Enantioselective total synthesis of rubiginones A2 and C2:
a) AlMe3, CH2Cl2, �78 �C, 4 h, 65%; b) MCPBA, CH2Cl2, 0 �C, 30 min,
96%; c) DIBAL-H, THF, �78 �C, 30 min, 99%; d) TBDMSOTf, 2,6-
lutidine, CH2Cl2, 0 �C, 2 h; e) Cs2CO3, CH3CN, room temperature, 17 h,
87% over two steps; f) Br2, CCl4, 0 �C, then Et3N, room temperature, 32 h,
80%; g) LiAlH4, THF, �100 �C, 30 min; h) iPrCOCl, DMAP, CH2Cl2, 1 h,
79% over two steps; i) [Pd(PPh3)4], [CH2�CHSnBu3], toluene, 90 �C, 24 h,
78%; j) (�)-1 (2 equiv), CH2Cl2, reflux, 24 h, 52%; k) h�, air, room
temperature, 16 h, 35%; l) K2CO3, THF/MeOH, room temperature,
90 min, 91%. MCPBA�meta-chloroperbenzoic acid; DIBAL-H�diiso-
butylaluminum hydride; TBDMSOTf� tert-butyldimethylsilyl trifluoro-
methanesulfonate; DMAP� 4-dimethylaminopyridine.

the �-bromoenone 9, whose stereoselective reduction with
LiAlH4 at �100 �C afforded (1S)-10 and its 1R epimer (93:7).
The S absolute configuration at C1 of the major epimer was
again confirmed after transformation of 10 into the Mosher×s
esters.[14] Finally, protection of 10 as the isobutyrate derivative
11 and Stille coupling with tributylvinylstannane gave rise to
vinyl cyclohexene 2 with the appropriate absolute configu-
ration present at the three stereogenic centers in the natural
products.

With enantiopure diene 2 in hand, we undertook the
regioselective construction of the tetracyclic skeleton of the
rubiginones (Scheme 2) through the Diels ±Alder reaction
with racemic 5-methoxy-2-(p-tolylsulfinyl)-1,4-naphthoqui-
none (1).[15] After heating the mixture of 1 and 2 in CH2Cl2
at reflux for 24 h, we obtained the unstable tetracyclic
quinone (�)-12 as the sole diastereoisomer. Compound 12
results from the spontaneous elimination of the sulfoxide in
the initially formed cycloadduct. The stereoselective forma-
tion of C12b was expected according to the preferred
approach of the dienophile from the face of the diene anti
to the bulky allylic OTBDMS substituent.[16]

Several attempts to aromatize the B ring of (�)-12 with
DDQ (2,3-dichloro-5,6-dicyano1,4-benzoquinone), DBU

(1,8-diazabicyclo[5.4.0]undec-7-ene), or K2CO3 were unsuc-
cessful and gave rise to complex reaction mixtures. Serendip-
itously, we found that the exposure of (�)-12 to daylight under
solvent-free conditions,[17] afforded 13 in 35% yield ([�]20D �
�57 (c� 0.5 in CHCl3)) which gave physical and spectro-
scopic data identical to those of natural (�)-rubiginone C2

{[�]20D ��61 (c� 0.5 in CHCl3)}.[2] This unprecedented one-
pot transformation involves three consecutive reactions of
(�)-12 in a very efficient way: aromatization of the B ring,
deprotection of the silyl group, and oxidation of the resulting
carbinol to give the corresponding benzylic ketone group.
Finally, hydrolysis of the isobutyric ester at C4 of (�)-13 with
K2CO3/MeOH/THF afforded 14 in 91% yield ([�]20D ��78
(c� 0.2 in CHCl3)), which was identical to natural (�)-
rubiginone A2.[18]

In summary, we have reported the first total enantioselec-
tive synthesis of the C4-oxygenated angucyclinones rubigin-
ones A2 and C2 based on the asymmetric Diels ±Alder
reaction of the enantiopure vinyl cyclohexene (�)-2 and the
racemic methoxy-substituted sulfinylnaphthoquinone 1. The
successful route involved the chemo- and stereoselective
addition of AlMe3 to [(S)S]-[(p-tolylsulfinyl)methyl]-p-quinol
(3) and the elimination of the chiral sulfoxide as methyl p-
tolylsulfone as the key steps for the synthesis of enantiopure
(1S,4S,6R)-2, which was obtained over 9 steps in 26% overall
yield. The total synthesis of natural angucyclinones (�)-13
and (�)-14 was completed after a cycloaddition/sulfoxide
elimination process, through a practical light-induced se-
quence that involved partial aromatization, OTBDMS de-
protection, and oxidation of derivative (�)-12 over 11 steps
from p-quinol 3 with �95% ee in 4.8 and 4.4% overall yield
for rubiginones C2 and A2, respectively.

Received: March 21, 2002 [Z18944]

[1] a) R. H. Thomson, Naturally Occurring Quinones IV, 4th ed., Blackie
Academic & Professional, London, 1996, pp. 519 ± 544; b) J. Rohr, R.
Thiericke, Nat. Prod. Rep. 1992, 9, 103 ± 137.

[2] M. Oka, H. Kamei, Y. Hamagishi, K. Tomita, T. Miyaki, M. Konishi, T.
Oki, J. Antibiot. 1990, 43, 967 ± 976.

[3] R. W. Rickards, J. P. Wu, J. Antibiot. 1985, 38, 513 ± 515.
[4] K. Kimura, F. Kanou, H. Koshino, M. Uramoto, M. Yoshihama, J.

Antibiot. 1997, 43, 967 ± 976.
[5] K. Kimura, F. Kano, K. Kurosawa, M. Yoshihama, JP 06234693 1994

[Chem. Abstr. 1995, 122, 8155].
[6] M. Oka, M. Konishi, T. Oki, Tetrahedron Lett. 1990, 31, 7473 ± 7474.
[7] K. Krohn, J. Rohr, Top. Curr. Chem. 1997, 188, 127 ± 195.
[8] a) D. MaI, H. N. Roy, J. Chem. Soc. Perkin Trans. 1 1999, 3167 ± 3171;

b) M. L. Patil, H. B. Borate, D. E. Ponde, B. M. Bhawal, V. H.
Deshpande, Tetrahedron Lett. 1999, 40, 4437 ± 4438; c) K. Krohn, J.
Micheel, M. Zukowski, Tetrahedron 2000, 56, 4753 ± 4758; d) K. A.
Parker, Q.-J. Ding, Tetrahedron 2000, 56, 10249 ± 10254; e) T. Rozek,
J. H. Bowie, S. M. Pyke, B. W. Skelton, A. H. White, J. Chem. Soc.
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Carbon ±Carbon Double-Bond Formation
from the Reaction of Organozinc Reagents with
Aldehydes Catalyzed by a Nickel(��) Complex**
Jin-Xian Wang,* Ying Fu, and Yulai Hu

Reactions that form carbon ± carbon bonds are of the
utmost importance in modern organic synthesis, and the
development of new methods to form such bonds is still a
formidable challenge for organic chemists. It is well known
that reactions forming C�C bonds have been extensively used
in the synthesis of various polyfunctional unsaturated com-
pounds and natural products, while some applications in
combinatorial chemistry have also been described. Many
methods have been developed for C�C bond formation such
as Wittig reactions,[1] reductive coupling of carbonyl com-
pounds,[2] self-coupling of �-lithiated benzylic sulfones,[3] and
condensation of aldehyde tosylhydrazones with stabilized
carbanions.[4] More recently, new procedures for the synthesis

of stilbenes have been reported, in which aldehyde tosylhy-
drazones were treated with benzotriazole-stabilized carban-
ions,[5] trimethyl borate/lithium tert-butoxide, trialkylboranes,
and alkylboron chlorides.[6]

Organozinc complexes are powerful reagents for the
formation of carbon ± carbon bonds.[7] Recently, transition-
metal-catalyzed coupling reactions of halides with organozinc
complexes have been reported.[8] In addition, we have
reported that the nitro group of 1-aryl-2-nitroethenes can be
substituted by organozinc halides, using [Ni(acac)2] (acac�
acetylacetonato) as a catalyst in the presence of a tertiary
amine, to give 1-aryl-1-alkenes in excellent yields.[9]

The reaction of alkylzinc reagents and carbonyl compounds
represents one of the most reliable methods to prepare
optically active secondary alcohols.[10, 11] . Herein we show that
E-stilbenes can be formed by the reaction of organozinc
halides with aryl aldehydes in the presence of a silylating
agent and using [NiCl2(PPh3)2] as the catalyst. To our knowl-
edge, the formation of C�C bonds by the reaction of
aldehydes and organozinc reagents, using this catalyst in the
presence of chlorotrimethylsilane, is yet to be reported.
Herein, we report that a number ofE-alkenes can be obtained
by this route. To investigate the scope and limitations of this
new reaction for the synthesis of E-alkenes, various aldehydes
and organozinc reagents, including some functionalized
species, have been utilized as substrates (Scheme 1). The
results are summarized in Table 1.

Scheme 1.

We observed that certain organozinc reagents worked best
at particular reaction conditions. For the benzylic zinc halides,
reactions at room temperature gave the corresponding E-
stilbenes in good-to-excellent yields after 8 h (78 ± 92%,
entries 1 ± 8). However, when alkylzinc iodides were used,
yields of E-alkenes were optimized by carrying out reactions
at �18 �C, and then warming to room temperature (54 ± 89%,
entries 10 ± 15, 18 ± 21). Both electron-withdrawing and elec-
tron-donating substituents on the phenyl ring, such as methyl,
chloro, bromo, benzyloxy, hydroxy, and methoxy, are toler-
ated in these reactions and generally have little effect on
product yield, except for 2,4-dinitrobenzaldehyde which gave
no olefination product (entries 2 ± 11 and 17). Where organo-

2000, 53, 15 ± 24; f) T. Matsumoto, H. Yamaguchi, M. Tanabe, Y.
Yasui, K. Suzuki, Tetrahedron Lett. 2000, 41, 8393 ± 8396; g) G. B.
Caygill, D. S. Larsen, S. Brooker, J. Org. Chem. 2001, 66, 7427 ± 7431.

[10] M. C. Carrenƒo, A. Urbano, J. Fischer, Angew. Chem. 1997, 109, 1695 ±
1697; Angew. Chem. Int. Ed. Engl. 1997, 36, 1621 ± 1623.

[11] a) M. C. Carrenƒo, A. Urbano, C. Di Vitta, Chem. Commun. 1999,
817 ± 818; b) M. C. Carrenƒo, A. Urbano, C. Di Vitta, Chem. Eur. J.
2000, 6, 906 ± 913.

[12] Compound [(S)S]-3 was synthesized according to the procedure
reported for the (S)R enantiomer, by reaction of 4,4-dimethoxy-2,5-
cyclohexadienone with the lithium anion derived from [(S)S]-methyl-
p-tolylsulfoxide followed by acetal hydrolysis with aqueous oxalic
acid: M. C. Carrenƒo, M. Pe¬rez Gonza¬lez, K. N. Houk, J. Org. Chem.
1997, 62, 9128 ± 9137.

[13] M. C. Carrenƒo, M. Pe¬rez Gonza¬lez, M. Ribagorda, K. N. Houk, J. Org.
Chem. 1998, 63, 3687 ± 3693.

[14] J. A. Dale, H. S. Mosher, J. Am. Chem. Soc. 1973, 95, 512 ± 519.
[15] M. C. Carrenƒo, J. L. GarcÌa Ruano, A. Urbano, Synthesis 1992, 651 ±

653.
[16] M. C. Carrenƒo, A. Urbano, C. Di Vitta, J. Org. Chem. 1998, 63, 8320 ±

8330.
[17] K. Krohn, F. Ballwanz, W. Baltus, Liebigs Ann. Chem. 1993, 911 ± 913.
[18] Different values of the optical rotation of the natural product are

reported in the literature: (�)-rubiginone A2: [�]20D ��92 (c� 0.5 in
CHCl3),[2] (�)-fujianmycin B: [�]20D ��50 (c� 0.176 in CHCl3),[3] and
(�)-SNA-8073-B: [�]20D ��47 (c� 0.141 in CHCl3).[4] The enantio-
meric excess of our synthetic (�)-14 was shown to be �95% after
transformation into the corresponding Mosher esters.[14]
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zinc halides were functionalized by chloro, bromo, and ester
moieties, the corresponding E-alkenes also contained these
groups (entries 11, 13, and 14). Interestingly, the unsaturated
double bond of phenylacrylic aldehyde could also be intro-
duced into the products in moderate-to-good yields (en-
tries 16 ± 21). We also found that these reactions tolerated
different molecular structures of RZnX; for example, under

the same conditions, the use of sterically hindered complexes
with branched functionalities gave the desired products in
moderate yields (entries 12 and 20).

One advantage of this reaction, which makes it a partic-
ularly attractive synthetic procedure, is its regiospecificity.
The double bond is formed between the carbonyl carbon atom
of the aldehyde and the carbon atom of the organozinc

Table 1. Nickel(��)-catalyzed alkenylation of functionalized organozinc reagents with aldehydes.[a]

Entry Ar FG-R or Aryl X Temp. [�C] Time [h] Product[b] Yield[c] [%]

1 Ph Ph Cl RT 8 88

2 2-MeOPh Ph Cl RT 8 79

3 4-HOPh Ph Cl RT 8 78

4 4-ClPh Ph Br RT 8 87

5 Ph 3-ClPh Br RT 8 81

6 Ph 3-BrPh Br RT 8 63

7 Ph 4-BrPh Br RT 8 85

8 4-MeOPh Ph Cl RT 8 92

9 2,4-(O2N)2 Ph Ph Br RT 8 no reaction 0

10 4-MeOPh n-C7H15- I � 18 ±RT 12 68

11 4-MeOPh Cl(CH2)3- I � 18 ±RT 12 63

12 Ph I � 18 ±RT 12 61

13 Ph EtO2CCH2- I � 18 ±RT 12 66

14 Ph Br(CH2)3- I � 18 ±RT 12 65

15 Ph n-C4H9- I � 18 ±RT 12 68

16 PhCH�CH2- Ph Cl RT 8 89

17 PhCH�CH2- 3-ClPh Br RT 8 74

18 PhCH�CH2- n-C6H13- I � 18 ±RT 12 62

19 PhCH�CH2- n-C7H15- I � 18 ±RT 12 60

20 PhCH�CH2- I � 18 ±RT 12 54

21 PhCH�CH2- n-C5H11- I � 18 ±RT 12 65

[a] All reactions were conducted on the following scale: 10 mmol aldehydes, 11 mmol organozinc reagents, 0.3 mmol catalyst [NiCl2(PPh3)2] in THF (20 mL).
[b] All products were characterized by IR and 1H NMR spectroscopy, as well as mass spectrometry. [c] Yields of isolated products.
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reagent. The reaction is also stereoselective; in all cases only
the E-alkenes were isolated after chromatography.

In the well-studied Wittig reaction, stilbenes are usually
formed in moderate-to-high yield as a mixture of E and
Z isomers, together with triphenylphosphine oxide as a by-
product.[1a] Although the E :Z ratio can be changed by varying
some of the reaction conditions,[12, 13] recent studies indicate
that the E :Z ratio is unchanged by varying the concentration,
mode of addition, or molar ratio of the aldehyde and ylide.[14]

Slight variations were seen by changing the substituents in the
aldehyde and aryl alkylidenetriphenylphosphorane precur-
sors. The use of an aldehyde as its enamine derivative can limit
possible side reactions to give E-stilbenes in high yields.[1a]

Our experimental results showed that this reaction is highly
stereoselective and only gives E-alkenes selectively.

Based on our experimental results and other related
studies,[15] , [16] we propose the general reaction mechanism
shown in Scheme 2. The first step of this mechanism is the
reaction of [NiCl2(PPh3)2] (1) with the functionalized organo-
zinc reagent 2, to form [FG-ArCH2NiCl(PPh3)2] (3). The
second step is 1,2-addition of 3 to an aromatic aldehyde 4,
which is activated by chlorotrimethylsilane,[17] to give nickel
complex 6. The loss of 1 from 6, in the presence of
chlorotrimethylsilane, yields secondary silyl ethers 7, which
have been isolated.[18] Compounds 7 can also be detected in
the reaction by GC-MS. Loss of Me3SiOH from 7 gives the
final E-alkenes product 8.

In conclusion, we have developed a new and convenient
method for the efficient and highly stereoselective synthesis
of E-alkenes from the corresponding aldehydes and function-
alized organozinc reagents in the presence of a silylating agent
and a catalytic quantity of [NiCl2(PPh3)2]. The main advan-
tages of this new method are high stereoselectivity, tolerance
to unsaturated and polyfunctional groups, simple operation

procedure, and excellent product yields, all under relatively
mild reaction conditions.

Experimental Section

Typical procedure: Method A: Benzylzinc halides (11 mmol) were pre-
pared following Knochel×s procedure.[19] [NiCl2(PPh3)2] (0.2 g, 0.3 mmol) in
THF (2 mL) was added to a solution of benzylzinc halides in THF at 0 �C.
After stirring the mixture for 2 min, the temperature was allowed to reach
room temperature. A solution of benzaldehyde (1.06 g, 10 mmol) and
Me3SiCl (2.18 g, 20 mmol) in THF (10 mL) was then added dropwise. The
reaction mixture was stirred at room temperature for 8 h. E-stilbenes were
obtained by column chromatography on silica gel using petroleum/ethyl
acetate as an eluent. All products were characterized by IR, 1H NMR, and
mass spectroscopy.

1b: 1H NMR (400 MHz, CDCl3): �� 7.62 ± 7.50 (m, 4H; Ar-H), 7.39 ± 7.19
(m, 4H; Ar-H), 7.10 (d, 3J(H,H)� 16.6 Hz, 1H;�CH), 6.94 (dd, 3J(H,H)�
18.6 Hz, 3J(H,H)� 7.0 Hz, 2H;�CH, Ar-H), 3.88 ppm (s, 3H; OCH3); IR
(KBr): �� � 3017, 2969, 2841, 1600, 1591, 1569, 1483, 1466, 1241, 1030, 965,
753, 691 cm�1; MS (70 eV): m/z (%): 210 (100) [M�], 195 (4) [M��CH3],
179 (13) [M��OCH3], 165 (40) [M��OCH3�CH2], 152 (12) [M��
OCH3�C2H3], 139 (4) [M��OCH3�C3H4], 128 (2) [M��OCH3�
C4H3], 115 (3) [M��OCH3�C5H4], 104 (17) [M��OCH3�C6H4], 91
(24) [C6H5CH��1], 77 (3) [C6H5

�].

2a: 1H NMR (400 MHz, CDCl3): �� 7.32 (dt, 3J(H,H)� 8.2 Hz, 4J(H,H)�
2.0 Hz, 2H; Ar-H), 6.80 (dt, 3J(H,H)� 8.8 Hz, 4J(H,H)� 1.8 Hz, 2H; Ar-
H), 6.28 (d, 3J(H,H)� 15.8 Hz, 1H; H-1), 6.02 (dt, 3J(H,H)� 15.8 Hz,
4J(H,H)� 7.2 Hz, 1H; H-2), 3.77 (s, 3H, OCH3), 2.17 (q, 2H, 3J(H,H)�
6.6 Hz), 1.41 ± 1.08 (m, 10H, CH2), 0.88 ppm (t, 3J(H,H)� 6.4 Hz, 3H;
CH3); IR (neat): �� � 2927, 2855, 1610, 1511, 1465, 1370, 1301, 1241, 1098,
964, 831, 725 cm�1; MS (70 eV): m/z (%): 232 (M�, 17.5), 147(100), 134
(22.5), 121, (46.8), 91 (24), 77 (7.0).

2b: 1H NMR (400 MHz, CDCl3): �� 7.27 (dt, 3J(H,H)� 8.8 Hz, 4J(H,H)�
2.2 Hz, 2H; Ar-H), 6.84 (m, 2H; Ar-H), 6.37 (d, 3J(H,H)� 16.0 Hz, 1H;
H-1), 6.01 (dt, 3J(H,H)� 15.8 Hz, 4J(H,H)� 7.0 Hz, 1H; H-2), 3.77 (s, 3H,
OCH3), 3.55 (t, 3J(H,H)� 6.6 Hz, 2H; CH2), 2.35 (q, 3J(H,H)� 6.8 Hz, 2H;
CH2), 1.95 ± 1.74 ppm (m, 2H, CH2); IR (neat): �� � 2996, 2934, 2861, 1610,
1512, 1461, 1240. 1170, 1037, 960, 800, 725, 685, 651 cm�1; MS (70 eV): m/z
(%): 214 (1) [M��4], 213 (3) [M��3], 212 (3) [M��2], 211 (9) [M��1], 210

(21) [M�], 175 (2), 161 (2), 147 (100), 121
(51), 91 (35), 77 (14).

3b: 1H NMR (400 MHz, CDCl3): ��
7.46 (t, 3J(H,H)� 7.6 Hz, 3H; Ar-H),
7.36 (t, 3J(H,H)� 7.6 Hz, 2H; Ar-H),
7.32 ± 7.20 (m, 4H; Ar-H), 6.98 (ddd,
3J(H,H)� 19.8 Hz, 4J(H,H)� 10.6 Hz,
4J(H,H)� 4.1 Hz; 1H), 6.94 (ddd,
3J(H,H)� 19.8 Hz, 4J(H,H)� 10.6 Hz,
4J(H,H)� 4.1 Hz, 1H; CH�), 6.72 (ddd,
3J(H,H)� 20.5 Hz, 4J(H,H)� 11.4 Hz,
4J(H,H)� 5.3 Hz, 1H; CH�), 6.61 ppm
(ddd, 3J(H,H)� 21.2 Hz, 4J(H,H)�
11.5 Hz, 4J(H,H)� 4.6 Hz, 1H; CH�);
MS (70 eV): m/z (%): 243 (3.4) [M��3],
242 (19.8) [M��2], 241 (13.1) [M��1],
240 (62.1) [M�], 205 (100) [M�Cl].
4c: 1H NMR (400 MHz, CDCl3): ��
7.45 ± 7.19 (m, 5H; Ar-H), 6.82 (dd,
3J(H,H)� 16.8 Hz, 4J(H,H)� 10.2 Hz,
1H; H-1), 6.53 (t, 3J(H,H)� 16.8 Hz,
1H; H-2), 6.25 (dd, 3J(H,H)� 15.2 Hz,
4J(H,H)� 10.2 Hz, 1H; H-3), 5.80 (dt,
3J(H,H)� 15.0 Hz, 4J(H,H)� 7.0 Hz,
1H; H-4), 2.10 (q, 3J(H,H)� 7.0 Hz,
2H; CH2), 1.46 ± 1.25 (m, 10H, CH2),
0.88 ppm (t, 3J(H,H)� 6.2 Hz, 3H;
CH3); IR (neat): �� � 2926, 2855, 1636,
1606, 1511, 1465, 1370, 1250, 1037, 962,
838, 765 cm�1; MS (70 eV): m/z (%): 243

Scheme 2. General mechanism for a nickel(��)-catalyzed alkenylation of aldehydes with functionalized
organozinc reagents.
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Mechanistic Features, Cooperativity, and
Robustness in the Self-Assembly of
Multicomponent Silver(�) Grid-Type
Metalloarchitectures
Annie Marquis, Jean-Pierre Kintzinger, Roland Graff,
Paul N. W. Baxter, and Jean-Marie Lehn*

Self-organization processes allow the spontaneous but
controlled generation of complex organic or inorganic archi-
tecture on the basis of the molecular information stored in the
components, and its processing through the interactional
algorithms defined by specific molecular recognition
events.[1, 2] Such processes connect input components with
output entity(ies), with a fidelity/reliability depending on the
robustness of the program, that is, its ability to resist
interference from factors other than the directing/dominant
coding interactions.

While in equilibrium conditions, the process ideally leads to
the preferential formation of a given entity under thermody-
namic control/pressure; input and output species may be
linked by complex mechanistic pathways and involve the
generation of kinetic species that may or may not be direct
intermediates. Such is the case, for instance, in the final
formation of the thermodynamically favored circular heli-
cates following kinetically favored triple-helical complexes.[3]

Although it is crucial to gain insight into the mechanistic,
thermodynamic, and kinetic features of the self-organization
process, only few such studies have been reported.[4] Whereas
the preferential, ideally exclusive, formation of a given entity
is usually pursued, various factors may interfere with the
dominant code and complicate the issue. Thus, considering the
self-assembly of inorganic grid architectures, which makes use
of specifically designed ligands and of strong metal-ion
coordination interactions, [2� 2]-,[5] [3� 3]-,[6] and [4� 4]-[7]

type entities form exclusively. However, with a pentadentate
ligand, both an incomplete [4� 5]Ag�20 grid and a quadruple
helicate are simultaneously generated in place of the full
[5� 5]Ag�25 entity, because of the interplay of various struc-
tural factors.[8] On the other hand, such cases also stress that
when different ™Boltzmann species∫ are thus formed, pro-
vided they are well defined, diversity ensues, an attractive
feature of multiple outputs[9] in a self-assembly process. To
gain understanding of the self-organization pathways, it is first
necessary to identify the species that may form and then try to
define their role in the process. In particular, features such as

(1) [M��1], 242 (5) [M�], 197 (2), 183 (1), 169 (1), 157, (1), 143 (47), 128
(28), 117 (7), 104 (2), 91 (13), 77 (5), 57 (100), 41 (57).

Method B: Under an argon atmosphere, a mixture of zinc dust (0.85 g,
13 mmol), 1,2-dibromoethane (0.19 g, 1.0 mmol), and THF (2 mL) was
heated in a three-necked flask to 60 ± 70 �C for 2 ± 3 min and then cooled to
room temperature. Chlorotrimethylsilane (0.1 mL) was added, and the
mixture was stirred at room temperature for 15 min. A solution of RI
(12 mmol) in THF (10 mL) was then added, and the mixture was stirred for
12 h at 35 �C. The resulting RZnI solution was then added to another three-
necked flask, in which [NiCl2(PPh3)2] (0.2 g, 0.3 mmol) and THF (2 mL)
had been previously heated at 60 �C for 2 min. The resulting mixture was
cooled to �18 �C. A solution of aldehyde (10 mmol) and chlorotrimethyl-
silane (20 mmol) in THF (10 mL) was added over a few minutes and the
mixture was allowed to warm to room temperature. After stirring the
mixture for 12 h, saturated aqueous solution of NH4Cl (10 mL) and Et2O
(10 mL) were added and the mixture was stirred for 10 min. The organic
layer was separated, dried over anhydrous MgSO4, and concentrated. The
product was isolated from the crude reaction mixture by column
chromatography on silica gel using petroleum ether/ethyl acetate as the
eluent.
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nonlinearity, cooperativity, and structural switching events are
of great interest.

The self-assembly of the [3� 3]-grid-type complex L6Ag�9
(1; Figure 1) from the tritopic L ligand and AgI ions was
reported earlier.[6] We have now investigated the nature of the
species which is progressively generated as increasing
amounts of metal ions are added to a solution of the ligand,[10]

monitoring the evolution of the resulting mixtures by 1H and
109Ag NMR spectroscopy.[11] Noting that there may be several
assembly pathways and assuming that the final multiligand
multimetallic entity 1 builds up by stepwise connection of
ligand molecules and metal ions, the identified species of
lower ligand numbers and nuclearities should lie on the self-
assembly hypersurface, either directly on the mechanistic
pathway or on a bifurcation.

The [3� 3] L6Ag�9 grid (1) forms immediately and cleanly
when a stoichiometric amount of silver(�) is added to a
solution of the ligand L (Ag�/L 9/6). To obtain good reference
points, the 1H and 109Ag NMR spectroscopic data for 1 itself
were first analyzed in detail. In agreement with the earlier

spectral results,[6] they allowed a clear identifica-
tion, by their characteristic chemical shift, of three
types of silver cations: ™corner∫, ™edge∫, and
™center∫.

Progressive addition of AgCF3SO3 to a solution
of ligand L leads to very pronounced changes in the
1H NMR spectrum over the titration range until the
stoichiometry of 1 is reached, at which only this grid
complex is present (Figure 2).

At a lowAg�/L ratio a mixture of many species is
observed, most of which could not be identified,
except for one type of complex which predom-
inates at Ag/L� 1:1 and presents characteristic
1H NMR signals, spread into the �� 6.5 ± 7.0 ppm
and 9.7 ppm regions (Figure 2a). The 109Ag NMR
spectroscopic data comprise two signals corre-
sponding to Ag� ions in the ™corner∫ position and
one signal for an ion in an ™edge∫ position.
Together with the detailed analysis of the 1H NMR
spectroscopic measurements,[11] the results point to
the presence, among other species, of at least two
complexes of LnAg�n type, probably having an
intertwined structure and with all ligands in a
transoid arrangement around the central C�C
bond. The complexes could be a triangular L3Ag�3
and a square L4Ag�3 [14] species, in analogy to earlier
observations of coexisting CuI complexes of such
types (see structures 2(n� 3) and 2(n� 4), Fig-
ure 3).[15, 16]

At Ag�/L� 6:5, another discrete complex is
almost exclusively formed (Figure 2c). Extensive

Figure 1. a) Definition of the form of the ligand L used; b) structures of the grid
complexes 1 and t-3 ; c) schematic representations of the grid complexes; the white
bars denote the parts of the ligands ™behind∫ the silver cations, and the black bars
represent those ™in front∫.

Figure 2. 500 MHz 1H NMR spectra of ligand L in the course of the
titration by AgCF3SO3; solvent: CDCl3/CD3NO2 25/75. The spectra c) and
g) at ratios 1.34 and 1.58 correspond to almost pure L5Ag�6 , 3, and L6Ag�9 , 1,
respectively. Because of the small quantities of salt introduced, there may
be a significant discrepancy between the Ag�/L ratio indicated and the
actual stoichiometry of the species observed, e.g. for 3, L5Ag�6 , traces b)
and c).
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Figure 3. Schematic representation of different forms of the two types of
species LnAg�n , 2 (n� 3, 4), and L5Ag�6 , 3 ; in the complex 3, bottom left, the
terminal pyridine units of the horizontal ligands are expected to be in a
transoid orientation to the neighboring pyridazine. For 2, only forms with
™corner∫ Ag� ions are shown.

measurements and analysis of 1H and 109Ag 2D NMR spectra
and relaxation times allow the unambiguous identification of
the complex as a species of L5Ag�6 composition, in agreement
with the titration stoichiometry. The silver NMR spectro-
scopic data indicate the presence of two sets of 109Ag-coupled
proton signals corresponding to ™corner∫ and ™edge∫ silver
cations, respectively. Together with the 1H NMR spectroscop-
ic data[17] and taking into account that the transoid conforma-
tion around the central C�C bond in L is much preferred over
the cisoid one,[12, 13] the structure t-3 (see Figure 1b,c) can be
assigned to L5Ag�6 ; in t-3, the ligands in the set of three (shown
as ™horizontal∫) are in the form t-L, presenting a transoid
conformation around the central C�C bond, whereas the
other two ligands (shown as ™vertical∫), are in the cisoid form
c-L. The 1H NMR spectrum in Figure 2b displays exchange-
broadened signals for the two cisoid ligands of the t-3 species.
A 2D exchange map shows that the partner(s) in this ligand-
exchange reaction is (are) a different species from the LnAg�n
complexes mentioned above. This process allows the forma-
tion of the c-L5Ag�6 (c-3) entity (Figure 3) which is a
prerequisite for the generation of the final grid L6Ag�9 (1;
see also below).[16]

Further addition of salt leads to the conversion of this
intermediate 3 into the final L6Ag�9 [3� 3] grid (1) displaying
its characteristic spectrum. It is seen in the distribution
diagram for the two main species identified (1 and 3 ; Figure 4)
that the formation of L6Ag�9 is highly nonlinear. Examination
of the proton NMR spectra indicates that there are only small
amounts �10% of other, intermediate, complex(es) formed
along the path from 3 to 1, which cannot interconvert directly
but must undergo dissociation/reassociation processes with
rotation around the central C�C bond of three L ligands.

Figure 4. Distribution curves of the species 1, L6Ag�9 , (�), the t-3 form of
L5Ag�6 (�) and all the others (�; by difference) in the course of the titration
of L by AgCF3SO3 in CD3Cl/CD3NO2 25/75, determined by integration of
characteristic 200 MHz 1H NMR signals for the two complexes. The inset
shows part of the distribution curves of the species containing 6 ± 9 silver
ions for a statistical non-cooperative Ising model with nine independent
sites.

These minor species may be other forms of L5Ag�6 (see
Figure 3). The behavior observed implies overall positive
cooperativity in the formation of L6Ag�9 from L5Ag�6 , with
three Ag� ions and a ligand molecule binding in a single
overall step. In contrast, assuming an Ising model with nine
independent (non-cooperative) sites, the distribution curves
would demonstrate the formation of the complexes with seven
and eight cations, which were not observed in the course of the
titration.

Addition of salt much beyond the L6Ag�9 stoichiometry, up
to four equivalents (six ions to one ligand), did not lead to
further changes in the 1H NMR spectrum. Thus, the final [3�
3] grid (1) is stable to a large excess of Ag� ions. This behavior
indicates that the L�Ag� system displays high robustness[18]

with respect to formation of L6Ag�9 . Conversely, the inter-
mediate entity L5Ag�6 , which appears and disappears without
being directly on the pathway, may be considered as an
anomaly, as it exists only in a restricted range of Ag�

concentrations during the process.
Figure 3 shows a selection of the complexes of type LnAg�n

(2) and L5Ag�6 (3) among the many complexes of different
compositions and structures that can, in principle, form in the
course of the titration.

Formally, conversion of the trans species t-L5Ag�6 (t-3) into
the corresponding cis form c-L5Ag�6 , (c-3 ; Figure 3), where
three transoid ligands (t-L) become cisoid ones (c-L),
generates three complexation sites and triggers the binding
of three AgI ions and a ligand L molecule in a single overall
step. c-L5Ag�6 is expected to be about 20 kcalmol�1 less stable
than t-L5Ag�6 .[12] On the other hand, the complexation of a
single Ag� ion by a 9,10-phenanthroline (phen) and a 2,2�-
bipyridine (bipy) unit may be estimated to provide an
association free energy of about 15 kcalmol�1, so that binding
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of three AgI ions and a ligand L (all-trans) by c-L5Ag�6 to form
L6Ag�9 should correspond to about 45 kcalmol�1 binding free
energy.[19] This gross estimate[19b] does not take into account
the weaker binding to a pyridazine nitrogen compared to a
pyridine one, nor the electrostatic interactions between the
charged coordination sites, nor the stacking interactions
between the ligands.

In the L5Ag�6 entity, the ligands in the set of three, shown as
™horizontal∫, must be all three either in the t-L or in the c-
L form, as in t-3 and c-3 respectively; no species with mixed
forms [(c-L)2(t-L)] or [(c-L)(t-L)2] can exist. Thus, coopera-
tivity lies on one hand in the simultaneous ™preparation∫ of
the three central sites for binding and on the other hand in the
fact that in the incoming L molecule all three sites are rigidly
connected, so that binding to one of them forces binding to the
other two.[20] Conversion of one site in t-L5Ag�6 from t into c
implies t�c conversion of the other two, which amounts to an
effective increase in affinity from no binding at these two sites
to binding at two single phen-type sites (about 2�
(20/2) kcalmol�1).[19] This factor formally represents the
free-energy term ��G by which the affinity of the L5Ag�6
species for further Ag� binding is raised when the first site
becomes occupied.[21] It may be regarded as the coupling
between the first binding event and the two subsequent ones.
Such a value is qualitatively in line with the very uneven
species distribution (Figure 4), in which the starting t-L5Ag�6
and the final L6Ag�9 are highly predominant and the two
intermediate species containing seven and eight Ag� ions only
form in a (very) small amount. These features imply a high
cooperativity between the sites, corresponding to a switching
process between the two entities.[22] Positive cooperativity has
been observed in helicate formation[23] as well as in other
nonbiological systems.[4b, 24] In view of the complexity of the
conversion of L5Ag�6 into L6Ag�9 , it is not possible at this stage
to provide a more quantitative analysis of the cooperativi-
ty[21, 22] nor to analyze it in terms of site-specific contribu-
tions.[25]

The present results provide insight into the nature of the
species that may be involved in the mechanistic pathway(s)
for the self-assembly of the [3� 3] metallogrid (1) and also
hint at how complex such a process is. The results reveal the
robustness of the structural program leading to 1, as well as
the overall cooperative nature of the system. Both character-
istics, together with the reversible exploration of the free-
energy hypersurface, are of basic significance for the dynamic
behavior of supramolecular devices and materials.[18]
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Electrochemical Modulation of Fluorophore
Emission on a Nanostructured Gold Film**
Prashant V. Kamat,* Said Barazzouk, and
Surat Hotchandani

Fluorophore-bound gold nanoparticles can serve as a probe
in biological systems, provide basic understanding of molec-
ular-level interactions of a surface-bound organic moiety,[1±4]

and contribute to the development of biological tracers as well
as optoelectronic devices.[5±8] In a fluorophore ± gold nano-
assembly the charge transfer interaction between the two
components plays an important role as it dictates the path-
ways by which the excited state deactivates. For example, in
the case of 1-aminomethylpyrene the transfer of lone-pair
electrons to gold nanoparticles led to a fluorescence enhance-
ment.[9] On the other hand, the fluorescence emission of a
pyrenylthiol ((1-pyrenyl)-6-oxaheptanethiol) was quenched
through charge transfer upon binding to the gold nano-
particles.[10]

Gold nanoparticles capped with organic molecules have a
unique ability to retain the charge when subjected to an
electric field. Their ability to display quantized charging has
been demonstrated by Murray and coworkers.[6, 11] Control of
charging of the gold nanocore thus becomes an important
factor if one is interested in modulating the interaction
between the gold nanocore and a surface-bound fluorophore.
In order to systematically assess the effect of charging on the
photochemistry of surface-bound molecules, we have con-
ducted spectroelectrochemical measurements using nano-
structured gold films that were functionalized with a pyre-
nylthiol and have succeeded in modulating the fluorescence
using an externally applied electrochemical bias. The possi-
bility of achieving electrochemical modulation of the fluo-
rescence of a gold-surface-bound fluorophore opens up new
avenues to design sensors, displays, and biological probes.

Earlier studies have shown that fluorophores bound to bulk
metal surfaces are nonfluorescent.[1, 12±14] Both energy transfer
and electron transfer processes are considered to be major
deactivation pathways for the excited fluorophore on metal
surfaces. Our recent study has shown the possibility of
achieving a photoinduced electron transfer in colloidal
suspensions of pyrenylthiol-functionalized gold nanoparti-
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cles.[10] If indeed the gold particles act as electron acceptors, it
should be possible to modulate the electron transfer quench-
ing of the excited fluorophore by charging the gold nano-
particle at an electrode surface. The charging of organo-
capped gold nanoparticles has been demonstrated by mon-
itoring the shift of the plasmon band to lower energies.[15]

However, the shift in the plasmon band was too small (5 ±
9 nm) to resolve these charging effects. Surface-bound
fluorophores, on the other hand, provide a new way to
monitor the charging events.

In the present study, we have functionalized gold nano-
particles with two different thiols at the same time; one
contained a fluorophore (pyrene) and the other a carboxylic
acid residue. The latter (sulfanylpropionic acid) served to link
the gold nanoparticles to the TiO2 surface. The electrode
preparation is illustrated in Scheme 1. A similar strategy of
using difunctional surface modifiers to link different nano-
particles has been demonstrated earlier.[16±18] The presence of
sulfanylpropionic acid also helps to distribute the pyrene
moieties around the gold nanocore with minimal intermolec-
ular interactions. Based on the concentration and particle size
we estimate an average of about 20 pyrene moieties per gold
nanoparticle.

Figure 1 shows the absorption spectra of an OTE/TiO2

electrode before (b) and after (a) modification with pyrene-
functionalized gold nanoparticles. Within minutes of insertion
of the OTE/TiO2 electrode into the THF solution containing
the functionalized gold nanoparticles 1 we can observe
changes in the electrode coloration. The transparent electrode
quickly turns dark purple, thereby confirming the binding of
the gold nanoparticles. The electrodes were repeatedly
washed with THF to remove any unbound gold nanoparticles.
The AFM image (see Figure 1 of the Supporting Information)
reveals a highly porous morphology with particle domains of
100 nm diameter. The electrode shows a broad absorption in
the visible region with a maximum around 530 nm. This
absorption is characteristic of the surface plasmon band of
gold nanoparticles and is possibly broadened because of their
interaction with the TiO2 film. Because of the strong

Figure 1. Absorption spectra of a) OTE/TiO2/1, b) OTE/TiO2, and c) (1-
pyrenyl)-6-oxaheptanethiol in THF. The inset shows the excitation and
emission spectra of the OTE/TiO2/1 electrode recorded at no applied
electrochemical bias. The excitation and monitoring wavelengths for these
two spectra were 325 nm and 400 nm, respectively.

absorbance of TiO2 in the UV region, we could not further
resolve the pyrene absorption bands.

In the inset of Figure 1 the excitation and emission spectra
of the OTE/TiO2/1 electrode are shown. The electrode
exhibits weak emission (monitoring wavelength �� 400 nm)
with a maximum around 395 nm. As discussed in our previous
study,[10] most of the emission of surface-bound pyrene is
quenched by the gold nanocore. Decreased singlet lifetime as
well as formation of the oxidation product, pyrene radical
cation, indicated the ability of gold nanoparticles to accept
electrons from excited pyrene.[19]

The weak fluorescence seen in Figure 1 stems from pyrene
moieties that do not undergo quenching on the gold surface.
The excitation spectrum in the inset (�ex� 325 nm) shows the
absorption response in the UV (corresponding to the
absorption bands at 342, 320, and 314 nm), thereby confirming
that the emission arises from surface-bound pyrene. (The
front-face geometry as well as the low emission yield limited
the resolution of the absorption bands in the excitation
spectra.) Another interesting observation was the absence of
excimer emission bands in the spectrum of 1 bound to a TiO2

surface (inset of Figure 1). This contrasts
with the observation in colloidal suspension
in which we observed excimer emission
arising from intermolecular interactions on
the gold surface (see Figure 2 of the Sup-
porting Information). The absence of pyr-
ene excimer emission in the film suggests
that the molecular movement of the excit-
ed-state pyrene moieties is significantly
restricted when they are assembled on the
TiO2 surface.

Spectroelectrochemical experiments
were conducted using a thin-layer electro-
chemical cell in a spectrofluorimeter with
front-face geometry. Figure 2 shows the
emission spectra of OTE/TiO2/1 at different
applied potentials. In a previous study we
had shown that gold particles deposited on
a nanostructured TiO2 film permit the flow
of electrons following Fermi level equili-

Scheme 1. Functionalization of gold nanoparticles with a pyrenylthiol and their binding to a
nanostructured TiO2 film. TOAB� tetraoctylammonium bromide, OTE� optically transparent
electrode.
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Figure 2. Emission spectra of OTE/TiO2/1 at different applied potentials
using an excitation wavelength of 325 nm. The electrode was maintained at
a set potential (0 to �1.2 V vs SCE, electrolyte: 0.1� tetrabutylammo-
niumperchlorate in acetonitrile) for 5 min before recording the individual
emission spectrum. The inset shows the fluorescence response of OTE/
TiO2/1 at 395 nm during the electrochemical scan.

bration.[20] Moreover, the pyrene-modified electrodes can also
exhibit sensitized photocurrent response when subjected to
photoexcitation (Figure 3 of the Supporting Information). As
we bias the electrode to negative potentials we observe an
increase in the emission yield. It is important to note that the
overall shape of the emission band essentially remains the
same. This in turn suggests that the photoactive species that
contribute to the emission remain unperturbed. As we bias
the electrode to more negative potentials, the gold particles
become charged and fewer pyrene moieties interact with the
gold surface. At potentials around �1.2 V we completely
suppress the interaction between the fluorophore and the gold
nanocore, and we achieve saturation in the emission increase.
We were able to restore more than 90% of the quenched
emission by simply charging the gold nanoparticle with an
externally applied electrochemical bias. The fluorescence
response (at 395 nm) of OTE/TiO2/1 recorded during an
electrochemical scan is shown in the inset of Figure 2. By
controlling the applied electrochemical potential one can
modulate the pyrene fluorescence at a desired level.

The fact that the spectral features of the pyrene emission
hardly change during the sweep of the electrochemical
potential suggests that the biasing of the electrode to negative
potentials does not cause any pyrene desorption. This aspect
was independently confirmed by testing the electrolyte
solution from the cell for pyrene emission after the applica-
tion of a negative bias. The absorption spectrum of the
electrode recorded after the spectroelectrochemical experi-
ments did not indicate any deterioration of the film. These
results confirm that an externally applied electrochemical bias
does not cause any desorption of the surface-bound fluoro-
phore. Its role remains modulation of the excited state
dynamics of the surface-bound pyrene.

Scheme 2 illustrates the excited state behavior of surface-
bound pyrene in the absence and presence of an applied bias.
We expect a majority of the surface-bound pyrene moieties to
actively participate in the electron transfer quenching at 0 V
or under no electrochemical bias. As we sweep the potential
to more negative values, the gold nanocores become charged,
thus shifting the quasi-Fermi level to a more negative
potential. The quantized charging effects studied with organo-
capped gold nanoparticles suggest that the potential shift

Scheme 2. Deactivation of excited surface-bound pyrene a) before and
b) after charging the gold nanocore.

amounts to about 0.1 V per accumulated electron.[11] Hence,
the electron transfer from excited pyrene molecules to the
gold nanocore experiences a barrier as we apply a negative
electrochemical bias. Surface binding of pyrene to the gold
surface through an amine group leads to a similar enhance-
ment in the fluorescence yield.[9] Transfer of lone-pair
electrons from the amine group to the gold nanocore resulted
in the suppression of the intramolecular quenching process
between amine and pyrene moieties.

Basic understanding of the photophysical properties of a
surface-bound molecule is important to elucidate the charge
transfer interactions as well as the microsurroundings near the
metal nanocore. The possibility of electrochemically modu-
lating the fluorescence of a fluorophore on a nanostructured
gold electrode opens up new avenues to probe interfacial
charge transfer processes. These fluorescence modulation
studies also demonstrate the possibility of utilizing noble
metal ± fluorophore nanoassemblies for sensor and display
applications.

Experimental Section

The original procedure[21] for preparing gold colloids in an organic medium
was modified. An aqueous solution of hydrogen tetrachloroaurate(���)
hydrate (0.023 g, 0.06 mmol in 2 mL) was mixed with a solution of TOAB
(0.1366 g, 0.25 mmol) in 5 mL toluene. The biphasic mixture was vigorously
stirred until all the tetrachloroaurate was transferred into the organic layer.
A solution of sulfanylpropionic acid (5 mg) and (1-pyrenyl)-6-oxahept-
anethiol (3 mg) in 1 mL toluene was added to the gold solution (Au/S molar
ratio 1:1). (The preparation of the pyrenylthiol was described earlier.[10])
After stirring for 2 ± 3 min, a solution of sodium tetrahydroborate (0.1�) in
water (2 mL) was added, and the mixture was stirred for 3 h. The organic
layer was separated off and concentrated to 2.5 mL in a rotavap. After
addition of ethanol (150 mL), the mixture was cooled to 273 K for 12 h and
then in ice ± salt mixture for 2 ± 3 h to 255 K. The functionalized gold
nanoparticles which settled at the bottom of the flask were filtered and
washed with ethanol (5� 250 mL). The dark brown powder composed of
nanoparticles 2 ± 3 nm diameter in size was redispersible in toluene and
other organic solvent such as THF.

Colloidal TiO2 was prepared by hydrolyzing titanium(��) isopropoxide in
water containing acetic acid. The OTEs were cut (1� 5 cm) from a
Pilkington TEC glass (glass plate coated with indium tin oxide). The OTE/
TiO2 electrodes were prepared by casting a thin film of colloidal TiO2 on
OTE plates and drying in air. Scanning electron micrographs show an
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Valence-Ordering Structures and Magnetic
Behavior of Metallic MMX Chain
Compounds**
Minoru Mitsumi,* Kouhei Kitamura, Ayumi Morinaga,
Yoshiki Ozawa, Mototada Kobayashi,
Koshiro Toriumi,* Yasuhito Iso, Hiroshi Kitagawa, and
Tadaoki Mitani

Recently, 1D halogen-bridged mixed-valence dinuclear
metal complexes, so-called MMX chain compounds, have
attracted significant attention as quasi-1D electronic systems
characterized by strong electron ± phonon, electron ± electron,
and magnetic interactions. Only two families of MMX chain
compounds, namely [{A4[Pt2(pop)4X] ¥nH2O}�] (pop�
P2O5H2

2�, A�Li, K, Cs, NH4, X�Cl, Br, I)[1] and
[{M2(dta)4I}�] (dta�CH3CS2

�, M�Ni, Pt)[2] have been
reported. These compounds are 1D chain systems based on
a mixed-valence dinuclear unit with a formal oxidation
number of �2.5 and a metal ±metal bond with a formal bond
order of 1/2. An important feature of MMX chain compounds
is the increase in internal degrees of freedom upon introduc-
ing a dinuclear unit in the mixed-valence state. This property
enables a variety of electronic structures, represented by the
extreme valence-ordering states shown in Figure 1. These
valence-ordering structures would be classified based on the
periodicity of the 1D chains as follows. The averaged valence
(AV) and charge-polarization (CP) states, in which the
periodicity of 1D chains is M-M-X-, correspond to a metallic
state with an effective half-filled conduction band mainly
composed of M±Md�* ±Xpz-hybridized orbitals or to the
Mott ±Hubbard semiconducting state. In contrast, the perio-
dicity of 1D chains in the charge density wave (CDW) and
alternate charge-polarization (ACP) states is doubled, and
these electronic structures are regarded as Peierls and spin-
Peierls states,[3] respectively.

Kitagawa et al. have reported that [{Pt2(dta)4I}�] exhibits
metallic conducting behavior above 300 K in an AV state.[2d]

On the results of a 129I Mˆssbauer spectroscopic study, the
valence-ordering structure of this compound at temperatures

assembly of TiO2 particles 20 ± 30 nm diameter in size, that is of highly
porous morphology. After annealing at 673 K for 1 h the electrodes were
modified with pyrene-functionalized gold nanoparticles by immersing into
a THF solution of the nanoparticles overnight. The electrodes were washed
thoroughly with THF to remove any unbound gold nanoparticles. These
electrodes are referred to as OTE/TiO2/1.

Absorption spectra were recorded with a Shimadzu 3101 spectrophotom-
eter, transmission electron micrographs (TEM) with a Hitachi H600
transmission electron microscope. For the spectroelectrochemical experi-
ments a Princeton applied research model 175 galvanostat/potentiostat was
used, details of which can be found elsewhere.[22] The fluorescence from the
nanostructured gold film was monitored with an SLM S-8000 photon-
counting spectrofluorimeter in a front-face geometry. The other compo-
nents of the cell were a Pt counter electrode, a saturated calomel reference
electrode (SCE) and acetonitrile containing 0.1� tetrabutylammonium
perchlorate (TBAP) as electrolyte.
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··········M2+–M3+—X–··········M2+–M3+—X–··········

··········M2+—M2+··········X–—M3+-M3+—X–··········

··········M2+–M3+—X–—M3+–M2+··········X–··········

a)  Averaged valence (AV) state

c)  Charge density wave (CDW) state

d)  Alternate charge-polarization (ACP) state

b)  Charge-polarization (CP) state

—M2.5+–M2.5+—X–—M2.5+–M2.5+—X–—

Figure 1. Schematic representation of electronic and lattice structures of
the MMX chain compound, where the electrons occupy the Mdz2 orbitals.

below 80 K was concluded to be an ACP state. However, no
loss in the spin degree of freedom for this system has yet been
observed. Recently, we studied the crystal structure and solid-
state properties of [{Pt2(EtCS2)4I}�], and revealed a metal ±
semiconductor (M±S) transition at TM±S� 205 K, above
which the remarkable thermal vibration of a bridging iodine
atom in the AV state was observed.[4] This compound shows
diffuse scattering corresponding to a twofold repetition length
of the Pt-Pt-I- unit above TM±S. Diffuse scattering begins to
convert into superlattice reflections below 140 K. These
superlattice reflections are considered to have originated
from a CDW or ACP state. The spin degree of freedom,
however, persisted down to 2 K.

We report the structural phase-transition, valence-ordering
structure and magnetic properties of a new metallic MMX
chain compound, [{Pt2(nBuCS2)4I}�] (1), as well as its trans-
port properties and an efficient chemical synthesis. This
compound clearly exhibits an abrupt drop in the magnetic
susceptibility, similar to the spin-Peierls transition, accompa-
nying a first-order phase transition at about 210 K. We have
also performed a crystal structure analysis of [{Pt2(EtCS2)4I}�]
(2) at 48 K which included superlattice reflections to deter-
mine its valence-ordering structure in the low-temperature
phase. This work has clarified the correlation between the
crystal structures and magnetic properties of 1 and 2.

Black needle crystals of 1were grown by the slow cooling of
a toluene ±n-hexane solution of equimolar amounts of
[Pt2(nBuCS2)4] and [Pt2(nBuCS2)4I2].[5]

Differential scanning calorimetry (DSC) measurements of
1 were carried out in the temperature range of 153 ± 443 K.
Two peaks of latent heat corresponding to the first-order
phase transition were observed in the temperature ranges of
204 ± 212 K and 318 ± 323 K, which revealed the existence of
three phases, the low-temperature (LT), room-temperature
(RT), and high-temperature (HT) phases.

Compound 1 exhibits relatively high electrical conductivity
(17 ± 83 Scm�1) at room temperature, comparable to the
conductivity of [{Pt2(dta)4I}�] (ca. 13 Scm�1)[2d] and 2 (5 ±
30 Scm�1).[4] The temperature dependence of electrical resis-

tivity �, indicates metallic conduction in the HT phase above
the transition temperature, TM±S� 325 K. The LT and RT
phases show semiconducting behavior with activation ener-
gies of 134 and 255 meV, respectively. The thermoelectric
power S, was also measured in the temperature range of 200 ±
400 K. The HT phase shows almost temperature-independent
behavior of S (�10 �VK�1), which indicates the existence of a
half-filled metallic band.[6] Below TM±S� 325 K, S slightly
decreases with decreasing temperature, and reaches a mini-
mum value of �16 �VK�1 near 270 K and then, as is
characteristic of semiconductors, increases. Furthermore, �
and S exhibit sharp increases at around 210 K.

ORTEP diagrams of 1 in the RTand LT phases are shown in
Figure 2. Compound 1 undergoes a first-order phase-transi-

Figure 2. ORTEP diagrams (thermal ellipsoids set at the 50% probability
level) and relevant interatomic distances of 1: a) RT phase (298 K), b) LT
phase (167 K).

tion at 204 ± 212 K, where the space group changes from I4/m
in the RT phase to P4/n in the LT phase. In both phases, the
crystal consists of a neutral 1D chain with a Pt-Pt-I- repeating
unit lying on the crystallographic fourfold axis parallel to the
c axis. The periodicity of the crystal lattice in the 1D chain
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direction, however, changes from threefold with a Pt-Pt-I-
period in the RT phase to twofold in the LT phase. In the RT
phase, all the iodine atoms are located near the midpoint
between two diplatinum units and the three crystallograph-
ically independent Pt-I bonds are nearly equivalent (2.947 (1),
2.957 (1), and 2.959 (1) ä). Generally, a Pt2��I� separation is
greater than a Pt3��I� separation as the dz2 orbital of a Pt2� site
is occupied by a pair of electrons. Therefore, the difference
between Pt�I bonds enables us to determine the valence state
of Pt atoms. The observed Pt�I bonds indicate a valence-
ordering structure close to the AV state. The shortest
interchain S ¥¥ ¥ S distance is S2 ¥¥¥ S2 (1/2� x, 1/2� y,
1/2� z)� 5.121(4) ä, which indicates the absence of inter-
chain S ¥¥¥ S contacts. In the LT phase, however, there are two
Pt ± I groups. The shortest Pt�I bonds (2.889(1), 2.906(1) ä)
are about 0.07 ä shorter than the longest Pt�I bonds
(2.939(1), 2.987(1) ä), though the two Pt�Pt bonds are
equivalent (2.675(1) and 2.677(1) ä). As judged by Pt�Pt
and Pt�I bonds, the valence-ordering structure in the LT
phase can be regarded as an ACP state.

To clarify which valence-ordering structure can be adopted
in the ground state of 2, crystal-structure analysis at 48 K was
preformed, which included superlattice reflections (Figure 3).
When superlattice reflections are included the space group

Figure 3. ORTEP diagram (thermal ellipsoids set at the 50% probability
level) and relevant interatomic distances of 2 at 48 K.

changes from C2/c to P1≈. Periodicity along the 1D chain
direction is a twofold Pt-Pt-I- period. Though the two Pt�Pt
bonds are equivalent (2.673(1), 2.675(1) ä), the shortest Pt�I
distances (2.930(1), 2.930(1) ä) are about 0.02-0.03 ä smaller
than the longest Pt�I bonds (2.954(1), 2.963(1) ä). Judging
from the Pt�Pt and Pt�I bonds, the valence-ordering structure
of 2 at low temperature can be concluded to be an ACP state,
similar to the structure of 1 in the LT phase. These valence-
ordering structures are consistent with theoretical predictions
by Borshch et al. based on semiempirical quantum-chemical
band calculations.[7]

The temperature dependence of the magnetic susceptibili-
ty �M, of crystalline samples of 1 was measured in the
temperature range of 5 ± 350 K under a magnetic fieldH of

1 T. Results are shown in Figure 4, along with those for 2.[4]

The �M of 1 in the RT phase is on the order of 2.9�
10�5 emumol�1, which is in accordance with results from
EPR measurements (ca. 2� 10�5 emumol�1).[8] This value is

Figure 4. Temperature dependence of the �M of 1: � 1st cooling, � 1st
heating, � 2nd cooling (inset expansion between 180 and 230K); ––
magnetic susceptibility of 2.[4]

smaller by approximately one or two orders of magnitude
than those of typical 1D antiferrromagnetic spin systems with
S� 1/2,[9] which indicates that antiferromagnetic coupling
between unpaired electrons on the Pt3� sites is very large. The
tail, observed in the �M versus T plot below around 30 K, may
arise from paramagnetic centers originating from impurities
and/or lattice defects. The estimated Curie spin concentration
is 0.14%. The most striking feature is an abrupt drop in the �M
of 1 to the spin-singlet state, with hysteresis, around the
first-order phase transition.[10] The electrical and mag-
netic transitions observed in 1 are similar to N-methyl-N-
ethyl-morpholinium bis-7,7,8,8-tetracyano-p-quinodimetha-
nide [MEM(TCNQ)2], which shows two phase transitions, a
metal-semiconductor transition at 335 K and a spin-Peierls
transition at 19 K.[3] The abrupt drop of �M in 1 is quite similar
to spin-Peierls transitions. The observed magnetic behavior of
1, however, seems to be well described not by the spin-Peierls
transition, but by the regular electronic Peierls transition. This
situation is suggested as the transition is first order in nature,
the transition temperature is very high, and sharp increases in
� and S are observed at the transition. The origin of lattice
distortion is attributable to electron ± phonon interactions.

�M of 2 is of the order of 1 ± 3� 10�5 emumol�1 in the
temperature range of 50 ± 350 K (Figure 4).[4] Although the
AV to ACP phase transition was observed around TM±S�
205 K, an abrupt drop in �M has not been observed for 2,
which indicates that the spin degree of freedom persists down
to 2 K, similar to [{Pt2(dta)4I}�].[2d] This quite remarkable
difference in the magnetic behaviors of 1 and 2 is attributed to
the degree of lattice distortion in the 1D MMX chains, as
shown in Figure 5. X-ray crystal structure analyses revealed
that differences between Pt3��I� and Pt2��I� bonds of 1 (ca.
0.07 ä) are remarkably larger than those for 2 (0.02 ± 0.03 ä).
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As these distance differences correspond to the lattice
distortion of a 1D MMX chain, it is reasonable to consider
that the alternation of an exchange interaction in 1 increases
with an increase in lattice distortion, resulting in the spin-
singlet state of the low-temperature ACP state.

Experimental Section

1: The compounds [Pt2(nBuCS2)4] (41 mg, 0.044 mmol) and [Pt2(nBu-
CS2)4I2] (52 mg, 0.044 mmol) were dissolved in toluene (3 mL) at 70 �C and
then n-hexane (4 mL) was added.[5] After being slowly cooled to 2 �C, black
needles separated from the solution and were collected by suction filtration
and washed with acetone: yield 78 mg (84%). Elemental analysis (%) calcd
for C20H36IPt2S8: C 22.88, H 3.46; found: C 22.91, H 3.46; UV/Vis/NIR
(KBr): �max� 1110, 560, 403, 304 nm.

X-ray crystallography for 1 and 2 : Data for 1 were collected at 298 and
167 K on an Enraf Nonius CAD4 diffractometer with graphite-monochro-
mated MoK� radiation (�� 0.71069 ä). A numerical absorption correction
was applied to all intensity data. The structures were solved by direct
methods (SIR92)[11a] and refined by full-matrix least-squares on F 2

(SHELXL-97).[11b] All calculations were performed with the teXsan
crystallographic software package.[11c] Crystal data for 1 at 298 K:
C20H36IPt2S8,Mr� 1050.07, black needle, 0.26� 0.13� 0.12 mm, tetragonal,
space group I4/m, a� 13.525(1), c� 25.773(2) ä, V� 4714.4(4) ä3, Z� 6,
�calcd� 2.219 gcm�3, F(000)� 2958, �(MoK�)� 10.380 mm�1, 2�max� 59.9�.
7272 reflections were measured, of which 3512 were unique (Rint� 0.0274).
All non-hydrogen atoms were refined anisotropically. The ligand moiety
(S3, S4, C7, and C8) of one of the three diplatinum units in the RT phase is
disordered on the mirror plane that is perpendicular to the 1D chain and
passes through the midpoint of the Pt3 and Pt3� atoms. wR2� 0.1177, S�
1.035 (all data), R1(1710 reflections with I� 2�(I))� 0.0344, 132 parame-
ters, min./max. residual electron density �3.70/0.79 eä�3, min./max. trans-
mission 0.2577/0.3376. 1 at 167 K: C20H36IPt2S8, Mr� 1050.07, black needle,
0.19� 0.14� 0.13 mm, tetragonal, space group P4/n, a� 13.419(5), c�
17.072(10) ä, V� 3074(2) ä3, Z� 4, �calcd� 2.268 gcm�3, F(000)� 1972,
�(MoK�)� 10.612 mm�1, 2�max� 60.0�. 4992 reflections were measured, of
which 4501 were unique (Rint� 0.046). All non-hydrogen atoms were

refined anisotropically while all hydrogen atoms were placed at their
idealized positions. wR2� 0.0907, S� 1.057 (all data), R1(3209 reflections
with I� 2�(I))� 0.0324, 145 parameters, min./max. residual electron
density -3.36/1.20 eä�3, min./max. transmission 0.2482/0.3224.

Crystal data for 2 : C12H20IPt2S8, Mr� 937.88, black plate, 0.20� 0.12�
0.07 mm, triclinic, space group P1≈, a� 9.652(1), b� 15.481(1), c�
15.685(1) ä, �� 98.972(2), �� 103.516(2), 	� 97.610(3)�, V�
2215.8(3) ä3, Z� 4, �calcd� 2.811 gcm�3, F(000)� 1716, �(0.5609 ä)�
7.97 mm�1, 2�max� 60.0�. Data were collected at 48 K under vacuum
(5.5� 10�4 Pa) using synchrotron radiation (22.10 keV, �� 0.5609 ä) and
theMAC Science low-temperature vacuumX-ray camera equipped with an
imaging plate (IP) area detector at the BL02B1 beamline of the SPring-8
facility. The frames were indexed and the reflections integrated using
DENZO and subsequently scaled using SCALEPACK.[12] 20594 unique
reflections were measured (Rint� 0.065). The structure was solved by direct
methods (SIR97)[11d] and refined by full-matrix least-squares on F 2

(SHELXL-97).[11b] All calculations were performed with the teXsan
crystallographic software package.[11c] wR2� 0.1837, S� 1.033 (all data),
R1(11901 reflections with I� 2�(I))� 0.0537, 415 parameters, min./max.
residual electron density �6.780/6.919 eä�3 (peaks are in the vicinity of a
Pt1 position). All non-hydrogen atoms were refined anisotropically while
all hydrogen atoms were placed at their idealized positions. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication nos. CCDC-177479 ± 177481 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: (�44)1223-336-033; or deposit@ccdc.cam.
ac.uk).

Magnetic susceptibility data of 1 was measured using a Quantum Design
MPMS-5SH SQUIDmagnetometer. Correction for core diamagnetism was
made using half the sum of the observed diamagnetism for [Pt2(nBuCS2)4]
and [Pt2(nBuCS2)4I2]. DC electrical conductivity measurements of 1 were
made on several single crystals using a four-probe technique. The thermo-
electric power was measured through a dynamic differential method using
two sets of Au(Fe)-chromel thermocouples (76 �m �).
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Figure 5. Schematic representation of the valence-ordering and spin states
of [{Pt2(RCS2)4I}�] (R� nBu (1) and Et (2)). a) high- and room-temper-
ature phases of 1, and 2 at room temperature; b) low-temperature phase of
2 ; c) low-temperature phase of 1.
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Highly Selective Transport of Organic
Compounds by Using Supported Liquid
Membranes Based on Ionic Liquids**
LuÌs C. Branco, Joaƒo G. Crespo, and
Carlos A. M. Afonso*

The selective separation of organic compounds is a critical
issue in the chemical industry. In case of readily crystallized
molecules, selective crystallization is the most practical
method for selective separation, whereas for solutes that are
liquid at room temperature, separation by fractional distil-
lation, solvent extraction, or chromatographic methods are
more convenient. Some of the above-mentioned methods are
technically demanding, involve considerable energy costs,
and/or result in large amounts of waste solvents. Membranes,
defined as permeable and selective barriers between two
phases, have been successfully applied in a large diversity of
separation processes, including bioseparations, in which
classical separation methods are less convenient, undesirable
or even not applicable. The reason for the successful use of
membrane-based separation processes stems from the fact

that these processes have a high energy efficiency, can be used
under moderate temperature and pressure conditions, do not
require any additional separating agents or adjuvants, and
therefore they are regarded as environmentally friendly.[1]

Solute extraction and recovery by using supported liquid
membranes is recognized as one of the most promising
membrane-based processes. In a supported liquid-membrane
system, a defined solvent or solvent/carrier solution is
immobilized inside the porous structure of a polymeric or
ceramic membrane, which separates the feed phase (in which
the solutes of interest are solubilized) from the receiving
phase (in which these solutes will be transferred and,
eventually, concentrated). This configuration has attracted a
great deal of interest because the amount of solvent/carrier
needed is minimal, the solvent/carrier is continuously regen-
erated as a result of solute transport to the receiving phase,
and loss of the solvent/carrier phase is negligible if an
appropriate supported liquid membrane is designed.[2] The
use of a room-temperature ionic liquid (RTIL) as an
immobilized phase in the supporting membrane between
two organic phases in the feed and the receiving compart-
ments is particularly interesting owing to the nonvolatile
character of RTILs and their solubility in the surrounding
phases, which allows very stable supported liquid membranes
to be obtained without any observable loss of the RTIL to the
atmosphere or the contacting phases. Herein we show the
potential for continuous separation of organic compounds
based on the selective transport through supported liquid
membranes that contain RTILs.

RTILs that involve a 1,3-dialkylimidazolium cation are
attracting increasing interest as new media, mainly because of
the advantage of being nonvolatile. Depending on the anion
and on the alkyl group of the imidazolium cation, the RTIL
can solubilize supercritical CO2 (scCO2), a large range of
polar and nonpolar organic compounds, and also transition-
metal complexes. Simultaneously, they have low miscibility
with water, alkanes, and dialkyl ethers[3] and are insoluble in
scCO2.

[4] As a result of these properties, they are emerging as
an alternative recyclable, environmentally benign, reaction
medium for chemical transformations, including transition-
metal catalysis[3] and biocatalysis.[3f, 5] Their use has also been
successfully extended as a potential stationary phase for gas
chromatography,[6] in pervaporation,[7] and for the substitution
of traditional organic solvents (OS) in aqueous ±OS[7a, 8] and
OS± scCO2 biphasic extractions.[4, 9] It is assumed that the 1,3-
dialkylimidazolium RTIL are not a statistical aggregate of
anions and cations, but instead a more organized structure
that contains polar and nonpolar regions as a result of the
formation of weak interactions, mainly as hydrogen bonds,
with 2-H of the imidazolium ring.[10] The above information
prompted us to study the potential of using RTIL in supported
liquid membranes for selective separation processes.

To illustrate the concept, and as a result of transport studies
with representative organic functional compounds, we used a
mixture of the organic isomeric amines hexylamine, diisopro-
pylamine, and triethylamine (1:1:1 molar ratio) in diethyl
ether in side A of the cell (Figure 1). The two sides of the cell
were separated by the RTIL 1-n-butyl-3-methylimidazolium
hexafluorophosphate ([bmim][PF6]) immobilized in the por-
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Figure 1. Scheme of the cell used in batch (without pumps) and continuous
systems: volume of each side of the cell� 30 mL; 1) supported liquid
membrane (A� 8.5 cm2); 2) septa (without pumps) or connection to the
pumps; 3) magnetic stirrer; 4) pumps; 5) feed solution containing the
solutes; 6) receiving solution containing fresh solvent; 7) collection bottle.

ous structure of a polyvinylidene fluoride (PVDF) hydrophilic
membrane. Diethyl ether was used as the receiving phase in
compartment B. The transport of the primary, secondary, and
tertiary amines to compartment B was then monitored (Fig-
ure 2).

Figure 2. Percentage of recovery of each amine in compartment B of the
cell, for batch operation. � hexylamine; � diisopropylamine (DIIPA); �

triethylamine (TEA).

We observed a stronger selectivity for diisopropylamine
transport than for hexylamine and triethylamine. We also
observed by 1H NMR spectroscopic analysis that the addition
of diisopropylamine to neat [bmim][PF6] promotes a larger
shift of the peaks for the 1-n-butyl-3-methylimidazolium
cation than of those for triethylamine, which suggests that the
high transport selectivity arises from the higher affinity of the
secondary amine for [bmim][PF6]. This affinity probably
arises from the combination of the higher basicity of DIIPA
than that of TEA and the steric hindrance of TEA on
approach to the [bmim] cation. Diffusivity does not play a
major role in the selective transport of these amines because
they have the same molecular weight and their different
geometry and dipolar moment cannot explain such large
differences in their selective transport through the RTIL
supported liquid membrane.

As a result of this batch experiment, we turned our
attention to the possibility of performing continuous separa-
tions. To illustrate the potential of this approach, we tested a

mixture of DIIPA (b.p.� 84 �C) and TEA (b.p.� 89 �C) as a
separation case study of secondary and tertiary amines with
similar boiling points. The cell presented in Figure 1 was used
by circulating an equimolar mixture of DIIPA and TEA in
diethyl ether in side A and fresh diethyl ether in side B.
Figure 3 presents the observed transport selectivities at the

Figure 3. Relative percentage of each amine in the receiving stream
obtained for eighteen collecting samples (12-h period), determined byGLC
during 14 days of continuous operation. � diisopropylamine; � triethyl-
amine.

outlet of compartment B during 14 days of continuous
operation. The observed DIIPA/TEA ratios in the collected
samples were higher than 80:20 under optimized conditions,
and a moderate decrease was only observed for the periods
during which undesired variations of the flow rates occurred.
Importantly, the transport selectivity did not decrease during
the entire extended period of operation, which confirms the
stable character of the supported liquid membrane system.
The stability of the [bmim][PF6]-supported membrane sug-
gests that longer continuous operation periods are feasible.
The overall percentage of recovery (based on the 14 days of
continuous operation) was 84.7% for DIIPA and 14.9% for
TEA. Notably, the mass flux of DIIPAwas 1070.6 g of DIIPA/
(m2 of membranehour), which can be considered an excellent
transport rate. Interestingly, the total amount of [bmim][PF6]
used in the supported liquid membrane was only 202 g of
[bmim][PF6]/(m2 of membrane). As the solutes transported
through the supported liquid membrane are continuously
recovered in the receiving solution, the RTIL used is
regenerated and may be effective for prolonged operation.
To the best of our knowledge, there are no other supported
liquid membranes that are able to separate these organic
compounds. The system presented herein is particularly
interesting because it involves the use of a supported liquid
membrane with a high operating stability and an excellent
selectivity for the recovery of the target compound.

The model system presented herein illustrates the potential
for the continuous highly selective separation of mixtures of
isomeric organic compounds that are structurally similar and
have close boiling points by using the RTIL [bmim][PF6] in a
supported liquid membrane. This separation process is
feasible under simple technical conditions, and proved to be
stable even during long periods of operation. This method
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Lewis Acid Controlled Regioselective 1,2 and
1,4 Reaction of �,�-Unsaturated Carbonyl
Compounds with TiIV Enolates Derived from �-
Diazo �-Keto Carbonyl Compounds**
Guisheng Deng, Xue Tian, Zhaohui Qu, and
Jianbo Wang*

The addition of nucleophiles to �,�-unsaturated carbonyl
compounds is a fundamental transformation in organic syn-
thesis. Since there are two reaction sites in the �,�-unsatu-
rated carbonyl functional group, this addition reaction can
only be of practical synthetic utility in organic synthesis if one

seems particularly appealing for large-scale operations and
for different substrates; with the emergence of a considerable
number of new RTILs,[3, 11] it should be possible to design
RTILs with high selectivity for specific substrates. The
possibility of using nonpolar solvents with high boiling points
or water instead of diethyl ether, and supported RTIL in
hollow-fiber membranes will allow this technology to rein-
force its environmentally benign character and become
attractive for industrial application.

Experimental Section

For the batch studies, the cell indicated in Figure 1 was used without pumps.
The ionic liquid 1-n-butyl-3-methylimidazolium hexafluorophosphate
([bmim][PF6]) was immobilized in the porous structure of a polyvinylidene
fluoride (PVDF) hydrophilic membrane (Gelman Sciences, FP Vericel,
pore size 0.45 �m) by filtration in vacuo and placed in a metallic net (i.d.
1.65 cm) located between side A (V� 30 mL) and side B (V� 30 mL) of
the cell. The amines (1:1:1 molar mixture) hexylamine (470 �L), DIIPA,
(500 �L) and TEA (500 �L), and n-decane (400 �L; internal standard) in
diethyl ether (30 mL) were added to side A of the cell. n-Decane (400 �L;
internal standard) was added to diethyl ether (30 mL) in side B of the cell.
The transport of amines to side B at room temperature was monitored by
GLC by taking samples from side A and B of the cell at defined time
intervals (15, 30, 60, 120, 240, 360 min). The recovery of each amine was
determined by comparison of the areas of the peaks of each amine with
those of n-decane and relative to the areas initially observed in side A.

For continuous operation conditions, the cell indicated in the Figure 1 was
used, with each side of the cell connected to a piston pump (FMI lab pump,
model QSY) to promote the circulation in each side. The RTIL
[bmim][PF6] was immobilized as indicated above. The amines (1:1 molar
mixture) DIIPA (100 mL) and TEA (100 mL) in diethyl ether (5 L) were
circulated with a flow rate of 1 mL/min in side A of the cell. Diethyl ether
(5L) was circulated with a flow rate of 1 mLmin�1 in side B of the cell. Both
solutions were renewed every 2 days. The transport of each amine to side B
was monitored by sequentially collecting samples from the outlet tube of
side B every 12 h. During the 14 days of continuous operation, 23 samples
were collected with a total volume of 20410 mL. The DIIPA/TEA ratio was
determined for each sample by GLC. Eighteen samples (15460 mL) were
fractionally distilled to afford a mixture of DIIPA/TEA (250 mL; 89.2:10.8,
determined by GLC); 1H and 13C NMR spectral data were identical to
those of authentic samples. The distilled diethyl ether fraction and the
remaining six samples contained a mixture of DIIPA/TEA (142.2 mL
(81.6:18.4) and 105.7 mL (80.9:19.1), respectively, ratio determined by
GLC analysis with n-decane as internal standard).
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can control the selectivity for the two possible regioisomers.[1]

There are several factors that control the regioselectivity (1,2
vs 1,4 addition). These include the attacking nucleophiles,[2]

solvent,[3] temperature,[4] steric bulk,[5] and transition-metal
additives.[6, 7] In general, the softness or hardness of the
nucleophiles is of primary importance. Hard nucleophiles,
such as alkyl lithium compounds, give predominantly 1,2
addition, whereas soft nucleophiles, such as the anion of the
activated methylene compounds, give primarily 1,4 addition
products.[8]

On the other hand, the complexation of Lewis acids with
the carbonyl oxygen atom can dramatically affect the proper-
ties of the �,�-unsaturated carbonyl compounds.[9] For exam-
ple, both the reactivity and the selectivity of the Diels ±Alder
reaction of �,�-unsaturated carbonyl compounds with dienes
could be greatly enhanced by Lewis acids.[10] Lewis acids play
an indispensable role in organic chemistry, especially in
catalytic asymmetric synthesis. Herein we report the Lewis
acid promoted nucleophilic addition of the TiCl4-derived
enolate of �-keto �-diazo carbonyl compounds to �,�-
unsaturated carbonyl compounds. We found that by choosing
appropriate Lewis acids, it is possible to control the selectivity
for either 1,2 or 1,4 addition.

The Ti enolate 1a or 1b was generated by treating the �-
keto �-diazo carbonyl compounds with TiCl4/Et3N in anhy-
drous CH2Cl2 at �78 �C (Scheme 1).[11] When the enolate 1a
reacts with enone 2a at �78 �C, a mixture of 1,2- and 1,4-
addition products (60:40) was isolated in 70% yield (Table 1,
entry 1). If the enone 2a was stirred with another equivalent
of TiCl4 in CH2Cl2 before adding to the enolate 1a, the 1,4-
addition product was obtained as the major product (1,2/1,4
17:83) (Table 1, entry 4). If the enone 2a was activated with
SnCl4 (1 equiv) instead of TiCl4, the selectivity for 1,4 addition
was further enhanced (1,2/1,4 5:95; Table 1, entry 5). On the
other hand, when the enone 2a was activated with BF3 ¥OEt2,
the 1,2-addition product became predominant (1,2/1,4 83:17;
Table 1, entry 2). The activation of enone with Ti(OiPr)4
further enhanced the selectivity for 1,2 addition (1,2/1,4
96:4; Table 1, entry 3). For Ti enolate 1b, a similar enhance-
ment of regioselectivity was observed (Table 1, entries 6 ± 10).

When enone 2b was employed as the substrate, the direct
reaction with the Ti enolate 1a gave equal amounts of 1,2- and
1,4-addition products (Table 1, entry 11). TiCl4 activation of
the enone significantly enhanced 1,4 addition (1,2/1,4 1:99;

Table 1, entry 14), whereas BF3 ¥OEt2 did not affect the
selectivity for 1,2 addition (1,2/1,4 49:51; Table 1, entry 12).
Evidently, the steric bulk of the phenyl group in enone 2b
overrides the activation of BF3 ¥OEt2 for the carbonyl
group.[5a] However, activation by Ti(OiPr)4 can still enhance
the selectivity for the sterically less favored 1,2 addition (1,2/
1,4 76:24; Table 1, entry 13).

For enal 2c, only the 1,2-addition product was isolated, even
in the TiCl4-activated reaction (Table 1, entries 15, 16). The
high reactivity of the aldehyde carbonyl group is the
determining factor in controlling the regioselectivity in this
case. On the other hand, for the enones 2d and 2e, similar
control of diastereoselectivity as that for 2a and 2b was
observed (Table 1, entries 17 ± 22).

Regiocontrol by Lewis acids has also been observed for
cyclic enones. Without the activation of the Lewis acid, the
reaction of Ti enolate 1a with cyclohexenone 5b (Scheme 2)

gave a mixture of 1,2- and 1,4-addi-
tion products in low selectivity (1,2/1,4
67:33; Table 2, entry 4). TiCl4 activation
gave almost only 1,4-addition product
(1,2/1,4 1:99; Table 2, entry 7), whereas
BF3 ¥OEt2 activation slightly increases
the amount of 1,2-addition product ob-
tained (1,2/1,4 86:14; Table 2, entry 5).
When the enone was activated with
Ti(OiPr)4, the 1,2-addition product is
greatly increased (1,2/1,4 99:1; Table 2,
entry 6). For cyclopentenone 5a, the re-
action without Lewis acid activation gave
a mixture of unidentified products (Ta-
ble 1, entry 1). TiCl4 activation gave the
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f: R = OEt, R1 =          , R2 = Me

Scheme 1. Lewis acid promoted nucleophilic addition of Ti enolate 1 with �,�-unsaturated carbonyl
compounds 2.

Table 1. Regioselective nucleophilic addition of Ti enolate 1 with �,�-
unsaturated carbonyl compounds 2.

Entry 1 2 Lewis acid[a] t [h] 3 4 3/4[b] Yield [%][c]

1 a a none 6 a a 60:40 70
2 a a BF3 ¥OEt2 8 a a 83:17 67
3 a a Ti(OiPr)4 8 a a 96:4 78
4 a a TiCl4 6 a a 17:83 63
5 a a SnCl4 10 a a 5:95 50
6 b a none 8 b b 50:50 42
7 b a BF3 ¥OEt2 9 b b 76:24 48
8 b a Ti(OiPr)4 8 b b 94:6 60
9 b a TiCl4 9 b b 22:78 75

10 b a SnCl4 8 b b 0:100 58
11 a b none 9 c c 50:50 71
12 a b BF3 ¥OEt2 8.5 c c 49:51 83
13 a b Ti(OiPr)4 8 c c 76:24 90
14 a b TiCl4 8 c c 1:99 73
15 a c none 7 d d 100:0 50
16 a c TiCl4 5 d d 100:0 71
17 a d none 8.5 e e 40:60 73
18 a d Ti(OiPr)4 8.5 e e 76:24 82
19 a d SnCl4 8.5 e e 0:100 76
20 a e none 8 f f 71:29 78
21 a e Ti(OiPr)4 8 f f 100:0 81
22 a e SnCl4 8 f f 0:100 54

[a] Lewis acid (1 equiv) was used to activate the substrate. [b] The product
ratio was determined by 1H NMR spectroscopic analysis (400 MHz) and
was confirmed by separation by column chromatography. [c] Yield of
isolated products.
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Scheme 2. Lewis acid promoted nucleophilic addition of Ti enolate 1 with
cyclic enones 5.

1,4-addition compound as the sole product (Table 1, entry 3).
The 1,2-addition product could not be isolated when the
reaction was activated with BF3 ¥OEt2. This is believed to be a
result of the low stability of the 1,2-addition product 6a.

The Lewis acid controlled selectivity described above could
be rationalized as follows. As the anion of the activated
methylene compound, the Ti enolate 1 is considered to be a
soft nucleophile.[8b] From ab initio calculations it is known that
the complexation of the Lewis acid with the oxygen atom of
an �,�-unsaturated carbonyl compound increases its carbonyl
coefficient of LUMO relative to that of the remote �-carbon
atom,[12] and hence the Lewis acid coordination should

promote 1,2 addition. Therefore,
BF3 ¥OEt2 enhances the 1,2 selectivity.
However, when enones are activated
by TiCl4 or SnCl4,[13] there is another
factor that overrides the Lewis acid
activation for 1,2 addition. It is known
that TiCl4 can form dimeric structures
that involve bridging chlorine
atoms.[14, 15] Therefore we speculate

that the complex 8 formed in the TiCl4- or SnCl4-activated
reactions in which the two chlorine atoms serve as bridges for
the two transition metals. Because of the steric proximity in
this structure, 1,4 addition occurs much easier. Strong evi-
dence to support this rationalization is that when Ti(OiPr)4,
which has no chlorine atoms for the bridging, is used as the

activator, 1,2 addition was again greatly enhanced (Table 1,
entries 3, 8 13, 18, 21; Table 2, entry 6).

Since the nucleophilic addition products bear diazo func-
tionality, both 1,2- and 1,4-addition products can be subjected
to further synthetically useful transformations.[16] For exam-
ple, when 3a was treated with [Rh2(OAc)4] (1 mol%) in
benzene, highly efficient chemoselective intramolecular in-
sertion into the O�H bond occurs to give tetrahydrofuran
derivative 9 as a mixture of two diastereomeric isomers in
excellent yield (Scheme 3).

Ph

OH

Me

O

OEt

O

N2
O

Me
Ph

OEt

O

O

3a 9

[Rh2(OAc)4] (1% mol)

benzene
reflux, 93 %

Scheme 3. [Rh2(OAc)4]-mediated intramolecular O�H insertion.

In summary, we have demonstrated that both 1,2 and 1,4
selectivity of the nucleophilic addition could be controlled by
Lewis acids. Similar control of selectivity may be possible for
other types of nucleophiles. Investigations along this line are
underway in our laboratory.

Experimental Section

Typical procedure: TiCl4 (209 mg, 1.1 mmol) and Et3N (111 mg, 1.1 mmol)
were added dropwise to a solution of 1a (156 mg, 1 mmol) in anhydrous
CH2Cl2 (10 mL) at �78 �C. The dark-red mixture was stirred at �78 �C for
1 h. Ti(OiPr)4 (284 mg, 1 mmol) and 2a (146 mg, 1 mmol) in anhydrous
CH2Cl2 (2 mL) were added to this mixture. The reaction mixture was
stirred for another 8 h and then quenched with saturated aqueous NH4Cl
(5 mL). The organic layer was separated; upon workup, a crude product
was obtained which was purified by flash chromatography to yield major
product 3a as an oil (224 mg) and minor product 4a as a white solid (10 mg,
m.p. 68 ± 69 �C) in 78% total yield. Simultaneously, 1a (13%) and 2a
(19%) were recovered.
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Table 2. Regioselective nucleophilic addition of Ti enolate 1 with cyclic
enones 5.

Entry 1 5 Lewis acid[a] t [h] 6 7 6/7[b] Yield [%][c]

1 a a none 8 a a ± ±[d]

2 a a BF3 ¥OEt2 6.5 a a ± ±[d]

3 a a TiCl4 7 a a 0:100 45
4 a b none 8 b b 67:33 63
5 a b BF3 ¥OEt2 8 b b 86:14 40
6 a b Ti(OiPr)4 8.5 b b 99:1 68
7 a b TiCl4 7 b b 1:99 52
8 b b none 8 c c 70:30 51
9 b b BF3 ¥OEt2 8.5 c c 100:0 31[e]

10 b b TiCl4 8.5 c c 19:81 47
11 b b SnCl4 8 c c 0:100 34[e]

[a] Lewis acid (1 equiv) was used to activate the substrate. [b] The product
ratio was determined by 1H NMR spectroscopic analysis (400 MHz) and
was confirmed by separation by column chromatography. [c] Yields of
isolated products. [d] The reaction gave a complex mixture, 1,4-addition
product could be isolated in low yield. [e] Considerable amounts of starting
materials were recovered.
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First Evidence of Fast S�H ¥¥¥ S Proton Transfer
in a Transition Metal Complex**
Gabriel Aullo¬ n, Merce¡ Capdevila, William Clegg,
Pilar Gonza¬ lez-Duarte,* AgustÌ Lledo¬ s,* and
Rube¬n Mas-Balleste¬

In the quest to control noncovalent interactions, S�H ¥¥¥ S
hydrogen bonds are attracting great interest. Despite the
prevalence of the thiol group in cysteine residues and the
potential importance of S�H ¥¥¥ S bridging bonds in biology,
little is known about this interaction.[1] Intermolecular
S�H ¥¥¥ S chains that play an organizing role in the solid state
were found in X-ray structures of several compounds
containing S�H groups.[2] The S�H ¥¥¥ S hydrogen bonds are
typically very weak, but may become moderately strong in
particular compounds. Resonance[3] and charge[4] assistances
have been put forward as being responsible for strong
intramolecular S�H ¥¥¥ S bonds. The greater acidity of dithiols
relative to their monothiol analogues has been attributed to
enhanced stabilization of the thiolate anion by an intra-
molecular RS� ¥ ¥ ¥ HSR hydrogen bond.[5] Evidence of
S�H ¥¥¥ S interactions in transition metal compounds are
scarce,[6] although the acidity of the SH group should be
enhanced when the sulfur atom is coordinated to a transition

metal. Indeed, Sellmann et al. found strong intermolecular
S�H ¥¥¥ S bridges in the crystal structure of [Ru(SH2)(PPh3)
™S4∫].[6a] An influence of these bridges on the reactivity of the
metal complexes has not been demonstrated, although intra-
molecular M�SH ¥¥¥ hydride interactions have been proposed
in the initial stage of the mechanism of hydride protonation.[7]

Here we show that a fast S�H ¥¥¥ S proton exchange takes
place in bimetallic platinum complexes with bridging SH� and
S2� ligands.

Sulfide-bridged aggregates with the Pt2S2 core have a rich
chemistry.[8, 9] We proved that the reactivity of the Pt2S2 core is
highly dependent on the nature of the terminal ligands.[9, 10]

We have now synthesized of the monoprotonated complexes
[Pt2{Ph2P(CH2)nPPh2}2(�-S)(�-SH)]ClO4 (n� 2, dppe (1);
n� 3, dppp (2)) by adding HClO4 to a solution of the
corresponding [Pt2(�-S)2P�P)2] (P�P� dppe or dppp) com-
plex in benzene. The most remarkable spectroscopic feature
of 1 and 2 is the equivalence of the four phosphorus nuclei at
room temperature according to the 31P NMR spectrum
(Figure 1). The only analogous monoprotonated compound

Figure 1. Variable-temperature 31P{1H} NMR spectra of 1.

previously reported, namely, [Pt2(�-S)(�-SH)(PPh3)4]PF6, has
two distinct environments about the P nuclei, as the SH group
is cis to two phosphorus atoms and trans to the other two.
Consequently, at room temperature, it shows two 31P NMR
signals with two distinct 1JPt,P coupling constants.[8b, 11] Surpris-
ingly, each of the monoprotonated complexes 1 and 2 shows
only one pseudotriplet with the following apparent spectro-
scopic parameters in [D6]acetone: �P� 42.8 ppm and 1JPt,P�
3108 Hz for 1, and �P��3.3 ppm and 1JPt,P� 2960 Hz for 2.

We optimized the geometry of the model compounds
[Pt2{H2P(CH2)nPH2}(�-S)(�-SH)]� (n� 2, dhpe (1 t); n� 3,
dhpp (2 t)) by B3LYP calculations.[12] Two conformations with
a hinged Pt2S2 skeleton were found as minima in both
complexes; they differ in the endo (e) or exo (x) orientation
of the thiol proton (see Figure 2). As expected, two different
Pt�P and two different Pt�S distances were found in all cases
(e.g., in 1 t(x) Pt�P(trans-S) 2.338, Pt�P(trans-SH) 2.279, Pt�S
2.389, Pt�SH 2.465 ä), and this reflects the different trans
influences of the sulfide and thiol ligands. The exo form is
slightly more stable than the endo form, although the exo/
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Figure 2. Optimized geometries of the exo and endo conformations and
transition states for proton transfer in 1t, 2 t, 5C, and 7C with bond
lengths [ä] and angles [�].

endo interconversion, which takes place through ring inver-
sion,[13] is usually a very fast process. The S�H/S disposition in
the exo conformations is compatible with the presence of a
weak S�H ¥¥¥ S hydrogen bond. Comparing the Pt-S-H angle
in 1 t(x) (93.3�) with the Pt-S-C angle in the optimized
geometry of the methylthiolate analogue (102.1�) reaveals
that the S�H proton is tilted towards the sulfide. The energy
difference between the exo and endo forms (Table 1) can be
taken as a rough estimate of the hydrogen-bond strength.

Similar values (1 ± 2 kcalmol�1) have been reported for weak
S�H ¥¥¥ S hydrogen bonds.[14]

The X-ray crystal structures[15] of 1 and 2 show that the
Pt2(�-S)(�-SH) ring is nonplanar, with a dihedral angle
between the two PtS2 planes of 138.3� in 1 and 127.4� in 2
(Figure 3), and it is comparable to that in the singly proton-

Figure 3. X-ray structure of 2. Selected bond lengths [ä] and angles [�]:
Pt1-S1 2.356(2), Pt1-S2 2.343(2), Pt2-S1 2.350(2), Pt2-S2 2.345(2); S1 ¥¥ ¥ S2
3.004, Pt1-S1-Pt2 86.92(7), Pt1-S2-Pt2 87.36(7). Selected bond lengths [ä]
and angles [�] for 1: Pt1-S1 2.374(3), Pt1-S2 2.339(3), Pt2-S1 2.365(3), Pt2-
S2 2.343(3); S1 ¥¥ ¥ S2 3.057, Pt1-S1-Pt2 89.94(11), Pt1-S2-Pt2 91.37(10).

ated complex cation [Pt2(PPh3)4(�-S)(�-SH)]� .[11, 16] The H
atom attached to S was not directly located in the structures of
1 and 2, owing to the presence of heavy atoms and actual or
possible disorder. Comparison of the Pt2S2 cores in 1 and 2
with those of their deprotonated precursors [Pt2(�-S)2-
(dppe)2][9a] and [Pt2(�-S)2(dppp)2],[10] shows that the S ¥¥¥ S
distance is shorter (by about 0.1 ä) and the dihedral angle
smaller (by ca. 2� (1) and 7� (2)). However, these distortions
do not allow a definite proposal for a unequivocal binding
situation of the thiol proton in crystals of 1 or 2. According to
theoretical calculations both endo or exo conformations are
possible, and thus weak interactions may determine the
prevalence of one orientation over the other. In fact, an endo
conformation for the thiol proton in 1 and 2 allows S�H ¥¥¥ Ph
hydrogen bonding.[17] Regarding the acidity of the S�H group
in 1 and 2, NMR data allowed the corresponding pKa values to
be estimated. Both should be within the range 7 ± 9 on the
aqueous scale, as they are deprotonated by 4-aminopyridine
(pKa of the conjugated acid 9.11) but not by 2,4-lutidine (pKa

of the conjugated acid 6.99). This represents a decrease of ten
pKa units from the free SH� ligand (pKa� 17 ± 19).

Hydrogen bonds can be regarded as incipient proton-
transfer reactions.[1b] Thus, the equivalence of the phosphorus
nuclei in 1 and 2 could be attributed to a fast SH ¥¥¥ S proton
transfer. To shed light on this process, variable-temperature
NMR experiments were carried out (Figure 1). At low
temperature, two distinct phosphorus environments were
observed for 1 and 2 with the following parameters in
[D6]acetone: �P(A)� 44.1, �P(B)� 41.4 ppm, 1JPt,P(A)� 2626,
1JPt,P(B)� 3608 Hz for 1, and �P(A)��1.8, �P(B)��4.9 ppm,
1JPt,P(A)� 3401, 1JPt,P(B)� 2408 Hz for 2. Determination of the
coalescence temperature allowed an estimation of the energy

Table 1. B3LYP relative energies [kcalmol�1] of the exo (x) and endo (e)
conformations and the transition states (TS) for intramolecular proton
transfer. In parentheses: MP2 values.

Gas phase (�� 1) Acetone (�� 20.7)
x e TS x e TS

1t 0.0 (0.0) 0.9 (1.5) 19.7 (17.3) 0.0 (0.0) � 0.4 (�0.3) 19.5 (17.2)
2t 0.0 (0.0) 1.5 (2.3) 19.3 (16.1) 0.0 (0.0) � 0.2 (0.8) 18.0 (13.7)
5C 0.0 2.0 11.3 0.0 1.4 11.4
7C 0.0 2.2 2.3 0.0 1.0 1.6
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barrier of the SH ¥¥¥ S proton-transfer process. The values thus
obtained are Tc� 221 K and �G�� 10.7 kcalmol�1 for 1, and
Tc� 240 K and �G�� 10.6 kcalmol�1 for 2.

We also performed calculations on the intramolecular
S�H ¥¥¥ S proton-transfer process. The transition state was
located and characterized for both complexes (TS1 and TS2,
respectively). Both TSs show a trigonal S-H-S arrangement, in
which the partial rupture of the S�H bond is compensated by
the partial formation of the new S�H bond (Figure 2). The
moderate energy barriers found (Table 1) are consistent with
the fast process observed on the NMR timescale. We carried
out additional calculations to assess the validity of the
theoretical values: 1) single-point MP2 calculations on the
B3LYP optimized geometries (Table 1, values in parenthe-
ses); 2) inclusion of solvent effects by means of the PCM
continuum model.[18] The energy barriers are only slightly
modified. Thus, theoretical calculations clearly show that
intramolecular S�H¥¥¥ S proton transfer can occur in 1 and 2
with a low energy barrier. We also considered the possibility of
an intermolecular solvent-assisted proton transfer, as defined in
Equation (1). The values obtained for the activation energy of
this reaction in acetone (32.2 kcalmol�1 for 1t and
32.0 kcalmol�1 for 2t, respectively) rule out this possibility.

exo-[(P�P)2Pt2(�-S)(�-SH)]��CH3COCH3 �
[(P�P)2Pt2(�-S)(�-S)]� (CH3)2COH�

(1)

To compare the S�H ¥¥¥ S interaction in 1 and 2with those in
other compounds, in which stereochemical constraints place
the S-H-S unit in a similar disposition, we performed
calculations on dithiotropolone (7C) and the parent species
with a five-membered ring 5C (Figure 2, Table 1). The results
obtained show that the structural and energetic parameters of
the organic systems are similar to those of the platinum
complexes, although the magnitude of the SH ¥¥¥ S interaction
decreases in the order 7C� 5C� 1� 2.

In conclusion, the combined evidence from experimental
and theoretical studies demonstrates the potential of a metal-
coordinated thiol ligand to transfer its proton to a metal
bound sulfide.

Experimental Section

1: HClO4 (20 �L, 11.6�) was added to a solution of [Pt2(�-S)2(dppe)2]
(200 mg, 0.16 mmol) in benzene (50 mL). After 2 h, a pale yellow solid
appeared. The solid product was collected by filtration, washed with
benzene and water, and dried with diethyl ether. Yield: 146 mg (68%).
X-ray quality crystals of 1 were obtained by slow evaporation of a solution
in methanol. 31P{1H} NMR (162.1 MHz, [D6]acetone, 295 K):
�P(apparent)� 42.8 ppm, 1JPt,P(apparent)� 3108 Hz. ESI-MS: m/z : 1251.

2 : The same procedure as for 1 gave a yellow solid from the reaction of
[Pt2(�-S)2(dppp)2] (200 mg) and of HClO4 (20 �L, 11.6�) Yield: 70%.
Recrystallization of 2 from methanol gave X-ray quality crystals. 31P{1H}
NMR (162.1 MHz, [D6]acetone, 295 K): �P(apparent)��3.3 ppm,
1JPt,P(apparent)� 2960 Hz. ESI-MS: m/z : 1280.
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[Ir4(CO)12]-Catalyzed Coupling Reaction of
Imidazoles with Aldehydes in the Presence of a
Hydrosilane to Give 2-Substituted
Imidazoles**
Yoshiya Fukumoto, Katsutoshi Sawada,
Motoyuki Hagihara, Naoto Chatani, and Shinji Murai*

Imidazole rings are components of a number of natural
products and biologically active molecules. As a result, the
development of methods for the alkylation of imidazole
carbons is an important subject in organic synthesis.[1] Gen-
erally, C2 of an imidazole ring can be alkylated by lithiation
with strong bases at low temperature followed by treatment
with electrophiles.[1, 2] 1-Alkyl-2-trimethylsilylimidazoles re-
act with electrophiles to give 2-substituted imidazoles in good
yields, although a stoichiometric amount of n-butyllithium is
required to prepare the 2-silylimidazoles.[3] Thermal conden-
sations with aldehydes[4] or isocyanates[5] have also been
reported, but yields in the aldehyde reaction are dependent on
the structure of substrates. Imidazolium ylides, which are
generated by the reaction of 1-alkylimidazoles with acid
halides in the presence of amines, have been proposed as the
reactive intermediate in the pathway to 2-acylimidazoles.[6]

Quite recently, Hlasta reported that imidazolium ylides react
with various electrophiles.[7] It is known that transition-metal-
catalyzed reactions are useful synthetic tools for selective
C�C-bond formation.[8] Cross-coupling reactions catalyzed by
palladium complexes[9] or copper salts[10] were applied to
introduce substituents at C2 of imidazoles. We have found
that [Ru3(CO)12] is an efficient catalyst for direct carbon-
ylation at a C�H bond in imidazole derivatives.[11] Bergman,
Ellman, and Tan demonstrated intramolecular cyclization of
N-�-alkenyl benzimidazole, which was proceeded by a
RhCl(PPh3)3-catalyzed C�H/olefin coupling reaction.[12] We
report herein a unique new reaction for the derivatization of
imidazoles. The new reaction enables direct coupling of
1-methylimidazole with aldehydes when [Ir4(CO)12] is used as
the catalyst with a hydrosilane as a co-reactant.

The reaction of 1-methylimidazole (1; 1 mmol) with
hexanal (2 ; 1 mmol) and diethylmethylsilane (2 mmol) in
the presence of [Ir4(CO)12] (0.02 mmol) in toluene at 110 �C
for 2 h gave 2-[1-(diethylmethylsiloxy)hexyl]-1-methyl-1H-
imidazole (3) in 35% and the hydrosilylation product of
hexanal 4 in 17% (Scheme 1). No reaction occurred in the
absence of diethylmethylsilane. It occurred to us that the
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Scheme 1. [Ir4(CO)12]-catalyzed reaction of 1-methylimidazole (1) with
hexanal (2) with and without added DMAD.

addition of a hydrogen acceptor to the reaction system would
improve the yield of 3, since two hydrogen atoms (2-H of 1
and the hydrogen atom of H-SiR3) were not found in the
product on the formation of 3. Among the hydrogen acceptors
examined, it was found that diethyl acetylenedicarboxylate
(DMAD) was the additive of choice; curiously, no hydro-
genation products such as dimethyl fumarate or dimethyl
succinate were detected. This result indicates that DMAD
plays a role, not as a hydrogen acceptor, but rather as a
ligand,[13] although the details of the mechanism are not clear
at present. Other transition-metal complexes including [Fe3-
(CO)12], [Ru3(CO)12], [Os3(CO)12], [Co2(CO)8], [Rh4(CO)12],
[IrH(CO)(PPh3)3], [{IrCl(cod)}2] (cod� cycloocta-1,5-diene),
[H2IrCl6], and [Ir(cod)]BF4, had no catalytic activity.

The results of these reactions with some aldehydes are
summarized in Table 1. All reactions were completed within
4 h and the products were isolated in good yields by bulb-to-
bulb distillation. The reaction of pivaldehyde (7) required a
higher reaction temperature to obtain 8 in good yield (Table 1,
entry 3). Acetal (11) and ester (13) groups were also compat-
ible in the present reaction (Table 1, entries 4, 5). The reaction
of benzaldehyde (15) gave 16 in 76% yield as well as the
silylated dimerization product, 1,2-bis(diethylmethylsiloxy)-
1,2-diphenylethane, in 8% yield (Table 1, entry 7).[14] Al-
though the reaction of acetophenone resulted in the forma-
tion of the corresponding enol silyl ether, trifluoroacetophe-
none (17) afforded 18 (Table 1, entry 8) in 32% yield.

The reaction of N-propylisocyanate (19) with 1-methylimi-
dazole and hydrosilane gave 20, which might be formed by
hydrolysis of the desired product during the work-up
(Scheme 2). The reaction of 1-methylbenzimidazole (21) with
hexanal required the further addition of DMAD and a longer
reaction time (19 h) to give 22 (Scheme 3). Other heterocyclic
compounds such as thiazole, oxazole, 1,2,4-triazole, and
pyrimidine were also examined, but only hydrosilylation
products of aldehydes were obtained in all cases.

A possible reaction mechanism is shown in Scheme 4. The
addition of Ir�SiR3 to the aldehyde, followed by carbo-
iridation of the C�N double bond of the imidazole[15] gives
amidoiridium intermediate A. Successive �-hydride elimina-
tion of A gives the product and the Ir�H species. A very
similar dehydrometallation reaction of iridium amide com-
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Scheme 2. [Ir4(CO)12]-catalyzed reaction of 1-methylimidazole (1) with N-
propylisocyanate (19), with DMAD additive, to form 20.

plexes has been observed directly.[16] The regeneration of the
initial catalyst species might take place by the reaction of the
Ir�H species with H�SiR3 to give Ir�SiR3 and H2.[17]

In summary, [Ir4(CO)12] catalyzes the coupling reaction of
imidazoles with aldehydes in the presence of a hydrosilane to
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Scheme 3. [Ir4(CO)12]-catalyzed reaction of 1-methylbenzimidazole (21)
with hexanal (2), with DMAD additive, to give 22.

N

N

R'
N

N
Me OSiR3

IrR'
N

N
Me OSiR3

Ir–H

H2

HSiR3

Ir R'

OSiR3

Ir–SiR3
H R'

O

A

Me

Scheme 4. Possible reaction mechanism.

give 2-alkyl imidazoles. Detailed mechanistic studies are
currently underway in our laboratories.[18]

Experimental Section

3 : [Ir4(CO)12] (22 mg, 0.02 mmol), 1-methylimidazole (82 mg, 1 mmol),
hexanal (100 mg, 1 mmol), diethylmethylsilane (204 mg, 2 mmol), DMAD
(23 mg, 0.16 mmol), and toluene (5 mL) were mixed in a 10-mL flame-
dried flask. The reaction mixture was heated at reflux for 2 h. After cooling
to room temperature, the volatile components were removed in vacuo.
Compound 3 was isolated by bulb-to-bulb distillation under reduced
pressure. 1H NMR (270 Hz, CDCl3, TMS): ���0.05 (s, 3H; CH3Si), 0.51
(q, 3J(H,H)� 7.8 Hz, 4H; SiCH2), 0.83 (t, 3J(H,H)� 7.8 Hz, 3H;
SiCH2CH3), 0.86 (t, 3J(H,H)� 7.8 Hz, 6H; SiCH2CH3, CH3), 1.27 ± 1.50
(c, 6H; CH2CH2CH2), 1.80 (m, 2H; CHCH2), 3.74 (s, 3H; NCH3), 4.88 (dd,
3J(H,H)� 6.2, 1.6 Hz, 1H; CH), 6.75 (d, 3J(H,H)� 1.1 Hz, 1H; �CH),
6.88 ppm (d, 3J(H,H)� 1.1 Hz, 1H; �CH); 13C NMR (68 Hz, CDCl3,
TMS): ���4.89 (SiCH3), 6.22 (SiCH2), 6.33 (SiCH2), 6.51 (SiCH2CH3),
6.54 (SiCH2CH3), 13.95 (CH3), 22.50 (CH2), 25.52 (CH2), 31.48 (CH2), 33.25
(NCH3), 36.89 (CH2), 70.51 (CH), 121.64 (�CH), 126.72 (�CH), 148.97 ppm
(NCN); MS (70 eV): m/z (%): 282 ([M�], 8), 253 ([M��Et], 100);
elemental analysis (%) calcd for C15H30N2OSi: C 63.78, H 10.70, N 9.92;
found: C 63.53, H 10.96, N 10.19.
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Table 1. [Ir4(CO)12]-catalyzed coupling reaction of 1 with carbonyl com-
pound in the presence of diethylmethylsilane.[a]

Entry Carbonyl
Compounds

Product t [h] Yield [%][b]

1 2 92

2 3 91

3 4 76[c]

4 1 72

5 1 62

6 1 87

7 2 76[d]

8 3 32

[a] Reaction conditions: 1-methylimidazole (1 mmol), carbonyl compound
(1 mmol), diethylmethylsilame (2 mmol), [Ir4(CO)12] (0.02 mmol), DMAD
(0.16 mmol), in toluene (5 mL) at 110 �C, unless otherwise noted. [b] Yields
of isolated products. [c] T� 135 �C. [d] 1,2-Bis(diethylmethylsiloxy)-1,2-
diphenylethane was also obtained in 8% yield.
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[Lewis Acid]�[Co(CO)4]� Complexes: A
Versatile Class of Catalysts for Carbonylative
Ring Expansion of Epoxides and Aziridines**
Viswanath Mahadevan, Yutan D. Y. L. Getzler, and
Geoffrey W. Coates*

Introduction of carbonyl functional groups by using tran-
sition-metal-catalyzed carbon monoxide (CO) insertion is a
synthetically useful transformation.[1±3] Application of this
methodology, in conjunction with readily available epoxide
and aziridine substrates provides facile access to �-lactones[4]

and �-lactams,[5, 6] useful precursors for organic synthesis as
well as for the synthesis of polymers such as poly(3-
hydroxyalkanoates)[7] and poly(�-peptides).[8, 9] Few catalysts
are known to perform ring-expansive CO insertion into
epoxides to give �-lactones.[10, 11, 12d] Likewise, a limited
number of reagents[13] and catalysts[12, 14, 15] are known to
carbonylate aziridines to yield �-lactams. Recently, regiose-
lective epoxide and aziridine carbonylation was achieved
using a catalyst system consisting of a mixture of [PPN]-
[Co(CO)4] and BF3 ¥ Et2O (PPN�Ph3P�N�PPh3).[12d] How-
ever, most of these catalysts require long reaction times, high
temperatures, high catalyst loading, and/or external additives.
There is continuing motivation for developing fast, single-
component catalysts; ideally a single catalyst would efficiently
carbonylate both epoxides and aziridines. Herein, we report a
well-defined [Cp2Ti(thf)2][Co(CO)4] catalyst (1; Cp�
C5H5),[16] readily synthesized from commercially available
[Cp2Ti(CO)2] and [Co2(CO)8], is efficient for carbonylation of
both epoxide and aziridine substrates. During the course of
this work we discovered that the discrete catalyst [(sal-
ph)Al(thf)2][Co(CO)4] (2),[11, 17] is also active for regioselec-
tive aziridine carbonylation (Scheme 1).

The [Co(CO)4]� ion is the putative active species for CO
insertion reactions that use [Co2(CO)8] as the catalyst.[1, 11, 12a]

Based on this postulate, a variety of [cation][Co(CO)4]
complexes[18] were previously screened[11] for CO insertion
into propylene oxide. Complexes 1 and 2 are efficient catalysts
for the carbonylation of a variety of both epoxides and
aziridines.

Catalyst 1 (5 mol%) regioselectively carbonylates a variety
of epoxides under mild conditions and in high yields.
Propylene oxide is converted into �-butyrolactone in 95%
yield in 4 h at 60 �C; the carbonylation is highly regioselective
producing exclusively the 4-methyloxetan-2-one isomer (Ta-
ble 1, entry 1). Carbonylation of propylene oxide was not
observed with other potential catalysts[18, 19]under a variety of
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Pergamon, Oxford, 1995, pp. 303 ± 417.

[14] Examples of silylative dimerization of aromatic aldehydes catalyzed
by transition-metal complexes: a) E. Frainnet, R. Bourhis, F. Simonin,
F. Moulines, J. Organomet. Chem. 1976, 105, 17 ± 31; b) H. Shimada, J.-
P. Q¸, H. Matsuzaka, Y. Ishii, M. Hidai, Chem. Lett. 1995, 671 ± 672.
We also have found that [Co2(CO)8] catalyzes the silylative dimeriza-
tion of aromatic aldehydes: c) S. Murai, T. Kato, N. Sonoda,
unpublished data.

[15] Many examples of carbopalladation to C�O double bonds have been
reported; see: I. P. Beletskaya, A. V. Cheprakov, Chem. Rev. 2000,
100, 3009 ± 3066.

[16] J. F. Hartwig, J. Am. Chem. Soc. 1996, 118, 7010 ± 7011.
[17] A similar reaction is known for the case of [Co2(CO)8]; see: A. J.

Chalk, J. F. Harrod, J. Am. Chem. Soc. 1967, 89, 1640 ± 1647.
[18] A 1-methyl-3-(dimethylsilyl)imidazol-2-ylidene may be involved as a

key intermediate in the present reaction; see: S. Sole¬, H. Gornitzka,
O. Guerret, G. Bertrand, J. Am. Chem. Soc. 1998, 120, 9100 ± 9101.
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conditions, which included changes in catalyst loading (2-
10 mol%), temperature (50 ± 100 �C), and reaction time (12 ±
48 h). (R)-Propylene oxide is converted into (R)-�-butyrolac-
tone in 95% yield with �99% retention of configuration
(Table 1, entry 2), consistent with the high regioselectivity
observed for CO insertion. Retention of stereochemistry
allows the synthesis of enantiomerically enriched �-lactones
from readily available chiral epoxides.[20] Compound 1 also
catalyzes the transformation of 1,2-epoxybutane to 4-ethyl-
oxetan-2-one (Table 1, entry 3). Functional epoxides such as
1,2-epoxy-5-hexene (Table 1, entry 4) and epichlorohydrin
(Table 1, entry 5) are carbonylated to the corresponding
lactones. The hindered substrate isobutylene oxide reacts to
generate a mixture of isomeric lactones in a 4:1 ratio with
90% overall yield (Table 1, entry 6).

Catalyst 1 also carbonylates cis- and trans-2,3-epoxybutanes
regioselectively to trans- and cis-lactones, respectively, in high
yield and with inversion of configuration (Table 1, entries 7
and 8). The cis- and trans-lactone products were individually
identified by comparing 13C NMR spectroscopic data with
those reported,[21, 22] as well as, by pyrolysis; thermal syn de-
carboxylation of the lactones generates alkenes with retention
of stereochemistry.[23] Comparison of the resulting alkenes
with authentic cis- and trans-2-butene samples using 1H NMR
spectroscopy allowed identification of the parent lac-
tones.[24, 25]

Both 1 and 2 are capable of carbonylating aziridines to
generate �-lactams, although they exhibit interesting differ-
ences in reactivity. Catalyst 1 carbonylates 1-benzyl-2-methyl
aziridine in 90% yield compared to 50% obtained with 2
under similar conditions (Table 2, entry 1). However, in both
cases, CO insertion occurs selectively at the least hindered
ring C�N bond. Catalyst 1 also carbonylates 7-benzyl-7-
azabicyclo[4.1.0]heptane in 80% yield compared to �5%

Table 1. Carbonylation of epoxides to �-lactones using 1.[a]

Entry Substrate Temp
[�C]

Time
[h]

Products Yield
[%][b]

1 60 4 95

2 60 4 95[c]

3 60 4 99

4 60 4 90

5 60 5 60

6 50 3 90

7 60 10 99

8 60 10 75

[a] 5 mol% catalyst 1 (0.2� in DME), 6200 kPa (900 psi) CO, 1.92 mmol
epoxide. [b] Yields determined by 1H NMR spectroscopy. [c] � 99% (R)-
�-Butyrolactone.

Table 2. Carbonylation of aziridines to �-lactams using 1 and 2.[a]

Entry Substrate Catalyst Temp [�C] Time [h] Products Yield [%][b]

1 1 60 6 90
2 60 6 50

2 1 80 18 80
2 80 18 � 5

3 1 90 6 35
2 90 6 99

4

1 60 5 95

[a] 5 mol% catalyst (0.2 � in DME), 6200 kPa (900 psi) CO, 1.92 mmol aziridine; TBS� tert-butyldimethylsilyl, Ts� tosyl. [b] Yields determined by 1HNMR
spectroscopy.
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yield obtained with 2 (Table 2, entry 2). Both 1 and 2 show
unprecedented activity in carbonylating the electron deficient
1-tosyl-2-methylaziridine substrate. However, 2 gives much
higher lactam yields (99%) than 1 (35%) (Table 2, entry 3),
which is important because of the availability of enantiomeri-
cally-pure N-tosyl aziridines.[26, 27] Finally, 1 reacts with cis-1-
benzyl-2-(tert-butyldimethylsilyloxymethyl)-3-methyl aziri-
dine to predominantly yield the trans-lactone with high
selectivity for CO insertion at the (Me)C�N bond of the
aziridine (Table 2, entry 4). Relative to previously reported
systems, 1 and 2 react faster, under milder conditions to
generate lactams in higher yield and selectivity. However, the
differences in reactivity between 1 and 2 are not understood at
the current time.

We propose the carbonylations of both epoxides and
aziridines proceed through a unifying mechanism involving
a backside nucleophilic attack by the [Co(CO)4]� ion at the
least-substituted carbon center (Scheme 1). The role of the
cationic Lewis acid counterpart is to bind and activate the
substrate.[11] Insertion of CO followed by ring-closure results
in lactone and lactam products, with inversion of configura-
tion at the site of attack. Discrete catalysts such as 1 and 2 will
allow the elucidation of the mechanism of CO insertion into
these substrates.

In summary, the discrete catalysts [Cp2Ti(thf)2][Co(CO)4]
(1) and [(salph)Al(thf)2][Co(CO)4] (2) are shown to efficient-

ly carbonylate a variety of epoxides and aziridines under mild
conditions. Carbonylation of (R)-propylene oxide can be
carried efficiently on a multigram scale. Between 1 and 2, a
variety of epoxides and aziridines are efficiently carbonylated
in high yield and selectivity with intriguing differences in
reactivity. Further, we propose the insertion of CO into both
epoxides and aziridines proceeds through a similar mecha-
nism, which generates �-lactone and �-lactam products with
inversion at the site of nucleophilic attack.
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Remarkably High 1,5-Diastereoselectivity in a
Nickel-Catalyzed Conjugate Addition of
Me2Zn and Carbonyl Compounds to 1,�-
Dienynes with Through-Space Coupling**
Akihiro Ezoe, Masanari Kimura,* Takahiro Inoue,
Masahiko Mori, and Yoshinao Tamaru*

Carbon ± carbon-bond formation is the most important and
fundamental process in organic synthesis. In particular, the
coupling reaction of unsaturated C�C bonds mediated by low-
valent transition metals is a rapidly growing field and is now

an indispensable strategy in synthetic chemistry.[1] Since the
pioneering work of Wilke and co-workers,[2] nickel complexes
have been widely utilized as efficient catalysts for C�C-bond
formations.[3] Intramolecular variants such as the [4�2] cyclo-
addition reaction of 1,�-dienynes [Eq. (1)],[4] cyclization of
1,�-bis(enones),[5] �-dienyl aldehydes,[6] and �-alkynyl
enones [Eq. (2)][7] are all useful methods for the synthesis of
rather complex cyclic molecules of physiological interest.[8]

R R

(1)
Ni (cat.)

O

R R

O

R'
R2Zn

(2)
Ni (cat.)

'

We report herein the four-component reaction of dime-
thylzinc, carbonyl compounds (aldehydes, ketones), and
dienes and alkynes of 1,�-dienylalkynes 1 in the presence of
a catalytic amount of [Ni(acac)2] (acac� acetylacetonato) at
room temperature to provide alkylidene cyclopentanes 2a,b
(X�C(CO2Et)2) and their heterocyclic analogues 2c ± e
(X�O, NTs) in good yields and with excellent stereoselec-
tivity (Table 1). This four-component reaction may be re-
garded as an extended version of the reactions portrayed in
Equation (1) (a two-component coupling of a diene and an
alkyne) and in Equation (2) (a three-component coupling of
organozinc, alkyne, and enone).

The scope of the present reaction was examined with
various 1,�-dienynes 1a ± e (1.0 mmol) in the presence of a
catalytic amount of [Ni(acac)2] (0.1 mmol), an aldehyde or
ketone (2.0 mmol), and dimethylzinc (2.4 mmol) in dry THF
at room temperature under nitrogen. All the 1,�-dienynes
1a ± e were so reactive that almost all the reactions were
complete within 1 h at room temperature, irrespective of R1

and X of 1 and of the carbonyl compounds (Table 1). The
conjugate addition of [Me2Zn] and of the carbonyl compound
to 1,�-dienynes 1 occurs at the terminal positions of the
alkyne and the diene moieties, respectively; the through-
space interactions of the alkyne and diene groups ensure C�C
coupling at the internal positions. Terminal alkyne 1a
provided 2a in moderate yield (Table 1, entry 1), whereas
internal alkynes 1b ± e general gave more satisfactory results
(Table 1, entries 2 ± 11). Especially rewarding here is that the
1,�-dienynes tethered by a nitrogen (1c) or an oxygen (1d,e)
reacted with similar ease and furnished pyrrolidine and
tetrahydrofuran derivatives, respectively, in reasonable yields.
Bulky substituents around the carbonyl group either retard
the reaction (Table 1, entry 10) or cause a decrease in yield
(Table 1, entry 11). The reaction displayed a remarkably high
level of stereoselectivity (�97%, in most cases) between the
cycloalkane methine and the OH-bearing carbon centers as
well as excellent stereoselectivity (100%) with respect to the
exocyclic tri- and tetrasubstituted double bonds.[9]

The structures of 2 were tentatively assigned by analogy
with the structure of piperidine derivative 4, which was
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obtained as a single diastereomer in almost quantitative yield
by reacting 3 and benzaldehyde under the standard conditions
[Eq. (3)]; to our delight, a crystalline solid was formed which
was suitable for X-ray crystallographic analysis.[10]

TsN
PhCHO

[Me2Zn]
RT, 0.5 h

TsN
Ph

OH+ (3)

3

Ni cat.

4 (96%)

A plausible reaction mechanism for the nickel(0)-catalyzed
coupling reaction is shown in Scheme 1.[11] Either a concerted
or a stepwise mechanism could be involved in the oxidative
cyclization of nickel(0) metal with aldehyde, alkyne, and diene
to give rise to intermediate I, which would then undergo
migration of a methyl group from zinc(��) to nickel(��) to afford
a methylvinylnickel(��) intermediate II. The intermediate II
undergoes reductive elimination to provide 4 and an active

TsN
PhCHO

[Me2Zn]

N
Ts H

Me
Ni

O

H

Ph
Me ZnMeII

N
Ts H

Me
Ni O

H

Ph
L

ZnMe2I

+

3

Ni0

4 + Ni0

Scheme 1. Plausible reaction mechanism for the Ni-catalyzed four-com-
ponent coupling reaction.

nickel(0) species. It is premature to discuss the origin of 1,5-
diastereoselectivity. This issue will be addressed in the near
future with the help of quantum mechanics and additional
experimental data. A scenario outlined in Scheme 1 also
agrees well with the stereoselective formation of (Z)-2a and
(Z)-2e, the structures of which were determined on the basis
of NOE experiments.

The conditions applied to the present reaction is essentially
the same as those developed in our laboratories[12] for a three-
component coupling reaction ([Me2Zn], 1,3-dienes, and
carbonyl compounds) in which [Me2Zn] and the carbonyl
compounds undergo conjugate addition to the 1,3-dienes in a
1,4-fashion and provide 3-hexenols; however, no such prod-
ucts were detected at all for all the reactions of 1 and 3
examined so far. This indicates that an alkyne is an excellent
reaction partner.

In conclusion, we have developed a nickel-catalyzed
conjugate addition reaction of [Me2Zn] and carbonyl com-
pounds to 1,�-dienynes 1 and 3, which afford cycloalkanes
and their heterocyclic analogues 2 and 4, respectively, in good
yields. The products 2 and 4 are characterized by the
stereodefined exocyclic tri- and tetrasubstituted double bonds
(100% purity) and also by the remarkably high 1,5-diaster-
eomeric purity (�97%, in most cases) with respect to C2 of
cycloalkane rings and C4 of trans-4-hydroxy-1-butenyl side
chains. Synthetic applications and further methodological
studies, including a fully intermolecular version of the present
four-component coupling reaction, that is, a coupling of four
independent reaction partners, are in progress.

Experimental Section

2 f (Table 1, entry 6): Dihydrocinnamaldehyde (268 mg, 2.0 mmol) and
dimethylzinc (2.4 mL, 1� in hexane) were added successively to a
homogeneous solution of [Ni(acac)2] (25.6 mg, 0.1 mmol) and 1b
(278 mg, 1.0 mmol) in dry THF (5 mL). The reaction mixture was stirred
at room temperature for 1 h under N2 and then quenched by the addition of
HCl (2�, 20 mL). The mixture was extracted twice with ethyl acetate. The
combined organic extract was washed with a saturated NaHCO3 solution
and a saturated NaCl solution and then dried (MgSO4) and concentrated in
vacuo. The residue was purified by column chromatography over silica gel
(hexane/ethyl acetate 12:1) to give 2 f (380 mg, 89%). Rf� 0.56 (hexane/
ethyl acetate 2:1); IR (neat): �� � 3480 (s), 2930 (s), 1732 (s), 1497 (m), 1252
(s), 1191 (s), 1062 (m), 972 (m), 700 (s) cm�1; 1H NMR (400 MHz, CDCl3,
TMS): �� 1.23 (t, J� 7.1 Hz, 3H), 1.24 (t, J� 7.1 Hz, 3H), 1.58 (s, 3H), 1.66
(s, 3H), 1.76 (dt, J� 6.2, 8.4 Hz, 2H), 2.06 (dt, J� 13.7, 7.8 Hz, 1H), 2.11
(dd, J� 5.1, 13.2 Hz, 1H), 2.22 (dtm, J� 13.7, 5.5 Hz, 1H), 2.58 (dd, J� 8.4,
13.2 Hz, 1H), 2.68 (dt, J� 13.9, 8.4 Hz, 1H), 2.78 (br ddd, J� 6.2, 8.4,
13.9 Hz, 1H), 2.83 (br d, J� 15.3 Hz, 1H), 2.98 (br d, J� 15.3 Hz, 1H), 3.35

Table 1. Ni-catalyzed coupling reaction of 1,�-dienynes, carbonyl compounds,
and dimethylzinc.[a]

X

R1

Me

R2

OHX

R1 [Me2Zn]
+ R2CHO

Ni (cat.)

21

Entry 1 Carbonyl
compound

t [h] 2 Yield
[%][b]

Ratio[c]

1 a PhCHO 1 45 11:1

2 b PhCHO 1 63 7:1

3 c PhCHO 1 67 � 30:1

4 d PhCHO 0.5 71 � 30:1

5 e PhCHO 1 61 7:1

6 b PhCH2CH2CHO 1 89 � 30:1

7 b 1 64 � 30:1

8 c PhCH2CH2CHO 1 64 � 30:1

9 c 1 71 � 30:1

10 c tBuCHO 2 67 12:1

11 c 1 33

[a] See Experimental Section for procedure. [b] Yield of isolated product. [c] The
ratio of diastereomers was determined on the basis of the 1H NMR spectra
(400 MHz).
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Total Synthesis of Polycephalin C and
Determination of the Absolute Configurations
at the 3��,4�� Ring Junction**
Deborah A. Longbottom, Angus J. Morrison,
Darren J. Dixon, and Steven V. Ley*

Tetramic acids (2,4-pyrrolidinediones) are an important
family of nitrogen-containing heterocycles, well known for
their potent antibiotic, antiviral, antifungal, and cytotoxic
activity.[1] Many tetramic acid natural products are highly
complex frameworks containing several stereogenic centers.
It is this complexity, together with the fact that these targets
have potential or known biological activity, which makes their
synthesis a worthwhile and challenging goal for the organic
chemist, particularly so when the natural product is in short
supply from the natural source.

In 1998, Nowak and Steffan isolated polycephalin C (1) as a
new member of this group of natural products from Physarum
polycephalum.[2] Polycephalin C (1) is a bis(trienoyltetramic
acid), linked by an unusual asymmetric cyclohexene ring. The

H

H

N

N

O

O

HO

HO

O

O

Me

OH

Me

OH

polycephalin C (1)
showing unknown 3",4" absolute stereochemistry

3''

4''

tetramic acid unit of each terminus is derived from (S)-N-
methyl serine and is linked by a fully conjugated all-E-triene
chain to the cyclohexene ring. This unusual tetramic acid is
thought to be one of several metabolites responsible for the
yellow color of the wild-type plasmodia of Physarum poly-
cepahlum.[2]

Although the structure elucidation had established that the
relative stereochemistry at the 3��,4�� ring junction of the
natural product was trans, the absolute configuration at these
positions had not been determined.[2] Therefore, intrigued by
both the novel structure of this unusual polyenoyltetramic
acid and the need to define the absolute stereochemistry at

(br d, J� 5.1 Hz, 1H), 3.60 (dddm, J� 5.5, 7.8, 8.4 Hz, 1H), 4.16 (q,
J� 7.1 Hz, 2H), 4.17 (q, J� 7.1 z, 2H), 5.30 (br ddd, J� 5.5, 7.8, 15.2 Hz,
1H), 5.39 (br dd, J� 5.9, 15.2 Hz, 1H), 7.16 ± 7.32 ppm (m, 5H); 13C NMR
(100 MHz, CDCl3, TMS): �� 14.1, 20.9, 30.7, 35.3, 38.4, 40.5, 40.8, 44.1,
59.4, 70.2, 125.7, 125.8, 128.5, 133.1, 136.3, 140.3, 172.3 ppm; elemental
analysis calcd for C26H36O5: C 72.87, H 8.47; found: C 72.94, H 8.29.
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the 3��,4�� ring junction, we devised a synthesis route to the
natural product.

As the 3��,4�� ring junction configuration of polycephalin C
(1) could be R,R or S,S, we arbitrarily selected the S,S isomer
as the initial synthesis target. Analysis suggested a convergent
approach, in which 1 is synthesized from two major fragments,
the stannylated dienoyltetramic acid 2 and the bisiodovinyl
intermediate 3 (Scheme 1). It was thought that 2 would be
readily available from thioester 4 and amino ester 5, frag-
ments which had been devised and then used in the total
synthesis of physarorubinic acid previously by our group.[3]

Double Stille coupling to connect bisiodide 3 and tetramic
acid 2,[4] followed by TBS deprotection would then give
polycephalin C (1) in a concise fashion. The synthesis of
dienoyltetramic acid 2 is discussed first, followed by the
synthesis of fragment 3 and the closing steps of the synthesis.

The two-step sequence which leads to the formation of
dienoyltetramic acid 2 begins with a aminolysis reaction
mediated by silver(�) trifluoroacetate (Scheme 2).[5] In this
particular case, it was found that an excess of triethylamine
was crucial in preventing destannylation of the dienoylstan-
nane 4. Under these basic conditions, the silver-salt-mediated
aminolysis reaction was complete after just 20 minutes at 0 �C
and furnished the desired �-keto amide 6 in an excellent 81%
yield. Exposure of 6 to NaOMe in MeOH at 25 �C for two
minutes then facilitated Lacey ±Dieckmann cyclization which
lead directly to dienoyltetramic acid 2 in a pleasing 90%
yield.[6]

With the tetramic acid portion of polycephalin C in hand,
attention was focussed on the synthesis of the bisiodovinyl
fragment 3. It was envisaged that, starting from key inter-
mediate cyclohexene diol 7, 1,4-dioxidation and an unprece-
dented double Takai reaction[7] would provide the desired bis-
iodide 3 (Scheme 3). It was expected that diol 7 would be
prepared from Diels ±Alder adduct 8 ; double-bond manipu-
lation and exhaustive reduction would subsequently provide
desired diol 7.

N
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HO
Me

OTBS

nBu3Sn
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nBu3Sn N

OH O
OMe

Me

OTBS

O

nBu3Sn StBu

OH O Me NH O

OMeTBSO

4 5

a)  81%

b)  90%

Scheme 2. Synthesis of dienoyltetramic acid 2. a) CF3CO2Ag, NEt3, THF,
0 �C, 20 min; b) NaOMe, MeOH, 25 �C, 2 min.
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Scheme 3. Synthetic plan for bisiodovinyl fragment 3.

The asymmetric Diels ±Alder reaction employed in this
case combines the dienophile, dimenthyl fumarate 9, with 1,3-
butadiene and is reported to occur with excellent diastereo-
selectivity.[8] Indeed in this case, the low-temperature Lewis
acid mediated reaction proceeded to afford exclusively the
desired Diels ±Alder adduct (R,R)-10 (d.e. �95% by NMR)
in a 73% yield (Scheme 4).

With the ring junction stereo-
chemistry created in the Diels ±
Alder adduct 10, double-bond
transposition was then required. It
was envisaged that overall addition
of phenylselenic acid and a subse-
quent oxidation ± elimination se-
quence would effect the desired
process. Overall addition of phe-
nylselenic acid to an alkene has
been reported previously.[9] In this
case, phenylselenium bromide in
MeCN/water (15:1) facilitated
smooth addition across the double
bond of Diels ±Alder adduct 10
and provided analytically pure hy-
droxyselenide 11 as the only dia-
stereomer. m-CPBA oxidation of
the phenylselenium moiety in the
addition product 11 produced hy-
droxyselenoxide 12, which then
underwent elimination in the pres-
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Scheme 1. Synthetic plan for polycephalin C (1). TBS� tert-butyldimethylsilyl.
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Scheme 4. Synthesis of allylic alcohol 13. a) Et2AlCl, 1,3-butadiene,
�60 �C, 36 h; b) PhSeBr, MeCN/H2O (15:1), 50 �C, 12 h; c) m-CPBA,
CH2Cl2, �30 �C, 5 min; d) diisopropylamine, 50 �C, 14 h. m-CPBA�m-
chloroperoxybenzoic acid.

ence of diisopropylamine at 50 �C to generate allylic alcohol
13 in an excellent 92% yield (Scheme 4).

It was clear that the most efficient design of the synthesis
would incorporate removal of the allylic hydroxy group with
concomitant reduction of the (�)-menthyl esters. We believed
that mesylation and subsequent exhaustive reduction would
be effective. However, attempted mesylate formation at 0 �C
was found to give diene 14 as the main product of the reaction
(Scheme 5), formed by elimination of the mesylate immedi-
ately after formation. To prevent this side reaction, mesylate

CO2R

CO2RHO

13

H
CO2R

CO2R
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CO2R

CO2RMsO

15

OH

OH

OH

OH

SN2 product 7 SN2' product 16

a)

b) 87%

c) 85%

5:1 7:16

*

*

*

*

*

*

Scheme 5. Synthesis of diol 7. a) MsCl, NEt3, CH2Cl2, 0 �C; b) MsCl, NEt3,
CH2Cl2, �78�� 15 �C; c) LiAlH4, THF, �78 �C�RT.

formation was therefore carried out at lower temperature and
pleasingly provided the desired allylic mesylate 15, the
structure of which has been confirmed by X-ray crystallog-
raphy.[10, 11] This was then used directly in the LiAlH4

reduction of both esters and mesylate. The reduction led to
an 85% yield of a separable mixture of diols 7 (product of
direct SN2 attack) and 16 (product of SN2� attack) in a 5:1 ratio
(Scheme 5), and provided a 71% yield of the desired diol 7. By

utilizing this synthetic sequence, gram quantities of diol 7
were accessed.

The 1,4-oxidation of diol 7 was then investigated and the
Swern reaction selected as the optimum method.[12] Unfortu-
nately, initial attempts gave �,�-unsaturated dialdehyde 17
(Scheme 6); the double bond had moved into conjugation
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c) 40%

Scheme 6. Synthesis of bis-iodovinyl fragment 3. a) (COCl)2, DMSO,
CH2Cl2, �78 �C, 2 h; then NEt3, �78�� 10 �C; b) (COCl)2, DMSO,
CH2Cl2, �78 �C, 1.5 h; then iPr2NEt, �78�� 10 �C; c) CrCl2, CHI3, THF,
0 �C�RT, 2 h.

with the proximal aldehyde as a result of the acidic nature of
the allylic proton in the oxidation product 18. However, this
problem could be overcome by replacement of triethylamine
with a more hindered base.[13] Thus, Swern oxidation with
diisopropylethylamine, followed by a cold acidic workup and
washing with a pH 7 buffer solution provided the desired
aldehyde 18 in high yield and purity (Scheme 6). The unstable
nature of this compound meant that it was always freshly
prepared for immediate use in the subsequent step, formation
of the Stille coupling partner 3.

A double Takai olefination reaction[7] was selected to
ensure the required E double-bond geometry in bisiodide 3.
However, because of the nonpolar nature of 3, it was
impossible to separate it from the residual excess of iodoform
employed in the Takai reaction. Therefore, to obtain pure
material for the Stille coupling, it was not possible to use an
excess of iodoform, a constraint which led to a slightly
disappointing but acceptable 40% yield considering the
transformation which has been achieved (Scheme 6); the
reaction was extremely selective for the desired product 3
(�90% bis-trans product by NMR) and hence the bisiodide 3
was formed from diol 7 in just two steps and overall 35% yield
(Scheme 6).

A number of catalysts were then screened to ascertain
which would facilitate the desired double Stille coupling in the
most efficient manner, the best of which proved to be
[PdCl2(CH3CN)2]. Following optimization studies, the prod-
uct 19 of the key double Stille coupling was successfully
prepared in a good 53% yield (Scheme 7); two key bonds are
formed in this reaction and, considering the possible palla-
dium-mediated side reactions, this was an extremely pleasing
outcome.
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Scheme 7. Stille coupling of fragments 2 and 3. a) [PdCl2(MeCN)2]
(15 mol%), DMF, RT, 1 h.

The final step of the synthesis, removal of the TBS ethers,
was carried out with trifluoroacetic acid (TFA)/water (9:1)
which facilitated smooth deprotection when added
and immediately removed under reduced pressure (three
times).[3a] Because all side products and excess reagents are
volatile, crude 1 was afforded directly (Scheme 8), as no
reaction workup was necessary. Purification by reverse-phase
HPLC then gave (3��S,4��S)-1 in 64% yield and overall 3.7%
yield from dimenthyl fumarate 9.
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Scheme 8. Synthesis of epi,epi-(3��S,4��S)polycephalin C (1). a) TFA/H2O
(9:1) �3, RT (64%).

The spectroscopic data (1H and 13C NMR, MS, IR) of this
synthetic material compared well with that published in the
literature and the coupling constants from the polyene chains
indicated the all-E double-bond geometry. However, despite
being of the correct sign, the optical rotation was found to
differ from that given in the structure elucidation paper.[2] The
CD spectrum in the range from 300 to 450 nm was also
different and from this it was concluded that the 3��S,4��S-
configured compound was in fact epi,epi-(3��S, 4��S)-polyce-
phalin C (Scheme 8) and that the isolated natural product had
the R,R configuration about the ring junction.

To prove that this was correct, the synthesis had to be
repeated beginning with (�)-dimenthyl fumarate to create the
opposite configuration at the 3��,4�� ring junction. Synthesis of

bis-iodovinyl fragment 20 proceeded uneventfully following
the procedure outlined for 3. Following Stille coupling with
stannane 2, deprotection gave polycephalin C (1), with
3��R,4��R stereochemistry at the ring junction (Scheme 9).
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Scheme 9. Synthesis of (3��R,4��R)-polycephalin C (1). a) [PdCl2(MeCN)2]
(5 mol%), DMF, RT, 1 h; b) TFA/H2O (9:1) �3, RT.

The spectroscopic data (1H and 13C NMR, MS, IR) of this
synthetic material were in excellent agreement with that
published in the literature and the coupling constants from the
polyene chains again proved that the all-E double-bond
geometry was intact. In this case the optical rotation and the
CD spectrum, crucial for confirmation of configuration, were
also in excellent agreement with the published data.

Thus, the total synthesis of this unusual bistetramic acid,
polycephalin C (1), has been completed in a short and
efficient fashion and the original challenge of defining the
absolute configuration of the ring junction has been met.
Through synthesis, we have been able to unambiguously
assign the 3��R,4��R stereochemical configuration and thus
complete the definition of the structure of this molecule.
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A Dendritic Porphyrin Receptor for C60 Which
Features a Profound Positive Allosteric Effect
Masatsugu Ayabe, Atsushi Ikeda, Yohei Kubo,
Masayuki Takeuchi, and Seiji Shinkai*

The developmental investigation of the novel application of
dendrimers and dendritic compounds has been of recent
concern.[1] Dendrimers, as host molecules have attracted a
great deal of attention because of their unique topology, well-
defined structures, and unusual guest-binding behaviors
compared to general polymers.[2] As [60]fullerene (C60) ex-
hibits outstanding new chemical and physical properties, the
molecular design of C60 receptors is a growing research area.[3]

For the crystal state, several articles have shown that
porphyrin derivatives cocrystallize with C60 because of an
attractive force between C60 and a porphyrin-ring center.[4] In
organic solvents, Aida and co-workers[5] and Reed and co-
workers[6] have shown that the porphyrin dimers have excep-
tionally high affinity for C60. Herein, we describe a rigid star-
shaped D3-symmetric receptor 1[7] bearing six porphyrin

moieties linked with one another through phenylacetylene
units. The dendritic receptor 1 has three rotational axes which
affect the spatial arrangement of porphyrins (Figure 1), and
the shape of the three clefts, each of which consists of two
porphyrin planes. We have already demonstrated that the
subunits for guest binding, which are rationally arranged
around a rotational axis such as metal ion,[8] C�C bond,[9] or
butadiynylene,[10] work cooperatively to bind guest molecules
in a nonlinear fashion (positive homotropic allosterism). In
addition, we have found that this effect is useful to bind guest
molecules which are difficult to bind with a linear, 1:1 guest-
binding fashion. As shown in Figure 1, when two porphyrins
sandwich one C60 molecule, the complexation site successively
suppresses the rotational freedom of the remaining porphyrin
™tweezers∫. This ™domino∫ effect is expected to be effective
for the binding of three equivalents of C60 in an allosteric
manner to attain high C60 affinity.

The formation of the 1-C60 complex in toluene was
indicated by a change in the UV/Vis absorption spectra
induced by successive addition of C60 to 1 (Figure 2). The �max

of the Soret band (428 nm) slightly shifts to longer wavelength
(429 nm) with a tight isosbestic point (435 nm in Soret band
region). The spectral characteristics are coincident with those
of recent findings for a few porphyrin ±C60 complexation
systems.[5, 6]

To estimate the stoichiometry between 1 and C60, 1H NMR
spectra for [1]:[C60]� 1:0 ± 1:5 at 25 �C were measured in
[D8]toluene ([1]� 0.50 m�). The resonance signals of the
meso-aryl protons and �-pyrrole protons shifted upfield on C60

addition (see Supporting Information). As shown in Figure 3,
a plot of�� versus [C60]/[1] has a clear inflection point at [C60]/
[1]� 3.0. This value supports the view that the complex is
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formed with a 1:3 1:C60 stoichiometry. These trends in the C60-
induced chemical-shift changes in the 1H NMR spectra are
consistent with those of recent reports on porphyrin ±C60

complexation systems.[5, 6]

Very interestingly, a plot of the absorbance change at
428 nm (�A428) versus [C60] featured a sigmoidal curve, which
indicates that the binding of C60 to 1 occurs according to a
well-defined cooperative phenomenon (inset of Figure 2).[8a,b]

This guest-binding profile was analyzed with the Hill equa-
tion: log(y/(1� y))� n log[guest] � logK, where K and n are
the association constant and Hill coefficient, respectively, and
y�K/([guest]�n � K).[11] From the slope and the intercept of
the linear plot, we obtained K� 1.4� 108 (��3) for 1:3 1-C60

complex (correlation coefficient 0.995) and n� 2.8. The
binding of the first C60 suppresses the rotation of two
complexing porphyrin rings and consequently suppresses the
rotation of two other neighboring porphyrin rings in same
axes. The binding of the second C60 suppresses the rotation of
residual two free porphyrin rings (Figure 1). Therefore, as the
number of the bound guests increases, the loss of Gibbs free
energy decreases. In fact, the results obtained by the analysis
based on the Hill equation show that the K value is
sufficiently large and the Hill coefficient is close to 3.0, which
allows a highly cooperative binding of three C60 guests.

Compound 1 has two different kinds of porphyrin tweezers:
one composed of two porphyrins in the same branch (cavity A
in compound 1) and the other composed of two porphyrins in
the two adjacent branches (cavity B in compound 1). To
evaluate which cavity is acting as a real binding site in
solution, we measured the UV/Vis absorption spectroscopy of
model compound 2 bearing only cavity A. We confirmed that
addition of C60 scarcely induces a spectral change in model
compound 2. From a plot of �A428 versus [C60], we estimated
the K value to be lower than 10��1. This result is consistent
with examination of the computational models, which show
that cavity A (distance between parallel-oriented porphyrins,
2.29 nm) is too large to sandwich C60. Furthermore, if C60 were
bound to cavity A, compound 1 should not exhibit the
allosteric effect because the three phenylacethylene axes
can rotate quite independently. On the other hand, the
distance between parallel-oriented porphyrins in cavity B is

Figure 2. Absorption spectral change of 1 (5.3� 10�6�) in toluene at 25 �C:
[C60]� 0 ± 2.6� 10�3�, 1 mm cell. Inset: plot of �A428 (�: 1, �: 2) versus
[C60]. To normalize the porphyrin concentration, we set [2] to 3� [1].

Figure 3. Plots of chemical-shift change versus [C60]/[1] where [1] was kept
constant (0.5 m�): 400 MHz, [D8]toluene, 25 �C.

Figure 1. Rotational axes of 1.
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Dinitrogen-Bond Cleavage in a Niobium
Complex Supported by a Tridentate Aryloxide
Ligand
Hiroyuki Kawaguchi* and Tsukasa Matsuo

The efficient activation of dinitrogen under mild conditions
is a challenging topic in chemistry because of its important
applications. Although dinitrogen complexes of almost tran-
sition metals have been prepared,[1] there are few examples of
well-characterized transition-metal compounds which are
capable of cleaving the N�N bond.[2] As part of studies aimed
at developing new ancillary ligands to support reactive metal
centers, we have found it attractive to employ linked aryloxide
ligands (R-L3� ; R� tBu, Me; Scheme 1),[3, 4, 5] to determine
complex geometry and to limit ligand mobility. Furthermore,
their steric size can be easily regulated by substituents at ortho
positions of the outer aryloxides. We chose to investigate the
chemistry of niobium complexes with the R-L3� ligands in
dinitrogen activation. Herein we describe the reductive
N�N-bond cleavage by the combination of LiBHEt3 and a
niobium complex supported by a tridentate aryloxide ligand.
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Scheme 1. Ligands, R-L3� (R� tBu, Me).
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estimated to be 1.18 nm, which is comparable with the size of
C60 (diameter, 1.00 nm).[12] One can thus consider that
cavity B is acting as a real binding site.

In conclusion, the present study demonstrated that the
dendritic receptor 1 binds three C60 guests in the positive
allosteric manner with high Hill coefficient of 2.8.With the aid
of this effect, the K value is considerably enhanced. In
addition, the findings have important implications because
molecular recognition can be coupled with the control of
various chemical and physical functions inherent to the
porphyrin ± fullerene interaction, such as solubilization of
C60 in polar solvents, photochemical electron or energy
transfer as a photosynthetic model, electrochemical redox
reactions, etc.
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The efficient activation of dinitrogen under mild conditions
is a challenging topic in chemistry because of its important
applications. Although dinitrogen complexes of almost tran-
sition metals have been prepared,[1] there are few examples of
well-characterized transition-metal compounds which are
capable of cleaving the N�N bond.[2] As part of studies aimed
at developing new ancillary ligands to support reactive metal
centers, we have found it attractive to employ linked aryloxide
ligands (R-L3� ; R� tBu, Me; Scheme 1),[3, 4, 5] to determine
complex geometry and to limit ligand mobility. Furthermore,
their steric size can be easily regulated by substituents at ortho
positions of the outer aryloxides. We chose to investigate the
chemistry of niobium complexes with the R-L3� ligands in
dinitrogen activation. Herein we describe the reductive
N�N-bond cleavage by the combination of LiBHEt3 and a
niobium complex supported by a tridentate aryloxide ligand.
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estimated to be 1.18 nm, which is comparable with the size of
C60 (diameter, 1.00 nm).[12] One can thus consider that
cavity B is acting as a real binding site.

In conclusion, the present study demonstrated that the
dendritic receptor 1 binds three C60 guests in the positive
allosteric manner with high Hill coefficient of 2.8.With the aid
of this effect, the K value is considerably enhanced. In
addition, the findings have important implications because
molecular recognition can be coupled with the control of
various chemical and physical functions inherent to the
porphyrin ± fullerene interaction, such as solubilization of
C60 in polar solvents, photochemical electron or energy
transfer as a photosynthetic model, electrochemical redox
reactions, etc.
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Addition of 6 equivalent of LiBHEt3 in THF to a toluene
solution of [{Nb(tBu-L)Cl2}2] (1)[6] at �78 �C under N2 gave a
red solution. When the solution was stirred at room temper-
ature, the solution gradually turned brown. After removal of
an insoluble brown powder, [{Nb(tBu-L)(�-N)Li(thf)}2] (3 ;
Scheme 2) was isolated as yellow crystals in 41% yield by the
addition of hexane. On the other hand, the reaction carried
out under argon resulted in an uncharacterized material. The
combustion analysis and spectroscopic data of 3 is in agree-
ment with the formula. The 15N NMR spectrum of the
isotopically enriched compound [{Nb(tBu-L)(�-15N)Li(thf)}2]
(3-15N), analogously prepared under an atmosphere of 15N2,
displays a single resonance peak at �� 312 ppm in the 15N
NMR spectrum. This result unambiguously confirms that the
bridging ligands of 3 originate from N2.

The X-ray diffraction analysis reveals that 3 is dimeric with
two bridging nitrides (Figure 1).[7] The tBu-L3� ligands bind to

Figure 1. Molecular structure of 3. Methyl and tert-butyl groups of tBu-L3�

ligands and the thf groups (except for the oxygen atom) have been omitted
for clarity.

the niobium atoms in a facial man-
ner. There are two lithium cations,
each bridging the central aryloxide
and the nitrogen atom. The trigo-
nal-planar coordination around
lithium centers is completed by
thf. Each niobium atom in the
centrosymmetric dimer is five-coor-
dinate in a geometry that approx-
imates a trigonal bypiramid, with
the central aryloxide of tBu-L3� and
a bridging nitride unit occupying
the apical sites. The bridging ni-
trides are arranged in an unsym-
metrical fashion, with the axial
Nb�N� bond of 1.935(3) ä being
slightly longer than the equatorial
Nb�N bond of 1.892(3) ä.[2b, 2d, 8]

Two nitrogen atoms are separated
by 2.569(5) ä, indicative of the
complete cleavage of the N�N
bond. The short Nb ¥¥¥ Nb separa-
tion of 2.837(4) ä is a result of the
presence of two bridging nitride
groups.

The use of Me-L3� instead of
tBu-L3� ions introduced a significant

modification in the reactivity pattern of niobium complexes.
The analogous reaction of [{Nb(Me-L)Cl2}2] (2) with LiBHEt3
in THF gave [{Nb2(Me-L)2(�-H)(�-Cl)(thf)2}{Li4(thf)4Cl2}](4 ;
Scheme 2) as green crystals in 73% yield. Compound 4 is
diamagnetic, and its formulation was confirmed by spectro-
scopic data and X-ray analysis. Figure 2 presents the solid

Figure 2. Structure of 4. Methyl and tert-butyl groups of Me-L3� ligands
and the thf groups (except for the oxygen atom) have been omitted for
clarity.

state structure of 4, where a crystallographically imposed
mirror plane passes through the molecule.[9] A striking feature
of the structure is the presence of a [{Nb(Me-L)(thf)}2-
(�-Cl)(�-H)]2� dimer, in which each Nb center possesses an
octahedral geometry (if the Nb�Nb bond is ignored). The two
Me-L3� ligands are arranged in a syn configuration. The
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dimeric [{Nb(Me-L)(thf)}2(�-Cl)(�-H)]2� unit carries four
lithium atoms coordinating at aryloxide units and two
chlorine atoms bridging three lithium atoms. Taking account
into the observed diamagnetism of 4, the short Nb�Nb
separation of 2.647(1) ä suggests the presence of the Nb�Nb
double bond.[10] Although determination of the position of the
hydride ligand from X-ray data alone is difficult, the Fourier
map yielded a residual peak on the side of the Nb ±Nb vector,
opposite that of the bridging Cl(1) atom, which could be
assigned to the bridging hydride ligand (Nb�H(1) 1.80 ä).

The 1H NMR spectrum of 4 in C6D6 is consistent with its
solid-state structure. The resonance signal for the bridging
hydride ligand is observed as a broad signal at ���1.1 ppm.
When 4 was dissolved into CDCl3, the signal at ���1.1 ppm
disappeared and the formation of 2 was indicated. While no
terminal Nb�H stretching band was observed in the IR
spectrum, the assignment of the bridging hydride ligand was
impossible because of overlapping peaks. An attempt to
prepare a dihydride-bridging dimer by the reaction of 4 with
LiBHEt3 in THF was unsuccessful. The Nb2(�-Cl) unit
remained intact, and 4 was recovered from the reaction
mixture.

In conclusion this work clearly shows that each R-L3� ligand
behaves in a very distinct manner with respect to dinitrogen
activation and metal ±metal interaction. In light of the
isolation of 4, the formation of 3 presumably proceeds via
an NbIII(�-H)2NbIII dimer. This intermediate could bind and
cleave N2 concomitant with the reductive elimination of H2 to
produce 3, because the loss of H2 to generate a dinitrogen
complex is known.[11] Further study to isolate such a species is
currently underway.

Experimental Section

All manipulations were performed under N2 using standard Schlenk
techniques and dried, deoxygenated solvents.

3 : A 100-mL flask was charged with 1 (1.10 g, 0.83 mmol), LiBHEt3 (1� in
THF; 5.0 mL, 5.0 mmol), and toluene (60 mL) at �78 �C. Upon stirring the
mixture at room temperature for 28 h, a brown solution was obtained.
After centrifugation to remove insoluble material, the solution was layered
with hexane to afford 3 as yellow crystals (0.57 g, 41%). 1H NMR
(500 MHz, [D8]THF): �� 1.40 (s, 18H; tBu), 1.43 (s, 36H; tBu), 2.31 (s,
12H; Me), 4.62 (d, J� 12.7 Hz, 4H; CH2), 5.54 (d, J� 12.7 Hz, 4H; CH2),
6.84 (s, 4H; Ph), 6.86 (s, 4H; Ph), 7.00 ppm (s, 4H, Ph); 15N NMR
(50.55 MHz,[D8]THF, CH3NO2 external standard): �� 312 ppm; elemental
analysis calcd (%) for C90H118O8N2Li2Nb2: C 69.49, H 7.65, N 1.80; found: C
69.12, H 7.59, N 1.55.

4 : A 100-mL flask was charged with 2 (0.94 g, 0.81 mmol), LiBHEt3 (1� in
THF; 4.9 mL, 4.9 mmol), and THF (50 mL) at �78 �C. Upon stirring the
mixture at room temperature for 32 h, a green solution was obtained.
Concentration and subsequent cooling of the solution to �30 �C gave 4 as
green crystals (1.06 g, 73%). 1H NMR (C6D6): ���1.1 (br, 1H; Nb-H-
Nb), 1.27 (s, 18H; tBu), 1.3 (br; thf), 2.21 (s, 6H; Me), 2.93 (s, 6H; Me), 3.39
(d, J� 12 Hz, 4H; CH2), 3.6 (br; thf), 5.73 (d, J� 12 Hz, 4H; CH2), 6.83 (s,
4H; Ph), 7.09 (s, 4H; Ph), 7.19 ppm (s, 4H, Ph); elemental analysis calcd
(%) for C92H135O15Cl3Li4Nb2: C 61.36, H 7.56; found: C 60.44, H 7.38.
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An Efficient Enantioselective Synthesis of
(�)-Galanthamine**
Barry M. Trost* and Weiping Tang

Galanthamine (1),[1] the parent member of the galanth-
amine-type Amaryllidaceae alkaloids, is a centrally acting
competitive and reversible inhibitor of acetylcholinesterase
(Ache), which significantly enhances cognitive functions of
patients suffering from Alzheimer×s disease.[2] It was first
approved in Austria and most recently in the rest of Europe
and in the United States for the treatment of Alzheimer×s
disease.

Because of the limited supplies and the high cost of its
isolation from natural sources,[3, 4] several syntheses have been
reported which use biomimetic oxidative bisphenol cou-
pling[4, 5] to create the critical spiro quaternary carbon center
of narwedine (2), which is converted into 1 by diastereose-
lective reduction.[3] We[6] disclosed the first enantioselective
synthesis of (�)-1 in 2000 in which a sequential palladium-
catalyzed asymmetric allylic alkylation (AAA)[7] and intra-
molecular Heck cyclization were used. At the same time,
several other groups utilized similar Heck cyclizations to
construct the quaternary carbon center of (�)-3-deoxyga-
lanthamine[8, 9] and(�)-1.[10]
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In the endeavor to search for more potent inhibitors of
Ache, there is considerable interest in derivatives that are
based on (�)-galanthamine as a lead structure,[11, 12] since (�)-
galanthamine is less toxic than other Ache inhibitors such as
physostigmine and tacrine.[11, 13, 14] Among them, galanth-
amine derivatives 3[14, 15] or their iminium salts, synthesized
by selective N-demethylation followed by N-alkylation of
galanthamine,[16] were found to be more potent (up to 70-fold)
than galanthamine in inhibiting Ache. To date, syntheses that
employ the oxidative phenol coupling step have not been used
for direct access to these derivatives.

Our previous approach to 1 relied on a direct allylic
oxidation of deoxygalanthamine 4 (Scheme 1, route 1) based
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Scheme 1. Retrosynthetic analysis of (�)-galanthamine (1).

on the success in the synthesis of the related Amaryllidaceae
alkaloids. Attempts to directly oxidize 4 to 1 failed. Therefore,
a four-step protocol was developed to introduce the C3
oxygen group stereoselectively. It appeared that the benzylic
position is more labile towards oxidation than the allylic
position.[9]

We envisioned a second-generation strategy, which had two
goals: 1) realization of an effective general strategy for this
family of alkaloids by total synthesis of galanthamine, and
2) development of a flexible strategy to provide ready access
to galanthamine analogues by simple modification of the
synthetic scheme. Scheme 1 (route 2) illustrates the key
feature of this new strategy, which envisions closing the
hydrobenzazepine ring after the introduction of the C3 allylic
hydroxy group. Direct allylic oxidation is proposed to set the
C3 OH group for intermediate 5, whose benzylic position was
already at the oxidation state of an aldehyde.

As in the first-generation synthesis, aryl ether 6[6] was
prepared in good yield (72%) and with high enantiomeric
excess (87% to 88% ee) by palladium-catalyzed reaction of
2-bromovanillin (7)[17] with carbonate 8 (available in two steps
from glutaraldehyde and the Emmons ±Wadsworth ±Horner
reagent)[18] in the presence of chiral ligand 9 (Scheme 2). All
attempts to effect the intramolecular Heck reaction of aryl
ether 6 failed in our previous synthesis, resulting primarily in
ionized product phenol 7. Early results[19] suggested that the
presence of electron-withdrawing substituents on the phenol
ring favored the palladium-catalyzed ionization over the
intramolecular Heck reaction. Therefore, in our earlier work 6
was reduced with DIBAL-H and the resulting diol was
protected as the bis-silyl ether for the Heck reaction. Recent
reports[8, 9] showed that the Heck cyclization worked smoothly
in similar systems in the presence of an aldehyde on the
phenol ring. This observation suggested that the electron-
withdrawing group on the olefin favored the ionization,
whereas the electron-withdrawing group on the phenol ring
facilitated oxidative addition of the palladium to both the
C�O and C�Br bonds. We decided to keep the aldehyde
functionality while removing the electron-withdrawing sub-
stituent on the olefin by homologation of the �,�-unsaturated
ester to a �,�-unsaturated nitrile.

To this end, aldehyde 6 was protected as its dimethylacetal
by treatment with trimethyl orthoformate and catalytic
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p-toluenesulfonic acid. Selective reduction of the �,�-unsat-
urated ester with DIBAL-H at�78 �C afforded allylic alcohol
10. The �,�-unsaturated nitrile 11 was prepared in 84% yield
by using a modified Mitsunobu protocol[20] followed by acid
hydrolysis. The enantiomeric excess of 11 was improved to
96% ee by recrystallization from diethyl ether and petroleum
ether with 90% mass recovery.

We examined the Heck reaction of the acetonitrile-
substituted cyclohexene 11 (Scheme 2). The Heck product
12 was obtained in high yield (91%) by using a catalytic
amount of dppp and [Pd(OAc)2] in refluxing toluene in the
presence of excess silver carbonate. Other solvent (DMF) or
ligands (dppe, dppf) gave lower yields. Once we had
established the core structure of the galanthamine, we turned
our attention to the introduction of the C3 allylic hydroxy
group. This can be realized by oxidation of the olefin to enone
followed by known diastereoselective 1,2-reduction or more
efficiently, direct oxidation to the allylic alcohol, which raises
the question regarding the diastereoselectivity. Usually, the
electrophile would approach the olefin from the less hindered
convex face. We envisioned that SeO2 would react with the
olefin from the more hindered concave face through an ene
mechanism[21] (Scheme 3), because the axial proton Hax is
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Scheme 3. Diastereoselective allylic oxidation. a) SeO2, NaH2PO4, diox-
ane, 150 �C 3 h, 64% based on recovered starting material.

perfectly aligned with the � system.
Gratifyingly, treatment of olefin 12 with
SeO2 in dioxane at 150 �C in the presence
of NaH2PO4 and quartz sand in a sealed
tube provided alcohol 5 in 57% yield
(64% based on recovered starting ma-
terial; dr 10:1) with 7% recovered start-
ing material.[22] Other additives, such as
HCO2H,[23] InCl3, YbCl3 and Na2HPO4,
gave less of the desired product. At-
tempts to fully convert all the starting
material by extending the reaction time
or increasing the temperature resulted
in more decomposition. Only trace
amounts of product was found after 8 h
when the reaction was carried out in
refluxing dioxane (110 �C). This repre-
sents the first successful allylic oxida-
tion[6, 9] of the galanthamine skeleton.
The stereochemistry of 5 was tentatively
assigned based on the coupling constants
of Ha/Heq and Hb/Heq (J� 5 Hz). The

high diastereoselectivity reflects the stereoelectronic require-
ment for the ene reaction.

Allylic alcohol 5 together with its epimer (10:1) was then
converted into the natural product in a one-pot process
(Scheme 4). Aldehyde 5 was treated with methylamine in
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Scheme 4. Completion of the synthesis by a one-pot procedure. a) RNH2,
MeOH; b) DIBAL-H (4 equiv), then aqueous NaH2PO4; c) NaCNBH3.
R�Me: 62% of 1 and 6% of epi-1; R� nPr: 56% of 15.

methanol solution. Excess methylamine and methanol was
removed in vacuo. Concomitant reduction of the imine and
nitrile by DIBAL-H followed by acid quenching presumably
gave the seven-membered ring of hemiaminal 14. The
resulting solution was treated directly with sodium cyanoboro-
hydride, and (�)-galanthamine (1) and epi-1 were isolated in
62% and 6% yields, respectively. All spectral data (1H NMR,
13C NMR, IR) are identical to those of a sample of the natural
product and to data from previous synthesis, [�]D��123.1
(c� 0.4, EtOH), lit[11]: [�]D��131.4 (c� 0.6, EtOH), lit[6]:
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Scheme 2. Convergent synthesis of the carbon skeleton of galanthamine. a) 3% 9, {[�3-C3H3PdCl]2}
(1%), Et3N, CH2Cl2, room temperature, b) TsOH (5%), CH(OMe)3, MeOH; c) DIBAL-H/toluene,
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Monomeric Compounds Containing the
cis-[V(�O)(OH)]� Core
Evangelos J. Tolis, Manolis J. Manos,
Anastasios J. Tasiopoulos, Catherine P. Raptopoulou,
Aris Terzis,Michael P. Sigalas,* Yiannis Deligiannakis,*
and Themistoklis A. Kabanos*

Monomeric metal compounds with terminal hydroxy li-
gands are important functional units in metalloproteins.[1]

Metal ±OH (M�OH) units are proposed as the active species

[�]D��112.8 (88% ee, c� 0.5, EtOH). SPH-1339 (15),[15] a
slightly more potent inhibitor of Ache than (�)-galanthamine
1, was prepared in 56% yield by this one-pot process, by using
propylamine instead of methylamine.

This new synthesis of galanthamine (8 steps, 96% ee, 14.8%
overall yield from 7 and 8) is a significant improvement over
and successfully addresses many of the shortcomings of the
previous synthesis (14 steps, 88% ee, 1.5% overall yield).
Furthermore, by exchanging methylamine for other alkyl
amines in the last step various galanthamine derivatives are
easily accessible, as demonstrated by the synthesis of 15. This
is the shortest and most efficient nonbiomimetic total syn-
thesis of (�)-galanthamine to date. The sequential palladium-
catalyzed AAA and intramolecular Heck reaction followed
by a diastereoselective allylic oxidation provided the key
intermediate 5 with all the functionality installed, except the
hydrobenzazepine ring. The one-pot reductive cyclization
represents a simple and efficient strategy to form the latter
and to access many galanthamine analogues. All the stereo-
chemistry emanates from the palladium-catalyzed AAA. This
strategy should allow for entry into a variety of Amaryllida-
ceae alkaloids related to galanthamine.
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in a wide variety of proteins and enzymes. The cis-
[M(�O)(OH)]n� center was identified in structurally charac-
terized vanadium haloperoxidases[2, 3] and it has also been
postulated as a key intermediate species in molybdoen-
zymes.[4] At present, only a few examples of structurally
characterized model mononuclear metal compounds with
terminal hydroxy ligands are known.[5] Furthermore, only the
isolation of one model monomeric compound containing the
cis-[M(�O)(OH)]n� unit (but without structural character-
ization),[6] has been reported. In almost all cases tripodal
ligands with bulky substituents were used to isolate mono-
meric metal species containing terminal hydroxy ligands or
the cis-[M(�O)(OH)]n� fragment. Herein, we report the
isolation, structural, and physicochemical[7] characterization
of the compounds 1 and 2 ¥ H2O which contain the cis-
[VIVO(OH)]� structural unit supported by the bidentate
ligands 2,2�-bipyridine (bipy) and 1,10-phenanthroline (phen).
The electronic and magnetic properties of the complexes 1
and 2 ¥ H2O have been studied by continuous-wave electron
paramagnetic resonance (c.w.EPR), electron spin echo enve-
lope modulation (ESEEM) spectroscopy, and ab initio theo-
retical studies.

cis-[VIVO(OH)(bipy)2][BF4] 1

cis-[VIVO(OH)(phen)2][BF4] 2

The mononuclear yellow-brown compound 1 was prepared
by addition of AgBF4 (5.6 mmol) to a stirred aqueous solution
(�10 mL, pH� 1) of [VOCl2(thf)2] (2.8 mmol). After remov-
al of the AgCl, the filtrate was treated with bipy (5.6 mmol).
Upon addition of bipy the blue color of the solution
immediately changed to red, a yellow-brown precipitate was
formed and the pH value of the solution changed to �4.
Compound 2 ¥ H2O, the phen analogue of 1, was synthesized in
a similar fashion to 1.

X-ray structural analysis of 1 (compound 2 ¥ H2O has a
similar overall structure)[8] revealed the presence of a discrete
cation cis-[VIVO(OH)(bipy)2]� (Figure 1) and a BF4

� anion
per molecule. The geometry of the complex cation is best
described as a severely distorted octahedron with the
vanadium center being displaced above the mean equatorial
plane defined by three bipy nitrogen atoms and the hydroxy
oxygen atom by 0.25 ä towards the oxo ligand. The notable
structural feature of 1 is the presence of a hydroxy group in a
position cis to the oxo ligand. The hydroxy group competes
with the O2� center for the same vacant dxz vanadium orbital
(see below) and this results in the substantial lengthening of
the V�O bond (1.687(2) ä). The V�O bond in 1 lies well
outside the range observed for oxovanadium(��) complexes
(�1.56 ± 1.63 ä).[9] The two bipy ligands are unsymetrically
ligated to vanadium, with two long bonds (V�N4 2.247(3) ä
and V�N2 2.175(3) ä) trans to the oxo and hydroxy ligands
and two short bonds (V�N1 and N3, �2.114(3) ä) trans to
each other. Bond valence sum calculation for O2 gives a value
of 1.02, which is clearly indicative of monoprotonation for this
oxygen atom.[10] The O1-V-O2 angle, 106.8(2)�, of the cis-
[VIVO(OH)]� core is almost identical to that observed for the
closely related cis-[VVO2(bipy)2]� ion (106.5(2)�) and very

Figure 1. Molecular structures of the cations of 1 (A) and 2 ¥ H2O (B).
Selected bond lengths [ä] and angles [�] for 1 [and 2 ¥ H2O in square
brackets]: V-O1 1.687(2)[1.677(3)], V-O2 1.761(2) [1.778(2)], V-N1
2.115(3) [2.113(3)], V-N2 2.175(3) [2.173(3)], V-N3 2.111(3) [2.111(3)],
V-N4 2.247(3) [2.246(3)]; O1-V-O2 106.8(12) [106.35(12)], O1-V-N3
93.10(12) [92.73(14)], O2-V-N3 92.20(10) [94.34(11)], O1-V-N1
100.05(11) [97.42(13)], O2-V-N1 90.13(11) [90.20(12)], N3-V-N1
165.44(11) [167.25(12)], O1-V-N2 89.56(11) [90.28(11)], O2-V-N2
160.27(11) [160.29(12)], N3-V-N2 98.88(10) [95.36(12)], N1-V-N2
75.17(11) [76.96(12)], O1-V-N4 161.75 (11) [163.74(12)], O2-V-N4
87.57(11) [86.11(12)], N3-V-N4 74.07(11) [75.61(12)], N1-V-N4 91.68(10)
[92.85(12)], N2-V-N4 79.92(10) [79.76(11)].

close to other hexacoordinate mononuclear vanadium(�)
compounds (hmvc) containing the cis-[VVO2]� unit
(�105�),[9e] in which the two V�O bonds of the cis-[VVO2]
center do not differ by more than �0.02 ä unless there are
different donor atoms in positions trans to the oxo ligands. In
hmvc containing the cis-[VVO(OR)]2� core the (O)-V-(OR)
angles are �103� and the VV�O and VV�OR bonds are �1.60
and 1.74 ä, respectively.[9e,f, 11, 12]

The frozen-solution EPR spectra for 1 and 2 ¥ H2O, record-
ed at 77 K, were characteristic of mononuclear VIVO2�

complexes.[13, 14] The 51V spin-Hamiltonian parameters, were
derived from simulations of the EPR spectra and are the
following: gx� 1.981, gy� 1.978, gz� 1.944; Ax� 53, Ay� 64,
Az� 163� 10�4 cm�1 for 1 and 2 ¥ H2O as well. The g and A
tensors for 1 and 2 ¥ H2O are identical and this can be
interpreted as an indication of similar equatorial donor atoms
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in both complexes.[14] Information concerning the hyperfine
coupling of the hydroxy proton was obtained by two-dimen-
sional ESEEM[15] spectroscopy (HYSCORE)[16] .

TheHYSCORE spectra for 1 contain two characteristic sets
of cross-peaks arising from the presence of 14N(I� 1) nu-
clei.[17] One set consists of cross-peaks at frequencies [�� ,
���]� [3.4 MHz, �7.1 MHz] and [��, ���]� [7.1 MHz,
�3.4 MHz] which can be assigned to an interacting 14N(I�
1) with Aiso� [�� ���]/8vI� 4.6 MHz. The second pair of
cross-peaks occur at frequencies [�� , ���]� [4.7 MHz,
�8.8 MHz] and [��, ���]� [8.8 MHz, �4.7 MHz] which
corresponds to an interacting 14N(I� 1) with Aiso� [�� ���]/
8vI� 6.6 MHz. The two Aiso values, that is, 4.6 MHz and
6.6 MHz, correspond to two types of equatorially coordinated
nitrogen atoms. Based on the crystal structure (Figure 1) we
assign the Aiso(14N)� 4.6 MHz to the two equivalent nitrogen
atoms N1 and N3 oriented trans to each other. In the same
context we assign the Aiso(14N)� 6.6 MHz to the atom N2,
trans to OH� group.

More interestingly the 2D HYSCORE spectrum of 1
(Figure 2) contains arc-shaped features centered at the proton
Larmor frequency, that is, near 14.4 MHz, which correspond

Figure 2. Contour plot of experimental frequency-domain main HYS-
CORE spectrum for the complex 1 in EtOH:H2O (3:7) solution. �vs is the
maximum vertical shift from the antidiagonal at (vI , �vI). Experimental
conditions: H� 3460 Gauss, �� 120 ns, sample temperature 4 K. Time
between successive pulse sets, 2 ms; microwave frequency, 9.64 GHz. The
contour plots of HYSCORE frequency-domain spectrum were obtained
after Fourier Transform in the magnitude mode, of 2D time-domain
patterns containing 256� 256 points with a step of 16 ns.

to a 1H(I� 1/2) coupled to the VIVO2� electron spin. From the
HYSCORE spectrum is deduced[18] that the hyperfine cou-
pling of this proton is characterized by Aiso� 2.2 MHz and
strong anisotropy, that is,T� 3.5 MHz. The size of this specific
proton coupling falls between the hyperfine couplings re-
ported for the two water protons in [VIVO(H2O)5]2� species.[19]

The anisotropic coupling of 3.5 MHz, when interpreted in the
point-dipole model,[17] implies a distance of 2.8 ä between the
coupled proton and the metal spin. Overall the information
from the HYSCORE data is consistent with a single 1H
nucleus located two bonds away from the metal, with the
bond-pathway being mediated by an oxygen atom. Based on
this, we assign this coupling to a hydroxy proton from the
equatorial OH� moiety (trans to N2). Overall, the c.w. EPR
and HYSCORE data provide conclusive evidence that the

complex 1 in solution has a planar donor set comprised of
three nitrogen atoms plus one OH� group.

A DFT computational study of [VIVO(OH)(bipy)2]� has
been carried out at the Becke3LYP computational level,[20]

using the effective core potential approximation of Hay and
Wadt[21] with a valence double-� basis set,[22] and the
calculations were performed using the Gaussian98 pack-
age.[23] Full geometry optimizations starting from appropriate
geometries were carried out without symmetry constraint and
gave two minima, namely cis-[VIVO(OH)(bipy)2]� and trans-
[VIVO(OH)(bipy)2]� , both being real minima in the potential-
energy surface of the molecule according to frequency
calculations.

The cis isomer was calculated to be 10.9 kcalmol�1 more
stable than the trans and its geometry agrees well with the
experimental data. The two vanadium±oxygen bonds were
calculated to be 1.690 and 1.780 ä for the oxo and hydroxy
oxygen atoms, respectively. The V�N bond lengths are 2.195
and 2.254 ä for the nitrogen atoms N2 and N4 trans to OH�

and O2�, respectively, and 2.121 ä and 2.126 ä for N1 and N3.
The optimization of the trans isomer gave a distorted
structure, with the vanadium±oxygen bonds of 1.625 ä and
1.907 ä for the oxo and hydroxy oxygen atoms, respectively,
and with a mean V�N bond lengths of 2.202 ä. A full
discussion of the structural aspects of the calculated com-
plexes will be published elsewhere.

Both the experimental and calculated bond lengths within
the vanadium coordination sphere deserve some comments.
Thus, whereas the elongation of the V�N2 bond by about
0.06 ä is nicely attributed to the trans influence of OH� group,
the substantial elongation of the V�O bond by approximately
0.1 ä, compared to normal VIV�O bond lengths (mean
d(VIV�O) 1.60 ä), needs some attention. Possible intramo-
lecular V�O ¥¥¥H�O�V hydrogen bond or intermolecular
V�O ¥¥¥H�O�V, V�O ¥¥¥H2O or V�O ¥¥¥O�V interactions
resulting in this elongation are excluded, because of the long
calculated V�O ¥¥¥H distance (3.297 ä) and the absence of
relevant short contacts in the crystal lattice of 1. Such an
elongation of the V�O bond has not been found in
[VVO2(bipy)2]� (3 ;[11] mean d(V�O) �1.626 ä) or in the
closely related alkoxo compounds [VVO(OC2H5)Cl2-
(Hpheca)] (4)[12] (Hpheca�N-(phenyl)pyridine-2-carboxa-
mide), V�O 1.585 ä, V�OR 1.746 ä), both adopt the cis
orientation of the O-V-Omoiety. Both 3 and 4 are compounds
of vanadium(�) whereas 1 is vanadium(��). Thus, it seems that
the excess positive charge on vanadium(�) in 3 and 4 lowers
the d-block, makes the metal a better � acceptor, enforces the
� interactions within the O-V-O moiety, and reduces the
extent of V�O elongation. The V�O elongation in 1 has not
been found in other VIVO2� complexes. Thus, it can not be
attributed only to the oxidation state of vanadium and still
needs some explanation on the basis of electronic factors
present in this particular case. According to our calculations
this elongation could be explained as follows: The �-type
donor orbitals of both the hydroxy (pOH) and oxo oxygen
atoms (p�0) interact with the same vacant vanadium (dxz)
orbital. The dxz/pOH interaction destabilizes dxz and increases
the dxz/p�0 energy difference, which results in a decrease of the
extent of the dxz/p�0 interaction and decrease of the double-
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bond character of the VIVO2� group. The shape of the
occupied bonding molecular orbital resulting from this
three-orbital/four-electron interaction, calculated at the
DFT level, is shown in Figure 3. Finally, the weaker V�O
bond results in a weaker trans influence of O2� to the trans
V�N bond, which is around 2.25 ä long, instead of its normal
value of �2.34 ä.

Figure 3. Shape of the occupied bonding molecular orbital resulting from
the pOH/dxz/p�O interaction, calculated at the DFT level. Only atoms the
atomic orbitals of which participate in the molecular orbital are shown.

In conclusion, two monomeric oxovanadium(��) com-
pounds 1 and 2 ¥ H2O were isolated by treating VIVO2� species
with the bidentate ligands bipy or phen. These two com-
pounds are the first examples of species containing the cis-
[VIVO(OH)]� center to be structurally characterized. The
presence of the hydroxy group cis to the O2� center causes
substantial changes in the bond lengths of these two com-
pounds. The orbital interaction responsible for these changes
can be explained by density functional computational studies.
The continuous wave EPR and ESEEM parameters, obtained
for 1 and 2 ¥ H2O provide spectroscopic signatures that enable
the assignment of the cis-[VIVO(OH)]� center in vanadopro-
teins and VIVO2�-substituted proteins.
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The contemporary interest in polyoxometalates reflects the
ubiquitous nature of this family of inorganic networks, which
exhibit a diverse compositional range and considerable
structural versatility,[1] as well as important magnetic,[2]

optical,[1] and catalytic properties.[1] A great deal of attention
has been paid to heteropolyanions containing inorganic
anionic ligands,[3] mainly tetrahedral phosphate groups, be-

cause of the fascinating electronic and structural properties of
polyoxomolybdenum and vanadium phosphates.[4] Among
these derivatized polyoxoanions, examples incorporating the
pyramidal sulfite anion as the inorganic ligand are largely
unknown, except for the molybdenum(��) derivative
[MoVI

5 O15(SO3)2]4�.[5] The lack of such complexes is surprising
for two main reasons: first, metal ± sulfite chemistry is very
attractive in view of its potential for restricting the serious
environmental problem of acid rain,[6] and second, exploring
the possibility of incorporating the pyramidal sulfite anion
into frameworks, rather than the more frequently used
tetrahedral phosphate groups, could result in unprecedented
structural features and novel properties for these frame-
works.[7] Furthermore, molybdenum± sulfite chemistry is of
great biological interest, since the enzyme sulfite oxidase,
which is associated with the in vivo oxidation of SO3

2� to
SO4

2�, contains a molybdenum atom at its active center.[8]

Herein, we describe the synthesis, structural, and physico-
chemical characterization of the first polyoxomolybdenum(�)
sulfite complexes 1 ± 3.

(NH4)20[(MoV
2 O4)6(	2-SO3)12(	3-SO3)4] ¥ 4H2O 1

(NH4)15{Na[(MoV
2 O4)6(	2-SO3)3(	6-SO3)]2} ¥ 5H2O 2

(NH4)8[(MoV
2 O4)(SO3)4(	2-SO3)] ¥ 2H2O 3

Complex 1 was prepared by treating MoVCl5 (7.3 mmol) in
concentrated (37%) HCl:H2O (1:4 v/v, pH approximately 0)
with solid (NH4)2SO3 (Scheme 1). Upon addition of

Scheme 1. The synthetic routes leading to the isolation of 1 ± 3.

(NH4)2SO3 (89 mmol) the pH of the solution changed to
approximately 5, and thus it is apparent that the SO3

2� ion
performs the dual role of raising the pH of the solution, as well
as acting as a ligand. However, if the same reaction was
performed with a larger quantity of (NH4)2SO3 (150 mmol,
final pH of the solution was approximately 6), complex 3 was
isolated (Scheme 1). Reduction of Na2MoVIO4 dissolved in
concentrated (37%) HCl:H2O (pH approximately 0) with an
excess of hydrazine, followed by addition of (NH4)2SO3 (final
pH of the solution was approximately 5.5) resulted in the
formation of 2 (Scheme 1).
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The X-ray structure of 1[9] exhibits a [(MoV
2 O4)6(SO3)16]20�

cluster 1a (Figure 1A), which contains 12MoV centers within
the main structural unit. Each molybdenum atom has
octahedral coordination, and is bonded to a terminal oxo

Figure 1. A) Ball-and-stick representation of the [(Mo2O4)6(SO3)16]20� ion:
Mo: gray, S: smaller gray balls, O: dark-gray. Average bond lengths [ä]:
Mo�O 1.69(1), Mo-O (�2-O2�) 1.944(9), Mo-O (�2-SO3

2�) 2.13(1), Mo-O
(�3-SO3

2�) 2.20(1), Mo-Mo (single bond) 2.561(4), S-O (terminal) 1.49(1),
S-O (�2-SO3

2�) 1.55(1), S-O (�3-SO3
2�) 1.537(9); B) polyhedral representa-

tion of the [(Mo2O4)6(SO3)16]20� ion: S: black, O: white, N: gray; C) the
arrangement of the twelve MoV atoms of the [(Mo2O4)6(SO3)16]20� ion.

group, two �2-O2� ions, and three sulfite (two �2- and one �3-)
oxygen atoms. The twelve MoVatoms form six binuclear units
[MoV

2 O4]2� with a Mo�Mo separation of about 2.56 ä (single
bond). The six [MoV

2 O4]2� moieties are connected to each
other by twelve sulfite ligands, Twelve of which have a �2-
(2L,2M) bonding mode, while the remaining four anions have

the novel �3- (3L,3M) mode of ligation (see below). The �2-
SO3

2� ions can be considered as ™outer∫ groups, and each of
these anions bridges two MoV

2 O10 units comprised of two
edge-sharing MoVO6 octahedra, while the four �3-SO3

2�

anions are the ™inner∫ groups, and each of these anions are
connected to three Mo2O10 dimeric moieties (Figure 1B).[10]

Four ammonium cations are located deep within the
[(MoV

2 O4)6(SO3)16]20� ion (Figure 1B), and contribute to its
stability. The arrangement of the molybdenum atoms in 1 is
similar to an �-Keggin isomer (Figure 1C),[1a, 11] except that 1
contains six separated {Mo2O10} moieties (Figure 1B). This
arrangement is in contrast to �-Keggin derivatives (and other
Keggin forms), where the twelve MO6 octahedra are arranged
in four groups of three edge-shared octahedra, M3O13.

X-ray structural analysis of 2[9] revealed the presence of the
discrete anion [Na{(MoV

2 O4)3(�2-O)3(�2-SO3)3(�6-SO3)}2]15�

(2a ; Figure 2A), with ammonium cations and water of
crystallization also present in the lattice. The anion 2a
consists of two identical hexanuclear polyoxomolybdenum
sulfite anions [(MoV

2 O4)3(�2-O)3(�2-SO3)3(�6-SO3)]8� (2b ; Fig-
ure 2B), linked by a sodium cation. The six molybdenum(�)

Figure 2. A) Representation of the [Na{(Mo2O4)3(O)3(SO3)4}2]15� dimer:
Mo: light-gray, S: smaller light-gray balls, O: dark gray, Na: gray; B) ball-
and-stick representation of 2b : Mo: gray, S: smaller gray balls, O: dark
gray. Average bond lengths [ä]: Mo�O 1.673(1), Mo-O (�2-O2� of the
{Mo2O4} units) 1.944(8), Mo-O (�2-O2� bridging {Mo2O4} units) 2.11(1),
Mo-O (�2-SO3

2�) 2.059(3), Mo-O (�6-SO3
2�) 2.36(2), Mo-Mo (single bond)

2.597(5), S-O (terminal) 1.48(1), S-O (�2-SO3
2�) 1.565(8), S-O (�6-SO3

2�)
1.528(2).
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atoms are co-planar, and are arranged in a pseudohexagonal
arrangement, in which alternating bonding and non-bonding
contacts are evident. There are four sulfite groups in 2b : three
of these are on the periphery of the cluster and possess a
terminal oxo group, while the unique central sulfite group
provides three �2-oxygen bridges, so as to join each pair of
molybdenum(�) centers. There are three crystallographically
independent molybdenum atoms in the asymmetric unit,
(Figure 2B). Each atom has severely distorted octahedral
geometry (ignoring the MoV�MoV bond), being coordinated
to three �2-O2� ions, two sulfite (one �2- and one �6-) oxygen
atoms, as well as an oxo group. The sulfite groups (3�2- and
one �6-) and the three ™syn∫ �2-O2� ions are located on one
side, with the terminal oxo group and the six ™anti∫ �2-O2�

ions found on the other side, such that the [(Mo2
VO4)3-

(�2-O)3(�2-SO3)3(�6-SO3)]8� cluster takes the shape of an
adorned crown. In the dimeric assembly 2a (Figure 2A) a
sodium cation is sandwiched between two identical 2b anions.
The two anions are staggered with respect to one another, so
as to effect octahedral coordination of the sodium cation,
which interacts with the six anti-�2-O2� ions of the [MoV

2 O4]2�

moieties. The anion 2b is closely related to several molybde-
num(�) oxometalates containing phosphate ligands[4b, 12a±d] as
well as sulfate/arsenite[12e] and carbonate groups, for example
4.[12f]

(NH4)5[(MoV
2 O4)3(�6-CO3)(�-CO3)3(�-OH)3] 4

All of these complexes, which are reminiscent of the
™Anderson∫ species,[1a] possess a Mo6-planar core with a
central �6 and three peripheral �2 ligands as well as three
additional hydroxy (in most cases) or oxo groups bridging the
three [MoV

2 O4]2� moieties. In 2b, these ligands are pyramidal
SO3

2� ions, whereas in the ™Anderson∫-like molybdenum(�)
hexametalates so far reported, the equivalent ligands are
generally tetrahedral (phosphates), or less frequently trigo-
nal-planar anions (carbonates) or mixed tetrahedral-pyrami-
dal building blocks (sulfate ± arsenite anions).

A comparison of 1a, 2b and the ion [(MoV
2 O4)3(OH)3-

(CO3)4]5�)[12f] (4a) reveals that the same structural unit
[(MoV

2 O4)(�2-XO3)] (X� S, C) exists in all cases, where short
MoV�MoV separations (MoV�MoV single bonds; 1a : 2.561(4),
2b : 2.597(5), 4a : 2.5884(6) ä) alternating with longer
Mo ¥¥¥Mo contacts (1a : 5.70(3), 2b : 3.593(4), 4a :
3.548(6) ä). This observation proves that the 4d electrons
must be regarded as being localized in all {MoV

2 } pairs, a fact
which corresponds to the diamagnetism and the red color of
the cluster complexes 1, 2, and 4.[13]

As shown in Figure 3, the anion of 3 is a centrosymmetric
dimer.[9] Each molybdenum(�) atom is coordinated in a
distorted octahedral geometry (ignoring the MoV�MoV inter-
action) by two �2-O2� ions, three sulfite (two terminal and one
�2-) oxygen atoms, and an oxo group. A comparison of 3,
which contains the syn-MoV(O)(�2-O)2MoV(O) core, with
[(SO4)MoV(O)(�2-S)2MoV(O)(SO4)]2�,[14] which contains the
syn-MoV(O)(�2-S)2MoV(O) unit, reveals that the MoV�MoV

bond is approximately 2.60 ä for 3, compared with 2.80 ä for
the latter complex. In addition, the Mo-Ob(Sb)-Mo (b�
bridging) bond angles are approximately 83.5 and 74.5�,

Figure 3. ORTEP plot of 3. Displacement ellipsoids are plotted at the 50%
probability level. Average bond lengths [ä]: Mo�O 1.686(5), Mo-O (�2-
O2�) 1.940(9), Mo-O (terminal-SO3

2�) 2.10(1), Mo-O (�2-SO3
2�) 2.27(1),

Mo-Mo (single bond) 2.5872(18), S-O (terminal) 1.46(10), S-O (terminal-
SO3

2�) 1.57(2), S-O (�2-SO3
2�) 1.53(1).

respectively, while the Ob(Sb)-Mo-Ob(Sb) bond angles are
approximately 95� for 3 and 105� for the latter.

It is worth noting that the sulfite anion exhibits the bonding
modes a ± g, (Scheme 2) in the known metal complexes[15±20]

and the only polyoxometal sulfite complex.[5] The two new

Scheme 2. The bonding modes (a ± g) of SO3
2� ions observed in metal

complexes and the only polyoxometal sulfite complex, and the two new
bonding modes (h and i) present in complexes 1 and 3, respectively.

bonding modes h and i, observed in complexes 1 and 2, are
also shown in Scheme 2. Characteristic IR bands, solid- and
solution-state UV/Vis spectra, as well as thermogravimetric
analysis data for complexes 1 ± 3 are reported in the Exper-
imental Section.

In conclusion, the first polyoxomolybdenum(�) sulfite
complexes 1 ± 3 have been synthesized and structurally and
physicochemically characterized. The modification of the
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oxide microstructure by the incorporation of SO3
2� groups is

apparent in the structure of the dodecamer 1, which exhibits a
unique structural motif among polyoxomolybdenum(�) do-
decamers (and polyoxometalates in general). Thus, the
insertion of pyramidal SO3

2� ions into polyoxometalate units
can be effective for the assembly of frameworks with novel
structural characteristics (and possibly new properties), as
compared to established metal oxides containing tetrahedral
phosphate ligands. Furthermore, the novel �3-(3L,3M) and �6-
(3L,6M) coordination modes of the sulfite anion observed in 1
and 2, respectively, reveal the great versatility of the sulfite
group. Therefore, this seemingly pedestrian anion can be an
excellent ligand not only in polyoxometalates, but in coordi-
nation complexes in general.

Experimental Section

1: Solid (NH4)2SO3 (12.00 g, 89 mmol) was added in one portion to a light-
red solution of MoCl5 (2.00 g, 7.3 mmol, pH� 0) in concentrated (37%)
HCl:H2O (1:4 v/v, 25 mL). After stirring the mixture for 5 min, the initially
formed orange solid had redissolved, and a dark red (pH� 5) solution was
obtained. The solution was kept in an open beaker for one day and then the
precipitated red needles were filtered and dried in the air. Yield: 1.44 g
(73% based on Mo). IR: �� � 1637 [�(H2O)], 1401 [�(NH4

�)], 1051
[�(SO3

2�)], 988 [�(Mo�O)], 969 [�(Mo�O)], 895 [�(SO3
2�)], 837

[�(SO3
2�)], 677 [�(SO3

2�)], 479 cm�1 [�(SO3
2�)]; UV/Vis (solid-state

reflectance spectrum): �� 553, 329 nm; UV/Vis (H2O): �/nm
(�/dm3mol�1 cm�1)� 314 (30200); TGA: percentage weight loss (temper-
ature (�C))� 5.17 (28.2), 32.53 (135.1), 9.52 (254.8), 4.66 (396); elemental
analysis calcd (%) for H88Mo12N20O76S16 (3249.14): H 2.73, N 8.62, S 15.79,
Mo 35.43; found: H 2.85, N 8.50, S 15.90, Mo 35.65.

2 : Hydrazine monohydrate (0.320 g, 6.3 mmol) was added to a stirred
solution of Na2MoVIO4 ¥ 2H2O (3.00 g, 12.6 mmol, pH� 0) in concentrated
(37%) HCl:H2O (1:4 v/v, 25 mL). The light-yellow color of the solution
changed to dark-blue. Solid (NH4)2SO3 (9.00 g, 67 mmol) was then added to
the solution in one portion. Upon addition of (NH4)2SO3 the dark-blue
color of the solution became olive-green, and its pH value was ca. 5.5. The
solution was kept in an open beaker for 2 ± 3 days, after which time the
precipitated red block-shaped crystals were filtered and dried in the air.
Yield: 2.17 g (78% based on Mo). IR: �� � 1637 [�(H2O)], 1408 [�(NH4

�)],
1088 [�(SO3

2�)], 981 [�(Mo�O)], 963 [�(Mo�O)], 889 [�(SO3
2�)], 865

[�(SO3
2�)], 809 [�(SO3

2�)], 546 [�(SO3
2�)], 487 cm�1 [�(SO3

2�)]; UV/Vis
(solid-state reflectance spectrum): �� 495, 324, 251 nm; UV/Vis (H2O)
�/nm (�/dm3mol�1 cm�1)� 470(sh) (310), 306 (16500), 208 (32200); TGA:
percentage weight loss (temperature (�C))� 3.43 (69.4), 4.02 (128.2), 21.87
(236.4), 1.37 (374.3), 0.84 (397.0), 0.11 (579.1); elemental analysis calcd (%)
for H70Mo12N15NaO59S8 (2655.46): H 2.66, N 7.91, S 9.66, Mo 43.36; found:
H 2.75, N 8.20, S 9.40, Mo 43.15.

3 : This was synthesized in a similar fashion to 1, except that the amount of
(NH4)2SO3 added to the MoCl5 (2.00 g, 7.3 mmol) solution was 20.00 g
(150 mmol) and the pH value of the resulting dark-red solution was ca. 6.
The solution was filtered and red orthogonal crystals of 3 were formed by
vapor diffusion of MeOH into the filtrate for one week. The crystals were
filtered and dried in air. Yield: 1.20 g (39% based on Mo). IR: �� � 1403
[�(NH4

�)], 993 [�(SO3
2�)], 965 [�(Mo�O)], 903 [�(SO3

2�)], 821 [�(SO3
2�)],

662 [�(SO3
2�)], 527 [�(SO3

2�)], 468 cm�1 [�(SO3
2�)]; UV/Vis (solid-state

reflectance spectrum): �� 553, 325 nm; UV/Vis (H2O) �/nm
(�/dm3mol�1 cm�1)� 312 (4000); TGA: percentage weight loss (temper-
ature (�C))� 67 (160), 1.36 (395.4); elemental analysis calcd (%) for
H36Mo2N8O21S5 (836.55): H 4.33, N 13.39, S 19.16, Mo 22.94; found: H 4.17,
N 13.13, S 19.25, Mo 23.2.
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™Molecular Symmetry Breakers∫ Generating
Metal-Oxide-Based Nanoobject Fragments as
Synthons for Complex Structures:
[{Mo128Eu4O388H10(H2O)81}2]20�, a Giant-Cluster
Dimer**
Leroy Cronin, Christian Beugholt, Erich Krickemeyer,
Mark Schmidtmann, Hartmut Bˆgge, Paul Kˆgerler,
T. Kim K. Luong, and Achim M¸ller*

Dedicated to Professor Karl Wieghardt
on the occasion of his 60th birthday

The synthesis and manipulation of a huge variety of
nanoscaled species of similar chemical nature under one-pot
reaction conditions requires access to a potential ™dynamic
library∫ of appropriate building blocks.[1a] For instance, by
exploiting a detailed knowledge of polyoxometalate chem-
istry, a variety of discrete clusters (see ref. [1b ± g]) and related
extended structures[2] can be formed by the linking of well-
defined metal ± oxygen building blocks. These types of com-
pounds have been shown to exhibit unusual topological as
well as electronic properties and, furthermore, are interesting
for materials science.[3±5] A couple of years ago, we reported
wheel-shaped mixed-valence molybdenum clusters of the type

{Mo154}, {Mo176},[1b, 6, 7] and {Mo248};[1f] of these, the first two
parent species–exhibiting nanometer-sized cavities and
therefore presenting fascinating perspectives for a new type
of host ± guest chemistry–can now be obtained in high yields
in facile syntheses.[8] Herein, we describe for the first time a
dimer of two giant clusters, that is, of structurally well-defined
covalently linked nanoobjects with a rather high degree of
complexity. The dimer contains two elliptical molybdenum
oxide based units, linked together by two Eu-O-Mo bonds,
each unit incorporates 128 MoVI/V and 4 EuIII centers and
includes large fragments of the above-mentioned parent
clusters. The interpretation would be that these dimers are
formed by EuIII centers acting as symmetry breakers which
prevent the corresponding highly symmetrical parent-ring
closure.[1b, 6] Of general importance is that in systems showing
growth, potential (abundant) agents, such as EuIII centers, can
act as ™symmetry breakers∫ which results in the generation of
structural complexity. In any case, it is important to realize that
large nanoobject fragments can, in principle, be used as
synthons. The ability to connect or assemble clusters in a
predefined manner may allow the design of nanoscopic
devices using the ™bottom up∫ method (that is, generating
large objects from small units).

While the ™classical∫ reduction of an acidified aqueous
molybdate solution leads to the blue, wheel-shaped tetra- and
hexadecameric parent-cluster anions mentioned above,[6] the
generation of smaller species requires the presence of
electrophiles, such as PrIII ions which increase the curvature
by replacing the larger electrophilic {Mo2}2�-type building
units (see below). In the presence of smaller EuIII ions, even
ring closure to the parent clusters does not take place, which
allows the isolation of compound 1 containing a novel cluster
collective. Compound 1 was characterized by single-crystal
X-ray structure analysis[9] (including bond valence sum (BVS)
calculation to aid in the determination of the (formal) number
of MoV centers and protonation sites),[10] elemental analyses
((K), Eu, Mo; see details in ref. [12]), thermogravimetric
analysis, redox titration (to aid in the determination of the
(formal) number of MoV centers), IR, and EXAFS spectros-
copy (Eu-LIII edge,[11] with the option to distinguish in
principle between the different Eu centers in the lattice and
cluster sites) as well as magnetic susceptibility measurements
with a SQUID magnetometer.

Eu6X21a ¥ ca. 600H20 1[12]

[{MoVI�V
128 Eu4O388H10(H2O)81}2]20� 1a[12]

The crystal structure of 1 shows the dimeric unit 1a, which
comprises two linked nanosized clusters with 1202 non-
hydrogen (including 264 metal) positions, of rather high
structural complexity–regarding the versatility of different
building blocks and protonation types–packed in a config-
uration that gives rise to channels incorporating EuIII ions on
the inner side of the cavities (Figure 1; see also ref. [12]).
Compound 1a can be geometrically related to fragments of
the ring-shaped {Mo154}� [Mo154O462H14(H2O)70]14� (2a) pa-
rent-cluster archetype. The two cluster units of 1a are
elliptical with an outer and inner ring diameter of about 38

[16] a) P. T. Maragh, T. P. Dasgupta, D. J. Williams, J. Chem. Soc. Dalton
Trans. 1995, 1805; b) K. Wierhardt, S. Drueke, P. Chaudhuri, U.
Florke, H.-J. Haupt, B. Nuber, J. Weiss, Z. Naturforsch. B 1989, 44,
1093.
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Matsumoto, S. Ooi, J. Chem. Soc. Dalton Trans. 1987, 1305.

[18] M. Harvey, S. Baggio, R. Baggio, H. Pardo, Acta Crystallogr. Sect. C
1999, 55, 1278.

[19] a) C. G. Kim, D. Coucouvanis, Inorg. Chem. 1993, 32, 1881; b) F.
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and 20 ä, respectively, at their most elongated points, and
with an outer and inner ring diameter of approximately 30 and
12 ä, respectively, at their most compressed points (Figure 1).
There is only one type of Mo-O-Eu bond in the linking region
as the midpoint between the two Mo-O-Eu links is an
inversion center which generates the dimeric unit (Mo�O
1.71 ä; Eu�O 2.43 ä).

The giant ring-shaped ™parent∫ clusters (see above) ob-
tained from molybdenum blue solutions are based on the
three different building blocks {Mo1}, {Mo2}, and {Mo8}.[1b, 6]

These units are important for the related chemical versatili-
ty[1b, 6] in that the clusters can be considered as a ™nano-
structured-landscape∫ allowing characteristic reactions at
different well-defined positions.[6] For instance some of the
{Mo2}2�� {MoVI

2 O5(H2O)2}2� groups can be substituted by
other electrophiles, such as PrIII ions. If the related electro-
phile is (significantly) smaller in size than the {Mo2}2� group,
an increase of the curvature in the substitution region is
observed. This effect can lead–as in the PrIII case–to the
formation of a smaller ring that exhibits an elliptical
geometry[15] but which still shows practically the same building
units as the parent tetra- and hexadecameric rings. The
remarkable feature in 1 is that this is no longer the case in
presence of EuIII ions as, besides larger basic fragments of 1a
corresponding to those of the parent ring, new structural
features occur. This situation could be explained in that the
presence of EuIII ions, which have a smaller ionic radius than
PrIII ions, preventing ring closure to the parent ring type as the
related dramatic increase of the curvature destabilizes the
system.

The two ellipsoidal cluster entities of 1a can be approx-
imately described by the building-block scheme used for the

formation of the {Mo154}- and
{Mo176}-type species, which com-
prise not only the building blocks
{Mo1}, {Mo2}, and {Mo8}, but also
the additional ™new∫ units of the
{Mo*2 }, {Mo7}, and {Mo9} type
({Mo*2 }� {MoVI�V

2 O7(H2O)}3�):
the fragments are (formally) cut,
as shown in Figure 2, from the
{Mo154}-type giant wheel at four
positions. The ™cutting∫ process
takes place between those poly-
hedra showing the least number of
bonds. The large fragments ob-
tained (Figure 2) have the compo-
sition [{Mo1}6{Mo2}4{Mo8}2{Mo7}2-
{Mo9}2], that is, they include the
two ™new∫ {Mo7} and {Mo9} units
which are formally generated by
™cutting∫ asymmetrically two
neighboring {Mo8} units at the
above-mentioned positions to
produce the two major parts of
the new ellipsoidal ring. The com-
plete ellipsoidal ring unit is
formed when the two fragments
are combined with two new {Mo*2 }

units and four EuIII ions (Figure 2).
An examination of the equatorial plane of one ring unit of

1a reveals the same basic type of construction principle as
described for the {Mo154}-type ring-shaped system 2a, that is,
the abundance of the typical {Mo1} units which are part of the
{Mo5O6} double-cubane-type compartments of the parent
rings.[1b, 6] In the present case, ten of the twelve abundant
compartments possess one �3-OH group,[16] which is in
contrast to 2a in which they show a symmetrical distribution
of the respective O-BVS values caused by a related disorder
of the H atoms.[16] The BVS of the Mo positions of the
{Mo5O6}-type double-cubanes show, in comparison to those in
the parent cluster 2a (with two delocalized Mo(4d) electrons
per compartment), higher values for just two of those four Mo
atoms (see above) which are positioned next to the two
{Mo*2 } groups. As the latter show the correspondingly
related lower Mo-BVS values, we have a situation that in
these two special cases the two Mo(4d) electrons are
delocalized over the two {Mo*2 }{Mo5O6} segments. The overall
building-block scheme for 1a can finally be presented as
[{Mo1}12{Mo2}8{Mo8}4{Mo7}4{Mo9}4{Mo*2 }2Eu4]20�.

This ™dimer∫ or ™cluster collective∫ can be considered as
the most complex discrete inorganic species structurally
characterized to date while the results open new perspectives
for nanochemistry. It seems possible to control the linking of
certain types of polyoxometalate fragments, as in the present
case in which the larger building units in 1a can be considered
as nanosynthons. The interesting related aspect is–formally
speaking–that ™molecular scissors∫ can be used to generate
larger linkable nanoobject fragments. But the real interpre-
tation is that the EuIII centers subsequent to their coordination
at the fragments prevent, as ™symmetry breakers∫, ring

Figure 1. Left: a packing diagram of the cluster units of 1a in ball-and-stick representation looking down the
™cavities∫ (EuIII ions in green). Right: a representation of 1a with the molybdenum oxide based units
displayed as polyhedra ({Mo1} yellow; {Mo2} red; {Mo8} blue with central pentagonal units in cyan; EuIII

coordination spheres in ball-and-stick representation). Bottom right: an expanded view of the Mo-O-Eu
groups linking the two cluster rings.
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closure which would lead to the parent-cluster type. They
cause even further symmetry breaking, thereby avoiding the
direct action of translational symmetry operation after ring
closure. Furthermore, by controlling the structure of a nano-
object such as 1a, it may be possible to control linking/
assembly which may not only result in extended structures but
also in well-defined collectives of nanoclusters, the formation
of which is as yet an unsolved problem in chemistry. These
types of nanocluster assemblies/collectives might be of
importance for the development of electronic devices (cf.
ref. [17]). Interestingly, it could also be demonstrated that it is
possible to position open-shell metal centers with, for
example, different electronic and magnetic characteristics,
on the well-defined sites of the nanoobjects.

The present situation again supports our previous state-
ment and arguments: Molybdenum oxide based building
blocks in acidic solutions under reducing conditions show a
type of flexibility allowing–as components of a dynamic
library–a linking versatility with the option of generating an
overwhelming variety of structures which seems to be a
unique situation in inorganic chemistry (for further arguments
see ref. [18]).

Experimental Section

1: A solution of EuCl3 ¥ 6H2O (6.0 g, 16.4 mmol) in H2O (500 mL) was
quickly added under stirring to an aqueous solution of K2MoO4 (5.9 g,
24.8 mmol) in H2O (500 mL). After stirring for 30 min the practically
colorless precipitate was collected by filtration, washed with ice-cold H2O,
and dried at 120 �C for 5h (yield: 6.3 g; IR (KBr; 1700 ± 500 cm�1): �� � 1630

(m), 935 (m), 858 (s), 758 (s), 700 cm�1

(m).[19]). To the solution of this precipitate
(1.5 g), in a mixture of H2O (15 mL) and 1�
HCl (12.5 mL), an aqueous solution
(1.5 mL) of [N2H6]Cl2 (10 gL�1) was added.
The solution was heated (without stirring)
in a 100-mL Erlenmeyer flask (wide
necked; covered with a watch glass) in a
preheated oil bath at 60 ± 65 �C for 45 min.
The resulting deep-blue solution was then
taken from the oil bath, cooled to room
temperature, and kept in a closed flask for
16 h. After a small amount of a colorless
precipitation was removed by filtration the
filtrate was kept in a closed 100-mL Erlen-
meyer flask (closed with a rubber stopper)
for two weeks. The deep-blue (longish)
platelike crystals were collected by filtra-
tion, washed with ice-cold H2O, and dried
under inert atmosphere over CaCl2, yield:
0.48 g (39.4% based on Mo; for a detailed
discussion of the analytical problem see
ref. [12]). Characteristic IR bands (KBr;
1700 ± 500 cm�1): �� � 1618 (m; � (H2O)),
990 (sh), 968 (m; �� (Mo�O)), 905 (m), 830
(m), 740 (m-s), 630 (s), 561 cm�1 (s).

The (corresponding) compound could be
obtained, but not in pure form, using
Na2MoO4 ¥ 2H2O as starting material.[20]
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obtain these compounds from molybdenum blue solutions, which
contain the parent-ring clusters, in a facile synthesis (see ref. [1b, 6]).
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Figure 2. Demonstration of how an {Mo128Eu4} ring of 1a can formally be constructed from a parent
{Mo154}-type cluster by a ™cutting∫ process giving the two large important fragments. Top left: A side view of
the {Mo154} ring, the cutting positions are marked as large black spheres; top right: those units which have to
be removed from the {Mo154} ring and those which have to be added to the resulting two large fragments (left
and right) to generate the {Mo128Eu4} cluster; bottom: the {Mo128Eu4} cluster from a side and top view (color
code as in Figure 1) with the new {Mo*2 } units in brown which are shown in the side view together with the
EuO9 polyhedra in ball-and-stick representation; theMoO6 octahedra of a selected {Mo7} and a {Mo9} group,
respectively, as hatched violet polyhedra.
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MoV/Pyrophosphate Polyoxometalate: An
Inorganic Cryptate
Charlotte du Peloux, Pierre Mialane, Anne Dolbecq,
Je¬ro√me Marrot, and Francis Se¬cheresse*

Polyoxometalate chemistry continues to be a subject of
great interest, since the wide and fascinating variety of
structures and properties of these objects gives rise to
numerous applications.[1] Polyoxoanions containing phospha-
to groups constitute the largest class of heteropolyanions, with
structures ranging from molecular complexes to extended
frameworks.[2] In contrast, very few polyoxometalate-contain-
ing polyphosphato groups have been structurally character-
ized. In 1994, Kortz and Pope reported the first X-ray
structure of a polyoxomolybdate(��) containing the pyrophos-
phato (P2O7)4� ligand.[3] Since then, only two other structures

�� 97.542(1), �� 97.410(1)�, V� 35592(3) ä3, Z� 1, �� 2.466 gcm�3,
�� 2.907 mm�1, F(000)� 25484, crystal size� 0.35� 0.20� 0.05 mm3.
Crystals of 1 were removed from the mother liquor and immediately
cooled to 183(2) K on a Bruker AXS SMART diffractometer (three-
circle goniometer with 1 K CCD detector, MoK� radiation, graphite
monochromator; sphere data collection in 	 at 0.3� scan width in four
runs with 606, 500, 606, and 500 frames (�� 0, 88, 180 and 268�) at a
detector distance of 5.00 cm). A total of 371523 reflections
(0.66�
� 27.05�) were collected of which 153584 reflections were
unique (Rint� 0.0511). An empirical absorption correction using
equivalent reflections was performed with the program SADABS.
The structure was solved with the program SHELXS-97 and refined
using SHELXL-93 to R� 0.0559 for 96134 reflections with I� 2�(I),
R� 0.1066 for all reflections; max./min. residual electron density
3.680 and�2.844 eä�3. (SHELXS/L, SADABS fromG. M. Sheldrick,
University of Gˆttingen 1993/97; structure graphics with DIAMOND
2.1 from K. Brandenburg, Crystal Impact GbR, 2001.) Further details
on the crystal structure investigation may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (�49)7247-808-666; e-mail : crysdata@fiz-karls-
ruhe.de), on quoting the depository number CSD-411984.

[10] I. D. Brown in Structure and Bonding in Crystals, Vol. II (Eds.: M.
O×Keeffe, A. Navrotsky), Academic Press, New York, 1981, pp. 1 ± 30.

[11] EXAFS measurements were performed at the beamline A1 at
HASYLAB (Hamburg) on samples ground together with suprapure
polyethylene and subsequently pressed into pellets with a thickness of
300 �m. Spectra were obtained in the transmission mode at the Eu-LIII

edge covering the range from 6.75 ± 8.00 keV. The magnitude of the
Fourier transform of the EXAFS after background and phase
correction shows a distinct and symmetric maximum at 243 pm which
is clearly a result of almost only (!) one kind of oxygen coordination to
the Eu absorber. A second coordination shell at about 350 pm is
assigned to Eu ¥¥¥Mo separations.

[12] Although the total number of molybdenum centers is certain, the
(formal) number of MoV centers has a slight uncertainty, though the
given number of 24 is the most reasonable one according to the
comparison with previous related structures, that is, parts of the well
known {Mo154} and {Mo176} clusters with respect to the related BVS
values of comparable protonation sites and Mo5O6-type building
blocks.[1b, 6] This assignment results in a charge of �20 per ™dimer∫ 1a
by referring to the number of abundant protons and MoV centers
(note: the related electron spins are paired here as in the reduced
Keggin ions[13]). Despite the nonmagnetic 7F0 ground state, the EuIII-
ions yield a temperature-dependent paramagnetism (TIP) since the
weak spin-orbit splitting of the 7F term (�� 300 cm�1) allows excited
7FJ states (J� 1, 2, ¥ ¥ ¥ ) to be thermally populated.[14] As the relevant
states are not significantly perturbed by ligand-field effects, the
magnetism of a system containing N EuIII positions corresponds very
well to N times the free EuIII ion contribution (typical 
molT value for
an EuIII ion at room temperature: 1.53 emuKmol�1 [14b]). The observed
paramagnetism of 1 (
molT� 23.2 emuKmol�1 at 290 K, corrected for
diamagnetism and an estimated TIP value of the polyoxomolybdate
ring) corresponds to 15(�1) individual EuIII centers per formula unit
which is in agreement with the Eu analysis (calcd (%) for 1 with X�
H: Eu 4.03; found: Eu 3.9). While eight of these are definitely
constituents of the {Mo256}-type cluster dimer, the remaining six EuIII

cations per formula unit are strongly disordered in the crystal lattice
and cannot be localized exactly. (The observed temperature depend-
ence of 
molT for 1 also rules out the presence of EuII centers.) Thus,
the resulting problem is to explain the charge difference between �20
(see above) and �18 corresponding to the presence of six EuIII lattice
cations. This might be a result of the (corresponding) presence of two
alkali cations (found (%) ca. 0.07) or two H� ions which is a more
reasonable explanation (see formula). Based on the extremely small
values of the potassium (and sodium) analyses this problem cannot be
solved without doubt. Location of the water ligands was by
comparison with previous structures while the related oxygen BVS
indicate the presence of two ™new type∫ water ligands per ring of 1a
on the building blocks adjacent to the new {Mo*2 } groups (see,
Figure 2). The given crystal-water content corresponds to the max-
imum number with respect to the unit-cell volume according to our
usual procedure (note: the rapid release of crystal water!).
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Chem. Int. Ed. Engl. 1991, 30, 34 ± 48.
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Lueken, Magnetochemie, Teubner, Stuttgart, 1999, p. 38.
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equatorial �3-O atoms is: H2O1 u-p u-p u-p u-p u-p u-u H2O2. The
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forces between the H atoms of adjacent compartments. That the
above sequence is favored over the other possible sequence H2O1 u-u
p-u p-u p-u p-u p-u H2O2 or to a 50:50 disordered situation as in the
parent cluster type is caused by two EuIII ions positioned close to the
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sion (correct formula): one �3-OH group per compartment.[1b, 6]
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have been reported.[4] For these three compounds, the
(P2O7)4� :MoVI ratio is between 1:6 and 1:18. The lack of
information concerning this class of compound and the
absence of MoV pyrophosphate complexes can be justified
by the observations of Weil-Malherbe and Green.[5] Indeed,
they have shown that the hydrolysis of pyrophosphate into
monophosphate is catalyzed in water by molybdenum. More-
over, this reaction is enhanced by MoV rather than by MoVI,
and is optimal at pH 2 with a secondary maximum at pH 5.5.
We are currently investigating the interaction between
(poly)phosphate and MoV either under hydrothermal condi-
tions[6] or usual ™bench∫ conditions. We have tried to
determine a domain where the hydrolysis of pyrophosphate
by MoV would be minimal. This work led us to the isolation
and characterization of the first pyrophosphate/MoV complex
1, a highly charged and highly hydrated complex which
comprises two nearly perpendicularly interconnected wheels,
an unprecedented topology for an inorganic compound.

Na24[Na4(H2O)6� {(Mo2O4)10(P2O7)10(CH3COO)8(H2O)4}] ¥ 97H2O 1

The synthesis has been performed in sodium acetate buffer.
The success of this approach can be explained by considering
that 1) the rate of hydrolysis of the (P2O7)4� ion must be lower
at the pH of the acetate buffer and that 2) acetate can lead to
the formation of the stable [MoV

2 O4(�-CH3COO)]� dimer,[7]

which possesses two free sites in cis positions on each MoV

center. This arrangement must permit the formation of large
rings in presence of bridging ligands. Compound 1 was
synthesized by mixing sodium molybdate, pyrophosphate,
and hydrazine and stirring the mixture for three hours. Then,
the solution was allowed to crystallize at room temperature.
The final yield is not affected if the MoVI species is first
reduced by hydrazine before the addition of pyrophosphate,
or if all the reagents are added simultaneously. This situation
is evidence of the stability of pyrophosphate in this medium.
Similar experiments have been performed in lithium, potas-
sium, or cesium acetate buffer. The role of the alkaline cation
seems crucial since compound 1 has not been obtain under
these conditions.

Complex 1 is built up by two nonequivalent interconnected
wheels (Figure 1). The largest wheel (noted {Mo12}) is formed
by twelve MoV centers (Figure 2a), and the smallest (noted
{Mo8}) contains eight MoV atoms (Figure 2b). All the

Mo
P
C
O
Na

Figure 1. Polyhedral representation of 1. Lengths range (average length-
s) [ä]: Mo�O 1.659(7)-1.681(6) (1.668); Mo-O(Mo) 1.910(6)-1.937(6)
(1.922); Mo-O(P) 2.055(8)-2.095(6) (2.076); Mo-O(C) 2.215(6)-2.331(6)
(2.275); Mo-OH2 2.324(6)-2.328(6) (2.326); P�O 1.455(6)-1.487(6) (1.473);
P-O(P) 1.578(8)-1.614(6) (1.605); P-O(Mo) 1.499(7)-1.520(6) (1.511); C-O
1.239(11)-1.262(10) (1.250); C-C 1.481(14)-1.498(13) (1.491).

molybdenum centers are in a distorted octahedral environ-
ment and have anMo�O bond, that is, they contain a terminal
oxygen atom. As usually observed,[6, 7] the MoV atoms are
arranged by pairs, forming the diamagnetic dinuclear unit
{MoV

2 (�-O)2O2}, with an average Mo ¥¥¥Mo separation of
2.54 ä. These dimers are bridged by two types of pyrophos-
phate groups. Six pyrophosphate unitss connect two dimers,
and four are bridging three dimers, ensuring the connection
between the two wheels. These two wheels are nearly
perpendicular (Figure 2c), with an angle of 92.8� (calculated
considering the least-square planes defined by the metallic
atoms). It follows that 1 can then be described as an inorganic
cryptate of an overallD2d symmetry. The coordination spheres
of four of the six dimers of the {Mo12} entity is completed by a
�-O2 acetato anion, while those of the two remaining dimers
are completed by water molecules (Figure 2a). The role of
these exogenous ligands is crucial since it strongly influences
the curvature of the dimers and thus the topology of the whole
edifice. This effect can be emphasized by the distances
between the axial ligands in a {MoV

2 O4(H2O)2} dimer (d-
(Ot ¥¥ ¥ Ot)� 2.910(9) ä and d(OH2

¥ ¥ ¥ OH2
)� 3.144(9) ä) and in

the {MoV
2 O4(CH3COO)2} dimers (d(Ot ¥¥ ¥Ot)� 3.172(9) ±

a) b) c)

O
P
Mo
Na
C

Figure 2. Ball-and-stick representations of 1 highlighting a) the {Mo12} ring and the inner acetate groups b) the {Mo8} ring and the outer acetate groups c) the
near perpendicular arrangement of the {Mo12} and the {Mo8} planes.
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3.254(10) ä and d(OOCH3
¥ ¥ ¥ OOCH3

)� 2.171(9) ± 2.207(10) ä).
In {Mo12}, all the Mo�O groups are directed towards the
outside of the cavity. The situation is different for the {Mo8}
wheel, where each dimer is coordinated to an acetate anion,
and the Mo�O groups are directed towards the inside of the
cavity. Valence bond summations (VBS) have been applied on
all the atoms.[8] These calculations confirmed the oxidation
state of molybdenum atoms and permitted us to conclude that
all the pyrophosphato groups are fully deprotonated, which is
consistent with the presence of the 28 sodium cations
determined by elemental analysis. Four of these counterions
have been found inside the cavity. Two are located at the
intersections of the wheels, connecting four {Mo-
V
2 O4(CH3COO)2} fragments through eight oxygen atoms
(d(Na-O)� 2.403(7) ± 2.516(7) ä). These two tightly bound
sodium cations must play a key role in the stability of the
receptor which acts as a cryptand anion (Figure 1).[9] Two
additional alkaline cations have been found linked to the
water molecules of the {MoV

2 O4(H2O)2} dimers, the remaining
counterions being located outside the cage. Finally, a vacant
site is available at the center of the polyanion.

The NMR spectrum of 1 at room temperature (Figure 3)
exhibits three resonances located at 
1� 3.03 ppm, 
2�
1.66 ppm, and 
3��0.64 ppm with relative intensity of

   3.03 1.66 -0.64

δ δ  / ppm
  4 3 2 1 0 -1

Figure 3. 31P NMR spectrum of 1 in acetate buffer at room temperature.

2:1:2. This result is in agreement with the structure deter-
mined by X-ray diffraction. The spectrum of this solution
remains unchanged over several weeks, which shows the high
stability of 1 in this medium. The 31P NMR spectrum has also
been recorded in water and gives a complex pattern, which
indicates decomposition of compound 1. Among the large
number of species observed, free phosphato groups and the
well-known [P4Mo6(OH)3O28]9� complex,[6b, 10] which results
from the hydrolysis of the polyphosphate moieties, have been
identified. Indeed the pyrophosphate ligands in 1 are highly
available to direct attack by the solvent compared to the only
water-stable example of a MoVI ± pyrophosphate compound,
the Dawson-like [(P2O7)Mo18O54]4� ion, where the pyrophos-
phate group is encapsulated.[3]

In conclusion, we have characterized the first MoV± pyro-
phosphate complex which possesses a unique double-wheel
topology and a high (P2O7)4� :MoV ratio. This complex has
been obtained in an acetate buffer medium. We are now
investigating the possibility to insert a guest cation in the
central cavity of 1, and the behavior of MoV and pyrophos-
phate in various mono- and dicarboxylate buffers.

Experimental Section

Na2MoO4 ¥ 2H2O (10.33 mmol, 2.5 g) was dissolved in a 4� sodium acetate/
acetic acid buffer (pH 4.67, 100 mL), to which N2H4 ¥H2O (3.08 mmol,
150 �L) and Na4P2O7 (5.6 mmol, 2.5 g) were added. The obtained green
solution was stirred for 3 h and then allowed to stand at room temperature.
Orange parallelepipedic crystals were collected by filtration after 3 days.
Yield: 1.12 g (32% based on Mo); elemental analysis (%) calcd for 1: Mo
26.15, P 8.45, C 2.62, Na 8.78; found: Mo 26.86 P 8.23, C 2.86, Na 9.06. IR
(KBr pellet): �� � 1638 (s), 1549 (m), 1454 (w), 1424 (sh), 1203 (s), 1087 (s),
1036 (s), 969 (m), 748 (w), 678 (w), 581 (m), 522 (m), 483 cm�1 (m); UV/Vis
(4� sodium acetate/acetic acid buffer): �max(
)� 301 (104700), 402 nm
(1950), 465 (1000); 31P NMR (121.5 MHz, 25 �C, H3PO4 85%): 
� 3.03,
1.66, �0.64 ppm.

Crystal data and structure refinement for 1: an orange parallelepipedic
crystal (0.12� 0.10� 0.02 mm) was analyzed with a Siemens SMART
three-circle diffractometer equipped with a CCD bidimensional detector
using MoK� monochromatized radiation (�� 0.71073 ä). Monoclinic, space
group P2(1)/n, a� 20.8051(1), b� 21.3293(1), c� 22.6197(2) ä, ��
94.270(1)�, V� 10009.81(11) ä3, Z� 2, �calcd� 2.306 gcm�3, �(MoK�)�
1.567 mm�1, F(000)� 6860, 70617 reflections measured, of which 26891
were independent, 1377 refined parameters,R� 0.0771,wR2� 0.1518. Data
reduction was performed with the SAINT software. The absorption
correction was based on multiple and symmetry-equivalent reflections in
the data set using the SADABS program based on the method of Blessing.
The structure was solved by direct methods and refined by full-matrix least-
squares using the SHELX-TL package. As crystal structure shows disorder
in the range of water molecules and sodium cation, the exact formula and
molecular weight have been established from thermogravimetry (TG)
studies and the elemental analysis. The hydrogen atoms of the acetate
groups were located and refined using a constrained ™riding∫ model.
CCDC-178291 (1) 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: (�44)1223-336-
033; or deposit@ccdc.cam.ac.uk).
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A Patterned TiO2(Anatase)/TiO2(Rutile)
Bilayer-Type Photocatalyst: Effect of the
Anatase/Rutile Junction on the Photocatalytic
Activity
Tetsuro Kawahara, Yasuhiro Konishi, Hiroaki Tada,*
Noboru Tohge, Junji Nishii, and Seishiro Ito

Semiconductor photocatalysts have recently attracted
much interest because of their possible applicability to
detoxification of environmental pollutants[1] and solar-energy
conversion.[2] Among the photocatalysts, TiO2 is believed to
be the most promising presently knownmaterial because of its
superior photoreactivity, nontoxicity, long-term stability, and
low price. The photocatalytic activity of TiO2 depends on
various parameters, including crystallinity, impurities, surface
area, and density of surface hydroxy groups; however, the
most significant factor is its crystal form.[3] TiO2 is usually used
as a photocatalyst in two crystal structures: rutile and anatase.
Anatase generally has much higher activity than rutile.[4]

More interesting is the fact that the activity of P-25 (Degussa),
which consists of anatase and rutile (4/1 w/w), exceeds that of
pure anatase in several reaction systems.[3b, 5] Indeed, P-25 has
frequently been used as a benchmark for photocatalysts.

However, the origin of the high photocatalytic activity of
P-25 remains unclear. Here we report on the fundamental
mechanism and present a highly active photocatalyst film
designed on the basis thereof. Thin films of photocatalysts not
only serve as models of particulate systems but also aid in the
development of their applications.[1b]

Addition of 1-phenyl-1,3-butanedione (BzCH2Ac) to a
solution of Ti(OC4H9)4 in methanol led to a red shift of the
absorption peak for the � ±�* transition of BzCH2Ac from
310 to 360 nm, owing to chelation of Ti4�. After hydrolysis, the
resultant sol was used to form a gel film in which the chelate
bonds were kept intact. Significant lower solubility of the gel
film in alcohol was induced by photoexcitation of the � ±�*
absorption band.[6] Patterned (pat-) TiO2 films were prepared
by utilizing this phenomenon. The dimensions of the pattern-
ing are expressed by the width w of the stripes of the TiO2 film
and their spacing s. Figure 1 shows a 3D surface-structure
photograph of a sample formed on quartz by using a
photomask with slits of 0.2 mm in width. Regularly spaced,

Figure 1. Three-dimensional surface-structure photograph of pat-TiO2(A)/
quartz (w� s� 0.2 mm).

0.2 mm wide stripes of TiO2 film with a thickness of about
65 nm are present on the substrate with a spacing of 0.2 mm
(TiO2/quartz; w� s� 0.2 mm).

X-ray diffraction (XRD) patterns are shown in Figure 2A
for a sputter-deposited TiO2 (sp-TiO2) film (a) and a sol ± gel
TiO2 (sg-TiO2) film overlaid on the sp-TiO2 film (b). In
pattern (a), the diffraction peaks from the (110) and (211)

Figure 2. A) X-ray diffraction patterns of the sp-TiO2 film (a) and the sg-
TiO2/sp-TiO2 film (b). B) Plots of (�h�)1/2 vs photon energy for the sg-TiO2

(a) and sp-TiO2 (b) films.

planes of rutile are observed at 2�� 27.4 and 54.3�, respec-
tively. The peak intensity ratio I(211)/I(110) is much smaller
than that of randomly oriented rutile powder (ca. 0.6)[7] and
suggests that the sp-TiO2 film has a preferred orientation
towards the [001] and [1≈10] directions. In pattern (b), the
diffraction peaks from the (101) and (200) planes of anatase
appear at 25.3 and 48.0�, respectively, in addition to the rutile
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peaks. The broad intense background at 2�� 40� in both
patterns arises from the quartz substrate. Figure 2B shows the
plots of (�h�)1/2 versus photon energy h� for the sg-TiO2 (a)
and sp-TiO2 (b) films; � is the extinction coefficient.
Extrapolation of each straight line provides the indirect band
gaps Eg of 3.2 (a) and 3.0 eV (b), which are in agreement with
the literature values for anatase and rutile, respectively.[8]

These results indicate that an anatase film was formed on a
rutile film [TiO2(A)/TiO2(R)] by a two-step method consist-
ing of sputter deposition and subsequent sol ± gel processing.

Photocatalytic activities of various samples were evaluated
in the gas-phase decomposition of CH3CHO (Figure 3), which
was used as a model for a harmful organic gas. This reaction is
categorized as photocatalytic because both illumination

Figure 3. Time profiles of decomposition of CH3CHO on illumination with
TiO2(A)/quartz (a), TiO2(R)/quartz (b), pat-TiO2(A)/TiO2(R) (w� s�
1 mm; c), and pat-TiO2(A)/TiO2(R) (w� s� 0.2 mm; d).

(�ex� 300 nm) and TiO2 are needed for decomposition to
occur and the turnover number is greater than 100 at t� 3 h.[9]

In all systems, the reaction followed a first-order rate law;
Table 1 lists the apparent rate constants k. Evidently, anatase
(a) exhibits higher activity than rutile (b) in this reaction. A
significant increase in the activity with patterning is observed
for pat-TiO2(A)/TiO2(R) (w� s� 1 mm; c), in which the
rutile covers the whole surface while the anatase is deposited
in stripes that leave half of the rutile underlayer exposed. The
k value (0.35 h�1) is larger than the sum of values of 0.091 h�1

for samples (a) and (b), whereas no patterning effect was
obtained for TiO2(A)/quartz.

To identify the reduction sites of pat-TiO2(A)/TiO2(R), the
photodeposition of Ag was carried out (2H2O�
4Ag��4Ag0�O2� 4H�).[10] Ag hardly deposited on the
surface of sp-TiO2(R). Since in the particulate system, rutile
exhibits high activity in this reaction,[11] this seems to indicate

sensitivity to the structure of the surface, that is, the developed
(110) crystal plane of sp-TiO2(R) is likely to be inactive.
Figure 4a shows a SEM image of pat-TiO2(A)/TiO2(R) after
Ag photodeposition. Particles are largely deposited on the

Figure 4. a) SEM image of pat-TiO2(A)/TiO2(R) (w� s� 1 mm) after Ag
photodeposition. b) SEM micrograph of the boundary region of the
TiO2(A) and TiO2(R) films; c) X-ray image of Ag for the same region as B).
Ag photodeposition was performed as follows: a TiO2-film-coated sample
was immersed in a 1.0� 10�4� aqueous solution of AgNO3 (50 mL). After
the solution had been purged with Ar for 15 min, photoirradiation was
carried out with a high-pressure mercury arc at 30� 0.1 �C (I320±400�
2.5 mWcm�2) for 0.5 h.

sg-TiO2(A) surface (As), while they are scarcely seen on the
sp-TiO2(R) surface (Rs). In contrast, this trend is entirely
reversed near the anatase/rutile boundary, as shown in
Figure 4b, which shows a magnification of the region circled
in Figure 4a, that is, deposition occurs preferentially on the
side of the sp-TiO2(R) underlayer (Rb). Figure 4c shows an
Ag X-ray image of the same region as that shown in
Figure 4B, which identifies the deposits as Ag. This finding
shows that some of the excited electrons are transferred from
the conduction band (CB) of TiO2(A) to that of TiO2(R), and

Table 1. Photocatalytic activities for CH3CHO oxidation.

Photocatalyst Surface area (R/A) Thickness (overlayer/underlayer) width/spacing k [h�1]

nonpat-TiO2(R) 4 cm2 165� 5 nm ± 0.005
pat-TiO2(A)/quartz 2 cm2 70� 5 nm 0.2 mm/0.2 mm 0.086
pat-TiO2(A)/TiO2(R) 2 cm2/2 cm2 70� 5 nm/165� 5 nm 1 mm/1 mm 0.35
pat-TiO2(A)/TiO2(R) 2 cm2/2 cm2 65� 5 nm/165� 5 nm 0.2 mm/0.2 mm 0.43
pat-TiO2(A)/SnO2

[a] 2 cm2/2 cm2 50� 5 nm/580� 80 nm 1 mm/1 mm 0.51
pat-TiO2(A)/SnO2 2 cm2/2 cm2 45� 5 nm/580� 80 nm 0.2 mm/0.2 mm 0.53

[a] The conductivity of the SnO2 film was 1.6� 103 Scm�1.
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the excess electrons give rise to Ag photodeposition on Rb.
Another interesting fact is that the size of the Ag particles in
Rb is much smaller than that in As, and the opposite is valid for
their number density. The difference in the surface concen-
tration of the excited electrons would affect the nucleation
and growth processes of the Ag particles. The fact that the CB
edge of TiO2(A) is about 0.2 eV higher than that of TiO2(R) is
thought to facilitate interfacial electron transfer, and the
energy barrier would suppress back electron transfer. Con-
sequently, the holes left in the valence band of TiO2(A)
efficiently oxidize organic substrates, while the electrons
moving into TiO2(R) are consumed by the reduction of O2.[12]

A closer inspection of Figure 4a indicates that Ag particles
are deposited on the TiO2(R) surface within a distance of
10 �m from the boundary. The diffusion length L of electrons
in solids is related to the mobility � and the lifetime � by the
equation L� (kT��/e)1/2, where k is the Boltzmann constant.
Calculations with the literature values of �� 100 cm2V�1 s�1[13]

and �� 100 ns[14] for TiO2 gave an estimatedL value of 5.1 �m,
which is of the same order of magnitude as the width of Ag
deposition. As shown in Figure 3d (see also Table 1), the
activity increases by a factor of 1.23 on decreasing the
patterning dimension from 1 to 0.2 mm. It is probable that the
increase in the fraction of the TiO2(R) surface acting as
reduction site results in effective attack of holes on CH3CHO
adsorbed on TiO2(A). The effect of the nanoscale junction
between anatase and rutile in P-25 (ca. 10 nm)[15] on its
activity can be inferred along these lines. The activity of pat-
TiO2(A)/SnO2, which exceeds that of pat-TiO2(A)/TiO2(R), is
almost independent of the patterning dimension (Table 1).
The vectorial electron transfer from TiO2(A) to SnO2

[16] and
the long charge-separation distance of more than 100 �m[10]

seem to be responsible for this.
This study has demonstrated that coupling of TiO2(A) and

TiO2(R) in a bilayer form increases the photocatalytic activity
for CH3CHO oxidation relative to the individual components,
and that reducing the patterning dimension to the charge-
separation distance is of importance in increasing this activity.
With regard to a model of P-25, its high photocatalytic activity
is caused mainly by the increase in charge-separation
efficiency resulting from interfacial electron transfer from
TiO2(A) to TiO2(R).

Experimental Section

Patterned TiO2 films: BzCH2Ac (40 mmol) was added to 40 mL of a 0.5�
solution of Ti(OC4H9)4 in methanol. The solution was hydrolyzed and then
used as a coating solution. Coating was carried out by dipping and
withdrawing in ambient atmosphere. The dried gel films were irradiated
with UV light through a photomask. An IR cut filter and a solution filter
(0.40� CuSO4 ¥ 5H2O aq) were used to selectively pass light at around
350 nm. After the irradiated gel films had been leached out in ethanol, the
resultant patterned gel films were heated in air at 773 K for 1 h.

Sputter deposition of TiO2 films: TiO2 thin films were deposited on quartz
substrates by a conventional rf sputtering method. The sputtering target
was prepared by sintering of rutile TiO2 powder. Sputtering deposition was
carried out under 1.33 Pa pressure of an O2/Ar mixture at a growth rate of
10 nmmin�1. The thin film was annealed at 1073 K for 2 h in air.

Film characterization: The surface morphologies and cross sections of the
TiO2 films were observed by scanning electron microscopy (Hitachi S-700)
and a 3D-imaging surface-structure analyzer (Zygo New View 100). The

film thickness was also determined with the surface-structure analyzer and
a surface profilometer (Dektak3 Surface Profiler). XRD measurements
were performed on a Rigaku Rotaflex RTP 300 RC.

Evaluation of photocatalytic activity: The photocatalytic activities of the
samples for CH3CHO oxidation were examined. A 508 ppm standard
CH3CHO gas was introduced into a reaction chamber (0.64 L), and diluted
with air so that the initial concentration was controlled within the range
120� 10 ppm. After the adsorption equilibrium of CH3CHO had been
achieved in the dark, front-face irradiation (I320±400� 4.8 mWcm�2) of the
sample was started with a 300 W Xe lamp at room temperature. The
concentration of CH3CHO was determined as a function of illumination
time by gas chromatography (Shimadzu GC-9A; f.i.d. column Shimadzu
SHINCARBONA (3 mm�� 3 m)). The carrier gas was N2 (0.5 kgcm�2) at
an injection temperature of 70 �C and a column temperature of 70 �C.
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A Breathing Ionic Crystal Displaying Selective
Binding of Small Alcohols and Nitriles:
K3[Cr3O(OOCH)6(H2O)3][�-SiW12O40] ¥
16H2O**
Sayaka Uchida, Masato Hashimoto, and
Noritaka Mizuno*

The fabrication of nanostructured materials has produced a
variety of materials with unique physical or chemical proper-
ties. Aluminosilicate zeolites and their inorganic analogues
possess well-defined pores, which show shape-selective ad-
sorption of molecules and are widely applied to adsorption,
separation, and catalytic processes.[1] Recently, ™organic
zeolites∫ based on organic or organometallic building blocks
have been synthesized.[2] These organic zeolites can be easily
functionalized at the atomic/molecular level by the appro-
priate selection of the metals, li-
gands, or chemical bonds and show
unique inclusion properties.[2] For
example, the compound Co-benze-
netricarboxylate (Co-BTC) absorbs
only aromatics but not acetonitrile
or 1,2-dichloroethane[2f] and the
compound Zn-BTC absorbs only
alcohols among various polar or-
ganic molecules.[2i, 2k] As for the
separation of alcohol molecules,
the Ca-A zeolite[3] adsorbs 1-buta-
nol from a mixture of its isomers
and the compound Zn-BTC [2i] dis-
tinguishes alkyl alcohols from aro-
matic alcohols, although little is
known of the separation of smaller
alcohols (�C3).

Polyoxometalates are discrete metal ± oxygen cluster anions
and have notable redox or acid ± base properties.[4] Some
polyoxometalate compounds possess micropores in the crystal
structure[5, 6] or between the nanocrystallites.[7] For example,
M¸ller et al. synthesized a supramolecular molybdenum
oxide cluster with cavities.[6] Some polyoxometalate com-
plexes contain acetonitrile or methanol as guests, but do not
show reversible inclusion and removal.[8] An acid-type poly-
oxometalate, H3PW12O40, absorbs polar molecules in the

pseudoliquid phase, but the absorption is not selective
because of the strong interaction of protons with absorbates.[9]

All these compounds do not show selective binding of polar
organic molecules.

Herein we report the selective binding of small alcohols
and nitriles smaller than C3 by complex 1, which is synthesized
by the complexation of the Keggin-type [�-SiW12O40]4�

polyoxometalate ion with the large macro cation
[Cr3O(OOCH)6(H2O)3]� , and the separation of methanol
from a mixture of alcohols.

K3[Cr3O(OOCH)6(H2O)3][�-SiW12O40] ¥ 16H2O 1

The crystal structure of 1 (see Figure 1) shows polyoxome-
talates and macro cations lined up along the c axis to from a
column and that three potassium ions balance the negative
charge. The columns are hexagonally arranged to construct a

straight channel with an opening of around 0.5� 0.8 nm (36%
of the unit cell).[10] The use of the macro cation with a large
size (ca. 0.7 nm) and small charge (�1), which reduces the
ion ± ion interaction among the constituent ions, is essential to
the formation of the channels. The water of crystallization is in
the channels, and is weakly hydrogen bonded to ligand water
molecules of the macro cations and oxygen atoms of the
polyoxometalates. These water molecules were easily desor-
bed by the evacuation at 298 K (guest-free phase, 2 ; Figure 1).
The weight loss was 7.6%, consistent with the removal of the
water of crystallization. The BET surface area of 2 with N2

adsorption was 2.0 m2g�1 and no micropores were observed.
Figure 2a and b show the powder X-ray diffraction patterns

of 1 and 2, respectively. Broad lines are observed in Figure 2b.
This pattern is explained by a calculation with a closest-
packing model of the columns, which is in accord with the low
BET surface area and that no micropores were observed for
2.[11] Compound 2 absorbs water molecules upon exposure to
saturated water vapor (ca. 3 kPa) at 298 Kwith the restoration
of the powder X-ray diffraction pattern (Figure 2c). On the
other hand, the binding of methanol by 2 changed the powder
X-ray diffraction pattern (Figure 2d). No satisfactory fits
were observed by changing the dimension of the channel in 1.
This occurrence is probably caused by the structure change
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Figure 1. Synthesis and crystal structure of 1 and the ideal closest-packing model of 2. The water of
crystallization is omitted for the clarity; small blue spheres�K� ions.
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Figure 2. Observed powder X-ray diffraction patterns. a) 1, b) 2, c) rehy-
drated 2, d) 2 after exposure to saturated methanol vapor for 5 min
at 298 K, and e) calculated pattern for K3[Cr3O(OOCH)6(H2O)3]-
[�-SiW12O40] ¥ nCH3OH based on that for K2[Cr3O(OOCH)6(H2O)2.5-
(CH3OH)0.5]2[�-SiW12O40] ¥ nCH3OH.

with the methanol inclusion. Some organometallic complexes
exhibit structure change upon the inclusion of guests, such as
alcohols, amides, and nitriles, which have hydrogen-bonding
nature.[12] At present, the pattern in Figure 2d was only
approximately reproduced by the calculation on the assump-
tion that the occupancies of the [Cr3O(OOCH)6(H2O)]� and
K� ions are fixed to 0.5 in the [Cr3O(OOCH)6(H2O)]� sites
of the known compound K2[Cr3O(OOCH)6(H2O)2.5-
(CH3OH)0.5]2[�-SiW12O40] ¥ 8CH3OH to give a theoretical
pattern for K3[Cr3O(OOCH)6(H2O)3][�-SiW12O40] ¥
nCH3OH (Figure 2e).[13] No changes in the IR and diffuse
reflectance UV/Vis spectra were observed upon the repeti-
tions (even after more than five) of the absorption ± desorp-
tion cycles of either water or methanol, which shows the
maintenance of the structures of the [�-SiW12O40]4� and
[Cr3O(OOCH)6(H2O)3]� ions in 1.

Figure 3 shows the sorption isotherm of C1 ±C4 alcohols.
The amounts of the surface adsorption of alcohols calculated
from the BET surface area was 0.24 ± 0.40 cm3g�1 and was
almost negligible. The amount of methanol increased with an
increase in P/P0 . The sorption amount reached 80 cm3g�1

(13 molecules per 2) at P/P0� 0.6, which shows the sorption
of methanol into the bulk material. On the other hand, the
amount of ethanol sorption was less than that for the surface
adsorption below P/P0� 0.5 and a sudden rise was observed
around P/P0� 0.6. These unique adsorption phenomenon are
explained by the structure change associated with the hydro-
gen-bond-regulated guest inclusion.[14, 2k, 2q] Above P/P0� 0.6,
ethanol molecules can diffuse into the bulk. 1-Propanol and
1-butanol were completely excluded. Figure 4 shows the

Figure 3. Sorption isotherm of alcohols at 298 K with 2 (0.1 g, 2.85�
10�2 mmol): a) methanol (�, P0� 15.6 kPa), b) ethanol (�, P0� 6.67 kPa),
c) 1-propanol (�, P0� 2.67 kPa), and d) 1-butanol (�, P0� 1.35 kPa).

Figure 4. Sorption isotherm of nitriles at 298 K with 2 (0.1 g, 2.85�
10�2 mmol): a) acetonitrile (�, P0� 10.7 kPa), b) propionitrile (�, P0�
6.27 kPa), and c) butylonitrile (�, P0� 2.67 kPa).

sorption isotherms of the nitriles. Acetonitrile showed a
similar isotherm to that of ethanol while propionitrile and
butylonitrile were excluded. The nonsaturation behavior at a
high P/P0 value is probably caused by the multilayer sorption
on the surface.

The amounts of alcohols and nitriles absorbed decreased in
the order of methanol� ethanol� 1-propanol� 1-butanol� 0
and acetonitrile� propionitrile� butylonitrile� 0. The same
order was observed for the hydrophilicity. In addition, the
more hydrophobic methane and nitrogen monoxide, the sizes
of which are smaller than the C1 ±C3 alcohols and nitriles,
were excluded. Therefore, the sorption properties of 2 are
chiefly associated with the hydrogen-bonding interaction
between the polar molecules and oxygen atoms of
[Cr3O(OOCH)6(H2O)3]� and [�-SiW12O40]4�.[15]

Next, 2 was applied to the selective sorption from a mixture
of alcohols. Figure 5 shows the separation of methanol from a
mixture of C1 ±C3 alcohols under dilute conditions (0.4� of
each alcohol in 1,2-dichloroethane). Methanol was selectively
absorbed and the amount reached up to approximately
1.8 molecules per 2, while ethanol and 1-propanol were
excluded.[16] Thus methanol could be separated from other
C1 ±C3 alcohols. Therefore, all the present results show the
novel molecular sieving for small molecules.
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Experimental Section

1: K4[�-SiW12O40] ¥ nH2O (0.23 mmol) and [Cr3O(OOCH)6(H2O)3](OO-
CH) ¥ nH2O (0.27 mmol) were dissolved into dilute aqueous HNO3 (pH 2,
30 mL). KCl (6.8 mmol) was added. The solution was filtered after 30 min
and the filtrate was kept in air at room temperature for 1 ± 2 days. Green
crystals were isolated in about 50% yield. IR (KBr): 1634 and 1378 (vs,
OCO), 981 (s, W�O), 929 (br, Si-O), 887 (m, W-O-W), 791 (br, W-O-W),
660 cm�1 (m, Cr3-O). Elemental analysis (%) calcd for C6H44Cr3K3O72-
SiW12: C 1.91, H 1.01, Cr 4.13, K 3.09, Si 0.74,W 59.90; found: C 1.92, H 1.10,
Cr 4.10, K 3.35, Si 0.80, W 59.91.

X-ray crystal determination of 1: X-ray intensity data were collected on a
Rigaku AFC-5R diffractometer with graphite-monochromated MoK�

radiation (�� 0.71069 ä, 50 kV-150 mA). Lorentz polarization and em-
pirical absorption correction based on � scan were carried out with
TEXSAN. Tungsten and chromium atoms were located by direct methods
and other non-hydrogen atoms were found by successive differential
Fourier syntheses. Refinements were carried out by SHELX97. Monoclinic
C2/m, a� 27.258(4), b� 15.764(6), c� 17.285(4) ä, �� 102.73(2)�, V�
7245(3) ä3, Z� 4, �calcd� 3.396 gcm�3, T� 293(2) K, 10885 unique reflec-
tions with I� 2�(I), 2.56� �� 29.97, 449 parameters, final R factors R1�
0.059; wR2� 0.1446. Only 12 out of 16 water molecules per 2 were located.
CCDC 160502 (1) 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: (�44)1223-336-
033; or deposit@ccdc.cam.ac.uk).

Powder X-ray diffraction measurements: All spectra were measured with a
MXP3 diffractometer (Mac Science) using CuK� radiation (�� 1.54056 ä,
30 kV-40 mA). The scannings were in the range of 2�� 2 ± 40� at a rate of
0.5� min�1.

Calculation of the powder X-ray diffraction pattern: Calculations were
carried out by drawing the presumed structure with Crystal Maker
(CrystalMaker Software) and displaying the pattern with Crystal Diffrac-
tion (CrystalMaker Software). The particle size (i.e. coherent length),
which was translated to the half width of the reflection, was altered to give
the best fit.

Sorption measurements: The sorption isotherms of 2 were measured with
an automatic sorption apparatus Omnisorp 100CX (Coulter corporation).
The uptake of alcohols by 2 was confirmed by the changes in the alcohol
concentrations, which were detected by GC (Shimazu GC-8A model with a
Porapak QS column and a TCD detector). Methanol, ethanol, and
1-propanol (each 6.36 mmol) were added to 1,2-dichloroethane (ca.
16 mL 0.2 mmol) the anhydride (0.74 g, 2.12� 10�1 mmol) was added to
give a heterogeneous mixture.
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Figure 5. Selective binding of methanol in 1,2-dichloroethane at 298 K
with 2 (0.74 g, 2.12� 10�1 mmol): � methanol (0.4�), � ethanol (0.4�),
� 1-propanol (0.4�); conditions: 1,2-dichloroethane (16 mL), methanol:
ethanol:1-propanol:1,2-dichloroethane� 1:30:30:30:900.
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A Self-Assembled Porphyrin Box
from meso ±meso-Linked
Bis{5-p-pyridyl-15-(3,5-di-octyl-
oxyphenyl)porphyrinato zinc(��)}**
Akihiko Tsuda, Takeshi Nakamura,
Shigeru Sakamoto, Kentaro Yamaguchi,
and Atsuhiro Osuka*

Well-ordered architectures of self-assem-
bling porphyrins[1] have been attracting con-
siderable interest in light of potential appli-
cations in material science,[2] template-di-
rected synthesis,[3] reaction catalysis,[4] and
duplication of photosynthetic functions of
light harvesting and charge separation.[5]

Among these, the coordination interaction
between zinc porphyrin and pyridine groups
have been often used to construct self-
assembled porphyrin architectures both in
infinite and discrete forms.[1±6] Fleischer and
Shachter have reported a linear infinite polymeric aggregate
from 5-p-pyridyl-10,15,20-triphenylporphyrinato zinc(��),[6]

whereas Hunter and co-workers reported the formation of a
cyclic tetramer from a zinc(��) porphyrin bearing a p-(iso-

nicotinamide)phenyl group[7] and Imamura and co-workers
reported a similar cyclic tetramer from 5-p-pyridyl-10,15,20-
triaryl porphyrinato ruthenium(��),[8] both without X-ray
crystal structures. Herein, we report a self-assembling cyclic
tetramer of 5-p-pyridyl-15-(3,5-di-tert-butylphenyl)porphyrin-
ato zinc(��) (Z1) with its X-ray structure and a self-assembling
box-shape tetramer of meso ±meso-linked bis{5-p-pyridyl-15-
(3,5-di-octyloxyphenyl)porphyrinato zinc(��)} (Z2 ; Scheme 1).
In the latter case, a very stable supramoleuclar aggregate is
constructed as a result of many cooperative interactions with
simultaneous structural rigidification, as suggested by its
unique absorption and fluorescence spectra.

5-p-Pyridyl-15-(3,5-di-tert-butylphenyl)porphyrin (H1) was
prepared by condensation of 4-pyridinecarboxaldehyde and
3,5-di-tert-butylbenzaldehyde with 2,2�-dipyrrylmethane in
8% yield, and subsequent zinc insertion with Zn(OAc)2

afforded Z1 quantitatively. The 1H NMR spectrum of Z1 in
CDCl3 is concentration independent at �3 m� and exhibits
large upfield shifts for the pyridyl protons at �� 6.18 and
2.17 ppm in comparison to those of H1 at �� 8.29 and
7.81 ppm, which indicates the coordination of the pyridyl
group to zinc(��) porphyrin. As judged from the chemical shifts
of the pyridyl group, Z1 forms a similar aggregate in C6D6

(�� 5.94 and 2.59 ppm) but exists in a monomeric form in
[D8]THF (�� 8.97 and 8.31 ppm). The latter result suggested
the coordination of THF to the zinc center, thus preventing
self-assembling. Vapor pressure osmometry (VPO) in CHCl3
afforded average molecular weights of 2760� 370 gmol�1 for
Z1 and 550� 20 gmol�1 for H1 in a range of 3.0 ± 13.0�
10�3�, which correspond to (Z1)4 and monomeric H1,
respectively. The absorption spectrum of Z1 in CHCl3 is
concentration dependent in an range of roughly 10�6 ± 10�5�
and shows the Q-band at 540 nm at �10�6� and at 549 nm at
�about 10�5� (Figure 1), which correspond, respectively, to
four-coordinate and five-coordinate zinc porphyrin units. A
good fit for the observed sigmoidal curve is obtained by
assuming porphyrin tetramer formation ((Z1)4), which gives
an association constant of K4� 1.4� 1015��3.[9]

[13] K2[Cr3O(OOCH)6(H2O)2.5(CH3OH)0.5]2[�-SiW12O40] ¥ 8CH3OH was
crystallized from a methanol solution of 2. Crystallographic data for
K2[Cr3O(OOCH)6(H2O)2.5(CH3OH)0.5]2[�-SiW12O40] ¥ 8CH3OH: or-
thorhombic Pna21, a� 24.796(6), b� 15.406(3), c� 22.042(5) ä, Z�
4, R1� 0.0480; wR2� 0.0480.

[14] D. Li, K. Kaneko, Chem. Phys. Lett. 2001, 335, 50.
[15] In the crystal structure of K2[Cr3O(OOCH)6(H2O)2.5(CH3OH)0.5]2-

[�-SiW12O40] ¥ 8CH3OH, methanol molecules are hydrogen bonded to
the oxygen atoms of the bridging units of the macro cations.

[16] The amount of methanol absorbed in Figure 5 seemed to be different
from that in Figure 3a. This can be explained by the different
equilibrium in the liquid ± solid phase from that in the gas ± solid
phase.
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Figure 1. Concentration dependences (3.8� 10�7 ± 2.3� 10�5�) of
Q-bands of Z1 (�) and Z2 (�) in CHCl3 at 25 �C. Solid line for Z1 is the
theoretical curve obtained by curve-fitting analysis for tetramer formation
with K4� 1.4� 1015��3.

Slow diffusion of CH3CN vapor into THF and benzene
solutions of Z1 gave two types of single crystals, which were
both suitable for X-ray crystallography. In the crystal obtained
from THF solution, Z1 molecules coordinated by two THF
molecules are arranged in a parallel manner without notice-
able inter-porphyrin interaction (see Supporting Informa-
tion), while in the crystal obtained from benzene solution,
four Z1 molecules form a square structure by the comple-
mentary coordination of the pyridyl groups to the zinc center
(Figure 2).[10] In this structure, the Zn�N bond lengths are

Figure 2. Molecular structure of self-assembled (Z1)4 crystallized from
benzene and CH3CN. Hydrogen atoms and incorporated benzene mole-
cules are omitted for clarity.

2.18 ä and 2.17 ä and the central zinc units displaced out of
the porphyrin plane (C20N4) toward the axial pyridyl group by
0.44 and 0.42 ä. The dihedral angles between porphyrin mean
planes are 89.1�and 90.9�. Both of the crystal structures are
consistent with the behavior of the compounds in solution.

We examined the self-assembling behavior of meso ±meso-
linked zinc(��) diporphyrin Z2 which has a unique perpendic-
ular conformation. The silver(�)-promoted coupling reaction
of Z1 did not provide Z2, probably because of the presence of
meso-pyridyl group.[11] Instead, free-base diporphyrin H2
(Scheme 1) was prepared by Suzuki-coupling[12] of bromide
3 and boronic ester 4 in 40% yield, and was converted into
(Z2)4 quantitatively. The sharp resonanance peaks in the
1H NMR spectrum of (Z2)4 in CDCl3 excludes the formation
of infinite polymeric aggregates (Figure 3). The pyridyl
protons appear as split signals at �� 6.59 and 6.34 ppm, and
�� 2.88 and 2.38 ppm, being shifted considerably upfield
compared with those of H2 at �� 8.97 and 8.19 ppm. Similarly
the ortho protons in the 3,5-di-octyloxyphenyl group appear
as split signals at �� 7.32 and 7.30 ppm, and the signals of the
two octyloxy groups appear at different chemical shifts. These
1H NMR data strongly suggest the formation of a self-
assembled box-shape cyclic tetramer from Z2 (Scheme 2,
path a). A stable (Z2)4 aggregate was inferred from the gel-
permeation chromatography (GPC) HPLC with CHCl3 as an
eluent. Whereas the retention times of H1 (18.4 min) and Z1
(19.3 min) were found to be nearly the same, which suggests
the dissociation of (Z1)4 under the eluting dilute conditions,
(Z2)4 exhibited a sharp elution band with a distinctly shorter
retention time (13.9 min) than that of H2 (16.3 min), suggest-
ing the preservation of the discrete (Z2)4 aggregate. In THF,
cold spray ionization mass spectrometry (CSI-MS)[13] detected
the parent ion of (Z2)4 at 6258, which is exactly the position
expected for (Z2)4 (calcd Mr for C376H400N40O16Zn8� 6258;
Figure 4). It is notable that an intense peak assigned to (Z2)4
was practically the sole signal and peaks attributable to
smaller fragments of monomer and dimer were scarcely
detected, again suggesting a stable (Z2)4 aggregate in solution.

The absorption spectrum of (Z2)4 in CHCl3 characteristi-
cally exhibits a split Soret band (�max� 426 and 433 nm) the
splitting width of which is much less than that of the normal
meso ±meso-linked zinc(��) diporphyrins (e.g. the Soret band
of 5, (Scheme 2) coordinated to pyridine molecules, is split to
give maxima at 423 and 457 nm), and a Q-band peak at about
566 nm similar to that of five-coordinate meso ±meso-linked
zinc(��) diporphyrin 5 (Figure 5a). These features are entirely
concentration independent even at a very low concentrations
of approximately 10�7� (Figure 1), which indicates a large
association constant, at least 1021��3. Interestingly the fluo-
rescence spectrum of (Z2)4 in CHCl3 clearly shows a vibra-
tional structure (�max� 613 and 666 nm, Figure 5b), which also
differs from those of the normal meso ±meso-linked zinc(��)
diporphyins that show characteristic broader fluorescence
emissions, as seen for 5 (Figure 5b). The addition of pyridine
causes the dissociation of (Z2)4 to monomeric Z2, which has
been monitored by the changes to the usual split Soret band
(�max� 423 and 457 nm) and broader fluorescence spectrum,
both of which are quite similar to those of 5 in the presence of
pyridine (Figure 5). In short, the electronic interaction within
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Figure 3. 1H NMR spectra of H2 (top) and (Z2)4 (bottom) in CDCl3. meso : porphyrin-meso, � : porphyrin-�, Ar: phenyl, Py: pyridyl protons.
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Figure 4. CSI-MS spectrum of (Z2)4 in THF.

Figure 5. a) Absorption spectra of (Z2)4 in CHCl3 (––); Z2 (from the
dissociation of (Z2)4) in CHCl3 and pyridine ( ); 5 in CHCl3 and
pyridine (- - - -). b) Steady state fluorescence spectra of (Z2)4 in CHCl3
(––); Z2 (from the dissociation of (Z2)4) in CHCl3 and pyridine ( ); 5
in CHCl3 and pyridine (- - - -) for the excitation at 424 nm.

the meso ±meso-linked diporphyrins is exceptionally small in
(Z2)4 in comparison to usual meso ±meso-linked diporphyrins
and is restored to the normal level upon the dissociation into
monomeric Z2. This may be rationalized in terms of the
enhanced rigidification in the (Z2)4 assembly, where the two
porphyrins in a meso ±meso-linked diporphyrin are forced to
take a rigorously perpendicular orientation, thus minimizing
the electronic interaction.[14]

Given the strict perpendicular arrangement, (Z2)4 defines a
nanoscale box with a cavity of approximately 10� 10� 8 ä.
The association constant is difficult to determine but is at least
1025��3 in CHCl3 as judged from the concentration independ-
ent (up to 1.6� 10�8�) fluorescence spectrum. This result
indicates a remarkable degree of cooperativity in the self-
assembly process, given that the each interacting motif has the
same association constant. Moreover, very high stability of the
aggregate (Z2)4 has been demonstrated by its preservation
even in THF,[15] in sharp contrast to Z1.

Owing to the different meso-aryl substituents, Z2 is chiral
and hence two enatiomers, (R)-Z2 and (S)-Z2, are present in
equal abundance in solution, since a free rotation around the

meso ±meso linkage is severely prohibited.[16] Among many
possible aggregates, the sterically least demanding ones are a
polymeric linear chain and a cyclic box-shaped tetramer as
shown in Scheme 2. The former may be constructed by
repetitive, alternate association of (R)-Z2 and (S)-Z2, while
the latter is formed by self-sorting association of (R)-Z2 and (S)-
Z2. The observed preferential formation of (Z2)4 over the linear
chain may be explained in terms of entropic as well as enthalpic
advantages associated with a self-complementary cyclic array.

In summary, Z1 forms a self-assembled cyclic tetramer both
in solution and in the solid state only in the absence of
coordinating molecules, while the meso ±meso linked dipor-
phyrin Z2 forms a box-shape cyclic tetramer with an extra-
ordinary large association constant, which is rather insensitive
to coordinating molecules such as THF and alcohols. The
latter aggregate compels the rigorous perpendicular orienta-
tion of the meso ±meso linked diporphyrin, which may offer a
new chance to examine the photophysical properties of the
meso ±meso linked diporphyrin with a precise perpendicular
conformation.
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Crystal Engineering of a Nanoscale Kagome¬
Lattice**
Brian Moulton, Jianjiang Lu, Ranko Hajndl,
Srikanth Hariharan, and Michael J. Zaworotko*

What would the properties of materials be if we could really
arrange the atoms the way we want them? Although this
question is scientifically and technologically topical, it is a

well-known excerpt from the Richard P. Feynman lecture
™There×s Plenty of Room at the Bottom∫.[1] Recent advances
in our understanding of supramolecular chemistry offer
promise that Feynman×s dream will be realized since they
have afforded design principles that have provided access to
an array of new solid phases with specific and, in many cases,
previously unknown molecular topologies. Indeed, as molec-
ular scientists become ever more proficient at the supra-
molecular synthesis[2] of new compositions and structures, the
question that might now be posed is: ™in what manner do we
want to arrange the atoms?∫ In the context of magnetic
materials, theorists have provided chemists with an array of
target lattices,[3] and synthetic chemists have developed new
strategies for the generation of novel networks that contain
magnetic components.[4±7] Spin-frustrated lattices represent
attractive targets that are exemplified by the antiferromag-
netic Kagome¬ lattice.[8] Herein we present the synthesis,
crystal structure, and magnetic properties of, what is to our
knowledge, the first example of a nanoscale Kagome¬ lattice.

The phase is sustained by paramagnetic dicopper(��) tetra-
carboxylate spin pairs (metal dimers) positioned at the
vertices of a Kagome¬ lattice, and it exploits the concept of
self-assembly of nanoscale secondary building units
(nSBUs).[9] It therefore offers a system where the effect of
systematically substituting the molecular components can be
evaluated. In this context, we compare the magnetic response
of the Kagome¬ lattice arrangement with a system where
identical secondary building units (SBUs)[10] are arranged in a
tetragonal 2D configuration, which is not expected to exhibit
spin frustration.

We have recently demonstrated that regular molecular
squares can self-assemble at their vertices to form square or
triangular nSBUs, and that the use of an appropriate template
and mild crystallization conditions facilitates the generation
of a diverse range of discrete and infinite molecular archi-
tectures that are based upon these nSBUs.[9, 11±13] The ubiq-
uitous dimetal tetracarboxylates [M2L2(O2CR)4] (L� coordi-
nated ligand, M� transition metal) serve as ideal molecular
squares in this context since they are synthetically accessible
and, depending upon the metal, offer potential as catalysts[14]

or molecular magnets.[15, 16] Figure 1 illustrates the two nSBUs
that can be generated if the molecular squares are linked by
1,3-benzenedicarboxylate (bdc), that is, at 120� : a square
nSBU (a cluster of four square SBUs) or a triangular nSBU (a
cluster of three square SBUs). These nSBUs are known to
self-assemble to form discrete nanoballs (sustained by both
square and triangular nSBUs)[12] or a tetragonal 2D lattice
(sustained by square nSBUs only).[9] It occurred to us that
other supramolecular isomers are possible if triangular nSBUs
alone are present: triangular or Kagome¬ 2D lattices (Fig-
ure 2). Few examples of molecular Kagome¬ lattices have been
reported to date,[17±19] and to our knowledge there have been
no reports of a nanoscale lattice, despite the expectation of
cooperative magnetic phenomena in such structures.

Slow diffusion of ethanolic copper(��) nitrate into a solution
of bdc, pyridine (py), and an appropriate template (nitro-
benzene, 1,2-dichlorobenzene, or naphthalene) in ethanol
affords prismatic blue-green crystals of [(Cu2(py)2(bdc)2)3]n
(1). The crystal structure of 1[20] (Figure 3) can be described as

[9] M. Saunders, J. B. Hyne, J. Chem. Phys. 1958, 29, 1319.
[10] This crystal structure was solved based on the two zinc(��) porphyrin
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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: (�44)1223-336-033;
or deposit@ccdc.cam.ac.uk).

[11] A. Nakano, H. Shimidzu, A. Osuka, Tetrahedron Lett. 1998, 39, 9489.
[12] a) Y. Deng, C. K. Chang, D. G. Nocera, Angew. Chem. 2000, 112, 1108;

Angew. Chem. Int. Ed. 2000, 39, 1066; b) N. Aratani, A. Osuka, Org.
Lett. 2001, 3, 4213.

[13] S. Sakamoto, M. Fujita, K. Kim, K. Yamaguchi, Tetrahedron 2000, 56,
955. CSI-MS spectrum measurement was performed with sector mass
spectrometer (JMS-700, JEOL) equipped with the CSI source. Typical
measurement conditions are as follows: (CSI-MS) acceleration
voltage, 3.0 kV; needle voltage, 2.9 kV; orifice voltage, 197 V;
resolution (10% valley definition), 1000; sample flow, 17 �Lmin�1;
solvent, dry THF; concentration, 10 mmolL�1; spray temperature,
4 �C; ion-source temperature, 15 �C.

[14] This consideration in turn suggests that apparently stronger electronic
interactions in the normal meso ±meso-linked diporphyrins result
from the rotational flexibility around the meso ±meso single bond.

[15] Selected 1H NMR signals of the pyridyl groups of (Z2)4 in [D8]THF;
�� 2.62, 3.11, 6.59, and 6.86 ppm.

[16] N. Yoshida, A. Osuka, Tetrahedron Lett. 2000, 41, 9287.

[*] Prof. Dr. M. J. Zaworotko, B. Moulton, J. Lu
Department of Chemistry
University of South Florida
4202 E. Fowler Ave., SCA 400, Tampa, FL 33620 (USA)
Fax: (�1)813-974-1733
E-mail : xtal@usf.edu

R. Hajndl, Prof. Dr. S. Hariharan
Department of Physics
University of South Florida
4202 E. Fowler Ave., PHY 114, Tampa, FL 33620 (USA)

[**] M.J.Z. gratefully acknowledges the financial support of the National
Science Foundation (DMR-0101641). S.H. acknowledges support
from a DARPA/AMRI subcontract (Grant No. MDA 972-97-1-0003).



COMMUNICATIONS

2822 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4115-2822 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 15

Figure 1. Illustrations of the square (a) and triangular (b) nSBUs that can
be formed by linking the vertices of molecular squares.

Figure 2. A schematic representation of triangular (a) and Kagome¬ (b) 2D
lattices.

the result of self-assembly of bowl-shaped triangular nSBUs
to yield a nanoscale Kagome¬ lattice. Cu2 dimers are posi-
tioned at the lattice points and are bridged by the bdc ligands,
thereby generating large hexagonal cavities within the layer.
The bowl-shaped nSBU facilitates efficient packing when the
bowls are eclipsed, which results in eclipsing of the hexagonal
cavities (0.91 nm effective diameter) and in hexagonal
channels of the same dimension. The layers are undulating
because of the curvature imparted by the bdc moiety, and
have an amplitude of 1.24 nm, with adjacent layers over-
lapping by approximately 20%. The apical positions of the
Cu2 dimers are occupied by coordinated pyridine ligands, and
highly disordered solvent molecules occupy the hexagonal
channels (approximately 28% by weight). Thermal analyses

Figure 3. Space-filling and schematic representations of the arrangement
of triangular nSBUs in the nanoscale Kagome¬ lattice structure exhibited by
1.

(thermogravimetric analysis and differential scanning calo-
rimetry) indicate that the solvent of crystallization and the
pyridine ligands can be removed at approximately 200 �C, and
that the desolvated lattice is thermally stable at temperatures
in excess of 300 �C. The most intense peaks observed in the
X-ray powder diffraction patterns from the bulk sample are
consistent with those calculated from single-crystal diffraction
data. A phase based on square nSBUs, [((py)2Cu2(bdc)2)4]n
(2), can be obtained under different crystallization condi-
tions.[9]

The magnetic properties of 1 are featured in Figure 4. The
temperature-dependent susceptibility (�) at a constant field
(H� 0.1 T) is shown in Figure 4a and the field-dependent
magnetization at low temperature (T� 5 K) in Figure 4b. The
graphs exhibit rich structure that can be associated with the
combined intradimer and interdimer magnetic interactions.
Cooperative magnetism in complexes based on Cu2 dimers
has been studied in the past and is known to predominantly
exhibit antiferromagnetic coupling.[21, 22]

The temperature-dependent � shows a maximum just below
300 K and a minimum at around 60 K followed by an upturn
at lower temperature. The data presented have been correct-
ed for the diamagnetic contribution. The variation of � with
temperature is consistent with cooperative magnetic behavior
observed in dimeric copper complexes. We have used a
standard Bleaney ±Bowers (BB) model[23] to generate a fit to
our experimental data, and this is also shown in Figure 4. The
two main fit parameters are the intradimer (J) and interdimer
(J�) interaction terms. From our fit, we obtain values of J�
�350 and J���18 cm�1. Our model also accounts for the
presence of uncompensated moments that follow a Curie law.
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Figure 4. a) The temperature-dependent molar susceptibility (�, per
nSBU) of 1 at 0.1 T (data points) overlaid by a plot of the BB best-fit
model (solid line): J��350 cm�1 and J���18 cm�1; b) the field-depend-
ent magnetization of 1 at T� 5 K.

This phenomenon is responsible for the upturn in suscepti-
bility at temperatures below 50 K.

A clue as to the nature of the geometrically frustrated
antiferromagnetic state inherent in this compound is revealed
on investigation of the field-dependent magnetization data,
shown in Figure 4b. Awell-defined hysteresis loop is observed
which is indicative of ferromagnetic behavior. We have also
confirmed the presence of hysteresis at 300 K. In a sense, we
have demonstrated herein that it is possible to arrange
nanoscale molecular objects (not atoms!) with precise control
and achieve periodic magnetic nanostructures.[24]

Within the context of the triangular Kagome¬ lattice, we can
now attempt to understand the origin of the ferromagnetic-
like response leading to magnetic hysteresis. The triangular
lattice framework will result in disruption of perfect anti-
ferromagnetic ordering by introducing spin frustration that
leads to canted arrangement of spins. Of course, the term
™spins∫ refers here to the moments of the individual dimers.
Spin canting can lead to the appearance of effective weak
ferromagnetic long-range order. It has also been pointed out
that in low-dimensional systems such as semiconductor
quantum dots and molecular magnets, electron correlation
effects in an antiferromagnetic lattice can lead to flat-band
ferromagnetism.[25]

Phase 2 exhibits an alternative topology to 1; the 2D square
lattice that is shown in Figure 5. In this case, geometry
considerations dictate that spin frustration is ruled out, which
is reflected in the magnetic measurements shown in Figure 6.
To keep our comparison direct and simple, we have plotted
molar susceptibility and magnetization data using identical

Figure 5. Space-filling and schematic representations of the arrangement
of square nSBUs in the nanoscale square lattice structure exhibited by 2.

Figure 6. a) The temperature-dependent molar susceptibility (�, per
nSBU) of 2 at 0.1 T (data points) overlaid by a plot of the BB best-fit
model (solid line): J��380 cm�1 and J���85 cm�1; b) the field-depend-
ent magnetization of 2 at T� 5 K.



COMMUNICATIONS

2824 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4115-2824 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 15

Substrate Distortion by a �-Mannanase:
Snapshots of the Michaelis and Covalent-
Intermediate Complexes Suggest a B2,5
Conformation for the Transition State
Vale¬rie M.-A. Ducros, David L. Zechel,
Garib N. Murshudov, Harry J. Gilbert, Lo¬ ra¬nd Szabo¬ ,
Dominik Stoll, Stephen G. Withers, and
Gideon J. Davies*

More than 6000 glycosidase sequences and related open
reading frames are currently known. They have been classi-
fied into some 85 families based upon amino acid sequence
similarities[1] providing a rich context in which to explore
variations in glycosidase mechanism. Experimental demon-
stration of pyranoside ring conformations along the reaction
pathway may assist the design of transition state analogues
both as therapeutic agents and mechanistic probes. Here we
report the three-dimensional structures of the Michaelis
complex and covalent glycosyl ± enzyme intermediate for a
family-26 �-mannanase, both of which display conformational
features never previously seen on any glycosidase. When
viewed in light of published work on mannosidase inhibition,
this work suggests that the transition state for mannoside

conditions to those described in Figure 4. These magnetic data
are very similar to recent experimental results reported by
other groups on complexes of Cu2 dimers.[26] Theoretical fit
using the BB model to the temperature-dependent molar
susceptibility data in this case yields fit parameters J�
�380 cm�1 and J���85 cm�1. Clearly, the most striking
feature is that the field-dependent magnetization does not
display a hysteresis loop in this system, the straight line
obtained being representative of a more traditional para-
magnetic behavior.

Our results dramatically underscore the potential afforded
by supramolecular chemistry for the design of molecular
nanostructured assemblies with desirable physical properties,
while emphasizing how the composition of a material is not
the only feature one must consider when designing a phase
that exhibits molecular magnetism. Future work will focus on
the modularity of this system and on chemical modification of
the components: substituting the metal; changing the coordi-
nated ligand; substituting the bdc ligand; incorporation of
different guest molecules. We expect a significant effect on
magnetic properties as it has already been shown that simply
varying the apical coordinated ligand has a measurable effect
on the magnetism exhibited by the SBU used in our study.[26]
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hydrolysis by family-26 enzymes adopts a B2,5 boat conforma-
tion.

Catalysis by retaining �-glycosidases involves the formation
(glycosylation) and subsequent hydrolysis (deglycosylation)
of a covalent intermediate flanked by oxocarbenium-like
transition states.[2] Substrate distortion, first proposed for hen
egg white lysozyme,[3] has been unambiguously observed in
the high-resolution crystal structures of Michaelis complexes
for two structurally unrelated endoglucanases (from glycoside
hydrolase families 5 and 7)[4a,b] and a hexosaminidase (fam-
ily 20).[4c] For these enzymes, which work on gluco-configured
substrates, the unhydrolyzed ligands adopt 1S3 skew-boat
pyranoside conformations (or a closely related 4E envelope)
in the �1 subsite (Scheme 1a) whilst the subsequent covalent
intermediates have been observed as undistorted 4C1 chairs
(Scheme 1c).[5]

The corresponding transition state, deduced from kinetic
isotope effects and inhibitor design, features considerable
oxocarbenium character as the anomeric carbon becomes sp2

hybridized. Such hybridization is best supported if C5, O5, C1,
and C2 form a planar array at or near the transition state. The
resulting conformation for the transition state is believed to

be the 4H3 half chair (Scheme 1b), close in conformational
space to the 1S3 skew-boat observed crystallographically.[4]

This implies a 1S3�4H3�4C1 pseudorotational itinerary for
the glycosylation step of the retaining mechanism (Scheme 2).
Other glycoside conformations can, however, also place the
C5, O5, C1, and C2 atoms within a plane, such as the 3H4 half
chair and both 2,5B B2,5 boats.[6] Indeed, family-11 xylanases
display a covalent xylobiosyl ± enzyme intermediate in a 2,5B
boat conformation,[7] suggesting that a similar conformation is

OH5

OH1

2H1

2H3

OS2

B3,O

4C1

4H5

4H3

1S5 3S1

5S1

1S3

2SO

1,4B B1,4

2,5B

3,OB
B2,5

Scheme 2. Partial map of pyranoside ring interconversions (adapted from
Stoddart[23]) indicating the proposed cellulase (dashed line) and mannanase
(solid line) glycosylation step pathways.

also adopted at the transition state for this class of enzymes, as
had previously been suggested for yeast �-glucosidase on the
basis of kinetic isotope effects.[8]

Mannanase 26A (Man26A) from Pseudomonas cellulosa is
a retaining endo-�-(1,4)-mannanase whose general acid ± base
catalyst and nucleophile have been identified as E212 and
E320, respectively.[9] The three-dimensional structure of the
native enzyme has also been reported.[10] A mechanism-based
inactivator of mannanases, 2,4-dinitrophenyl 2-deoxy-2-fluo-
ro-�-mannotrioside (1),[11] was used to probe the reaction
coordinate of the enzyme. Incubation of wild-type Man26A
with 1 failed to trap the covalent intermediate, which instead

slowly hydrolyzed as indicated by a steady-state release of
dinitrophenolate over time. We followed the example of

previous trapping studies[5] and fur-
ther slowed the deglycosylation step
by eliminating base catalysis with the
mutation E212A. Indeed, the inter-
mediate was shown to accumulate on
this mutant by ESI mass spectrometry
(data not shown). Incubation of crys-
tals of the E212A mutant with 1 for
short times, however, resulted in the
formation of a Michaelis complex of
unhydrolyzed substrate,[12] analogous
to trapping of such species on other

systems.[4] The structure of the resultant Michaelis complex
was determined by X-ray crystallography to 1.6 ä resolution.
Unhydrolyzed 1 occupied subsites �3 to �1 with the DNP
glycosidic linkage spanning the�1 and�1 subsites. While the
�3 and �2 mannopyranoside rings are observed in normal
4C1 chair conformations, the �1 mannopyranoside ring was
clearly distorted from a 4C1 chair to a 1S5 skew boat, a
conformation never before observed in a glycosidase active
site (Figure 1a, b).

As with the 1S3 conformations observed previously for
gluco-configured substrates, the 1S5 conformation forces the
scissile glycosidic bond into an axial position, consistent with
stereoelectronic expectations, while simultaneously allowing
unrestricted nucleophilic attack by E320 at the opposite face
of the anomeric carbon. The remarkable feature of the 1S5

conformation, however, is its subtle accommodation of both
the C2 fluoro and C5 hydroxymethyl substituents of the
mannopyranoside ring within favorable pseudo-equatorial
positions (Scheme 3a). The 1S3 conformation achieves the
same stability with gluco-configured substrates, which have
the opposite configuration at C2. Thus in each case the
conformation strikes an ideal balance of reactivity and
conformational stability of the C2 and C5 substituents. It is
noteworthy that isoquinuclidine 2 (Scheme 4), a potent �-
mannosidase inhibitor, adopts a 1,4B conformation that is

Scheme 1. Substrate conformations along the glycosylation step of family-5 and -7 retaining cellulases:
a) Michaelis complex (1S3), b) transition state (4H3), c) covalent intermediate (4C1). Planes containing four
atoms within the pyranoside ring are indicated with gray solid and dashed lines.
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closely related to the high-energy 1S5 conformation described
here.[13]

Pre-incubation of the acid ± base mutant Man26A E212A
with 1 prior to crystallization allowed partial[14] accumulation
of a 2-fluoromannotriosyl moiety covalently linked to the
nucleophile E320. Intriguingly, the covalently linked �1
mannopyranoside ring was not observed in the expected 4C1

chair but instead adopts a conformation close to the OS2 skew
boat (Figure 1c, Scheme 3c).[15] Together, the intermediate
OS2 and Michaelis 1S5 conformations flank the B2,5 boat on the

pseudorotational itinerary (Scheme 2). This
suggests that the transition state for forma-
tion of the mannotriosyl ± enzyme inter-
mediate features the B2,5 conformation
(Scheme 3b). The B2,5 boat is also observed
for the transition state analogs �-manno-
1,5-lactone (3)[16] and �-manno-1,5-lactam
(4),[17] both strong inhibitors of �-mannosi-
dases (Scheme 4). In both cases, the con-
formation of these mannosyl oxocarbeni-
um-ion mimics is dictated by the configu-
ration at C2 as well as C5 (gluco-configured
lactones and lactams instead assume 4H3

half chairs),[18] analogous to the 2,5B tran-
sition state proposed for family-11 xylanas-
es.[7]

These unique substrate conformations
appear to be favored by His211 and
His143 interacting with the 2- and 3-hy-
droxyl groups, respectively, of the �1 sugar.
Both residues have been shown to play
significant roles in catalysis[10] and may well
be key determinants in mannanase sub-
strate specificity. As noted above, the 1S5

mannose and 1S3 glucose conformations
place the 2-hydroxyl group in similar equa-
torial positions. Indeed, both mannanases
and cellulases from clan GH-A typically
possess an Asn in an equivalent position to
His211 of Man26A, to interact with the
2-hydroxyl group.[19] In contrast, the 3-hy-
droxyl group is pseudoaxial in 1S5 manno-
sides and pseudoequatorial in 1S3 gluco-
sides. Thus His143 is observed in a substan-
tially different position relative to
equivalent His residues in cellulases.[4] The
discrimination of gluco- versus manno-con-
figured substrates appears to be transferred
along the sugar ring from the 2-hydroxyl to
the 3-hydroxyl group as a result of the

differing pyranoside ring conformations. Furthermore, theB2,5

and 2SO conformations may actually permit close interaction
between the pseudoequatorial 2-OH and the carbonyl oxygen
of the nucleophile as observed for glucosidases acting on
gluco-configured substrates.[5d, 7c]

The assumption that all glycosidases react through the 4H3

half-chair transition state is incorrect. Indeed, for a mannoside
such a conformation results in syn-diaxial orientations for the
2-hydroxyl and the leaving group which may instead be
alleviated through utilization of a transition state that places
the 2-hydroxyl group pseudoequatorial. The 1S5 and 2SO

conformations for the Michaelis complex and intermediate,
respectively, lie adjacent to the B2,5 conformation which is also
observed for known transition state analogs of �-mannosi-
dases. Together these data lead us to suggest that the B2,5

conformation may be adopted in the transition state for the
hydrolysis of �-mannosides and that Man26A follows a
reaction coordinate that is distinct from that of glucosidases,
cellulases, and xylanases.

Figure 1. a) Crystal structure of the Man2A E212A complex with unhydrolyzed 1, Michaelis
complex side profile. The map is a maximum-likelihood-weighted 2Fobs�Fcalc map contoured at
0.6 electronsä�3 and is shown in divergent (wall-eyed) stereo. b) Front profile of the Michaelis
complex. c) Front profile of the covalent 2-fluoromannotriosyl ± enzyme intermediate; only the
trapped intermediate is shown (for clarity), although electron density reveals that some
unhydrolyzed substrate remains with partial (�50%) occupancy.

Scheme 3. Substrate conformations along the glycosylation step of Man26A E212A. a) Michaelis
complex (1S5), b) transition state (B2,5), c) covalent intermediate (OS2). Gray lines indicate planes
containing four atoms within the pyranoside ring.
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Scheme 4. Observed conformations of mannosidase inhibitors: polyhy-
droxylated isoquinuclidine (2), �-manno-1,5-lactone (3), �-manno-1,5-
lactam (4).
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Experimental Section

The synthesis of 1 has been described previously.[11] Details of the
recombinant plasmid-encoding Man26A mutant E212A have been descri-
bed,[10] and the expression of the protein in E. coli and its subsequent
purification were carried out as previously reported.[9]

To obtain the Michaelis complex, a small quantity of powered 1 was added
to the mother liquor surrounding a single crystal of Man26A E212A[10] and
left for 5 min. The crystal was then transferred rapidly to a cryoprotectant
stabilizing solution consisting of the crystal growth solution supplemented
with 20% (v/v) glycerol prior to mounting in rayon fibre loops and freezing
in a boiling nitrogen stream at 100 K. X-ray diffraction data, to 1.6 ä
resolution, were collected at the Daresbury Synchrotron Radiation Source
(SRS) on beamline PX14.2 using an ADSC (ADSC, Poway, CA, USA)
Quad-4 charge-coupled device (CCD) as detector. Data were processed
using the HKL suite of programs.[20] The structure was isomorphous with
the native structure described previously[10] and was refined using
REFMAC[21] from the CCP4 suite.[22]

Data for the covalent intermediate were obtained by first pre-incubating
Man26A E212A with a stoichiometric quantity of 1 for 30 min at 293 K,
prior to crystallization as described.[10] Data were collected to a resolution
of 1.65 ä on beamline ID14-2 of the European Synchrotron Radiation
Facility, again at 100 K with an ADSC CCD as detector. The structure was
refined as described above. Coordinates have been deposited with the
Macromolecular Structures Database with accession codes 1gvy (Michaelis
complex) and 1gw1 (covalent intermediate). Figure 1 was prepared using
QUANTA (Accelrys Inc., San Diego, USA).

Received: March 7, 2002 [Z18846]

[1] http://afmb.cnrs-mrs.fr/� cazy/CAZY/.
[2] D. L. Zechel, S. G. Withers, Acc. Chem. Res. 2000, 33, 11 ± 18.
[3] C. C. Blake, D. F. Koenig, G. A. Mair, A. C. North, D. C. Phillips, V. R.

Sarma, Nature 1965, 206, 757 ± 761.
[4] a) G. Sulzenbacher, H. Driguez, B. Henrissat, M. Sch¸lein, G. J.

Davies, Biochemistry 1996, 35, 15280 ± 15287; b) G. J. Davies, L.
Mackenzie, A. Varrot, M. Dauter, A. M. Brzozowski, M. Sch¸lein,
S. G. Withers, Biochemistry 1998, 37, 11707 ± 11713; c) I. Tews, A.
Perrakis, A. Oppenheim, Z. Dauter, K. S. Wilson, C. E. Vorgias, Nat.
Struct. Biol. 1996, 3, 638 ± 648.

[5] a) D. H. Juers, T. D. Heightman, A. Vasella, J. D. McCarter, L.
Mackenzie, S. G. Withers, B. W. Matthews, Biochemistry 2001, 40,
14781 ± 14794; b) D. J. Vocadlo, G. J. Davies, R. Laine, S. G. Withers,
Nature 2001, 412, 835 ± 838; c) W. P. Burmeister, S. Cottaz, P. Rollin,
A. Vasella, B. Henrissat, J. Biol. Chem. 2000, 275, 39385 ± 39393; c) G.
Sulzenbacher, L. F. Mackenzie, K. S. Wilson, S. G.Withers, C. Dupont,
G. J. Davies, Biochemistry 1999, 38, 4826 ± 4833; d) V. Notenboom, C.
Birsan, M. Nitz, D. R. Rose, R. A. J. Warren, S. G.Withers,Nat. Struct.
Biol. 1998, 5, 812 ± 818; e) V. Notenboom, C. Birsan, R. A. J. Warren,
S. G. Withers, D. R. Rose, Biochemistry 1998, 37, 4751 ± 4758; f) L. F.
Mackenzie, G. Sulzenbacher, C. Divne, T. A. Jones, H. F. Woldike, M.
Sch¸lein, S. G. Withers, G. J. Davies, Biochem. J. 1998, 335, 409 ± 416.

[6] L. Hosie, P. J. Marshall, M. L. Sinnott, J. Chem. Soc. Perkin Trans. 2
1984, 1121 ± 1131.

[7] a) E. Sabini, K. S. Wilson, S. Danielsen, M. Schulein, G. J. Davies,Acta
Crystallogr. Sect. D 2001, 57, 1344 ± 1347; b) E. Sabini, G. Sulzenbach-
er, M. Dauter, Z. Dauter, P. L. Jorgensen, M. Schulein, C. Dupont,
G. J. Davies, K. S. Wilson, Chem. Biol. 1999, 6, 483 ± 492; c) G. Sidhu,
S. G. Withers, N. T. Nguyen, L. P. McIntosh, L. Ziser, G. D. Brayer,
Biochemistry 1999, 38, 5346 ± 5354.

[8] L. Hosie, M. L. Sinnott, Biochem. J. 1985, 226, 437 ± 446.
[9] D. N. Bolam, N. Hughes, R. Virden, J. H. Lakey, G. P. Hazelwood, B.

Henrissat, K. L. Braithwaite, H. J. Gilbert, Biochemistry 1996, 35,
16195 ± 16204.

[10] D. Hogg, E.-J. Woo, D. N. Bolam, V. A. McKie, H. J. Gilbert, R. W.
Pickersgill, J. Biol. Chem. 2001, 276, 31186 ± 31192.

[11] O. Nashiru, D. L. Zechel, D. Stoll, T. Mohammadzadeh, R. A. J.
Warren, S. G. Withers, Angew. Chem. 2001, 113, 431 ± 434; Angew.
Chem. Int. Ed. 2001, 40, 417 ± 420.

[12] In the wild-type[10] and Michaelis complexes described here a zinc ion
binds to the nucleophile and the adjacent His211 and may mask the
true interaction of His211 with the 2-substituent. Addition of 2 m�
ZnCl2 (as used in the crystallization conditions) to extensively
dialyzed wild-type enzyme results in approximately 50% inhibition.
It is unlikely that this zinc plays a catalytic function since upon partial
trapping of the intermediate the zinc occupancy reduces by 50%,
consistent with the occupancy of the trapped intermediate.[14]

[13] E. Lorthiois, M. Meyyappan, A. Vasella, Chem. Commun. 2000,
1829 ± 1830.

[14] The structure reveals ™double occupancy∫ of a covalent intermediate
with the nonhydrolyzed substrate. The crystallographically deter-
mined occupancy of the covalent intermediate was approximately 0.5,
with the remaining 0.5 accounted by unreacted 1. This double
occupancy is also reflected in two positions for His211 which interacts
with 2-F in the intermediate.

[15] The substitution of fluorine at the 2-position of mannose is unlikely to
promote unusual ring conformations. For example, 2-deoxy-2-fluoro-
�-mannosyl fluoride adopts a normal 4C1 chair in solution (S. G.
Withers, I. P. Street, Can. J. Chem. 1986, 64, 232 ± 236) and the
anomeric equilibrium of 2-deoxy-2-fluoromannose is virtually identi-
cal to that of mannose (J. Adamson, A. B. Foster, L. D. Hall, R. N.
Johnson, R. H. Heese, Carbohydr. Res. 1970, 15, 351 ± 359; L. Phillips,
V. Wray, J. Chem. Soc. B 1971, 1618 ± 1624).

[16] a) Z. Walaszek, D. Horton, I. Ekiel, Carbohydr. Res. 1982, 106, 193 ±
201; b) G. A. Levvy, S. M. Snaith, Adv. Enzymol. 1972, 36, 151 ± 181;
c) G. A. Levvy, A. J. Hay, J. Conchie, Biochem. J. 1964, 91, 378 ± 384.

[17] Y. Nishimura, H. Adachi, T. Satoh, E. Shitara, H. Nakamura, F.
Kojima, T. Takeuchi, J. Org. Chem. 2000, 65, 4871 ± 4882.

[18] It is remarkable that these B2,5 conformations are observed in both
protic and aprotic solvents as well as in solution and crystalline states.
See ref. [16, 17].

[19] A number of related glycosidases form a clan, ™GH-A∫, of related
structures. B. Henrissat, I. Callebaut, S. Fabrega, P. Lehn, J. P. Mornon,
G. J. Davies, Proc. Natl. Acad. Sci. USA 1995, 92, 7090 ± 7094.
Enzymes active on both manno- and gluco-configured substrates
appear to share the same recognition elements, typically an invariant
Asn or His, around the 2-OH position although family-1 �-manno-
sidases appear to use an Asp residue to interact with the 2-hydroxyl
group which is implicated in mannoside specificity (See T. Kaper,
H. H. van Heusden, B. van Loo, A. Vasella, J. van der Oost, W. M.
de Vos, Biochemistry 2002, 41, 4147 ± 4155).

[20] ™Macromolecular Crystallography∫: Z. Otwinowski, W. Minor, Meth-
ods Enzymol. 1997, 276, 307 ± 326.

[21] G. N. Murshudov, A. A. Vagin, E. J. Dodson, Acta Crystallogr. Sect. D
1997, 53, 240 ± 255.

[22] ™Collaborative Computational Project Number 4∫: Acta Crystallogr.
Sect. D 1994, 50, 760 ± 763.

[23] J. F. Stoddart, Stereochemistry of Carbohydrates, Wiley-Interscience,
Toronto, 1971.



COMMUNICATIONS

2828 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4115-2828 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 15

The Consequences of Chirality in Crowded
Arenes–Macromolecular Helicity,
Hierarchical Ordering, and Directed
Assembly**
Mark L. Bushey, Austin Hwang, Peter W. Stephens,
and Colin Nuckolls*

Complex three-dimensional superstructures with useful
properties[1] can be created easily by reversibly assembling
functionalized small molecules through hydrogen bonding
and � overlap.[2] Examples are 1a and 1b (Figure 1a), which
self-assemble through head-to-tail amide hydrogen bonds into
arrays of stacked columns (Figure 1b, c).[3] In these molecules,
the dodecyl ether substituents provide a liquidlike environ-
ment, while at the same time they force the amide groups out

Figure 1. a) Crowded arenes; b) energy-minimized[18] dimer displaying
three intermolecular hydrogen bonds; c) hexagonal arrays; d) model of a
tetramer showing three helices of hydrogen bonds surrounding the exterior
of the column (methyl groups on the ether oxygen atoms were included in
the models and removed to clarify the view).

of the plane of the central aromatic ring. As a consequence,
the amide groups are oriented so to form intermolecular
hydrogen bonds and therefore stacked structures.[4, 5] Due to
this mode of stacking the columns should have a macroscopic
dipole moment parallel to the stacking direction (Fig-
ure 1b).[6] The study presented here details the macromolec-
ular consequences of synthesizing molecules that are both
chiral and liquid crystalline. Neat samples of these mesogens
self-assemble into two-dimensional hexagonal arrays that can
be directed with electric fields. In dilute solution circular
dichroic (CD) spectroscopy shows that the molecules self-
assemble into helical stacks. At higher concentrations, these
stacks self-organize further into superhelical arrays character-
istic of twisted nematic liquid crystals.

For our study we synthesized enantiopure 3a ±h in yields of
47 ± 78% by combining the versatile tris-acylchloride 2, which
can be made on a multigram scale from phloroglucinol,[3] with
optically active amines[7] (Scheme 1). The calorimetric values
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Scheme 1. a) RNH2, Et3N, CH2Cl2, 47 ± 78%. Alk�C12H25.[8]

(DSC) for 3a ± h[8] vary over a broad range, and many samples
exhibit rich polymorphism.[9] One compound, 3a, emerged as
unique from a screening with polarized-light microscopy
because it forms a mesophase (191 to 233 �C) that is self-
healing and birefringent (Figure 2a).

It is the fluidity that distinguishes the mesophase of 3a from
all of the others. The synchrotron X-ray diffraction[10] pattern
from 3a in a Lindemann capillary tube (Figure 2b) shows an
intense, low-angle peak (d� 18.8 ä) that is diagnostic of
columnar assemblies[11] and two higher-order reflections that
allow the lattice to be indexed as two-dimensional hexagonal.
In its wide-angle region, the diffractogram shows only a broad
reflection (d� 4.8 ä) that in columnar liquid crystals has been
attributed to the packing of fluid side chains.[11] These values
correlate well with the lattice parameters previously meas-
ured for the columnar, hexagonally ordered achiral 1b.[3]

Thin samples of 3a, between ITO-coated glass slides spaced
by 5 �m, show uniform birefringent domains that are uniaxial
and negatively birefringent (Figure 3a).[12] The implication is
that the long axes of the columns are parallel to the surface
(the planar alignment).[13] When 30 V is applied between the
two electrodes while the material is again cooled into its
mesophase, the films are optically isotropic. After removing
of the polarizer micron-sized polygons are visible, each having
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Figure 3. Light micrographs of samples of 3a cooled to 200 �C from the
isotropic liquid: a) optically active, between ITO electrodes separated by
5 �m, 0 Vapplied; b) optically active, between ITO electrodes separated by
5 �m, 30 V applied; c) racemic 3a yielding spherulitic crystalline domains.

120� angles at their corners (Figure 3b), reflecting, in
magnified form, the underlying hexagonal lattice symmetry.[14]

The implication is that the self-assembly into columns is
directed perpendicular to the electrode surface by the applied
electric field. When the film is again heated until it is an
isotropic liquid and then cooled in the absence of an electric
field, the planar alignment returns. Traditionally, discotics are
highly viscous and they must be diluted until they are
lyotropic nematics to be switched between planar and
homeotropic alignments.[15] What is unique about 3a is that
the entire two-dimensional lattice is directed by the electric
field and is regularly arrayed over �m-sized length scales
(Figure 3b). Molecular models indicate that polarity in the
columns of 3a results from the head-to-tail orientation of the
amide side chains, as shown in Figure 1d, creating a macro-
scopic dipole moment parallel to the column axis.

Both racemic (�)-3a[16] and a sample of 3a that is a mixture
of diastereomers [(dia)-3a][17] were prepared to test whether
the chirality is involved in the liquid crystallinity and polarity
of 3a. The clearing points for pure 3a, (�)-3a, and (dia)-3a
were all within a few degrees indicating that the differences in
their assemblies must be slight. The textures displayed by
samples of (�)-3a (Figure 3c) and (dia)-3a as they are cooled
from their isotropic states are those of spherulitic, crystalline
materials. This is the same texture seen previously in the
hexagonally ordered plastic crystals of 1b, whose molecules
lack the angular methyl groups.[3] Neither (�)-3a nor (dia)-3a
nor 1b show an electrical response like that seen for optically
active 3a. The spherulitic textures persist even when up to
100 V is applied between the electrodes. Models, like the one
in Figure 1d,[18] constructed with the optically active side
chains of 3a, show that in the stacked molecules the phenyl
groups in the side chains touch the methyl groups of their

nearest neighbors. These interactions pro-
vide a mechanism for the optically active
side chains to stabilize the helicity of the
columns. In the racemic or diastereomeric
material, these contacts are absent.

CD spectroscopy[19] was used to analyze
the stacks because it has proven to be a
sensitive reporter of helicity, through the
coupling of transition dipoles, in polypep-
tides,[20] other polymers,[22±26] and discotic
liquid crystals.[6e, 21] Solutions of 3a in hexane
were not homogeneous but could be made so
by dilution with ca. 15% CH2Cl2. At these
concentrations, the CD transitions of 3a

show an exciton coupling between degenerate chromophores
(a split CD, Figure 4b) indicative of helical order. As more
CH2Cl2 is added (30%), the aggregates dissociate and the
transition dipoles no longer couple. Thus, only when the
solvent is hydrocarbonlike do the molecules self-assemble
through hydrogen bonds with their side chains close enough to
interact with each other. Evidence that it is the contact
between the methyl and phenyl groups that stabilizes the
helices comes from studies with optically active 3 f, whose
chirality arises only from the difference between a methyl and
an ethyl group. It has no phenyl group in the side chains and
its mesophase, shown in Figure 6a, looks like that of achiral
1a.[3]

Figure 4. a) Polarized-light micrograph of fibrous 3a grown from a hot
dodecane solution; b) CD spectra of 3a in hexane (7.5� 10�4�, path
length� 100 �m).

If the aggregates of 3a are helical and have a significant
persistence length, they could display the common assembly
motif of helically wound polymers that pack next to one
another with defined twist angles.[22±26] As this twist is
propagated through the assembly, it gives rise to a super-
helical structure (Figure 5c) like that of a twisted nematic
liquid crystal. This type of liquid crystalline phase is uncom-
mon in classic discotics possibly due to the low association in
the stacking direction. Unfortunately, concentrated solutions
of 3a could not be tested for such a phase behavior because 3a
is insufficiently soluble in hydrocarbon solvents. (It forms the
fibrous aggregates shown in Figure 4a.) However, 3a is
soluble up to 50wt % in dodecane when it is mixed with 1a!
We presume this is because 1a frustrates the ability of 3a to
crystallize from hydrocarbon solvent into fibers.

Figure 2. a) View between crossed polarizers at 210 �C as 3awas cooled from the isotropic liquid.
b) Synchrotron X-ray diffraction of 3a at 220 �C as it was cooled from the isotropic liquid.
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The CD spectra of dilute solutions of the 1a/3amixture are
split, just like the spectra of 3a discussed above. At high
concentrations, the samples visibly reflect green light. Their
CD spectra, an example of which is in Figure 5d, show intense

Figure 5. Studies on 3a/1a (25% each by weight) solutions in dodecane.
a) Polarized-light micrograph at 40 �C, b) at 60 �C; c) model of the super-
helical arrangement of columns; d) CD spectrum at room temperature.

transitions at 525 nm,[27] attributed to the selective reflection
of circularly polarized light by the twisted nematic phase.[28]

The superhelical pitch expands when the temperature is
raised, so the reflection is green at room temperature
(Figure 5a) and red at 60 �C (Figure 5b). Concentrated 1a/
3d mixtures in dodecane diplay a ™fingerprint∫ texture also
characteristic of twisted nematic liquid crystals.[29] Twisted
nematic phases are rare for self-assembled columnar struc-
tures,[21a] and the reason for their being seen in this study is
that the hydrogen bonds working in concert with the chiral
side chains enforce a regular helicity and a high association
constant in the stacking direction. In essence, the aggregates
in solution act as noncovalent polymers.[28]

It is remarkable that just moving the methyl group in the
amide side chain from the � position in 3a to the � position in
3e changes the morphologies drastically as shown in Fig-
ures 2a and 6b. In fact, with the exception of the extremely
hindered 3d, all the molecules with chiral centers adjacent to
the nitrogen atom (3b,c,e,g,h) lead to �m-sized birefringent
fibers as the materials are cooled from their isotropic liquid
states. Like the fibers from other columnar systems,[13] these
too are uniaxial and negatively birefringent.[12] X-ray diffrac-
tion shows these fibrous samples to consist of a two-dimen-
sional hexagonal lattice of columns. Unlike the diffractogram

Figure 6. View between crossed polarizers as the samples were cooled
from the isotropic liquid. a) 3 f at 197 �C; b) 3e at 246 �C.

of the liquid crystalline phase of 3a, the ones from the fibers
of 3b,c, e,g,h reveal larger lattice spacings and contain
numerous, sharp higher-order reflections indicative of a
crystalline phase with the columns running parallel to the
fiber axis.[13c, 30] These results show how seemingly minor
variations in molecular structure can have drastic impacts on
the resulting morphology and phase behavior.

In summary, we have shown that chiral side chains can be
easily installed into the crowded nucleus of 1 and that they
control the hierarchy of ordering in the stacks. First, the chiral
centers in the side chains organize the columns into helices.
These chiral columns further stack in concentrated solutions
to create superhelical arrangements that reflect circularly
polarized light at resonant wavelengths. In the neat samples
the materials self-organize into hexagonally arranged fibers or
liquid crystalline phases depending on where the chiral center
is positioned. Some of these chiral phases are responsive to
electric fields and their assembly can be directed from
electrode surfaces. It is possible that these nanostructured
columns may act as ferroelectric, piezoelectric, and other
types of responsive materials.

Received: March 26, 2002 [Z18983]

[1] a) G. M. Whitesides, J. P. Mathias, C. T. Seto, Science 1991, 254, 1312 ±
1319; b) J.-M. Lehn, Supramolecular Chemistry, VCH, Weinheim,
1995 ; c) D. Philp, J. F. Stoddart, Angew. Chem. 1996, 108, 1242 ± 1286;
Angew. Chem. Int. Ed. Engl. 1996, 35, 1155 ± 1196; d) M. Muthuku-
mar, C. K. Ober, E. L. Thomas, Science 1997, 277, 1225 ± 1232.

[2] Hydrogen bonds in liquid crystals: a) T. Kato in Handbook of Liquid
Crystals, Vol. 2b (Eds.: D. Demus, J. W. Goodby, G. W. Gray, H. W.
Spiess, V. Vill), Wiley-VCH, Weinheim, 1998, pp. 969 ± 979; b) A. H.
Simmons, C. A. Michal, L. W. Jelinski, Science 1996, 271, 84 ± 87;
c) C. M. Paleos, D. Tsiourvas, Angew. Chem. 1995, 107, 1839 ± 1855;
Angew. Chem. Int. Ed. Engl. 1995, 34, 1696 ± 1711; d) V. V. Tsukruk,
Prog. Polym. Sci. 1997, 22, 247 ± 311; e) C. Fouquey, J.-M. Lehn, A.-M.
Levelut, Adv. Mater. 1990, 2, 254 ± 257; f) T. Gulik-Krzywicki, C.
Fouquey, J.-M. Lehn, Proc. Natl. Acad. Sci. USA 1993, 90, 163 ± 167;
g) R. K. Castellano, C. Nuckolls, S. H. Eichhorn, M. R. Wood, A. J.
Lovinger, J. Rebek, Jr., Angew. Chem. 1999, 111, 2764 ± 2768; Angew.
Chem. Int. Ed. 1999, 38, 2603 ± 2606.

[3] M. L. Bushey, A. Hwang, P. W. Stephens, C. Nuckolls, J. Am. Chem.
Soc. 2001, 123, 8157 ± 8158.

[4] Leading references on discotic liquid crystals: a) D. Guillon, Struct.
Bonding 1999, 95, 41 ± 82; b) S. Chandrasekhar, G. S. Ranganath, Rep.
Prog. Phys. 1990, 53, 57 ± 84.

[5] Amides used to organize discotic liquid crystals: a) C. M. Paleos, D.
Tsiourvas, Angew. Chem. 1995, 107, 1839 ± 1855; Angew. Chem. Int.
Ed. Engl. 1995, 34, 1696 ± 1711, and references therein; b) Y.
Matsunaga, N. Miyajima, Y. Nakayasu, S. Sakai, M. Yonenaga, Bull.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 15 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4115-2831 $ 20.00+.50/0 2831

Chem. Soc. Jpn. 1988, 61, 207 ± 210; c) A. R. A. Palmans, J. A. J. M.
Vekemans, H. Fischer, R. A. Hikmet, E. W.Meijer,Chem. Eur. J. 1997,
3, 300 ± 307; d) M.-J. Brienne, J. Gabard, J.-M. Lehn, I. Stibor, J. Chem.
Soc. Chem. Commun. 1989, 1868; e) D. Goldmann, R. Dietel, D.
Janietz, C. Schmidt, J. H. Wendorff, Liq. Cryst. 1998, 24, 407 ± 411;
f) G. Ungar, D. Abramic, V. Percec, J. A. Heck, Liq. Cryst. 1996, 21,
73 ± 86; g) V. Percec, C.-H. Ahn, T. K. Bera, G. Ungar, D. J. P.
Yeardley, Chem. Eur. J. 1999, 5, 1070 ± 1083; h) L. Brunsveld, H.
Zhang, M. Glasbeek, J. A. J. M. Vekemans, E. W. Meijer, J. Am.
Chem. Soc. 2000, 122, 6175 ± 6182, and references therein;
i) J. Malthe√te, A. M. Levelut, L. Liebert, Adv. Mater. 1992, 4,
37 ± 41; j) D. Pucci, M. Veber, J. Malthe√te, Liq. Cryst. 1996, 21, 153 ±
155.

[6] Similar to the dipole moment that is generated in the following
systems: a) vanadyl liquid crystals: D. Kilian, D. Knawby, M. A.
Athanassopoulou, S. T. Trzaska, T. M. Swager, S. Wrobel, W. Haase,
Liq. Cryst. 2000, 27, 509 ± 521; b) pyramidic liquid crystals: H.
Zimmermann, R. Poupko, Z. Luz, J. Billard, Z. Naturforsch. A 1985,
40, 149 ± 160; c) J. Malthe√te, A. Collet, J. Am. Chem. Soc. 1987, 109,
7544 ± 7545; d) helicene liquid crystals: C. Nuckolls, T. J. Katz, J. Am.
Chem. Soc. 1998, 120, 9541 ± 9544.

[7] All of the amines were commercially available in nonracemic form
with the exception of the one that yields 3d. It was synthesized by a
known procedure: D. A. Quagliato, P. M. Andrae, E. M. Matelan, J.
Org. Chem. 2000, 65, 5037 ± 5042.

[8] Detailed synthetic procedures and differential scanning calorimetry
(DSC) data are contained in the Supporting Information.

[9] Their transition enthalpies vary between 1 and 40 kJmol�1. The low-
temperature phases in samples that display several phase transitions
are difficult to characterize because their powder X-ray diffracto-
grams are extremely complex and their morphology is that of small
grains.

[10] Samples were loaded into 1 mm Lindemann capillary tubes that were
rotated during data acquisition to eliminate any artifacts due to
preferential alignment.

[11] a) A. M. Levelut, J. Chim. Phys. Phys.-Chim. Biol. 1983, 80, 149 ± 161;
b) the citations in ref. [4].

[12] N. H. Hartshorne, A. Stuart, Crystals and the Polarising Light
Microscope, 3rd ed., Edward Arnold Ltd., London, 1960, p. 290 ff.

[13] Negatively birefringent discotics and discotic fibers: a) C. Vauchier,
A. Zann, P. Le Barny, J. C. Dubois, J. Billard, Mol. Cryst. Liq. Cryst.
1981, 66, 423 ± 433; b) A. J. Lovinger, C. Nuckolls, T. J. Katz, J. Am.
Chem. Soc. 1998, 120, 264 ± 268.

[14] Hexagonal domains are an indicator of homeotropic alignment in
discotics: a) C. Destrade, P. Foucher, H. Gasparoux, H. T. Nguyen,
A. M. Levelut, J. Malthe√te,Mol. Cryst. Liq. Cryst. 1984, 106, 121 ± 146;
b) J. Billard, J. C. Dubois, H. T. Nguyen, A. Zann,Nouv. J. Chim. 1978,
2, 535 ± 540; c) Y. Bouligand, J. Phys. 1980, 41, 1307 ± 1315; d) S. D.
Hudson, H. T. Jung, V. Percec, W.-D. Cho, G. Johansson, G. Ungar,
V. S. K. Balagurusamy, Science 1997, 278, 449 ± 452; e) V. Percec, G.
Johansson, G. Ungar, J. Zhou, J. Am. Chem. Soc. 1996, 118, 9855 ±
9866.

[15] a) C. Nuckolls, R. Shao, W.-G. Jang, N. A. Clark, D. M. Walba, T. J.
Katz, Chem. Mater. 2002, 14, 773 ± 776; b) A. R. A. Palmans,
J. A. J. M. Vekemans, R. A. Hikmet, H. Fischer, E. W. Meijer, Adv.
Mater. 1998, 10, 873; c) N. Usol×tseva, G. Hauck, H. D. Koswig, K.
Praefcke, B. Heinrich, Liq. Cryst. 1996, 20, 731; d) D. Kr¸erkke, P.
Rudquist, S. T. Lagerwall, H. Sawade, G. Heppke, Ferroelectrics 2000,
243, 207.

[16] Racemic mixtures were made by mixing equimolar amounts of the
optically pure enantiomers.

[17] A mixture of diastereomers was synthesized by using a racemic
mixture of a chiral amine to react with the tris-acylchloride 2.

[18] Molecular modeling performed with MacroModel Version 7.0 (Am-
ber*): F. Mohamadi, N. G. J. Richards, W. C. Guida, R. Liskamp, M.
Lipton, C. Caufield, G. Chang, T. Hendrickson, W. C. Still, J. Comput.
Chem. 1990, 11, 440 ± 467.

[19] N. Harada, K. Nakanishi, Circular Dichroic Spectroscopy ±Exciton
Coupling in Organic Stereochemistry, University Science Books, Mill
Valley, CA, 1983.

[20] C. Branden, J. Tooze, Introduction to Protein Structure, 2nd ed,
Garland Publishing, New York, NY, 1998.

[21] Similar to the enhancements seen with other chiral columnar
aggregates: a) G. Gottarelli, E. Mezzina, G. P. Spada, F. Carsughi, G.
Di Nicola, P. Mariani, A. Sabatucci, S. Bonazzi,Helv. Chim. Acta 1996,
79, 220, and references therein; b) A. R. A. Palmans, J. A. J. M.
Vekemans, E. E. Havinga, E. W. Meijer, Angew. Chem. 1997, 109,
2763 ± 2765; Angew. Chem. Int. Ed. Engl. 1997, 36, 2648; c) S. T.
Trzaska, H.-F. Hsu, T. M. Swager, J. Am. Chem. Soc. 1999, 121, 4518 ±
4519; d) C. F. van Nostrum, A. W. Bosman, G. H. Gelinck, P. G.
Schouten, J. M. Warman, A. P. M. Kentgens, M. A. C. Devillers, A.
Meijerink, S. J. Picken, U. Sohling, A.-J. Schouten, R. J. M. Nolte,
Chem. Eur. J. 1995, 1, 171 ± 182; e) H. Engelkamp, C. F. van Nostrum,
R. J. M. Nolte, S. J. Picken, Chem. Commun. 1998, 9, 979 ± 980.

[22] A. A. Kornyshev, S. Leikin, Phys. Rev. E 2000, 62, 2576 ± 2596, and
references therein.

[23] DNA and nucleic acid derivatives: a) F. Livolant, A. M. Levelut, J.
Doucet, J. P. Benoit,Nature 1989, 339, 724; b) K. Merchant, R. L. Rill,
Biophys. J. 1997, 73, 3154 ± 3163; c) R. L. Rill, F. Livolant, H. C.
Aldrich, M. W. Davidson, Chromosoma 1989, 98, 280 ± 286; d) G.
Gottarelli, G. Proni, G. P. Spada, S. Bonazzi, A. Garbesi, F. Ciuchi, P.
Mariani, Biopolymers 1997, 42, 561 ± 574; e) G. Proni, G. Gottarelli, P.
Mariani, G. P. Spada, Chem. Eur. J. 2000, 6, 3249 ± 3253.

[24] In polypeptides: a) D. B. DuPre¬, E. T. Samulski in Liquid Crystals–
The Fourth State of Matter (Ed.: F. Saeva), Dekker, New York, NY,
1979 ; b) T. Hashimoto, S. Ebisu, N. Inaba, H. Kawai, Polym. J. 1981,
13, 701 ± 713.

[25] a) X. M. Dong, D. G. Gray, Langmuir 1997, 13, 3029 ± 3034; b) T. Sato,
J. Nakamura, A. Teramoto, M. M. Green, Macromolecules 1998, 31,
1398 ± 1405.

[26] T. Sato, Y. Sato, Y. Umemura, A. Teramoto, Y. Nagamura, J. Wagner,
D. Weng, Y. Okamoto, K. Hatada, M. M. Green, Macromolecules
1993, 26, 4551 ± 4559.

[27] Although the CD spectra of all the rotations were very similar, the
spectrum displayed in Figure 5d is an average of 24 rotations each
through 15� to eliminate any artifacts from linear dichroism, a
procedure similar to that of experiments with linear polymers and
aggregates: a) A. Schoenhofer, H. G. Kuball, Chem. Phys. 1987, 115,
159 ± 167; b) B. Norden, Acta Chem. Scand. 1972, 26, 1763 ± 1776;
c) M. J. B. Tunis-Schneider, M. F. Maestre, J. Mol. Biol. 1970, 52, 521 ±
541; d) D. G. Cornell, Colloid Interface Sci. 1979, 70, 167 ± 180; e) C.
Nuckolls, T. J. Katz, T. Verbiest, S. Van Elshocht, H.-G. Kuball, S.
Kiesewalter, A. J. Lovinger, A. Persoons, J. Am. Chem. Soc. 1998, 120,
8656 ± 8660.

[28] J. S. Moore, Curr. Opin. Colloid Interface Sci. 1999, 4, 108 ± 116.
[29] For selective reflection and fingerprint textures from twisted nematics

see: H. Coles in Handbook of Liquid Crystals, Vol. 2b, (Eds.: D.
Demus, J. W. Goodby, G. W. Gray, H. W. Spiess, V. Vill), Wiley-VCH,
Weinheim, 1998, pp. 335 ± 409.

[30] Similar to the orientation described in: a) M. R. Ghadiri, J. R. Granja,
R. A. Milligan, D. E. McRee, N. Khazanovich, Nature 1993, 366, 324 ±
327; b) H. Engelkamp, S. Middelbeek, R. J. M. Nolte, Science 1999,
284, 785 ± 788; c) I. S. Choi, X. Li, E. E. Simanek, R. Akaba, G. M.
Whitesides, Chem. Mater. 1999, 11, 684 ± 690.



COMMUNICATIONS

2832 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4115-2832 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 15

C2-Symmetric Chiral Pentacyclic Guanidine: A
Phase-Transfer Catalyst for the Asymmetric
Alkylation of tert-Butyl Glycinate Schiff
Base**
Tetsuya Kita, Angelina Georgieva, Yuichi Hashimoto,
Tadashi Nakata, and Kazuo Nagasawa*

Phase-transfer catalysts (PTCs) have been recognized as
useful reagents in synthetic organic chemistry. Since reactions
that involved the use of PTCs have many advantages over
homogeneous reactions, and PTCs are environmentally
friendly as non-metal-containing organocatalysts, many effi-
cient PTCs and related reaction systems have been ex-
plored.[1] In particular, the development of enantioselective
reactions that use effective chiral PTCs is an important and
challenging issue in synthetic organic chemistry.[2] Several
chiral PTCs have been reported so far, most of which were
developed from the cinchona alkaloid structure. The enantio-
selective alkylation of the tert-butyl glycinate benzophenone
Schiff base 2 (Table 1) under biphasic conditions with N-
benzylcinchonium salt catalyst was first reported in 1989 by
O×Donnell et al.[3] They improved the catalyst by using
O-alkyl derivatives of the cinchona alkaloid,[4] and recently,
Corey et al.[5] and Lygo et al.[6] independently reported so-
called third-generation catalysts in which a 9-anthracenyl-
methyl group was introduced to mask the nitrogen face, thus
inducing a high enantiomeric excess. In 1999, Maruoka and
co-workers introduced a new PTC, a chiral C2-symmetric
ammonium salt with a binaphthyl structure, for alkylation of
glycine derivative.[7] This catalyst afforded a high enantio-
meric excess of alkylated compounds under mild conditions
(0 �C), with a short reaction time.

The guanidine group, which contributes to the stabilization
of three-dimensional structures in proteins, is a superbase[8]

that forms stabilized complex salts with anionic compounds
through parallel interactions, including hydrogen bonding.
These features suggest that the guanidine-containing mole-
cules can be used use as new ™reaction vessels∫. Indeed,
several synthetic applications have been reported with
guanidines and amidines as catalysts.[9±13] In the course of
our studies aimed at the development of new organocatalysts,
we recently reported the novel C2-symmetric chiral cyclic
guanidine compounds 1a ± c as hetero Michael reaction
catalysts (Figure 1).[14] The structures of these catalysts 1a ± c

are based on the parent skeleton of the marine natural
product ptilomycalin A[15] and related compounds,[16] and
were designed rationally to have a C2-symmetric chiral
reaction cavity around the substrate recognition/activation
site (guanidine function). These catalysts 1a ± c effectively
accelerated the hetero Michael reaction, depending on their
cavity size,[14] although no asymmetric inductions were
observed. Since these results suggested the involvement of
complex formation between guanidine salts 1a ± c and the
substrate under these reaction conditions, possible applica-
tions of these new chiral catalysts 1a ± c in organic synthesis
were intriguing. Herein, we wish to describe the first example
of the enantioselective alkylation of the tert-butyl glycinate
benzophenone Schiff base 2 in the presence of chiral
pentacyclic guanidines 1a ± c as novel chiral PTCs.

The chiral pentacyclic guanidines 1a ± c, which have differ-
ent cavity sizes around the central guanidine group, were
prepared as described before.[14, 17] Previous X-ray crystallo-
graphic analysis of 1a ± c (Figure 1) revealed that the 1a and

Figure 1. Novel guanidine-type PTCs and their X-ray structures.

1b have a closed-type cavity, whereas 1c has an open-type
cavity (top views).[14] The spiro ether rings of 1a ± c and the
methyl substituents on the spiro ether rings of 1a and 1c are
directed vertically up and/or down with respect to the
guanidine plane (side views).[14] Thus, these catalysts are
expected to show some asymmetric induction through steric
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hindrance at this cavity if the reaction proceeds at the
substrate-activation site, that is, the guanidine moiety.

Firstly, alkylation of 2 with benzyl bromide (2 equiv) in the
presence of a catalytic amount of 1a ± d was examined in an
aqueous 1� KOH/dichloromethane (volume ratio 1:1) bipha-
sic solution system at room temperature (Table 1). In the

presence of catalyst 1a (10 mol%), the alkylation product 3a
was obtained in 70% yield and 75% ee, with the R isomer as
the major component. An increase in the amount of catalyst
1a to 30 mol% resulted in a higher yield (90%) and ee value
(81% ee). A decrease in the temperature to 0 �C improved the
asymmetric induction of (R)-3a to 90% ee.[18] The use of
cesium hydroxide[5a] or more concentrated aqueous KOH
instead of 1� KOH solution caused decomposition of the
catalysts. Alkylation reactions of 2 in the presence of the
structurally related PTCs 1b ± d[14] under the optimized
conditions (30 mol% of 1 at 0 �C), were then examined, and
the results are summarized in Table 1. The use of catalysts 1b
and 1c led to the formation of (R)-3a with 13% and 12% ee,
respectively. Catalyst 1d, which has exactly the same type of
cavity as 1b but with the opposite stereochemical configu-
rations around the guanidine moiety, led to the formation of
(S)-3a with 7% ee.

These observations indicate that the newly generated
stereochemistry of the alkylated product 3a is controlled by
the configuration of the spiro ether rings of the pentacyclic
guanidine core structure of the PTC 1 (1b versus 1d).
Furthermore, the substituent (methyl group) on the spiro
ether rings of PTC 1 plays a critical role in effective
asymmetric induction of (R)-3a (1a versus 1b). As shown in
Figure 2, the transition state of this alkylation reaction can be
considered to arise as follows: the base form of the PTC 1a or
1b, generated from the corresponding guanidium salt in
aqueous potassium hydroxide, forms a complex with the
Z enolate of 2 through ionic and hydrogen-bonding interac-
tions, and the electrophile (benzyl bromide) approaches from
the less hindered face (upper surface in this case) of this
complex to give the alkylation product 3a. Thus, (R)-3a was
generated as the major alkylated product (Figure 2).[19] The
methyl groups on the spiro ether rings of 1a are remarkably
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Figure 2. Alkylation mechanism of 2 with benzyl bromide in the presence
of pentacyclic guanidine catalysts 1a and 1b.

effective as sterically hindering groups to control the electro-
phile approach, which results in a very high level of
asymmetric induction. Moreover, the closed-type cavity of
1a is also important for the high asymmetric induction of the
alkylated product 3a (1a versus 1c). Thus, for high asym-
metric induction in this alkylation reaction, both closed-type
cavity structure and substituents at suitable positions on the
spiro ether rings of the pentacyclic guanidine PTC 1 seem to
be mandatory.

The results of the alkylation of 2 with various alkyl halides
(5 equiv) in the presence of PTC 1a are summarized in
Table 2. In all cases examined, the alkylation products 3 were
obtained with high enantiomeric excesses (76 ± 90% ee),
which indicates the general applicability of this asymmetric
reaction system. It should also be noted that these PTCs can
be recovered easily in almost quantitative yield by the use of
silica-gel column chromatography.

Table 1. Alkylation of the Schiff base 2 with BnBr in the presence of PTC
1.

N
OtBu

O
Ph

Ph

N
OtBu

O
Ph

Ph
Ph

1 (30 mol%)

BnBr (2 equiv.)
CH2Cl2-KOH aq2

(R)-3a

PTC T [�C] t [h] Yield [%] ee [%][a]

1a RT 140 90 81
1a 0 160 55 90
1b 0 140 64 13
1c 0 140 65 12
1d 0 140 50 7 (S)

[a] The enantiomeric excess of 3a was determined by HPLC analysis of the
alkylated imine with a chiral column (DAICEL Chiralcel OD) with
hexane/2-propanol as the solvent. The absolute configuration was deter-
mined by comparison of the HPLC retention time and [�]D value with the
reported data of an authentic sample.[5a]

Table 2. Alkylation of the Schiff base 2 with electrophiles in the presence
of PTC 1a.

N
OtBu

O
Ph

Ph

N
OtBu

O
Ph

Ph R

2

1a (30 mol%)

RX (5 equiv), 0°C
CH2Cl2/KOH (aq.)

(R)-3

RX t [h] Product Yield [%] ee [%][a]

MeI 145 3b 80 76
OctI 145 3c 83 80

140 3d 61 81

145 3e 85 81

160 3 f 72 79

145 3g 84 81

40 3h 80 82

95 3 i 81 90

[a] The enantiomeric excesses of 3 were determined by HPLC analysis of
the alkylated imine with a chiral column (DAICEL Chiralcel OD) with
hexane/2-propanol as the solvent. The absolute configurations were
determined by comparison of the HPLC retention time and [�]D value
with the reported data of an authentic sample.[5a, 20]
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In conclusion, we have successfully employed the new type
of chiral guanidine PTC 1 for the enantioselective alkylation
reaction of the glycinate benzophenone Schiff base 2, and
high asymmetric induction was obtained in the case of 1a.
This catalyst can be modified easily by changing the stereo-
chemistries and the positions of the substituents on the spiro
ether rings to provide appropriate cavity sizes for other
reaction substrates, and therefore should be applicable to the
alkylation of other substrates or to other asymmetric reac-
tions. Our studies into these reactions will be reported in due
course.

Experimental Section

Typical procedure: A solution of the glycine imine 2 (0.03 mmol) in
dichloromethane (0.15 mL) was treated sequentially with the guanidine
catalyst 1 (0.01 mmol), alkylating agent (0.06 mmol), and an aqueous
solution of potassium hydroxide (1�, 0.15 mL). The resulting mixture was
stirred vigorously at 0 �C for 140 h. The aqueous layer was then extracted
with dichloromethane (3� 2 mL), and the combined organic layer was
dried over MgSO4 and concentrated under reduced pressure. The crude
product was purified by column chromatography on silica gel (ethyl
acetate/hexanes 1:12) to give 3. The enantiomeric excess of 3 was
determined by the use of chiral HPLC analysis (DAICEL CHIRALCEL
OD-H, 0.46 cm (�)� 25 cm (L), n-hexane/2-propanol 100:1, flow rate� 0.
5 mLmin�1).[5a, 20]

Received: March 14, 2002 [Z18894]

[1] a) Phase-Transfer Catalysis: Mechanisms and Syntheses (Ed.: M. E.
Halpern), American Chemical Society, Washington, DC, 1997;
b) Handbook of Phase-Transfer Catalysis (Ed.: Y. Sasson, R. Neu-
mann), Chapman & Hall, London, 1997; c) E. V. Dehmlow, S. S.
Dehmlow, Phase Transfer Catalysis, 3rd ed., VCH, Weinheim, 1993.

[2] a) M. J. O×Donnell in Catalytic Asymmetric Synthesis, 2nd ed. (Ed.: I.
Ojima), VCH, New York, 2000, pp. 725 ± 755; b) A. Nelson, Angew.
Chem. 1999, 111, 1685 ± 1687; Angew. Chem. Int. Ed. 1999, 38, 1583 ±
1585; c) T. Shioiri in Handbook of Phase Transfer Catalysis (Ed.: Y.
Sasson, R. Neumann), Chapman & Hall, London, 1997, pp. 462 ± 479;
d) H.-U. Blaser, Tetrahedron: Asymmetry 1991, 2, 843 ± 866.

[3] M. J. O×Donnell, W. D. Bennett, J. Am. Chem. Soc. 1989, 111, 2353 ±
2355.

[4] M. J. O×Donnell, S. Wu, C. Hoffman, Tetrahedron 1994, 50, 4507 ±
4518.

[5] a) E. J. Corey, F. Xu, M. C. Noe, J. Am. Chem. Soc. 1997, 119, 12414 ±
12415; b) E. J. Corey, M. C. Noe, F. Xu, Tetrahedron Lett. 1998, 39,
5347 ± 5350; c) E. J. Corey, Y. Bo, J. Busch-Petersen, J. Am. Chem.
Soc. 1998, 120, 13000 ± 13001.

[6] a) B. Lygo, P. G. Wainwright, Tetrahedron Lett. 1997, 38, 8595 ± 8598;
b) B. Lygo, J. Crosby, J. A. Peterson, Tetrahedron Lett. 1999, 40, 1385 ±
1388; c) B. Lygo, Tetrahedron Lett. 1999, 40, 1389 ± 1392.

[7] T. Ooi, M. Kameda, K. Maruoka, J. Am. Chem. Soc. 1999, 121, 6519 ±
6520.

[8] M. Costa, G. P. Chiusoli, D. Taffurelli, G. Dalmonego, J. Chem. Soc.
Perkin Trans. 1 1998, 1541 ± 1546.

[9] a) V. Alcazar, J. R. Moran, J. Mendoza, Tetrahedron Lett. 1995, 36,
3941 ± 3944; b) A. Howard-Jones, P. J. Murphy, D. A. Thomas, J. Org.
Chem. 1999, 64, 1039 ± 1041; c) D. Ma, K. Cheng, Tetrahedron:
Asymmetry 1999, 10, 713 ± 719; d) T. Ishikawa, Y. Araki, T. Kuma-
moto, H. Seki, K. Fukuda, T. Isobe, Chem. Commun. 2001, 245 ± 246.

[10] a) T. Schuster, M. Bauch, D. Durner, M. W. Gobel, Org. Lett. 2000, 2,
179 ± 181; b) T. Schuster, M. Kurz, M. W. Gobel, J. Org. Chem. 2000,
65, 1697 ± 1701.

[11] a) M. S. Iyer, K. M. Gigstad, N. D. Namdev, M. Lipton, J. Am. Chem.
Soc. 1996, 118, 4910 ± 4911; b) E. J. Corey, M. Grogan, J. Org. Lett.
1999, 1, 157 ± 160.

[12] R. Chinchilla, C. Najera, P. Sanchez-Agullo, Tetrahedron: Asymmetry
1994, 5, 1393 ± 1402.

[13] D. Simoni, M. Rossi, R. Rondanin, A. Mazzali, R. Baruchello, C.
Malagutti, M. Roberti, R. B. Invidiata, Org. Lett. 2000, 2, 3765 ± 3768.

[14] K. Nagasawa, A. Georgieva, H. Takahashi, T. Nakata, Tetrahedron
2001, 57, 8959 ± 8964.

[15] Y. Kashman, S. Hirsh, O. J. McConnell, I. Ohtani, T. Kusumi, H.
Kakisawa, J. Am. Chem. Soc. 1989, 111, 8925 ± 8926.

[16] a) E. A. Jares-Erijman, A. L. Ingrum, J. R. Carney, K. L. Rinehart, R.
Sakai, J. Org. Chem. 1993, 58, 4805 ± 4808; b) R. G. S. Berlinck, J. C.
Braekman, D. Daloze, I. Bruno, R. Riccio, S. Ferri, S. Spampinato, E.
Speroni, J. Nat. Prod. 1993, 56, 1007 ± 1015.

[17] K. Nagasawa, A. Georgieva, T. Nakata, Tetrahedron 2000, 56, 187 ±
192.

[18] The use of toluene instead of dichloromethane led to an increase in
the enantiomeric excess of 3 to 95%, although the chemical yield was
20%, even after 160 h.

[19] The asymmetric induction of the alkylation reaction with the
cinchona-alkaloid-type or binaphthyl-type PTCs is explained by the
complex with the E enolate of Schiff base 2.[5a,7] In our case, the
Z enolate of 2 would be generated by forming the complex with the
guanidine-type PTC 1 through the two parallel ionic and hydrogen-
bonding attractions. The asymmetric alkylation results of 2 also
support this hypothesis. More detailed investigations are currently
underway in our laboratories.

[20] T. Okino, Y. Takemoto, Org. Lett. 2001, 3, 1515 ± 1517.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 15 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4115-2835 $ 20.00+.50/0 2835

Stable Non-Push ±Pull Phosphanylcarbenes:
NMR Spectroscopic Characterization of a
Methylcarbene**
Emmanuelle Despagnet, Heinz Gornitzka,
Alexander B. Rozhenko, Wolfgang W. Schoeller,
Didier Bourissou, and Guy Bertrand*

Carbenes are compounds with a neutral dicoordinate
carbon atom featuring either two singly occupied nonbonding
orbitals (triplet state) or both a lone pair and an accessible
vacant orbital (singlet state). The recent preparation of
persistent triplet diarylcarbenes[1] and isolation of singlet
carbenes[2] represent spectacular achievements. The former
are potential building units for organic magnets,[3] while the
latter, when used as ligands for transition metal centers, afford
complexes with enhanced catalytic activities.[4] All of the
stable singlet carbenes known to date possess bulky protecting
groups and follow, to some extent, Pauling×s predictions[5] that
the substituents should preserve the electroneutrality of the
carbene center (Scheme 1). This situation is apparent for
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Scheme 1. Stable singlet carbenes A ±E.

push ± pull carbenes A ±C,[6±8] in which the carbene bears both
a �-donating and a �-withdrawing substituent. Carbenes D[9]

have two �-donor substituents, and are sometimes referred to
as push ± push carbenes, but the amino groups also act as
strong �-electron-withdrawing substituents. Lastly, car-
bene E[10] features a spectator substituent and an amino
group, which is again both a � donor and � attractor. Here we
report the synthesis of stable and persistent carbenes featur-

ing a �- and �-donor phosphanyl group and a spectator
substituent, including a methyl group.

We first investigated the synthesis of a phosphanylcarbene
featuring an electron-rich aryl group. The phosphanyl(mesi-
tyl)carbene (2) was generated by photolysis (254 nm, �50 �C)
of a tetrahydrofuran solution of the corresponding diazo
compound 1 (Scheme 2). The 31P and 13C NMR chemical

Scheme 2. Synthesis of the phosphanyl(mesityl)carbene 2.

shifts of 2 (31P: ���23.5 ppm; 13C: �� 151.1 ppm) compare
well with those observed for neutral push ± pull phosphanyl-
carbenes A and C[2a] (31P: ���40 to �20 ppm; 13C: �� 120
to 150 ppm). The only noticeable difference is the magnitude
of the coupling constant between the phosphorus atom and
the carbene center, which is significantly smaller for 2 (1JP,C�
65 Hz) than forA (1JP,C� 150 ± 200 Hz) and C (1JP,C� 271 Hz).
Although these data are difficult to rationalize (it is not
possible to predict the influence of orbital, spin-dipolar, Fermi
contact, nor higher order quantum mechanical contributions
to the magnitude of the coupling constants), it is likely to
indicate some peculiarity in the electronic structure of 2.

Pale yellow crystals of 2 suitable for an X-ray diffraction
study were obtained by cooling a saturated pentane solution
to �80 �C. The molecular structure of 2 is shown in Fig-
ure 1.[11] As expected, because of the donation of the lone pair

Figure 1. Thermal ellipsoid diagram (50% probability) of 2. For clarity the
hydrogen atoms are omitted. Selected bond lengths [ä] and angles [�]: P1-
N1 1.678(2), P1-N2 1.661(2), P1-C1 1.564(3), C1-C2 1.438(3); N1-P1-C1
120.09(13), N2-P1-C1 134.24(13), N1-P1-N2 105.44(11), P1-C1-C2 148.7(2).

of electrons on the phosphorus atom into the vacant orbital of
the carbene, the phosphorus atom is in a planar environment
and the P1�C1 bond length is short (1.564(3) ä). The P1-C1-
C2 angle (148.7(2)�) is significantly smaller than in C
(162.1(3)�); the C1�C2 bond length (1.438(3) ä) is in the
range typical for C(sp2)�C(sp2) single bonds, and is longer
than that observed for the push ± pull system C (1.390(4) ä).
These results strongly suggest the absence of delocalization of
the lone pair of electrons on the carbene into the aromatic
ring. In other words, the carbene center interacts only with the
phosphanyl group, while the mesityl substituent remains
merely an electronic spectator.
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Direct observation of singlet alkylcarbenes usually requires
matrix-isolation conditions.[12] Indirect observation and ki-
netic measurements in solution can be performed by laser-
flash photolysis (LFP) using the pyridine ylide method.[13] By
incorporating the �-donating and �-attracting methoxy sub-
stituent, Moss et al. were able to characterize the methoxy-
(methyl)carbene MeOCMe by UVand IR spectroscopies, but
only in a nitrogen matrix (at 10 K) or in solution, thanks to a
nanosecond time-resolved LFP technique (t1/2� 2 �s at
20 �C).[14] The remarkable stability of carbene 2 both in the
solid state (m.p. 148 �C) and in solution (no degradation
observed after several weeks at room temperature) prompted
us to investigate the preparation of phosphanyl(alkyl)car-
benes. Photolysis (254 nm, �80 �C) of a toluene solution of
the phosphanyl(tert-butyl)diazomethane 3[15] afforded the
phosphaalkene 4 in near quantitative yield upon warming to
room temperature. Cyclopropane 5 was obtained in high yield
when the low-temperature photolysis of 3 was performed in
the presence of methyl acrylate (Scheme 3).[16] These results

Scheme 3. Synthesis and reactivity of the phosphanyl(alkyl)carbenes 6 and
8.

suggested the transient formation of the phosphanyl(tert-
butyl)carbene 6.[17] This alkylcarbene could indeed be char-
acterized spectroscopically by multinuclear NMR spectro-
scopy at low temperature (�50 �C). The 31P NMR chemical
shift (���36.4 ppm) is in the expected range, while the
13C NMR chemical shift (�� 186.3 ppm) is the highest
reported for a phosphanylcarbene. The small coupling con-
stant (1JP,C� 32 Hz) is consistent with that observed for 2.

Although the alkylcarbene 6 rearranges within a few
minutes above �10 �C to afford the 1,2-migration product 4,
it is still observable by 31P NMR spectroscopy below �20 �C.
We thus decided to reduce the steric hindrance of the
spectator alkyl group, and hence studied the photolysis of
the phosphanyl(methyl)diazomethane (7)[18] (254 nm,�85 �C,
toluene solution). A 1.6:1 mixture of derivatives 9[19] and 10,
which results from the 1,2-migration of a hydrogen atom and
an amino group, respectively, was obtained on warming the
solution to room temperature. The corresponding phospha-
nyl(methyl)carbene (8) was characterized spectroscopically at
�85 �C. The 31P and 13C NMR data for 8 (31P: ���17.8 ppm;
13C: �� 164.8 ppm, 1JP,C� 44 Hz) are similar to those for 6.
Despite the poor steric protection and the potential to
undergo 1,2-shifts,[20, 21] the methylcarbene 8 could be ob-

served by 31P NMR spectroscopy up to�50 �C (t1/2� 10 min at
�50 �C), where it quickly isomerizes.

The preparation of stable or persistent non-push ± pull
phosphanyl(aryl)- and phosphanyl(alkyl)carbenes demon-
strates that a single substituent with even relatively weak �-
and �-donor effects allows for the spectroscopic character-
ization of singlet carbenes under standard laboratory con-
ditions. Since the steric bulk of the spectator substituent can
be decreased even to the size of a methyl group, these results
open the way to a variety of new ™observable∫ carbenes and
consequently to new synthetic developments and applications
in various fields.

Experimental Section

All reactions and manipulations were carried out under an atmosphere of
dry argon, by using standard Schlenk techniques.

1: A solution of the lithium salt of hexamethyldisilazane ((Me3Si)2NLi ¥
Et2O; 0.27 g, 1.1 mmol) in diethyl ether (4 mL) was added to a solution of
mesityldiazomethane[22] (0.18 g, 1.1 mmol) in diethyl ether (3 mL) at
�78 �C. The reaction mixture was kept at this temperature for 1 h, before
bis(diisopropylamino)chlorophosphane (0.29 g, 1.1 mmol) was added.
After 30 min, the reaction mixture was allowed to warm to room
temperature over a period of 1 h. After evaporation of the solvent under
vacuum, the residue was extracted with pentane (20 mL) and filtered on
neutral alumina. Orange crystals of 1 (0.2 g, 47%) were obtained by
recrystallization from acetonitrile (10 mL) at �20 �C: m.p. 120 �C; 31P{1H}
NMR (CDCl3): �� 63.1 ppm; IR (diethyl ether): �� � 2031 cm�1 (CN2); UV
(toluene): �max� 291 nm.

2 : A solution of 1 (100 mg, 0.26 mmol) in pentane (3 mL) was irradiated
(254 nm) at �50 �C for 6 h. Pale yellow crystals of 2 (33 mg, 35%) were
obtained by cooling the reaction mixture to �80 �C: m.p. 148 �C; 31P{1H}
NMR (C4D8O): ���23.5 ppm; 13C{1H} NMR (C4D8O): �� 151.1 ppm (d,
1JP,C� 65 Hz, Ccarbene).

4 : A solution of 3[15] (0.12 g, 0.37 mmol) in tetrahydrofuran (4 mL) was
irradiated (254 nm) at �80 �C for 4 h, and then warmed to room temper-
ature. 31P NMR spectroscopy indicated the quantitative formation of the
corresponding phosphaalkene 4 : 31P{1H} NMR (C7D8): �� 268.5 ppm;
13C{1H} NMR (C7D8): �� 204.2 (d, 1JP,C� 69 Hz, C�P), 44.5 (d, 2JP,C� 5 Hz,
C(CH3)3), 31.2 ppm (s, C(CH3)3); elemental analysis calcd (%) for
C17H37N2P (300.47): C 67.96, H 12.41, N 9.32; found: C 67.64, H 12.27, N
9.68.

5 : A solution of 3[15] (0.12 g, 0.37 mmol) and methyl acrylate (0.16 g,
1.83 mmol) in tetrahydrofuran (4 mL) was irradiated (254 nm) at �80 �C
for 4 h, before warming to room temperature. After evaporation of the
solvent and excess methyl acrylate, 5 was obtained as a yellow oil (0.1 g,
70%) by extraction with pentane (20 mL): 31P{1H} NMR (C7D8): ��
71.8 ppm; 13C{1H} NMR (C7D8): �� 51.6 (s, OCH3), 30.1 (s, CH(ring)),
19.2 ppm (s, CH2(ring)); elemental analysis calcd (%) for C21H43N2O2P
(386.56): C 65.25, H 11.21, N 7.25; found: C 64.88, H 11.07, N 7.51.

9 and 10 : A solution of 7[18] (0.14 g, 0.49 mmol) in toluene (2 mL) was
irradiated (254 nm) at �80 �C for 6 h, before warming to room temper-
ature. 31P NMR spectroscopy indicated the formation of vinylphosphane
9[19] and phosphaalkene 10 as the major products (1.6:1). 10 : 31P{1H} NMR
(C7D8): �� 146.5 ppm; 13C{1H} NMR (C7D8): �� 203.7 (d, 1JP,C� 72 Hz,
C�P), 20.0 ppm (d, 2JP,C� 4 Hz, CCH3).
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Stereoselective Pinacol-Type Rearrangement
of 2,3-Epoxy Alcohols with Retention of
Configuration Mediated by
Bis(iodozincio)methane**
Seijiro Matsubara,* Hiromasa Yamamoto, and
Koichiro Oshima

gem-Dizinc reagents that possess two nucleophilic sites on a
carbon atom have been used for a variety of molecular
transformations based on a repetition of C�C-bond formation
on the same carbon atom.[1] To understand and design these
characteristic reactions, one should recognize that dimetallic
reagents work not only as a double nucleophile but also as a
double Lewis acid.[2] The structure of gem-dizinc reagents
allows them to act as double Lewis acids with substrates that
contain heteroatoms at the 1,2- or 1,3-positions. In fact, we
reported an example that emphasizes the importance of its
double Lewis acidity through the nucleophilic reaction with
1,2-dicarbonyl compounds.[3] Along this line, we treated 2,3-
epoxy alcohols with bis(iodozincio)methane (1), anticipating
a pinacol-type rearrangement.[4, 5] The substrates are readily
available in an enantiomerically enriched form by the
Sharpless epoxidation.[6]

Treatment of racemic 2a (diastereomeric mixture, erythro/
threo 84:16, 1.0 mmol) in THF (2.0 mL) with 1 (0.5� in THF,
2.2 mmol) at 20 �C gave alkenol 3a in 77% yield (Scheme 1).
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O

OH
CHO

HOHO O

OZnLn

[CH2(ZnI)2] (1)

0 → 20 °C

(2.2 mmol)

2a (1.0 mmol) 43a 77% 5
1 h

Scheme 1. Reaction of racemic 2a with 1 to give alkenol 3a.

The reaction was considered to proceed via aldehyde 5, which
was formed by a pinacol-type rearrangement (4 to 5), with
subsequent methylenation of 5 to form 3a.[1a, 7] This type of
rearrangement of silyl ethers of 2,3-epoxy alcohols was
reported by Maruoka et al. ,[5a] who used the highly sterically
hindered Lewis acid MABR (methylaluminum bis(4-bromo-
2,6-di-tert-butylphenoxide)). Jung and Anderson also report-
ed an example induced by BF3 ¥OEt2.[5b]

This gem-dizinc induced rearrangement/methylenation re-
action was applied to other epoxy alcohols to study its
limitation and generality. In Table 1, various types of sub-
strates were examined in the reaction. In the reaction of
primary alcohols, allylic alcohols 6 were formed as side
products, which had not been observed in the reaction of 2a.
As shown in Scheme 2, alcohols 6 were assumed to be formed

R1 O H

R2

H

OZnLn

R1 H

R2 OZnLnHH

O

7

6

8

Scheme 2. Possible route for the formation of 6 as a side product.

by methylenation of �-alkoxy ketones 8, which were formed
through a hydride shift. Methylenation of �-alkoxy ketones 8
with 1 was shown to proceed smoothly.[8] The ratio of 3 to 6
varied, depending on the substrate. A disubstituted cis
epoxide yielded predominantly the hydride-shift-derived
product 6 (Table 1, entry 4). The rearrangement did not occur
in 2,3-epoxy alcohol substrates with substituents on C2
(Table 1, entries 8 and 9).

gem-Dizinc 1 reacts with 2,3-epoxy alcohols 2 to give zinc
alkoxides (4 and 7) before the rearrangement reaction. The
free hydroxy group in the substrate is indispensable for the
reaction. Treatment of ether derivatives (methyl, trimethyl-

silyl, and dimethylphenylsilyl ethers) of 2,3-epoxygeraniol
resulted in the quantitative recovery of the starting materials.

The wide availability of optically active epoxy alcohols by
the Sharpless method prompted us to examine the possibility
of chirality transfer in these reactions. This investigation led to
the formation of quaternary asymmetric carbon centers.[10] As
shown in Scheme 3A, optically active epoxides were treated
with bis(iodozincio)methane 1. Alcohol 10a was obtained in
an optically active form from 9a, although a slight decrease in
enantiomeric purity was observed.[11, 12] The highlight of the
transformation is the absolute configuration of the product:
the migrating group, -CH2OH, attacks from the front side of

Table 1. Treatment of 2,3-epoxy alcohol 2 with 1.[a,b]

Entry R1 R2 R3 R4 3 Yield [%] 6 Yield

1[c] Me Me H Me d 74 b � 1%
2 Me Me H H d 52 c 17
3 nPr H H H d 23 d 35
4 H nPr H H d 10 d 47
5 (Me)2C�CH(CH2)2 Me H H e 67 e 17
6 Me (Me)2C�CH(CH2)2 H H e 64 e 12
7 Ph H Me H f 30 f � 1
8 Et H Me nBu g � 1[d] g � 1
9 Me Me Me H h � 1[d] h � 1

10 Ph H H H i 75 i 7

[a] 1 (2.2 mmol) and 2 (1.0 mmol) were used. [b] Racemic substrate was used as the starting material. [c] The starting material was used as a mixture of
diastereomers (erythro/threo 80:20). See also ref. [9]. [d] The starting epoxy alcohol was recovered quantitatively.

OH
O OH

OH
OH

O

OSiMe2tBu
O

O

Al

O

tBu tBu

tBu tBu

Br Br

CHO

OSiMe2tBu OH

Me

MABR =

(1.0 mmol)

9a (2S,3S / 2R, 3R   93.5 : 6.5)

1 (2.2 mmol)

63%

10a (S/R   83 : 17)

(1.0 mmol)

9b (2S,3R / 2R, 3S   85 : 15)

63%

10b (S/R   23 : 77)

(1.0 mmol)

11  (2S,3S/ 2R, 3R   93.5 : 6.5)

MABR (2.0 mmol)

0 → 20 °C
1 h

1) 1 (1.2 equiv)

2) TBAF

10b (S/R   6.5 : 93.5 )

65%

12

B)

1 (2.2 mmol)

0 → 20 °C
1 h

9a

A)

Scheme 3. Formation of alcohols 10 from 2,3-epoxy alcohols 9. A) Treat-
ment with bis(iodozincio)methane (1) results in retention of configuration.
B) In contrast, treatment with MABR[5a] gives inversion of configuration.
TBAF� tetrabutylammonium fluoride.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 15 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4115-2839 $ 20.00+.50/0 2839

the C�O bond. This is an unusual retentive migration
reaction.[13, 14] Similarly, the alcohol 10b (enantiomer of 10a)
was obtained from 9b with a slight decrease in the enantio-
meric purity. In this case, the rearrangement also proceeded
with retention of the configuration at C3 of the 2,3-epoxy
alcohol. In contrast, the rearrangement in the reported
procedure[5] proceeds with inversion of stereochemistry at
C3: Silylation of 9a provided 11, which upon treatment with
MABR gave 12. Methylenation of 12 by 1 followed by
desilylation with TBAF gave 10b (Scheme 3B).

In the case of the reaction of a phenyl-substituted substrate
13, the rearrangement proceeded also with retention of
configuration at C3 to give 14 (Scheme 4). The olefin 14 was
hydrogenated to give 15 for comparison with an authentic
sample[15, 16] to confirm the absolute configuration. Even
though the crucial stereogenic center is the benzylic position,
only a slight decrease in the enantiomeric purity was
observed.

The reaction pathway is not clear enough to rationalize the
retention migration. One possible explanation is shown in
Scheme 5: the dizinc compound coordinates 2,3-epoxy alco-

hol as a double Lewis acid (16), the Lewis acid induces
isomerization into aldehyde, thus providing the negatively
charged migrating group (17), and the migrating group is
transferred to the positively charged carbon atom from the
same side of the epoxide oxygen as dizinc coordinates to both
oxygen atoms (18). The transformation indicate the important
character of the dizinc species as a double Lewis acid. At the
present stage, we have no evidence for the mechanism
outlined in Scheme 5, and detailed investigations are current-
ly underway.

Experimental Section

A solution of epoxy alcohol 2 (1.0 mmol) in THF (2 mL) was added
dropwise to a THF solution of bis(iodozincio)methane (1, 0.5�, 2.2 mmol,
4.4 mL) at 0 �C. The mixture was stirred for 1 h at room temperature, and
then poured into aqueous HCl (1�, 20 mL). The resulting mixture was
extracted with diethyl ether. The combined ether solutions were washed
successively with saturated NaHSO3 and brine and dried over Na2SO4.

Purification by neutral silica-gel column chromatography (hexane/ethyl
acetate 10:1) gave the corresponding product.

10a : Prepared from 9a (87% ee) and 1. [�]23D ��8.06� 1.0 (CHCl3, c�
3.10). 1H NMR spectroscopic analysis after conversion into the S Mosher
ester showed that 10a was obtained with 66% ee.

10b : Prepared from 12 and 1. The aldehyde 12 was prepared from 9a (87%
ee) and MABR according to the reported procedure.[5] 1H NMR spectro-
scopic analysis after conversion into the S Mosher ester showed that 10b
was obtained with 87% ee. [�]23D ��8.96� 1.0 (CHCl3, c� 3.10). Treat-
ment of 9b (70% ee) with 1 gave 10b directly with 54% ee.

3 i: 1H NMR (CDCl3, 23 �C, 300 MHz): �� 7.4 ± 7.3 (m, 2H), 7.3 ± 7.2 (m,
3H), 6.02 (ddd, J� 17.1, 10.5, 7.8 Hz, 1H), 5.22 (ddd, J� 10.5, 1.5, 1.2 Hz,
1H), 5.19 (ddd, J� 17.1, 1.8, 1.2 Hz, 1H), 3.84 (dd, J� 10.8, 7.2 Hz, 1H),
3.82 (dd, J� 10.8, 7.2 Hz, 1H), 3.54 (dd, J� 7.2, 7.2 Hz, 1H), 1.60 ppm (bs,
1H); 13C NMR (CDCl3, 23 �C, 75 MHz):�� 141.4, 139.0, 129.5, 128.7, 127.7,
117.8, 66.8, 53.2 ppm.

14 : The enantiomeric purity (R/S 96:4) was determined by HPLC:
Chiralcel-OD (Daicel), 2-propanol/hexane (1:9), 1.0 mLmin�1, R isomer:
5.93 min, S isomer: 7.43 min.

15 : 1H NMR (CDCl3, 23 �C, 300 MHz): �� 7.4 ± 7.3 (m, 2H), 7.3 ± 7.2 (m,
3H), 3.78 (dd, J� 10.8, 6.0 Hz, 1H), 3.73 (dd, J� 10.8, 7.8 Hz, 1H), 3.54 (dd,
J� 7.2, 7.2 Hz, 1H), 2.71 (m, 1H), 1.8 ± 1.5, (m, 2H), 1.25 (bs, 1H), 0.86 ppm
(t, J� 7.5 Hz, 3H); [�]23D ��15.0� 2.5 (CHCl3, c� 1.00), lit.[16]: [�]23D ��21
(CHCl3, c� 1.00).
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The Selective Incorporation of Alkenes into
Proteins in Escherichia coli**
Zhiwen Zhang,[�] Lei Wang,[�] Ansgar Brock, and
Peter G. Schultz*

The addition of amino acids with novel functional groups to
the genetic code of Escherichia coli should greatly enhance
our ability to study protein structure and function, as well as
generate proteins with novel properties. We recently showed
that the unnatural amino acids O-methyl-�-tyrosine and �-3-
(2-naphthyl)alanine can be site-specifically incorporated into
proteins in Escherichia coli with high efficiency and fidel-
ity.[1, 2] This result requires the addition of an orthogonal
tRNA± codon pair and aminoacyl-tRNA synthetase to the
translational machinery of the cell. The new synthetase (and
only this synthetase) aminoacylates the orthogonal tRNA
(and only this tRNA) with the unnatural amino acid only,
which is inserted into proteins in response to the amber
codon, TAG.[3] We report here the site-specific incorporation

of O-allyl-�-tyrosine (2) into proteins in E. coli. The alkene
functional group of this unnatural amino acid should provide
new chemical methods for the selective modification of
proteins.

Previously we generated an orthogonal tRNA± synthetase
pair, mutRNATyr

CUA ±TyrRS, in E. coli by modifying the
tRNATyr ± TyrRS pair of Methanococcus jannaschii.[4, 5] This
mutRNATyr

CUA is not aminoacylated by endogenous synthetases
in E. coli, and functions well in translation. The TyrRS does
not aminoacylate E. coli tRNAs,[6] but aminoacylates the
mutRNATyr

CUA with tyrosine (1); the acylated mutRNATyr
CUA

inserts tyrosine in response to the amber nonsense codon. To
change the substrate specificity of the TyrRS so that it
aminoacylates the mutRNATyr

CUA with 2 and not with any
common amino acids, a mutant TyrRS library was generated

and selected. Based on an analysis of the crystal structure of
the homologous TyrRS from Bacillus stearothermophilus,[7]

five residues (Tyr32, Glu107, Asp158, Ile159, and Leu162) in
the active site of M. jannaschii TyrRS that are within 6.5 ä of
the para position of the aryl ring of tyrosine were randomly
mutated.[1, 8] This mutant library was first subjected to a
positive selection based on the suppression of an amber codon
introduced at a nonessential position (Asp112) in the
chloramphenicol acetyl transferase (CAT) gene. Cells trans-
formed with the mutant TyrRS libraries, the mutRNATyr

CUA

gene, and the amber mutant CAT gene were grown in minimal
media containing 1 m� 2 and 70 �gmL�1 chloramphenicol.
The survivors must encode a mutant TyrRS that amino-
acylates the mutRNATyr

CUA with either 2 or endogenous amino
acids. To remove mutant synthetases with specificities for
endogenous amino acids, a negative selection was applied.
Three amber codons were introduced at nonessential posi-
tions (Gln2, Asp44, Gly65) in the toxic barnase gene.[9] Cells
expressing the mutant synthetase from the positive selection,
the mutRNATyr

CUA gene, and the amber mutant barnase gene
were grown in Luria ±Bertani (LB) media in the absence of 2.
Cells encoding synthetases with specificities for any endoge-
nous amino acids will produce barnase and die. Only those
encoding a mutant synthetase with specificity for 2 can
survive.

After three rounds of positive selection alternating with two
rounds of negative selection, a clone was evolved whose
survival in chloramphenicol was dependent on the presence of
2 when the selected mutant TyrRS gene (AL-TyrRS) was
coexpressed with the Asp112amber CAT gene and the
mutRNATyr

CUA gene. Cells can survive in 120 �gmL�1 chloram-

[12] The side product related to 6 was also formed, but the optical purity
was not determined.

[13] M. Shimazaki, H. Haram, K. Suzuki, G.-i. Tsuchihashi, Tetrahedron
Lett. 1987, 28, 5891; K. Suzuki, E. Katayama, G.-i. Tsuchihashi,
Tetrahedron Lett. 1984, 25, 1817.

[14] Rearrangements of optically active vinyl epoxides mediated by Lewis
acids give quaternary asymmetric carbon centers with inversion of the
configuration: a) M. E. Jung, D. C. D×Amino, J. Am. Chem. Soc. 1995,
117, 7379; b) for rearrangements that involve a sterically restricted
cation center, see: S. A. Monti, S.-C. Chen, Y.-L. Yang, S.-S. Yuan,
O. P. Bourgeois, J. Org. Chem. 1978, 43, 4062.

[15] The enantiomeric purity of 15 was determined by HPLC (Chiralcel-
OJ, Daicel).

[16] C. H. Senanayake, R. D. Larsen, T. J. Bill, J. Liu, E. G. Corley, P. J.
Reider, Synlett 1994, 199.
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phenicol in the presence of 2, and up to 10 �gmL�1

chloramphenicol in the absence of 2. For comparison, E. coli
cells expressing the Asp112amber CAT gene and the
mutRNATyr

CUA gene survive in 4 �gmL�1 chloramphenicol.[5]

This result suggests that the AL-TyrRS has higher activity for
2 than for natural amino acids. The evolved AL-TyrRS has the
following mutations: Glu107�Ala107, Asp158�Cys158,
and Ile159�Ala159. The residues Tyr32 and Leu162 remain
unchanged. The mutations of Glu107�Ala107 and Ile159
�Ala159 may enlarge the active site of the mutant synthetase
to accommodate the allyl group. The exact roles of these
mutations will be revealed by solving the crystal structure of
AL-TyrRS, which is underway.

To confirm that the observed phenotype is caused by the
site-specific incorporation of 2 by the mutRNATyr

CUA ±AL-
TyrRS pair, a mutant Z domain[10, 11] protein was produced
and characterized. An amber codon was introduced at the
seventh position in the gene encoding the Z domain. A His6
tag was added to the C terminus of the Z domain to facilitate
protein purification by Ni2�-affinity chromatography. As a
positive control, the wild type M. jannaschii TyrRS was
coexpressed with the mutRNATyr

CUA, which resulted in the
suppression of the amber codon with tyrosine and production
of full-length Z-domain protein (Figure 1). When AL-TyrRS

Figure 1. A) Amino acid sequence of the Z domain. X indicates the
position for incorporation of 2 encoded by the amber nonsense codon;
B) SDS-PAGE analysis of the accumulation of Z domain under different
conditions. The far left lane is a molecular-weight marker. Expression
conditions are noted at the top of each lane. Proteins were purified by Ni2�-
affinity chromatography and the gel was silver-stained.[12] AL-TyrRS�
O-allyl-�-tyrosine-specific mutant synthetase; wt�wild type.

was expressed together with the mutRNATyr
CUA in the presence

of 2, full-length Z domain was also obtained. In the absence of
either the AL-TyrRS, the mutRNATyr

CUA, or 2, no full-length
Z domain was observed. These results show that full-length
mutant protein is produced only in the presence of the AL-
TyrRS, the mutRNATyr

CUA, and 2. The yield of full-length
mutant Z domain containing 2 is 5.6 mgL�1 in minimal media.
For comparison, the yield of Z-domain is 9.2 mgL�1 when the
mutRNATyr

CUA and wild-type M. jannaschii TyrRS are coex-
pressed.

The mutant Z-domain protein expressed by the
mutRNATyr

CUA ±AL-TyrRS was analyzed by electrospray ion-
ization Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS). The experimental monoisotopic
mass of the intact protein was 7963.891 Da, which is within
1 ppm of the theoretical mass of 7963.889 Da. Another major
signal corresponds to the protein without the first methionine
moiety (MExperimental� 7832.861 Da, MTheoretical� 7832.849 Da).
The signal-to-noise ratio of more than 1500 observed in the
intact protein mass spectrum suggests a fidelity for the
incorporation of 2 of better than 99.8%. This result clearly
demonstrates the site-specific incorporation of 2 in response
to the amber codon by the mutRNATyr

CUA ±AL-TyrRS, and that
other endogenous E. coli synthetases do not utilize 2 as a
substrate.

In summary, a useful nonnatural amino acid, O-allyl-�-
tyrosine, has been site-specifically incorporated into proteins
in vivo. The allyl group is versatile in organic transformations,
including metathesis,[13] Diels-Alder and 1,3-dipolar cyclo-
addition reactions.[14] Olefin metathesis has been used suc-
cessfully to cross-link amino acid derivatives[15] and cyclize
peptides.[16, 17] Recent progress in developing water-soluble
ruthenium catalysts[18] should facilitate the application of this
reaction to the modification of proteins containing alkene
groups.[19, 20] Moreover, the allyl side chain of this nonnatural
amino acid may confer new physical properties on proteins as
well.

Experimental Section

All chemicals were purchased from Aldrich. NMR spectroscopic data was
recorded using a Bruker AMX 400. Mass spectra of small molecules were
obtained from Scripps Center for Mass Spectrometry.

Synthesis of 2 : O-allyl-�-tyrosine (2) was synthesized according to the
published procedures[21] with minor modifications. N-(tert-butoxycarbon-
yl)-�-tyrosine (2.95 g, 10 mmole) was dissolved in 80 mL of N,N-dimethyl-
formamide (DMF). The solution was cooled to 5 �C and NaH (0.63 g,
26 mmole) was added. The reaction mixture was allowed to warm up to
10 �C and stirred for an additional 2 h. Allyl bromide (1.33 g, 11 mmole)
was then added with stirring and the reaction mixture was warmed to room
temperature and stirred for an additional 4 h. Water was added and the
aqueous layer was extracted with ethyl acetate and CH2Cl2. The organic
layer was dried over anhydrous MgSO4. The organic solvent was removed
to afford a white solid, which was then refluxed in 4� HCl in 1,4-dioxane
for 4 h. All solvent was evaporated to give the desired product as a white
solid (1.9 g, 86%); 1H NMR (CD3OD): �� 3.12 (m, 2H), 4.13 (t, J�
5.1 Hz, 1H), 4.53 (d, J� 4.6 Hz, 2H), 5.37 (q, J� 17.4, 11.3, 10.6 Hz, 1H),
5.99 (m, 1H), 6.91 (d, J� 8.4 Hz, 2H), 7.12 ppm (d, J� 8.4 Hz, 2H);[21]
13C NMR (CD3OD): �� 40.0, 69.5, 73.1, 115.8, 117.4, 130.5, 131.5, 135.6,
158.4, 177.5 ppm; m/z (ESI, MH�): 222.19.

Selection for AL-TyrRS: The positive selection based on the suppression of
an amber codon in chloramphenicol acetyl transferase was carried out as
described.[1] For the negative selection, plasmid pLWJ17B3 was used to
express the mutRNATyr

CUA under the control of the lpp promoter and
rrnC terminator, and the barnase gene with three amber codons at Gln2,
Asp44, and Gly65 under arabinose induction. After positive selection,
pBK plasmids encoding mutant TyrRS were isolated and transformed into
E. coli DH10B competent cells harboring pLWJ17B3. Cells were grown in
LB media containing 0.2% arabinose, 50 �gmL�1 kanamycin, and
35 �gmL�1 chloramphenicol. After 8 h, cells were pelleted, and pBK
plasmids were purified for further rounds of selection. After sequential
positive, negative, positive, negative, then positive selection, the candidate
pBK-ALRS encoding AL-TyrRS was identified and characterized using an
in vivo chloramphenicol acetyl transferase assay.[5]
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Synthesis and Characterization of the Neutral
™Digallene∫ Ar�GaGaAr� and Its Reduction to
Na2Ar�GaGaAr� (Ar�� 2,6-Dipp2C6H3, Dipp�
2,6-iPr2C6H3)**
Ned J. Hardman, Robert J. Wright, Andrew D. Phillips,
and Philip P. Power*

The publication of the remarkable gallium compound
Na2Ar*GaGaAr* (1; Ar*� 2,6-Trip2C6H3, Trip� 2,4,6-
iPr3C6H2) in 1997 resulted in much controversy owing to the
claim that it contained a Ga�Ga triple bond.[1] Initially, the
triple bonding in this molecule was justified on the basis of a
short Ga�Ga distance (2.319(3) ä) and the correspondence of
the putative [Ar*GaGaAr*]2� ion to the neutral germanium
species Ar*GeGeAr*–a germanium ± alkyne analogue. Al-
though the existence of Ga�Ga triple bonding has received
support from some calculations,[2±6] others have questioned
this view on the basis of 1) the trans-bent structure of the Cipso-
Ga-Ga-Cipso array which indicates lone pair character at the
gallium center,[7±11] 2) the Na�aryl ring[8] and Na�Ga inter-
actions[11] which shorten the Ga�Ga distance, and 3) the role
of the para-iPr groups on the flanking aryl rings which cause
Ga-Ga-C angular distortions that can strengthen the Ga�Ga
bond.[11] Force constant calculations have also pointed to a
relatively weak Ga�Ga interaction.[12, 13] The publication of
the cluster species K2Ar*Ga4Ar*, which contains a Ga4 ring
with no Ga�Ga triple bonding as part of an octahedral K2Ga4
core, has underlined the importance of the alkali metal for the
stability of 1.[14] However, apart from this isolated report, all
arguments regarding the Ga�Ga bonding in 1 have been
grounded in calculations of various degrees of sophistica-
tion[2±11] and the original experimentally determined structural
parameters.[1] In 1998 several experiments were suggested
whose object was the elucidation of the important factors
governing the nature of the Ga�Ga bond.[15] Among these
were the investigation of the effects of changing or removing
the alkali metal ions and the isolation and characterization of
the neutral ™digallene∫ species Ar*GaGaAr* which, should
contain a Ga-Ga double bond if the assumption of triple
bonding in 1 was correct. The former question has been partly
answered through the synthesis of K2Ar*Ga4Ar*. However,
no stable neutral Ga�Ga bonded dimers of the general
formula RGaGaR (R� organic or related group) have yet
been described. Calculations on a variety of model species,
including HGaGaH,[10, 11, 16±19] MeGaGaMe,[9±11] and PhGa-
GaPh,[11] as well as IR spectroscopy of HGaGaH in a frozen
matrix[19, 20] point to weak Ga�Ga bonding. It is now shown
that the compound Ar�GaGaAr� (2 ; Ar�� 2,6-Dipp2C6H3,
Dipp� 2,6-iPr2C6H3), can be isolated and characterized with

Protein expression, purification, and characterization: Plasmid pLEIZ was
used to express the Z-domain gene with an amber codon at the seventh
position under the control of a bacteriophage T5 promoter and t0 termi-
nator, and the mutRNATyr

CUA gene under the control of the lpp promoter and
rrnC terminator. The AL-TyrRS gene was encoded in plasmid pBK-ALRS
under the control of the constitutive E. coli GlnRS promoter and
terminator. E. coli DH10B cells cotransformed with pLEIZ and pBK-
ALRS were grown in minimal media containing 1% glycerol and 0.3 m�
leucine (GMML media) with 25 �gmL�1 kanamycin, 34 �gmL�1 of
chloramphenicol, and 0.5 m� 2. When cells reach an optical density
(OD600) value of 0.5, isopropyl-�-�-thiogalactopyranoside (IPTG; 1 m�)
was added to induce protein expression. After 4 h, cells were pelleted and
the protein was purified by Ni2�-affinity chromatography according to the
manufacturer×s protocol under denaturing conditions (Quiagen, Valencia,
CA). Proteins were then desalted by using a PD-10 column (Amersham
Pharmacia, Piscataway, NJ) and eluted in water. The yield of protein was
measured by Bradford assay (BCA kit, Biorad, Hercules, CA). Aliquots of
protein were used for SDS-PAGE and mass spectroscopic analysis.
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use of a terphenyl substituent (Ar�) that is closely related to
the Ar* ligand employed in the synthesis of 1.

Compound 2 was synthesized by the reaction of ™GaI∫[21]

with LiAr� in toluene in accordance with Equation (1).

™GaI∫�LiAr� ��PhMe

�78 oC
Ar�GaGaAr� (2)� I(Ar�)GaGa(Ar�)I (3)�LiI (1)

Green crystals of 2 and yellow crystals of 3 were each
isolated in about 25% yield from this reaction. The structure
of 2 is illustrated in Figure 1 and consists of centrosymmetric

Figure 1. Structure of 2 (thermal ellipsoid plot; H atoms are not shown).
Bond lengths [ä] and angles [�]: Ga1-Ga1A 2.6268(7), Ga1-C1 2.025(3),
C1-C2 1.402(6), C1-C6 1.412(4); C1-Ga1-Ga1A 123.16(7), Ga1-C1-C2
122.6(2), Ga1-C1-C6 119.2(2), C1-C2-C6 118.2(3).

Ga�Ga-bonded dimers with a planar, trans-bent C1-Ga1-
Ga1A-C1A core.[22] The Ga�Ga and Ga�C distances are
2.6268(7) and 2.025(3) ä, respectively, and the Ga-Ga-C
angle is 123.16(7)�. As is apparent from Figure 1, the plane of
the central (C1) ring lies almost perpendicular (89.2�) to the
C1-Ga1-Ga1A-C1A core and the flanking 2,6-iPr2C6H3 rings
are almost perpendicular (89.8 and 85.7�) to the central ring.
The structural parameters within the Ar� ligand are normal
and there are only slight deviations from expected values. The
Ga�Ga distance is about 0.1 ä longer than the upper end of
the single bond length range (2.33 ± 2.54 ä)[23, 24] for digallanes
and related compounds. It is also notably longer (by ca.
0.14 ä) than the Ga�Ga distance (2.493(2) ä) in 3,[22] which
has similar steric loading. However, it lies within the range
(2.57 ± 2.71 ä) observed in the Ga�Ga-bonded tetrahedrane
clusters (GaR)4.[25] These clusters are electron deficient with a
formal Ga�Ga bond order of 2³3 and were found to dissociate
in hydrocarbon solutions–a fact that was interpreted in terms
of an equilibrium between monomers and tetramers. The
tetramers are also known to dissociate to monomers in the
vapor phase as shown by mass spectrometry and electron
diffraction studies.[29, 30] Similarly, compound 2 is partly
dissociated to monomers in solution, and cryoscopic (cyclo-
hexane) molecular weights that lie between those expected
for monomers and dimers were observed at a concentration of
6 mmolal. It also sublimes readily at 150 �C at a pressure of

0.05 mm Hg, suggesting a monomeric structure in the vapor
phase. The structural and physical data for 2 thus point to
species that has relatively weak Ga�Ga bonding and a bond
order that is significantly less than unity.[10]

The sodium derivative Na2Ar�GaGaAr� (4) can be isolated
as dark red crystals from the reduction of 2 or 3 with sodium
metal in diethyl ether. This reaction establishes a direct
connection between the neutral 2 and the doubly reduced 4.

Compound 4, the structure[22] of which is illustrated in
Figure 2, crystallizes as centrosymmetric molecules that

Figure 2. Structure of 4 (thermal ellipsoid plot; H atoms are not shown).
Bond lengths [ä] and angles [�]: Ga1-Ga1A 2.347(1), Ga1-C1 2.059(5),
Ga1-Na1 3.058(2), Ga1-Na1 3.101(2), Ga-Na 2.879(6)-3.051(5) (av
2.97(5)); Ga-Ga1A-C1 130.7(1), Na1-Ga1-Na1A 135.21(3).

feature a planar, trans-bent C1-Ga1-Ga1A-C1A core with
sodium atoms that are complexed by Dipp rings and which
almost symmetrically bridge the gallium atoms on each side of
the C1-Ga1-Ga1A-C1A plane. The Ga�Ga and Ga�C
distances are 2.347(1) and 2.059(5) ä, respectively, and the
Ga-Ga-C angle is 130.7(1)�. The Ga�Na distances are
3.058(2) and 3.101(2) ä and the average Na�C(ring) distance
is 2.97(5) ä. Most of these structural parameters are very
similar to those previously reported for the structure of 1[1, 14]

for which the following values were determined: Ga�Ga
2.319(3), 2.324(1) ä; Ga�C(av) 2.044(16), 2.041(4) ä;
Ga-Ga-C(av) 131.0(2.5), 130.7(1)� ; Ga�Ga(av) 3.081(14),
3.084(19) ä; Na�C 3.04(2), 2.995(4) ä. The only parameter
that shows a significant difference is the Ga�Ga distance,
which in 4 is either 0.028[1] or 0.021 ä[14] longer than those
reported for 1. The Ga-Ga-C angle remains essentially un-
changed so that, in this molecule at least, it does not correlate
with the Ga�Ga distance as suggested by calculations on 1. The
reasons for the different Ga�Ga distances in 1 and 4 remain
obscure. It should, however, be borne in mind that the Ga�Ga
bond is weak and that changes in the aromatic substitution or
molecular packing can affect the Ga�Ga bond length.

In summary the Ga�Ga bond in the ™digallene∫ 2 is weak
and the bond order is less than unity. Furthermore, the
Ga�Ga bond order in the structurally uncharacterized Ar*-
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substituted congener is likely to be lower than that in 2 owing
to the greater steric crowding of the Ar* vis-a-vis the Ar�
substituent.[28±30] Numerous attempts[30] to crystallize a species
of the formula GaAr* have been unsuccessful. However, the
experimental evidence suggests that this compound will be
either a monomer like its indium congener InAr*[29] or a
weakly bonded dimer as suggested by calculations on model
species such as PhGaGaPh.[11] In either case, the results point
to a bond order of between one and two in the original
Na2Ar*GaGaAr* species.

Experimental Section

All manipulations were carried out under anaerobic and anhydrous
conditions.

2 : A rapidly stirred slurry of ™GaI∫ (1.49 g, 7.60 mmol) in toluene
(20 mL),[21] cooled to about �78 �C, was treated dropwise with a solution
of (LiAr�)2 (3.07 g, 3.80 mmol) in toluene (40 mL) over about 1 h, after
which time the mixture was allowed to come to room temperature over a
period of 6 h. Stirring was discontinued and the suspension was allowed to
settle. The dark green supernatant solution was filtered through Celite and
concentrated to about 15 mL whereupon a yellow-orange precipitate
formed. This was allowed to settle and the solution was separated by
decantation. The yield of the orange-yellow solid, which is almost pure 3, is
1.10 g (0.93 mmol, 24.4%). The green supernatant liquid was stored in a
freezer at about�20 �C for 12 h to afford a green crystalline solid. This was
recrystallized from a minimum volume of warm hexane to afford the
product 2 (0.90 g, 0.96 mmol; 25.3%) as green crystals. M.p. 206 ± 210 �C.
Correct C,H analysis; 1H NMR (C6D6, 400 MHz, 25 �C): �� 1.07 (d, 3JH,H�
6.6 Hz, 24H; CH(CH3)2), 1.09 (d, 3JH,H� 6.6 Hz, 24H; CH(CH3)), 2.98
(sept, 3JH,H� 6.7 Hz, 8H; CH(CH3)2), 7.02 (d, 3JH,H� 7.6 Hz, 8H; m-Dipp),
7.14, 7.19, 7.21 ppm (m, p-C6H3); 13C{1H} NMR (100.6 MHz, C6D6, 25 �C):
�� 25.01 (CH(CH3)2), 25.37 (CH(CH3)2), 30.92 (CH(CH3)2), 123.03 (p-
C6H3), 123.40 (m-Dipp), 128.20 (m-C6H3), 128.80 (i-Dipp), 138.87 (o-C6H3),
144.72 (p-Dipp), 147.16 (o-Dipp), 173.80 ppm (i-C6H3); UV/Vis (hexanes):
�max (�)� 350 (990), 437 nm (430 molL�1 cm�1). 3 : Yield: 1.08 g, 0.91 mmol;
m.p.� 260 �C (decomp); 1H NMR (400 MHz, C6D6, 25 �C): �� 0.99 (d,
3JH,H� 6.4 Hz, 24H; o-CH(CH3)2), 1.18 (d, 3JHH� 6.4 Hz, 24H; o-
CH(CH3)2), 2.96 (sept, 3JH,H� 6.4 Hz, 8H; o-CH(CH3)2), 7.11 ± 7.15 (m,
m-C6H3, m-, p-Dipp), 7.29 ppm (t, 3JH,H� 7.6 Hz, 2H, p-C6H3); 13C{1H}
(100.6 MHz, C6D6, 25 �C): �� 25.43 (o-CH(CH3)2), 26.83 (o-CH(CH3)2),
31.23 (o-CH(CH3)2), 123.39 (p-C6H3), 124.58 (m-Dipp), 129.83 (i-Dipp),
130.60 (m-C6H3), 140.40 (o-C6H3), 145.36 (p-C6H3), 148.07 (o-Dipp),
152.12 ppm (i-C6H3).

4 : A solution of 2 (1.02 g, 1.9 mmol) in diethyl ether (30 mL) was added to
sodium metal (0.30 g, 13 mmol) and stirred for 4 h at 25 �C during which
time the color changed from green to dark purple. The solution was
separated from the excess sodium, concentrated, and cooled in a freezer at
�20 �C for 30 h to afford 4 as dark red parallelepipeds. Yield: 0.37 g, 38%
M.p. 121 ± 123 �C (decomp �270 �C); 1H NMR (400 MHz, C6D6, 25 �C):
�� 1.12 (d, 3JH,H� 6.8 Hz, 24H; CH(CH3)3), 1.14 (d, 3JH,H� 6.8 Hz, 24H;
CH(CH3)2, 2.90 (sept, 3JH,H� 6.8 Hz, 8H; CH(CH3)2), 7.10 (d, 3JH,H�
8.0 Hz, 4H; m-C6H3), 7.18 (d, 3JH,H� 8.0 Hz, 8H; m-Dipp), 7.21 (t, 3JH,H�
8.0 Hz, 2H; p-C6H3), 7.31 ppm (t, 3JH,H� 7.6 Hz, 4H; p-Dipp); 13C{1H}
NMR (150.6 MHz, C6D6, 25 �C): �� 24.31 (CH(CH3)2), 24.43 (CH(CH3)2),
30.72 (CH(CH3)2), 122.82 (p-C6H3), 128.19 (m-Dipp), 128.37 (m-C6H3),
131.39 (p-Dipp), 139.65 (o-C6H3), 141.04 (i-Dipp), 146.82 (o-Dipp),
149.25 ppm (i-C6H3); UV/Vis (hexanes): �max (�): 342 (2700), 439 (1500),
528 nm (1200 molL�1 cm�1).
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